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Resumo 1 

FEITOSA, V. A. Desenvolvimento de nanoestruturas poliméricas para 2 

encapsulação do antitumoral miltefosina. 2019. 133f. Tese (Doutorado) – 3 

Faculdade de Ciências Farmacêuticas, Universidade de São Paulo, São Paulo, 2019.  4 
 5 

Miltefosina (hexadecilfosfocolina, HePC), um fármaco antitumoral sintético 6 

desenvolvido a partir de fosfolipídios naturais, é clinicamente aprovada para o 7 

tratamento tópico de metástases de câncer de mama e linfomas cutâneos. Atua 8 

principalmente nas membranas celulares, onde se acumula e interfere no metabolismo 9 

lipídico e nas vias de sinalização dependentes de lipídios levando as células à apoptose. 10 

No entanto, quando administrada sistemicamente ou oralmente a HePC induz hemólise 11 

e toxicidade de mucosas, respectivamente. Para superar estas reações adversas 12 

investigamos os efeitos protetores conferidos por micelas poliméricas coloidais (PM) 13 

compostas por Pluronics, copolímeros tribloco de poli(óxido de etileno) e poli(óxido de 14 

propileno). Inicialmente, encontramos que a composição e concentração do Pluronic 15 

modulam o perfil hemolítico do fármaco encapsulado (HePC-PM), aumentando a 16 

quantidade necessária de HePC para causar hemólise in vitro. Além disso, utilizamos o 17 

espalhamento de raios-X a baixo ângulo (SAXS) para obter informações estruturais das 18 

interações entre HePC e PM. Em seguida, mostramos que HePC-PM preveniu a irritação 19 

da mucosa, diminuindo a hemorragia e a vasoconstricção em membrana corioalantóica 20 

de ovos embrionados. Estudos in vitro demonstraram que a HePC-PM aumentou 21 

seletivamente a citotoxicidade contra células de carcinoma HeLa em relação a 22 

fibroblastos saudáveis, sugerindo captação diferencial dessas nanoestruturas pelas 23 

células tumorais. Além disso, relatamos que, in vitro, a HePC induz citotoxicidade, 24 

diminui a sobrevivência, migração e proliferação osteossarcomas. Esta citotoxicidade 25 

está associada à ativação da caspase-3, fragmentação do DNA, formação de corpos 26 

apoptóticos e inibição da fosforilação de Akt/PKB. Adicionalmente, HePC-PM reduz os 27 

efeitos citotóxicos nestas linhagens. Finalmente, demonstramos que as micelas 28 

poliméricas de Pluronic F127 são eficientes para a entrega intracelular fármacos 29 

preferencialmente em células tumorais, e em menor grau em células saudáveis. Em 30 

conjunto, os dados sugerem que este sistema nanoestruturado reduz a toxicidade da 31 

HePC e representa uma alternativa potencial para a administração sistêmica deste e de 32 

outros fármacos anfifílicos. 33 

Palavras-chave: Alquilfosfolipídios, alquilfosfocolinas, poloxamer, nanoesturutras, 34 

sistemas para entrega de fármacos, sistemas coloidais. 35 

36 
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Abstract 1 

FEITOSA, V. A. Incorporation of the antitumor drug miltefosine into 2 

polymeric micelles. 2019. 133f. Tese (Doutorado) – Faculdade de Ciências 3 

Farmacêuticas, Universidade de São Paulo, São Paulo, 2019.  4 
 5 

Miltefosine (hexadecylphosphocholine, HePC), a synthetic antitumor designed from 6 

natural phospholipids, is clinically approved for cutaneous metastases of breast cancer 7 

and cutaneous lymphoma. This drug acts mainly at cellular membrane level, where it 8 

accumulates and interferes with lipid metabolism and lipid-dependent signaling 9 

pathways leading the cells to apoptosis. However, HePC systemic and peroral 10 

administration induces hemolysis and mucosal toxicity, respectively. To overcome these 11 

limitations, we investigated the protective properties of colloidal polymeric micelles (PM) 12 

composed by Pluronics, triblock copolymers of poly(ethylene oxide) and poly(propylene 13 

oxide). We found that both Pluronic composition and concentration modulate the 14 

hemolytic profile of incorporated drug (HePC-PM) by increasing the drug amount to 15 

cause in vitro hemolysis. Moreover, small-angle X-ray scattering (SAXS) was used to 16 

assess structural information of interactions between HePC and PM. Additionally, we 17 

showed that HePC-PM prevented mucosal irritation, decreasing bleeding and lysis of 18 

blood vessels in a chicken chorioallantoic membrane model. Interestingly, HePC-PM 19 

increased the in vitro selective cytotoxicity against cervix tumor cells rather healthy 20 

fibroblasts, suggesting a differential uptake of these nanostructures by tumor cells. 21 

Furthermore, we also found that HePC induces cytotoxicity and decrease cell survival, 22 

migration and proliferation in osteosarcoma cells in vitro. We showed that cytotoxicity 23 

by HePC is associated with caspase-3 activation, DNA fragmentation, apoptotic-like 24 

body’s formation and inhibition of both constitutive and cytokine-stimulated Akt/PKB 25 

phosphorylation. HePC-PM clearly reduces the drug cytotoxic effects. Finally, we 26 

demonstrated that Pluronic F127 polymeric micelles are efficient for cargo delivering 27 

the encapsulated drug preferentially into tumor cells rather than healthy cells. These 28 

findings together suggest that Pluronic F127 PM reduce drug side effects and provide a 29 

potential alternative for systemic delivery of HePC, as well as other amphiphilic drugs. 30 

 31 

Keywords: Alkylphospholipids, alkylphosphocholines, poloxamer, nanoestrutures, 32 

drug-delivery systems, colloidal system.  33 
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Introduction 1 

 2 

Cancer is a heterogeneous group of more than 100 proliferative diseases, 3 

in which abnormal cells divide uncontrollably forming tumors and leading to the 4 

destruction of surrounding health tissue. Besides, these malignant cells may 5 

disseminate into blood or lymphatic stream, reaching secondary sites (i.e. tissues 6 

and organs); this process is known as metastasis (Estanqueiro, et al., 2015). 7 

Tumor cells acquired evolutionary-advantageous characteristics that 8 

complementarily promote transformation of phenotypically normal cells into 9 

malignant ones, and promote progression of malignant cells while 10 

sacrificing/exploiting host tissue. In general, cancer shares the following 11 

characteristics (i.e. hallmarks): (i) selective growth and proliferative advantage, 12 

(ii) altered stress response favoring overall survival, (iii) vascularization, (iv) 13 

invasion and metastasis, (v) metabolic rewiring, an abetting microenvironment, 14 

and (vi) immune modulation (Fouad and Aanei, 2017). 15 

Regarding cancer treatments, these diseases remain one of the most 16 

common causes of death globally. Cancers are most likely curable at the earlier 17 

stages through conventional treatments such as surgical resection, 18 

chemotherapy and radiotherapy. However, at a later stage when cancer becomes 19 

progressive and metastasized, worse outcomes and prognosis are common. In 20 

addition, even if the cancer is diagnosed and treated early, some residual cells 21 

still remain and may cause recurrence (Ayob and Ramasamy, 2018). 22 



15 
 

Surgery and radiation, which are considered local therapy, were the main 1 

antitumor treatments up to the 1960s when it became clear that combination with 2 

drugs could bring the cure of several patients with various advanced cancers 3 

(DeVita and Chu, 2008). However, to date, anticancer drugs have reached very 4 

low success rate (~5%) in clinical development and application, which is 5 

significantly lower than other classes of drugs (Pan et al., 2016). 6 

The chemotherapeutic drugs can be functionally classified based on their 7 

mechanism of action and some examples of these drugs are listed in the Table 8 

1. These chemotherapeutic agents generally have a narrow margin of safety and 9 

are used in combination, usually given at a maximum tolerated dose to achieve 10 

maximum efficacy (Pan et al., 2016). Despite the clinical use of more than 200 11 

anticancer drugs, dose-limiting host toxicity and drug resistance are the major 12 

obstacles for the success of cancer chemotherapy and cure. For most anticancer 13 

drugs, a large inter-individual variability in pharmacokinetics is observed resulting 14 

in unpredictable toxicity and variable antitumor effects (Pan et al., 2016). 15 

As shown in Table 1, most of the antineoplastic agents present cytotoxicity 16 

by interacting with the genetic material (i.e. DNA and RNA) and, therefore, 17 

present poor selectivity only based on the accelerated growth rate of neoplastic 18 

cells. These drugs are associated to side effects that have a severe impact on 19 

patients’ quality of life (Estanqueiro, et al., 2015). 20 
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Table 1. Chemotherapeutic drugs based on their mechanism of action. According to Estanqueiro, et al. (2015) and Pan et al. (2016). 

Groups Mechanism of Action  Examples  

Alkylating    agents Directly damage DNA to prevent the cancer cell from reproducing 
Cyclophosphamide, ifosfamide, carmustine, dacarbazine, 

-Platinum drugs (cisplatin, carboplatin, oxalaplatin) 

Antimetabolites 
Interfere with DNA and RNA growth (during the phase S) by substitution 

of the normal building blocks of RNA or DNA 

5-Fluorouracil, 6-mercaptopurin, capecitabine, cytarabine, gemcitabine, 

thioguanine 

Antitumor antibiotics Anthracyclines interfere with enzymes involved in DNA replication 
Daunorubicin, doxorubicin, epirubicin, idarubicin, actinomycin-D, bleomycin, 

mitomycin-C 

Topoisomerase 

inhibitors 

Interfere with topoisomerases, enzymes that separate DNA strands for 

duplication 

Topoisomerase I inhibitors (topotecan, irinotecan) 

Topoisomerase II inhibitors (etoposide, teniposide) 

Mitotic    inhibitors 

Stop mitosis or inhibit enzymes from making proteins needed for cell 

reproduction (acts during the phase M but can damage cells in all 

phases) 

Taxanes (paclitaxel and docetaxel) 

Epothilones (exabepilone) 

Vinca alkaloids (vinblastine, vincristine and vinorelbine, estramustine) 

Proteasome 

inhibitors 
Inhibit proteasome and prevent p53 degradation Bortezomib, carfilzomib, ixazomib 

Tyrosine kinase 

inhibitors (TKIs) 
Block tyrosine kinase enzymes 

Bcr‐Abl TKIs (imatinib, nilotinib, dasatinib, bostutinib) 

VEGF/VEGFRs TKIs (axitinib, leflunomide, neratinib, pazopanib, regorafenib, 

semaxinib, vandetanib, vatalanib, crizotinib, sorafenib, bevacizumab, lucentis, 

aflibercept, ramucirumab, motesanib) 

PDGF/PDGFRs TKIs (axitinib, cediranib, imatinib, leflunomide, pazopanib, 

sunitinib, tandutinab) 

EGFR/HER2/HER3 TKIs (panitumumab, trastuzumab, cetuximab, pertuzumab, 

erlotinib, gefitinib, canertinib, lapatinib, afatinib, trastuzumab emtansine) 

ALK TKI (crizotinib, ceritinib, alectinib) 

Corticosteroids 
Natural hormones and hormone-like drugs useful in treating some types 

of cancer 
Prednisone, methylprednisolone; desamethasone 

Alkylphospholipids 

(APLs) 

Cause direct destruction of tumor cells and this effect was associated 

with disturbance of the membrane phospholipid metabolism 
Edelfosine, miltefosine (HePC), perifosine, erucylphosphocholine, erufosine 

Miscellaneous  
Drugs that act in slightly different ways and do not fit well into any of the 

other categories 
L-asparaginase 

1 
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 Synthetic alkyl-lysophospholipids (APLs), originated from the naturally 1 

occurring cell membrane phospholipids, were developed as a new type of 2 

antitumor drugs. The amphiphilic nature of APLs allows them to easily insert into 3 

membranes and interfere with both lipid-based metabolism and signaling. 4 

Miltefosine (hexadecylphosphocholine, HePC), is one of the first drugs of the APL 5 

class and the prototype of alkylphosphocholines subclass (APCs). HePC 6 

presents anti‐tumor effect both in cell culture and in vivo models. It is clinically 7 

used for topical treatment of cutaneous metastases of breast cancer as well as 8 

cutaneous lymphoma. Additionally, HePC exhibits potent leishmanicidal activity 9 

(Hildmann and Danker, 2014). 10 

 Unfortunately, owing to the amphiphilic nature HePC causes cell lysis at 11 

high concentrations and cannot be intravenously administered due to the strongly 12 

hemolytic effect. Additionally, it may cause severe gastrointestinal toxicity 13 

(i.e. nausea, vomiting and diarrhea), resulting in a narrow tolerable oral dose 14 

(Ríos-Marco, et al., 2017). These side effects limit the broader utilization of HePC 15 

as a systemic anticancer drug. 16 

 Taking into account all the aforementioned, we propose that incorporation 17 

of HePC intro colloidal polymeric nanostructures, namely Pluronic micelles could 18 

reduce the drug toxicity. Pluronics are amphiphilic triblock block copolymers of 19 

poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) that above a 20 

certain concentration (critical aggregation concentration) self aggregate into 21 

polymeric micelles in aqueous solutions. These polymeric micelles have been 22 

receiving increasing interest as drug delivery systems because of their distinct 23 

advantages including easy production (i.e formed by self-assembly), adequate 24 

size for drug delivery (e.g. less than 50 nm), improved solubility of hydrophobic 25 
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drugs, long circulation via evading recognition by reticuloendothelial system 1 

(RES) and passive targeting ability of tumor tissues by the enhanced permeability 2 

and retention (EPR) effect (Estanqueiro, et al., 2015).  3 

To address this hypothesis, the present thesis was structured in three 4 

chapters with aim to demonstrate that the proposed nanostructures decrease 5 

both hemolytic and mucosal toxicity while preserving the cytotoxic effect of HePC 6 

against tumor cells rather than healthy cells.  7 
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Chapter I 1 

This first chapter, entitled “Polymeric micelles of Pluronic F127 reduce 2 

hemolytic potential of amphiphilic drugs”, were submitted to publication 3 

on the Journal Colloids and Surfaces B: Biointerfaces.  4 
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Polymeric micelles of Pluronic F127 reduce 1 

hemolytic potential of amphiphilic drugs 2 

 3 

Valker Araujo Feitosa1,2, Vinícius Cordeiro de Almeida1, Barbara 4 

Malheiros3, Raphael Dias de Castro3, Leandro Ramos Souza Barbosa3, 5 

Natalia Neto Pereira Cerize2, Carlota de Oliveira Rangel-Yagui1 6 

 7 
1Department of Biochemical and Pharmaceutical Technology, School of 8 

Pharmaceutical Sciences, University of São Paulo (USP), São Paulo, Brazil 9 
2Bionanomanufacturing Center, Institute for Technological Research (IPT), 10 

São Paulo, Brazil  11 
3Institute of Physics, University of São Paulo (USP), São Paulo, Brazil 12 

 13 

Abstract 14 

One of the main toxicities associated to intravenous administration of amphiphilic 15 

drugs is pronounced hemolytic activity. To overcome this limitation, we investigated 16 

the anti-hemolytic properties of polymeric micelles of Pluronics, triblock copolymers 17 

of poly(ethylene oxide) and poly(propylene oxide). We studied the encapsulation of 18 

the amphiphilic compounds miltefosine (HePC), cetrimonium bromide and 19 

cethylpyridinium chloride into polymeric micelles of Pluronics F108, F68, F127, L44, 20 

and L64. In vitro hemolysis indicated that, among the five copolymers studied; only 21 

F127 completely inhibited hemolytic effect of the compounds at 50 µg/mL. To better 22 

understand this interaction, we analyzed the HC50 (concentration causing 50% of 23 

hemolysis) for HePC free and loaded into F127 micelles. Copolymer concentration 24 

influenced the hemolytic profile of encapsulated HePC; for F127 the HC50 increased 25 

relative to free HePC (40 µg/mL) up to 184, 441, 736 and 964 µg/mL, for 1, 3, 6 and 26 

9% F127, respectively. Interestingly, a linear relationship was found between HC50-27 

HePC and F127 concentration. At 3% F127, it is possible to load up to 300 µg/mL 28 

HePC with no hemolytic effect. By achieving this level of hemolysis protection, a 29 

promising application is on the view, bringing the parenteral use of HePC and other 30 

amphiphilic drugs. Additionally, small-angle X-ray scattering (SAXS) was used to 31 

assess structural information of interactions between HePC and micelles. 32 

 33 

Keywords: Triblock copolymer, poloxamer, miltefosine, cetrimonium bromide, 34 

cethylpyridinium chloride, hemolysis, anti-hemolytic.  35 
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1. Introduction 1 

 2 

Hemolysis refers to the rupturing membrane of erythrocytes (i.e. red blood 3 

cells, RBCs), ultimately causing the release of hemoglobin and other internal 4 

component into the surrounding fluid (Shah et al., 2009). The intravascular 5 

releasing of massive amounts of hemoglobin into the blood stream (i.e. 6 

hemoglobinemia) usually can result in adverse clinical signs and symptoms such 7 

as pain (e.g. local, abdominal and sternal), vascular alterations (e.g. endothelial  8 

irritation, phlebitis, platelet activation, thrombosis, vasoconstriction, blood 9 

pressure increase, pulmonary hypertension), jaundice, kernicterus, esophageal 10 

spasm, dysphagia, erectile dysfunction, inflammation, renal dysfunction (e.g. 11 

hemoglobinuria and acute renal failure), and in severe cases mortality (Rother et 12 

al., 2005, Amin and Dannenfelser 2006). 13 

Hemolytic events may occur in vivo under clinical-pathophysiological 14 

conditions, including paroxysmal nocturnal hemoglobinuria, sickle-cell disease, 15 

thalassemias, hereditary spherocytosis and stomatocytosis, microangiopathic 16 

hemolytic anemias, paroxysmal cold hemoglobinuria, severe idiopathic 17 

autoimmune hemolytic anemia, cardiopulmonary bypass, mechanical heart 18 

valve–induced anemia, enzymatic deficiency (e.g. pyruvate kinase and glucose-19 

6-phosphate), blood transfusion (e.g. ABO mismatch and improperly stored red 20 

blood cells), infection-induced anemia (e.g. Staphylococcus, Plasmodium, and 21 

influenza virus) as well as drug-induced intravascular hemolysis 22 

(Rother et al., 2005, Shah et al., 2009, Lee and Ding, 2013). 23 

Hemolysis has been a concern during intravenously drug administration 24 

and can be caused by the direct interaction of chemical compounds with RBCs’ 25 
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membrane surface. Substantial hemolysis is found after RBCs’ contact with 1 

amphiphilic drugs (Schreier et al., 2000). 2 

 These effects of a drug on the erythrocyte membrane can be attributed to 3 

two main phenomena: (i) its insertion into the membrane and (ii) the intensity of 4 

the membrane-perturbing action of the molecule (Malheiros et al., 2000). The 5 

hemolytic process induced by amphiphilic compounds can be described as a 6 

bilayer-to-micelle transition depending on the amphiphile:lipid ratio, in which the 7 

concentration of amphiphilic compound required to induce membrane saturation 8 

(the onset of hemolysis) and total membrane solubilization (100% lysis) 9 

determines the limits for the co-existence of mixed-membranes and mixed-10 

micelles (Prete et al., 2002; Domingues et al., 2008). Important events resulting 11 

from the interaction of amphiphilic drugs with cell membranes include: (i) change 12 

in bilayer organization affecting permeability, change in membrane proteins 13 

structure and function; (ii) lipid or drug flip-flop; (iii) change in cells shape (iv) 14 

endo/exovesiculation; (v) non-bilayer drug-lipid domains (non-bilayer phase 15 

formation); (vi) interdigitation; and (vii) membrane disruption and even 16 

solubilization (Schreier et al., 2000). 17 

Classes of amphiphilic drugs include phenothiazine, benzodiazepine, 18 

tranquilizers, analgesics, peptides and non-peptide antibiotics, tricyclic 19 

antidepressants, antihistamines, anticholinergics, β-blockers, local anesthetics, 20 

non-steroidal anti-inflammatories, and anticancer drugs (Schreier et al., 2000). 21 

Among these, we highlight miltefosine (hexadecylphosphocholine, HePC, 22 

Figure 1A), the main representative of the class of anti-tumor synthetic 23 

alkylphospholipids (ALPs) clinically approved by the FDA for topical treatment of 24 

skin metastases of breast cancer, as well as cutaneous lymphoma 25 
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(Pachioni et al., 2013). HePC is also widely used as an effective peroral treatment 1 

for visceral leishmaniasis (Alonso and Alonso, 2016).   2 

A 
 

Miltefosine (HePC), MW 407.6 

B 
 

Cetrimonium bromide (CTAB), MW 364.4 

C 
 

Cetylpyridinium chloride (CPC), MW 339.9 

 

D  
Pluronic 

L44, x=12 and y=20 

L64, x=13 and y=30 

F68, x=78 and y=30 

F108, x=132 and y=50 

F127, x=106 and y=70 

 

Figure 1. Chemical structure of the investigated amphiphilic molecules. 

(A) miltefosine, HePC; (B) cetrimonium bromide, CTAB; 

(C) cetylpyridinium chloride, CPC; and (D) Pluronic. MW: molecular 

weight. 
 3 

One of the most studied alternatives to reduce drugs hemolytic effect is 4 

nanoencapsulation and an interesting alternative refers to polymeric micelles, 5 

which are colloidal nanostructures (~10-100 nm) of amphiphilic block copolymers, 6 

which spontaneously self-aggregate in aqueous environments (Rangel-7 

Yagui et al., 2005). Almost all routes of drug administration (e.g. parenteral, 8 

peroral, nasal, ocular, topical, among others), have benefited from drug 9 

encapsulation into polymeric micelles, mainly in terms of reduction of side effects 10 

and/or increase in bioavailability. Also, these supramolecular structures can 11 
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accumulate in cancer tissues owing to the enhanced permeation and retention 1 

(EPR) effect  (Movassaghian et al., 2015). 2 

Synthetic and natural copolymers, with different biodegradable and 3 

biocompatible characteristics, have been explored for micelle formation. Among 4 

them, Pluronics (Figure 1D), amphiphilic copolymers composed of polyethylene 5 

oxide (PEO) and polypropylene oxide (PPO), are well-known to form spherical 6 

micelles. The PEO-PPO-PEO triblock copolymers are biocompatible, FDA-7 

approved and commonly used for cosmetic and pharmaceutical applications 8 

(Talelli and Hennink, 2011). Many types of Pluronics are available differing in the 9 

degree of polymerization of both PEO and PPO chains, thereby resulting in 10 

different molecular weights, physicochemical properties, and solubility profiles. 11 

Polymeric micelles as drug carriers are already under clinical evaluation. 12 

The formulation SP1049C (Supratek Pharma®), composed by mixed-micelles of 13 

Pluronics (F127/L61) carrying doxorubicin is at international phase-III clinical 14 

trials for treating multidrug-resistant adenocarcinoma tumors (Oerlemans et al., 15 

2010; Guo and Huang, 2014; Movassaghian et al., 2015). Similar Pluronic 16 

formulations containing docetaxel (SP1012C) and cabazitaxel (SP1015C) are 17 

under preclinical studies (Guo and Huang, 2014). Another interesting feature is 18 

the ability of some Pluronics to inhibit the P-glycoprotein (P-gp), a protein drug 19 

efflux transporter related to drug resistance development in some tumors (Wei et 20 

al., 2013).  21 

Understanding the erythrocyte solubilization process and finding effective 22 

protecting hemolysis agents are crucial challenges in pharmaceutical research. 23 

In this work, we investigated the interaction between HePC and polymeric 24 

micelles of Pluronics, as well as its effect on erythrocytes, envisioning reduction 25 
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of drug-hemolytic effect. To better understand the behavior of amphiphilic drugs 1 

and Pluronics micellar aggregates, we also investigated conventional surfactants 2 

cetrimonium bromide (CTAB, Figure 1B) and cetylpyridinium chloride (CPC, 3 

Figure 1C). While the first has been investigated for its antimicrobial and 4 

antitumor activities (Ito et al., 2009; Wissing et al., 2013; Pan et al., 2015), the 5 

last is used as a bacterial antiseptic in several commercially-available 6 

mouthwashes, throat sprays and nasal sprays (Eley, 1999; Sreenivasan and 7 

Gaffar, 2002; Madaan and Tyagi, 2008). 8 

 9 

2. Material and methods 10 

 11 

HePC  was obtained from Avanti Polar Lipids®, Alabaster, USA, CTAB and 12 

CPC were obtained from Sigma®, USA. Fresh defibrinated sheep blood was 13 

purchased from NewProv®, Brazil. Pluronics® block copolymers L44, L64, F68, 14 

F108 and F127, were kindly provided by Basf®, Brazil. The molecular 15 

characteristics of all Pluronics used in this study are presented in Table 2. All 16 

materials were used as received without additional purification. 17 

2.1. Preparation of polymeric micelles 18 

Polymeric micelles were prepared by direct dissolution method, whereby 19 

a required amount of the Pluronic (i.e. 0.1 to 9.0%) and drug ranging 20 

from 5 to 1500 µg/mL were solubilized in 154 mM NaCl (normal saline), and 21 

stirred at 37 ºC for one hour to reach thermodynamic equilibrium. For all 22 

polymeric micelles' formulations % of Pluronic always refers to their weight (in 23 

grams) per 100 mL.  24 



26 
 

2.2. Hemolysis bioassay 1 

The effect of the amphiphilic compounds (HePC, CTAB and CPC), 2 

copolymers and polymeric micelles on the integrity of erythrocyte membranes 3 

was investigated by in vitro hemolysis assay. The release of hemoglobin from the 4 

erythrocytes was used as a measure of toxicity of these samples. Stock solutions 5 

of each compound were prepared in 154 mM NaCl aqueous solution. Two 6 

methods (A and B) were applied for in vitro evaluation of RBCs lysis. These 7 

methods differ in the concentration of RBCs, contact time, and dilution factor of 8 

the system. The first one is most commonly applied to compare hemolytic 9 

substances as well as for screening of hemolysis protectors, while method B 10 

simulates an intravenous administration. 11 

2.2.1 Method A 12 

According to (Rangel-Yagui et al., 2007), the systems were prepared with 13 

5% (v/v) of commercially available sheep RBCs and increasing concentrations of 14 

drugs (free or loaded into polymeric micelles) in normal saline. The test tubes 15 

were kept in a water bath at 37 ºC for one hour, under gentle agitation every 5-16 

10 min. Following the incubation time, the tubes were then centrifuged at 17 

3000 rpm for 3 min at room temperature. Hemoglobin released into the 18 

supernatant (Asample) was measured by spectrophotometer analysis at 540 nm.  19 

The absorbance of samples was compared to normal saline as negative control 20 

(Asaline means 0% hemolysis) and distilled water as positive control (Awater means 21 

100% hemolysis). All hemolysis data were presented as the percentage of the 22 

complete hemolysis given by Eq 1.; values are reported as mean ± standard 23 

deviation. 24 



27 
 

%ℎ𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 = 100 
𝐴𝑆𝑎𝑚𝑝𝑙𝑒−𝐴𝑆𝑎𝑙𝑖𝑛𝑒

𝐴𝑤𝑎𝑡𝑒𝑟−𝐴𝑆𝑎𝑙𝑖𝑛𝑒
            (Eq.1) 1 

Where, Asample is the absorbance of the unknow sample, Asaline is the average 2 

absorbance of the negative without drug, and Awater is the average absorbance of 3 

the lysed samples. 4 

2.2.1 Method B 5 

Variable amounts of sheep blood were added to 100 µL of test solution in 6 

ratios from 1:1 to 12:1 (v:v). The mixture was homogenized and incubated at 37 7 

ºC for 2 min. After this time, 5 mL of 154 mM saline solution was added. The 8 

hemoglobin concentration released, related to hemolysis, was determined at the 9 

same manner as described for method A (Reed and Yalkowsky, 1985). 10 

2.3 Small angle X-ray scattering (SAXS) characterization 11 

 SAXS experiments were performed as SAXS1 beamline at the National 12 

Synchrotron Light Laboratory, LNLS, Campinas, SP (LNLS, Campinas, Brazil). 13 

The X-ray wavelength used was λ=0.1488 nm, and the sample-to-detector 14 

distance was ~1000 mm, providing a q-range of 0.1 < q < 4.0 nm-1, for the 15 

scattering vector q equal to 4π/ sin(θ), being 2θ the scattering angle. A 16 

bidimensional PILATUS 300k detector was used. Samples were set between two 17 

flat mica walls with a 1 mm spacer and a thermal bath was used for temperature 18 

control, set to 37.0 ± 0.5 oC. Scattering data were normalized for time acquisition 19 

(100 s each frame) and checked for radiation damage by measuring several 20 

consecutive frames. Indeed, no radiation damage effect was observed in the 21 

present study. The final scattering curves were subtracted from the buffer 22 

contribution and corrected by the sample’s attenuation. SAXS measurements 23 
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were carried out in systems composed by 9% F127 in the absence and presence 1 

of increasing HePC concentration up to 1400 µg/mL. Furthermore, one single 2 

measurement at 4.5% was performed, just to check the possible effect of micelle-3 

micelle interaction over the SAXS curves.  4 

For spherical particles, it is possible to describe the scattering intensity as 5 

Bergmann, Fritz, and Glatter (2000) and Heike, et al., (2013): 6 

𝐼(𝑞) = 𝑘𝑛𝑝𝑃(𝑞)𝑆(𝑞)            (Eq. 2) 7 

Where, k is a constant related to the experimental setup, np is the particle number 8 

density (in this study is the concentration of polymeric micelles in solution) and 9 

P(q) and S(q) are the form and interference factors, respectively. P(q) in Eq. 2 is 10 

the orientational average of the particle form factor and was evaluated using the 11 

indirect Fourier transform (IFT) methodology (Bergmann, Fritz, and Glatter, 12 

2000), where the pair distance distribution function, p(r), is calculated. The p(r) 13 

function is related to the probability of finding a pair of scattering elements, inside 14 

your scattering particle, at a distance r, thus for distances larger than the 15 

maximum dimension (Dmax) of your scattering particle, p(r > Dmax) = 0. 16 

S(q) tends to 1 for noninteracting particles, this is the case for low 17 

concentrated dispersions of scattering particles. Nevertheless, as will be shown 18 

below, the concentration of 4.5 and 9% cannot be considered as diluted systems, 19 

thus it is clearly evidenced the appearance of an interference function over the 20 

SAXS curves. In order to calculate the S(q) function, the Perkus-Yevich 21 

approximation was used herein (Percus and Yevick, 1958). Under this 22 

approximation, the interference function, S(q), is treated with the hard sphere 23 

(being 𝜎 its diameter) potential. Thus, S(q) can be written as a function of the 24 
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volume fraction (𝛷), which can be written as 𝛷 =
𝑛𝑝𝜋𝜎3

6
⁄   and is the total volume 1 

that the micelles occupies in the solution. Under this approximation, the 2 

interference function, S(q), can be written as Percus and Yevick, (1958) and Vrij 3 

(1979): 4 

𝑆(𝑞) =
1

1+
48𝛷𝐺(𝑞)

𝑞𝜎

             (Eq. 3) 5 

The function G(q) is: 6 

𝐺(𝑞) =
(1 + 2𝛷)2

(1 − 𝛷)4
(

sin(𝑞𝜎) − 𝑞𝜎 cos(𝑞𝜎)

(𝑞𝜎)2
) 7 

−
3

2
𝛷

(2 + 𝛷)2

(1 − 𝛷)4
(

2𝑞𝜎 sin(𝑞𝜎) + (2 − (𝑞𝜎)2) cos(𝑞𝜎) − 2

(𝑞𝜎)3
) 8 

+
(1+2𝛷)2

(1−𝛷)4

𝛷

2
. (

4[(3(𝑞𝜎)2−6) cos(𝑞𝜎)+((𝑞𝜎)3−6𝑞𝜎) sin(𝑞𝜎)+6]−(𝑞𝜎)4 cos(𝑞𝜎)

(𝑞𝜎)5
)  (Eq. 4) 9 

Furthermore, it is possible to calculate the micellar aggregation number, 10 

using the volume fraction of the hard spheres and using some algebraic 11 

equations, resulting in: 12 

𝑁𝑎𝑔𝑔 ≅
𝜋𝜎3([𝐹127]−𝐶𝑀𝐶)

10𝛷 𝑀𝑊
             (Eq. 5) 13 

Where, [F127] is the polymer concentration (in g/L) CMC is the polymer critical 14 

micellar concentration (also in g/L), MW is the polymer molecular weight, which is 15 

12600 g/mol for F127. At 37 oC it is known that the CMC of F127 is ~0.1% 16 

(Valenzuela-Oses, García, Feitosa et al., 2017, Appendix A). Using such 17 

procedure, it is possible to infer about the micelle aggregation number, Nagg.  18 
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3. Results and discussion 1 

 2 

3.1. Hemolitic potential of HePC, CTAB and CPC  3 

Hemolysis is the disruption of the RBCs and can be caused by the 4 

interaction of amphiphilic compounds with the cell membrane altering their 5 

composition, shape and stability. These compounds could solubilize lipids or 6 

insert into phospholipid membranes to destabilize them. The hemolytic curves, 7 

reported as %hemolysis, obtained with increasing concentrations of HePC, 8 

CTAB, and CPC in erythrocyte suspensions are shown in Figure 2. All 9 

compounds tested produced a dose-response hemolysis and the hemolytic 10 

behavior is similar, hemolysis was not observed up to 20 µg/mL, thereafter 11 

increasing drug concentration results in immediate hemolysis. 12 

The hemolytic parameters HC50 (concentration needed to induce 50% of 13 

hemolysis), Csat (concentration required to induce saturation - the onset of 14 

hemolysis) and Csol (concentration of total membrane solubilization/lysis) are 15 

presented in Table 1. Approximately similar parameter settings are observed, 16 

regardless of the compound tested. However, HePC shows higher values for all 17 

parameters, indicating its ability to accommodate at greater amounts into 18 

erythrocytes membrane, prior to leading to hemolysis.  19 



31 
 

A B 

  

C  

 

 

Figure 2. Curves of hemolytic effect for 

(A) HePC, (B) CTAB, and (C) CPC. 

Considering a hematocrit ~2.5%. Arrows 

indicate the surfactant concentration for 

the onset (Csat) and 100% (Csol) 

erythrocytes solubilization. The error 

bars represent the standard deviation. 

Table 1. Hemolytic effect parameters of HePC, CTAB and CCP upon 1 

sheep erythrocyte membranes.  2 

Drug Csat (µg/mL) HC50 (µg/mL) Csol(µg/mL) 

HePC 30 40.4 50 

CTAB 26 34.4 43 

CTCP 27 34.2 42 

Considering a hematocrit ~2.5%. HC50: drug concentration needed to 3 

induce 50% hemolysis; Csat: drug concentration required to induce 4 

saturation; and Csol: drug concentration required to total membrane 5 

solubilization. 6 

 7 

HePC monomers in aqueous solutions self-assemble in small micelles (~6 8 

nm) that can interact non-specifically with bilayer membranes leading to cell 9 

disruption, including gastrointestinal cells and erythrocytes (Van Blitterswijk and 10 

Verheij, 2008). 11 
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The aggregation state of HePC, i.e. self-organization into classical small 1 

micelles, has proven to be an indicator of hemolytic toxicity. Considering the CMC 2 

of 50 µM (i.e. 20.4 µg/mL), proposed by Marioni et al. (2015), our results show 3 

that HePC begins to induce hemolysis above 20 µg/mL (Figure 2A), thus 4 

suggesting that the drug hemolytic effect is linked to it self-assemble into micelles, 5 

which interact nonspecifically with cell membranes leading to its solubilization. 6 

3.2. Incorporation of HePC, CTAB and CPC into Pluronic F127 micelles 7 

suppress drug-induced hemolysis 8 

While lipid membrane solubilization triggered by surfactants is a well-9 

described phenomenon (Schreier et al., 2000) and the hemolytic effect of HePC 10 

has been studied (Moreira et al., 2013; Munoz et al., 2013; De Sa et al., 2015; 11 

Alonso and Alonso, 2016), polymeric micellar formulations to inhibit surfactant-12 

drug hemolysis has not been investigated to any great extent.  13 

Considering the clinical relevance of HePC, our group has been working 14 

to understand the interaction between this drug and polymeric micelles. 15 

Previously, we demonstrated that HePC incorporation into F127 micelles reduces 16 

hemolytic effects while maintaining anti-tumor activity in vitro (Valenzuela-Oses, 17 

García, Feitosa et al., 2017, Appendix A). Here we evaluated the performance 18 

of others copolymers (i.e. F108, F68, L44, and L64) to increase possibilities of 19 

formulation. The interest in using Pluronic polymeric micelles as drug delivery 20 

systems is not recent, and the first anticancer micellar formulation to reach clinical 21 

evaluation was doxorubicin loaded into Pluronics L61/F127 mixed micelles 22 

(SP1049C) (Valle et al., 2004; Armstrong et al., 2006; Valle et al., 2011; 23 

Alakhova et al., 2013; Pitto-Barry and Barry, 2014).  24 
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We studied Pluronics formulations to lower the hemolytic effect of 1 

surfactant drugs. In Figure 3, we show the hemolytic effect of HePC, CTAB and 2 

CPC loaded into several Pluronics solutions above the CMC. Pluronic F127 at 3 

1% was able to protect erythrocytes from hemolysis for all three amphiphilic 4 

molecules at 50 µg/mL; the hemolytic percentage was always near to 0%, which 5 

is in very good agreement with our previous findings (Valenzuela-Oses, García, 6 

Feitosa et al., 2017, Appendix A). The most notable feature of these new results 7 

is that protective interaction is surprisingly selective for F127 and is not observed, 8 

or much reduced, with other Pluronics (F68, F108, L44, and L64). Additionally, 9 

hemolysis was not observed in none of the empty Pluronic micelles (data not 10 

shown). The locus of drug/compound binding is probably near to micellar core 11 

but with the hydrophilic portion towards the palisade layer (core/corona interface), 12 

as HePC, CTAB and CPC are amphiphilic. Nonetheless, to assert the specific 13 

compound localization refined analyzes, such as SANS and NMR, are required 14 

(Valero et al., 2016). 15 

The reason for the increase incorporation of amphiphilic molecules only 16 

into Pluronic F127 micelles, and not into other tested Pluronics, may be due to 17 

the unique physicochemical and structural properties of each Pluronic. We 18 

propose that low toxicity of drugs incorporated only into F127 micellar formulation 19 

possibly involving the coaggregation of these drugs themselves with the colloidal 20 

nanostructures, thus forming mixed micelles, and ultimately protecting the 21 

erythrocyte from drug-induced hemolysis. In contrast, erythrocyte protection was 22 

not observed for the other four copolymers studied (i.e. F108, F68, L44, and L64) 23 

in which the drugs may not readily bind inside these polymeric micelles, under 24 
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experimental conditions (i.e. Pluronic 1%, drug 50 µg/mL, at 37 ºC), resulting in 1 

an inability to block hemolysis.  2 

A B 

 
 

C  

 

 

Figure 3. Hemolytic effect of (A) HePC, 

(B) CTAB, and (C) CCP, at 50 µg/mL, 

in presence of Pluronic F108, F68, 

F127, L44 and L64, at 1% (w/w). 

Considering a hematocrit ~2.5%. The 

error bars represent the standard 

deviation. 

Table 2 and Figure 4 present some physicochemical and structural 3 

properties of the Pluronics studied and, interestingly, Pluronic F127 stands out 4 

due to high molecular length of PPO chain and the weight percent of PEO chain. 5 

This feature can facilitate both self-aggregation of the copolymer into polymeric 6 

micelles as well as drug interaction with hydrophobic PPO core. 7 

Comparatively to F127, Pluronics F108, F68, L44, and L64 have PPO 8 

chains of reduced length, therefore to explain the lower or non-protection of 9 

hemolysis it is possible to speculate two competitive processes of amphiphiles 10 

interaction, or a combination of both: (i) with reduced PPO units they are less 11 

favorable for hydrophobic interactions as well as (ii) are more susceptible to 12 
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formation of “pearl-necklace” aggregate complexes. This is a well-known 1 

phenomenon in which hydrophobic tails of classic surfactants (e.g. SDS) interact 2 

with PPO segments of triblock copolymers leading to the “solubilization” of 3 

polymeric micelles, i.e. disruption of micellar organization (Li et al., 2011). This 4 

interaction pattern between the amphiphilic drug/molecule (HePC, CTAB or CPC) 5 

and the pre-formed polymeric micelles of Pluronics F108, F68, L44, and L64, may 6 

provide major drug availability in the aqueous phase and in this way promote the 7 

total hemolysis observed in Figure 2. 8 

Small organic molecules and hence drugs, have been shown to modify the 9 

CMC, CMT (i.e. critical micellar temperature), aggregate size and shape, phase 10 

behavior (e.g. gelation boundaries), and stability of Pluronic micelles. Stability of 11 

the micelles and, therefore, CMC and aggregation number (Nagg), is known to be 12 

the result of a repulsive-attractive balance of forces between the hydrophobic 13 

chains and the hydrophilic head-groups of the surfactant, acting mainly on the 14 

interfacial region of the aggregates (Valero and Dreiss 2010).  15 
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Table 2. Physicochemical and structural properties of the Pluronic copolymers studied. According to Alexandridis and 1 

Hatton, 1995; Batrakova et al., 1999 and Kurahashi et al., 2012. 2 

Pluronic Molecular structure MW PEO wt (%) PPO:PEO ratio HLB CMC (mol/L) 

L44 EO 12 -PO20 -EO 12 ~2200 40 0.83 16 3.6 x10-3 

L64 EO 13 -PO30 -EO 13 ~2900 40 1.15 15 4.8 x10-4 

F68 EO 78 -PO30 -EO 78 ~8400 80 0.19 29 4.8 x10-6 

F108 EO132 -PO50 -EO132 ~14600 80 0.19 27 2.2 x10-5 

F127 EO106 -PO70 -EO106 ~12600 70 0.33 22 2.8 x10-6 

EO and PO denote ethylene oxide and propylene oxide, respectively; MW: molecular weight; and HLB: hydrophile–lipophile 3 

balance. 4 

 5 

 

Figure 4. Pluronics arranged in the "copolymer grid". 

Copolymers along the vertical lines have the same 

PPO:PEO ratio, while copolymers along the horizontal 

lines have PPO blocks of the same length. Color code 

refers to the physical state of copolymers under ambient 

conditions: green (liquid), pink (paste), and orange 

(flake). Pluronics used in this study are highlighted in 

gray. Adapted from Alexandridis and Hatton, 1995; 

Pitto-Barry and Barry, 2014. 
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3.3. Understanding the intrinsic relationship of HePC-F127 micelles 1 

To better understand the interaction between an amphiphilic drug and 2 

F127 copolymer/polymeric micelles, we have extensively studied the hemolytic 3 

protection of HePC-F127 mixed micelles in two complementary scenarios. In the 4 

first one, the hemolytic activity of HePC was determined as a function of F127 5 

concentration (Figure 5). In the second one we fixed different amount of F127 6 

looking at incorporating the maximum drug without having hemolysis (see next 7 

section).  8 

 

Figure 5. Hemolytic effect as a function of F127 concentration in the 

presence of HePC 50 µg/mL. Considering a hematocrit ~2.5%. The error 

bars represent the standard deviation. 
 9 

Initially, we tested different concentrations of Pluronic F127, below and 10 

above its CMC (i.e. from 0.1 to 1.0%) in the presence of fixed HePC at Csol (i.e. 11 

50 µg/mL). The results in Figure 5 confirm that increasing the concentration of 12 

F127 leads to reduction of hemolysis due to incorporation of HePC into polymeric 13 

micelles. A mild reduction of hemolysis (~10%) was observed below the CMC of 14 

F127 (i.e. ~0.15%, Valenzuela-Oses, García, Feitosa et al., 2017, Appendix A), 15 
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suggesting that HePC may be interacting with Pluronic unimers in solution, more 1 

specifically with the more hydrophobic PPO moieties. This effect gradually 2 

increases with F127 concentration up to 0.5%, when hemolysis is suppressed. At 3 

Pluronic 0.2% we observed 50% of hemolysis and, therefore, can estimate a 4 

concentration of HePC free in aqueous phase around 40 µg/mL (i.e. HC50). Based 5 

on this assumption, the concentration of drug self-aggregated with the polymeric 6 

micelles is 10 µg/mL. In the same way, we estimated a total micellar incorporation 7 

of HePC at Pluronic 0.5%, expressed by negligible hemolysis. 8 

3.4. Achieving maximum drug-load in HePC-F127 formulations 9 

From the practical point of view, aiming for an in vivo application, it is 10 

important to achieve higher drug loading inside the polymeric micelles and, 11 

therefore, the hemolytic protection of F127 micelles was determined as a function 12 

of HePC concentration. Thus, we tested different concentrations of HePC (i.e. 13 

from 5 to 1500 µg/mL) loaded into polymeric micelles prepared with 1, 3, 6 and 14 

9% copolymer. As can be seen in Figure 6, similar sigmoidal profiles were 15 

obtained for all F127 concentration. As already mentioned, with accumulative 16 

HePC entrapment into polymeric micelles the hemolysis proceeds at a more 17 

gradual rate. Also, as expected, by increasing F127 concentration from 1% up to 18 

9% the concentration of HePC in the system without causing hemolysis 19 

increases, consequently improving the safety of the drug intravenous 20 

administration. According to Amin and Dannenfelser (2006) formulations with in 21 

vitro hemolysis below 10% are nonhemolytic while hemolysis more 25% should 22 

not be used intravenously. So, additionally, data from Figure 6 were expressed 23 

as the concentration of HePC that produce negligible hemolysis, i.e. below 5% 24 

(represent by dashed lines).  25 
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HePC (µg/mL) HePC (µg/mL) 

Figure 6. Panel of hemolytic effect as a function of HePC concentrations in the presence of (A) 1%, (B) 3%, (C) 6%, and 1 

(D) 9% (w/w) of Pluronic F127. Considering a hematocrit ~2.5%. Dashed lines indicate 5% of erythrocyte hemolysis. The 2 

error bars represent the standard deviation. 3 
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The hemolytic parameters HC50 and HC5 are presented in Figure 7A and 1 

a proportional relation between F127 concentration and HePC concentration 2 

resulting in 50% and 5% of lysis was observed. Thus, increasing F127 on the 3 

formulation is a simple way to efficiently enhance HePC administration with 4 

minimal hemolytic side-effect. Indeed, in contrast with free drug, which causes 5-5 

10% of hemolysis at 20-25 µg/mL, HePC-F127 mixed formulations increase this 6 

value 30-fold, i.e. up to 600 µg/mL (Figure 7-B), encouraging us to propose this 7 

system as an alternative for parenteral administration of this drug. 8 

  
Figure 7. Correlation between HePC concentration and Pluronic F127 

concentration required to HC5 (A) and HC50 (B). Considering a hematocrit 

~2.5%. Closed circles and dashed lines denote sample data from Figure 6 

and linear regression models, respectively. 
 9 

3.5. Extrapolating the mass balance of HePC-F127 mixed micelles 10 

If we take the micellar system composed of F127 1% (10000 µg/mL) which 11 

corresponds to ~794 µM (Figure 6A), it is possible to incorporate up to 100 µg/mL 12 

of HePC (306.7 µM), corresponding to a total molar ratio of ~2.6 or ~2.8 if we 13 

discount the CMC of F127 and consider drug interacting only with the polymeric 14 

micelles (i.e. 0.85%, 8500 µg/mL, ~677 µM). Due to the large difference of MW 15 

between HePC (407.6 g/mol) and F127 (~12600 g/mol), the drug cargo is 1% 16 

(m/m), which means a ratio of 1 µg of HePC to 100 µg of F127. Considering the 17 
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Avogadro constant, the Nagg for F127polymeric micelles around 80 unimers (see 1 

SAXS results, Table 3), and assuming that all Pluronic unimers above CMC are 2 

aggregated into micelles and all HePC is binding to F127 micelles (due to the 3 

negligible hemolysis up to 5%), and neglecting structural changes in F127 4 

micelles after drug incorporation, we estimate about ~28 HePC molecules per 5 

polymeric micelle (Ndrug). 6 

No published data have been found on the physicochemical interaction of 7 

HePC with Pluronic micelles. The partitioning of charged compounds into 8 

Pluronic micelles is limited due to electrostatic repulsion by the drugs inside the 9 

micelles reducing the packing of the polymeric chains (Valero et al., 2016). HePC 10 

is zwitterionic (Figure 1A) presenting a permanently positive quaternary amine 11 

group and negatively charged phosphoryl group, pKa∼2 (Dorlo et al., 2012), thus 12 

the charged phosphorylcholine group may justify the limited partitioning of this 13 

drug to F127 polymeric micelles. Additionally, Valero and Dreiss (2010) proposed 14 

that the presence of heteroatoms (e.g. nitrogen) and electron pairs in drugs, 15 

added to the presence of charge, is likely to contribute to lower drug partitioning 16 

inside Pluronic micelles. Nagarajan, Barry, and Ruckenstein (1985) suggested 17 

an unusually high partitioning selectivity for aromatic molecules compared to 18 

aliphatic ones into diblock PEO-PPO polymeric micelles. In other words, the 19 

partitioning of aliphatic molecules into Pluronic micelles is limited. Yet regarding 20 

HePC structure (Figure 1A), the long 16 carbons alkyl chain may be a limitation 21 

to incorporation into polymeric micelles of F127.  22 
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3.6. HePC slightly changes F127 micelle-micelle interaction 1 

In order to check if the incorporation of HePC was effectively changing 2 

F127 micelle conformation, we performed SAXS measurements on samples 3 

composed by 4.5% and 9% F127 (dispersed in 154 mM NaCl solution) in the 4 

absence and presence of increasing HePC concentrations, up to 1400 µg/mL. 5 

Figure 8 shows the scattering profiles of these samples. As one can see, two 6 

pronounced peaks are present on the SAXS curves, one at ~0.3 nm-1 and the 7 

second one around 0.65 nm-1. Generally, peaks at small q position are due to 8 

particle-particle interaction potential and not due to form factor of the scattering 9 

particle. To check for these effects, we performed one measurement of F127 10 

micelles at 4.5% (namely Diluted in Figure 8) in the absence of HePC. As one 11 

can clearly see in Figure 8, the first peak at q ~0.3 nm-1 vanishes, whereas the 12 

second one (at ~0.65 nm-1) is less pronounced. This is a strong indication that 13 

the first peak was indeed due to particle-particle interaction potential, whereas 14 

the second one arises from the particle form factor. Furthermore, in the inset of 15 

Figure 8 one can see a detailed information on the very small q range 16 

(q<0.4 nm1). In this region, as stated above, the micelle-micelle interaction 17 

potential takes place. Interestingly, as the HePC concentration, increases we 18 

observed a decrease in the very small q range (see the arrow in the inset of 19 

Figure 8); indicating that the presence of HePC is able to slightly changes the 20 

particle-particle interaction potential. 21 
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 1 
Figure 8. Small Angle X-ray Scattering curves of Pluronic F127 9% in the 2 

absence and presence of increasing HePC concentrations (in µg/mL, see 3 

figure legend). In order to check for micelle-micelle interaction potential, a 4 

diluted measurement (Pluronic F127 4.5%) in the absence of HePC was also 5 

performed (see Diluted curve). In the inset the detailed information on the 6 

very small q range (q<0.4 n/m) can be appreciated. The arrow indicates the 7 

increasing of the HePC concentration.  8 

 9 

The peak at ~0.65 nm-1 could be due to the particle form factor. Indeed, 10 

micellar structures, with a core shell electron density profile (an inner core with 11 

an electron density smaller than the water and a polar region with a larger 12 

electron density as compared to the water) could give rise to a peak at this q 13 

range. Several papers in the literature report the presence of well pronounced 14 

peaks at middle q-values due to the presence of core-shell micellar structures 15 

(Santiago, et al., 2007; Rangel-Yagui, et al., 2007; Barbosa, et al., 2008; 16 

D’Andrea, et al., 2011), or even that polymeric micelles can indeed have a core-17 

shell structure (Pedersen, 1997; Oda, et al., 2017). 18 
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Ivanova, Lindman and Alexandridis (2000) performed a detailed study on 1 

the phase behavior of the ternary systems: F127/water/propylene carbonate and 2 

F127/water/triacetin phase diagrams, using SAXS. According to the authors, 3 

considering the binary system F127/water, up to 17% the system is composed 4 

by isotropic micelles in a water-rich phase. Nevertheless, for polymeric 5 

concentrations >18% up to ~64% the system behaves like a crystalline cubic 6 

structure composed by micelles. A normal micellar cubic phase was thus 7 

identified, along the F127-water axis. The normal micellar cubic phase consists 8 

of discrete micelles crystallized in a cubic lattice. It should be stressed that the 9 

authors have not examined the F127 micellization process. However, the 10 

occurrence of a micellar cubic liquid crystalline phase at >18%, strongly indicates 11 

micelle formation at polymeric concentrations <18%. Moreover, several reports 12 

on the literature present evidences on the micelle formation by block copolymers, 13 

in particular F127 (Alexandridis, Holzwarth, 1997; Exerowa, et al., 1997; 14 

Alexandridis, Spontak, 1999). 15 

In order to get more information on F127 micelles, we used the generalized 16 

indirect Fourier transformation (GIFT) methodology by means of GIFT software 17 

to get information on the pair distance distribution function, p(r), as well as in the 18 

micelle-micelle interaction potential, S(q). Figure 9 A and B shows the form and 19 

structure factors, respectively, for the system composed by F127 9% in the 20 

absence (black solid lines) and in the presence of 1400 µg/mL HePC (red solid 21 

lines) as well as the system composed by 4.5% of F127 in the absence of HePC 22 

(blue line). As one can see, regarding the micelles form factor, no crucial changes 23 

were observed due to the presence of HePC for the systems at 9% F127 24 

concentrations (Figure 9A). However, a significant change may be observed as 25 
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the polymeric concentrations decreases 2-fold (see Figure 9-A), in particular in 1 

the region of the peak at ~0.65 nm-1. This change as propose above is due to 2 

changes in the micellar form factor, as it will be discussed latter in the text. 3 

Regarding the micelle-micelle interaction potential, i.e., the S(q) functions, one 4 

can notice a slightly shift to larger q-values of the first peak position (see 5 

Figure 9B and the inset) due to the presence of HePC in the F127 9% systems. 6 

Such a small shift could be an indication of a small influence of HePC on the S(q) 7 

functions, inducing a small approximation of the micelles (due to the shift to larger 8 

q-values). 9 

Our results show that the proposed model used to describe F127 micellar 10 

system at all studied conditions was able to describe these systems, as we can 11 

see on Figure 9C, where the final fitted curves can be found. Several approaches 12 

are used to analyze SAXS data. Most of them are based on the so-called 13 

geometric models, in which the particle geometry is defined a priori and could be 14 

spherical, elliptical, cylindrical, and so on. Here, we used a different approach 15 

with a model-free methodology by means of GIFT software, in which both form 16 

and structure factors are evaluated concomitantly, being the first one throws the 17 

p(r) and the last one using the Perkus-Yevich approximation. Interestingly, the 18 

p(r) analyses revealed that the micellar form factor changes significantly as the 19 

polymeric concentration decreases. Accordingly, F127 micelle swelled as its 20 

concentration decreases. Such effect could be due to a shrinking in the excluded 21 

volume effect.  22 
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 1 
Figure 9. SAXS data analysis of the systems composed by Pluronic F127 2 

9% in the absence (black solid line) and in the presence of 1400 µg/mL 3 

HePC (red solid line) as well as the diluted system at 4.5% (blue line). (A) 4 

form factor functions, P(q), (B) interference micelle-micelle functions, S(q), 5 

in the inset the first peak of the S(q) functions can be appreciated. (C) Final 6 

fitting functions (solid red curves), along with the experimental SAXS data 7 

for Pluronic F127 at 9% in the absence (open circles) and in the presence of 8 

1400 µg/mL HePC (open squares), as well as the diluted system at 4.5% of 9 

Pluronic F127 (open triangles). (D) Respective pair distance distribution 10 

functions, p(r). 11 

 12 

Analyzing the SAXS curves in the Figure 9A we propose that at 4.5% 13 

F127 micelles have a larger average distance among each other. At such 14 

conditions, the PEO molecules (hydrophilic at the outer shell of the micelle) can 15 

adopt a more extended conformation as compared to 9%, in which the average 16 

distance among the micelles is considerably smaller, inducing a decrease in the 17 

shell (hydrophobic) region. This fact is further supported by the presence of a well 18 

pronounced peak at the P(q) functions at q~0.65 nm-1 (see the black line 19 
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Figure 9A) for the system composed of 9% F127, as compared to the system of 1 

4.5% F127 (blue line in Figure 9A).  2 

Yet, based on hemolysis experiments and extrapolating the SAXS 3 

analysis, we propose a schematic representation of polymeric micelles, varying 4 

the F127 concentration in the presence of HePC, as shows in Figure 10. At lower 5 

F127 concentration (Figure 10A) we have the PEO corona more extended, this 6 

may favor the entrapment of HePC in the PPO core as well in the PEO chains 7 

themselves, impairing the HePC partition to erythrocyte membrane. Also, at high 8 

F127 concentration (Figure 10B), the corona compaction, resulting from the 9 

contraction of PEG chains, can drive to an inverse effect, that is, reduce the 10 

amount of HePC interacting with polymeric micelles evidenced by increased 11 

hemolysis at higher HePC concentrations. 12 

Yet, based on hemolysis experiments (Figure 6) and extrapolating the 13 

SAXS analysis (Figure 9), we propose a schematic representation of polymeric 14 

micelles, varying the F127 concentration in the presence of HePC, as shows in 15 

Figure 10. At lower F127 concentration “↓[F127]” the PEO corona appears to be 16 

extended, this may favor the entrapment of HePC in the PPO core, as well in the 17 

PEO chains themselves, impairing the HePC partition to erythrocyte membrane. 18 

Also, at high F127 concentration “↑[F127]”, the corona compaction, resulting from 19 

the contraction of PEO chains, can drive to an inverse effect, that is, reduce the 20 

amount of HePC interacting with polymeric micelles evidenced by increased 21 

hemolysis at higher HePC concentrations. 22 

The SAXS parameters obtained with the fitting of the scattering curves are 23 

presented in Table 3. Regarding the size of the F127 micelles, it was interesting 24 

that the radius of gyration decreases as the polymer concentration increases from 25 
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7.7 to 6.8 nm for the systems composed by 4.5 and 9%, respectively. 1 

Interestingly, despite the changes on the Rg values, our SAXS data suggested 2 

that the effective diameter () of the micelles, which were obtained using the 3 

interference function, are quite similar for all studied systems. Valero et al., (2016) 4 

studied the ability of F127 in load different drugs, like lidocaine, pentobarbital 5 

sodium salt, sodium naproxen, and sodium at salicylate 4% and at 37 oC by 6 

means of small angle neutron scattering (SANS). In their study, the authors used 7 

a geometric model (spherical core-shell micelles) to analyze the scattering data. 8 

According to the authors, for 5% F127 micelles a core radius of 45 Å, whereas 9 

the shell thickness of 64 Å was observed. These values indicate an effective 10 

diameter of ~21.8 nm, in good agreement with the data obtained in the present 11 

study. 12 

Table 3. SAXS parameters obtained with the fitting of the scattering curves 13 

displayed in Figure 9.  14 

SAXS parameter F127 4.5% 

F127 9% 

without 

HePC 

HePC (1400 

µg/mL) 

Rg (nm)a 7.7  0.1 6.8  0.1 6.8  0.1 

 (nm)a 20.6  0.2 21.2  0.2 20.8  0.2 

a 0.11  0.01 0.26  0.02 0.27  0.02 

np (part/nm3)x10-5 2.40  0.22 5.21  0.41 5.73  0.44 

Cmic (mol/L)x10-5 3.99 8.65 9.51 

Nagg
b 89.5  8.3 82.5  6.5 75.1  5.7 

Rg: particle radius of gyration; : Hard Sphere diameter; : volume fraction of micelles; 15 

np: micellar numerical density concentration; Cmic: micellar concentration, Nagg: 16 

aggregation number of each micelle; (a): these parameters we obtained in the fitting 17 

process and (b) was calculated using Eq. 7.  18 
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A B 

 

Figure 10. Schematic representation of HePC-loaded polymeric micelles at lower and higher Pluronic F127 

concentration (A), according to the SAXS data analysis and hemolysis bioassays (B). 
1 
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Mortensen and Talmon (1995) performed an interesting study regarding 1 

the structural features of F127 micelles, at different temperatures and 2 

concentrations, by means of SANS and cryogenic transmission electron 3 

microscopy (cryo-TEM). In particular, they used systems composed by 5, 12 and 4 

20% of F127 at different temperatures. The authors also reported the values of 5 

𝛷 as a function of temperature, for these three concentrations. According to the 6 

data, there is almost a linear increasing for the volume fraction, 𝛷, as the 7 

concentration increases. According to the data, it is possible to infer that 𝛷 at 8 

37 ºC for 4.5 and 9% are 0.10 and 0.27, respectively. Both values are in really 9 

good agreement with the data reported herein. 10 

Regarding the aggregation number, Nagg, there are several different values 11 

reported in the literature. Actually, one can find Nagg values in the 10-100 range 12 

(Kazunori, et al., 1993; Yokoyama, et al., 1998; Yu, et al., 1998; Torchilin, 2001; 13 

Kadam, Yerramilli and Bahadur, 2009). For instance, Valero et al., (2016) 14 

reported values in the 30-40 range for the aggregation number of F127, 15 

solubilized in water, in the absence of any loaded drug. Desai et al., (2001), on 16 

the other hand, determined the aggregation number of F127 micelles as 72. In a 17 

different study, Sharma et al. (2008) reported an aggregation number of 73 in 18 

water, in good agreement with Desai et al. (2001). These reported values are in 19 

good agreement with the data reported herein. Nevertheless, one should bear in 20 

mind that there is no consensus about the F127 aggregation number.  21 

3.7. Hemocompatibility of Pluronic F127 micelles 22 

When nanostructures are injected into the blood for drug delivery, 23 

negligible interaction of these particles with blood constituents is desired. 24 
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Therefore, the hemolysis assay would give additional information about the 1 

biocompatibility in the case of an in vivo application. For the mixed HePC-F127 2 

micelles at 6 and 9% of F127, macroscopic changes in RBCs sediment were 3 

observed after centrifugation. Under these conditions, the cells adhered to the 4 

wall of the tubes, apparently forming aggregates. At F127 concentrations up to 5 

3%, no significant macroscopic changes in RBCs sediment were observed. 6 

Therefore, we evaluated the influence of pure Pluronic F127 on RBCs. For this, 7 

we used the protocol proposed by Reed and Yalkowsky (1985), this method 8 

seems more realistic for intravenous injection since it follows the ratio between 9 

the injected substance and RBCs, as well as considers that the injected 10 

substance is rapidly diluted in the bloodstream. According to Figure 11, F127 in 11 

concentrations of up to 4.5% shows low hemolytic potential, whereas higher 12 

concentrations resulted in increased hemolysis. Surprisingly, concentrations of 13 

F127 higher than 10% apparently reduced the hemolysis. We believe that, at 14 

higher copolymer concentrations, aggregation of erythrocytes may occur due to 15 

the systems high viscosity. 16 

 17 
Figure 11. Hemolytic effect as a function of Pluronic F127 concentration, 18 

using the hemolysis bioassay (method B). The error bars represent the 19 

standard deviation.  20 
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These data suggest that the best concentration of Pluronic F127 for 1 

intravenous bolus administration of polymeric micelles is up to 4.5%. In addition, 2 

by interpolating the linear regression model of Figure 7A, incorporation of up to 3 

300 µg/mL HePC in 4.5% F127 polymeric micelles can be considered safe in 4 

terms of hemolytic effect. Since HePC hemolytic activity is dependent on RBC 5 

concentration (Alonso and Alonso, 2016) and assuming a 40% hematocrit, it is 6 

possible to inject up to 4 mg/mL of HePC formulated in 4.5% F127 polymeric 7 

micelles. If we consider that plasmatic proteins provide extra protection to HePC 8 

action into erythrocytes, the amount of drug to be incorporated for bolus 9 

administration in whole blood could be even higher.  10 
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4. Conclusion 1 

 2 

The interactions among amphiphilic drugs and with erythrocyte 3 

membranes and copolymers/polymeric micelles are quite complex. 4 

Consequently, the ability to modulate the equilibrium between the different 5 

aggregates is of primary concern for the rational development of amphiphilic drug 6 

formulation, such as HePC. Our study clearly demonstrates that the composition 7 

of Pluronic copolymers, expressed by differences on the weight percent of PEO 8 

and PPO moieties, influences the aggregation state of HePC and, therefore, in 9 

vitro erythrocytes lysis. In particular, Pluronic F127 copolymer concentration has 10 

a pronounced effect on the HePC hemolytic profile. Through manipulation of the 11 

polymer:drug ratio, it might be possible to design drug-delivery systems with 12 

properties tailored to the parenteral application. Specifically, it might be feasible 13 

to fine-tune the amount of HePC-loaded in polymeric micelles by adjusting the 14 

concentration of F127 copolymer, which can safely be administered at 15 

concentrations up to 4.5%. SAXS data indicates that the presence of HePC has 16 

a small effect on the F127 micelle at 9%, nevertheless, the polymeric 17 

concentration probably plays a major role on the micelle structure. 18 

 19 
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 1 

Chapter II 2 

This second chapter presents the pre-clinical safety, biocompatibility, and 3 

efficacy results of miltefosine incorporated into Pluronic F127-based 4 

polymeric micelles.  5 
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 9 

Abstract 10 
 11 

Miltefosine (hexadecylphosphocholine, HePC) is a synthetic antitumor 12 

alkylphosphocholine used clinically for the treatment of cutaneous 13 

metastases of breast cancer. This drug acts at cell membrane level, where it 14 

accumulates and interfere with lipid metabolism and lipid-dependent 15 

signaling pathways leading the cells to apoptosis. As a surface-active 16 

substance, high concentrations of HePC may cause cell lysis, limiting its 17 

intravenous administration and resulting in pronounced gastrointestinal 18 

toxicity when orally administered. To overcome these limitations, HePC was 19 

previously incorporated into polymeric micelles (PM) of Pluronic F127, a 20 

biocompatible triblock-copolymer approved by FDA. Here, using a chicken 21 

chorioallantoic membrane (CAM) model, we showed that HePC 22 

incorporation into PM prevented mucosal irritation, decreasing bleeding 23 

and lysis of blood vessels. This test confirmed the non-irritancy of HePC-PM 24 

demonstrating the ability of drug entrapment into PM and mucosal 25 

protection over free drug. The cytotoxic effect based on IC50 and selectivity 26 

index of free HePC and HePC-PM on HeLa cancer and L929 normal cell 27 

lines were studied, using the neutral red uptake test. We observed a dose-28 

dependent reduction in viability of HeLa cell line when treated with HePC 29 

and a selective effect, since the drug was safe to normal L929 fibroblasts. 30 

Interestingly, HePC-PM increased the cytotoxicity against Hela cells, 31 

suggesting a differential uptake of these nanostructures by those cells. These 32 

data together demonstrate that HePC encapsulation into PM reduces side 33 

effects and increases selective cytotoxicity against tumor cells. Furthermore, 34 

empty-PM did not present any cytotoxicity and, therefore, this colloidal 35 

system could be further used for the administration of this important 36 

antitumor drug, as well as of other amphiphilic drugs. 37 
 38 

Keywords: Pluronic; poloxamer; alkylphospholipids; alkylphosphocholines; 39 

hexadecilphosphocholine; HePC; chicken chorioallantoic membrane; Egg-CAM.   40 
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1. Background 1 

 2 

Synthetic alkylphospholipids (ALPs), such as edelfosine, miltefosine, 3 

perifosine, erucylphosphocholine and erufosine, are relatively new anticancer 4 

compounds (Blitterswijk and Verheij, 2013). Structurally, they are ether-5 

derivatives from natural phospholipids of cell membrane, such as endogenous 6 

lysophosphatidylcholines (LysoPC or lysolecithins), in which the alkyl-ester 7 

linkage has been replaced by a more lipase-resistant ether bond, thus making 8 

APLs more metabolically stable.  9 

Chemically APL family is divided into two main classes: 10 

(i) alkylglycerophosphocholines (AGPs), also known as alkyl-lysophospholipids 11 

or ether lipids, and (ii) alkylphosphocholines (APCs). The ether lipid edelfosine 12 

(1-O-octadecyl-2-O-methylglycero-3-phosphocholine, ET-18-OCH3), first 13 

synthetized late 1960s, is considered the AGPs prototype, this compound closely 14 

resembles LysoPC with a glycerophospholipid head-group, contains an ether-15 

linked 2-methyl-glycerol backbone and a single octadecyl alkyl chain. Miltefosine 16 

(hexadecylphosphocholine, HePC), on the other hand, dates back late 1980s and 17 

is a second-generation LysoPC-analogue and prototype of APCs having a single 18 

phosphoester-linked hexadecyl alkyl chain, but lacking the glycerol motif. HePC 19 

was the first antitumor lipid to be used clinically, in particular for the topical 20 

treatment of cutaneous metastases of breast cancer, and is the first effective 21 

peroral anti-leishmanial drug (Dorlo et al., 2012; Pachioni et al., 2013; Ríos-22 

Marco et al., 2017).  23 

APLs preferentially act on cell plasma membrane, which distinguishes 24 

them from the majority of anticancer drugs whose action mechanisms are mainly 25 
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based on interaction with the genetic material. Also, APLs have intracellular 1 

targets, implying their uptake within cells (Barratt et al., 2009; Pachioni et al., 2 

2013). 3 

Contrarily to LysoPC, ALPs resist catabolic degradation. Because of the 4 

ether bond, they are not degraded by phospholipases and, therefore, 5 

accumulates into cell membrane and cytosol interfering with lipid-dependent 6 

survival pathways, in particular membrane lipids – phospholipids and sterols 7 

(Barratt et al., 2009). ALPs insertion into membranes generate a biophysical 8 

perturbation, interfering with phospholipid metabolism, proliferation and cell 9 

survival signaling pathways, while simultaneously activating several stress 10 

pathways that promote apoptosis (Pachioni et al., 2013). It is proposed that 11 

molecular mechanisms of anticancer properties of these compounds is by 12 

affecting the phospholipid metabolism of the plasma membrane (e.g. de novo 13 

phospholipid biosynthesis), targeting membrane lipid-rafts and altering lipid-14 

linked signaling (e.g. PI3K-Akt and Raf-Erk1/2) at the same time, stress pathways 15 

(e.g. stress-activated protein kinase/JNK) are activated inducing growth arrest 16 

and hence leading to apoptosis (Blitterswijk and Verheij, 2013; Ríos-Marco et al., 17 

2017). 18 

In particular, HePC is described as a lipid raft modulator interfering with 19 

the structural organization of surface receptors in the cell membrane. By 20 

modulating the cell membrane architecture, it alters receptor activation and/or 21 

downstream signaling events (Maurer et al., 2013). 22 

The cytotoxic effect of HePC has been evaluated in a large variety of both 23 

tumor and normal cell types, showing selectivity towards tumor cells (Blitterswijk 24 

and Verheij, 2013). The uptake of HePC by cells begins by insertion into the 25 
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plasma membrane which may be followed by internalization (Barratt et al., 2009). 1 

Due to its amphiphilic nature and its similarity to LysoPC, APLs can be inserted 2 

into the outer leaflet of the cell membrane and cross the membrane with the help 3 

of a flippase complex. APLs have also been shown to internalize by cells targeting 4 

membrane lipid-rafts, suggesting that it has a high affinity to lipid-raft 5 

microdomains (Menez et al., 2007; Blitterswijk and Verheij, 2013). 6 

HePC is also described to interferes with the functioning of a number of 7 

enzymes involved in phospholipid metabolism, including membrane-linked 8 

protein kinase C and the phospholipases A2, C and D (Barratt et al., 2009) as 9 

well as Akt signaling (Prêtre and Wicki, 2018). 10 

Regarding its classical surfactant structure, when HePC concentration is 11 

above the critical micellar concentration (CMC), this drug spontaneously 12 

aggregates into small micelles. Therefore, HePC interacts with plasma 13 

membrane as monomers when its concentration is below to CMC and as both 14 

monomers and micelles when it is above the CMC (Barratt et al., 2009). 15 

Unfortunately, this interaction between HePC micelles and cell membranes 16 

causes cell lysis leading to drug side-effects. The mechanisms involves 17 

surfactant-membrane insertion and membrane disruption/solubilization (Pachioni 18 

et al., 2013). 19 

HePC causes hemolysis and thrombophlebitis when administered 20 

parenterally and also its peroral administration was associated with 21 

gastrointestinal toxicity. The limiting peroral dose is 50 mg daily for adults 22 

weighing <25 kg and 100 mg daily for those who weigh >25 kg. In fact, at this low 23 

dose HePC is approved in some countries for visceral and cutaneous 24 

leishmaniasis treatment (Ríos-Marco et al., 2017). 25 
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HePC was clinically evaluated against soft tissue sarcomas, colorectal 1 

cancer and squamous cell carcinoma of the head and neck, however the severe 2 

side effects limited its maximum-tolerated daily dose, preventing observation of 3 

antiproliferative effects since the peroral doses required for systemic effects were 4 

toxic to the gastrointestinal tract (Ríos-Marco et al., 2017). Therefore, this dose-5 

limiting gastrointestinal toxicity and hemolytic effects precludes its further use by 6 

the systemic routes for anticancer applications Consequently, the clinical use of 7 

HePC as anti-cancer has been limited mainly to the topical treatment of 8 

cutaneous tumors (Blitterswijk and Verheij, 2013). 9 

Clinical trials have revealed that adverse reactions of HePC over the 10 

gastrointestinal system include nausea, vomiting and diarrhea. Another common 11 

symptom is fatigue (Ríos-Marco et al., 2017). Occasionally, hepatotoxicity and 12 

nephrotoxicity might occur. It also has teratogenic potential, so women of child-13 

bearing age are advised contraception for the duration of treatment and for three 14 

additional months after the end of therapy (Sundar and Chakravarty, 2015b; 15 

Sundar and Singh et al., 2018). Additionally, elevation of serum creatinine and 16 

transaminases, hemoptysis, dyspnea, fatigue as well as lung toxicity have been 17 

described in clinical trials (Bhattacharya et al., 2007; Rahman et al., 2011; Silva 18 

et al., 2013; Ríos-Marco et al., 2017). 19 

The development of a drug delivery system to protect gastrointestinal tract 20 

upon HePC peroral administration and to allow higher systemic drug 21 

concentrations would be of great interest to promote its use in anticancer therapy. 22 

Our group previously developed HePC loaded Pluronic F127 polymeric micelles 23 

(HePC-PM) with the purpose of lowering the drug toxicity. We have shown that 24 

HePC-PM significantly lowers the hemolytic effect of HePC while preserving the 25 



65 
 

in vitro cytotoxicity against HeLa cancer cell line (Valenzuela-Oses, García, 1 

Feitosa, et al., 2017, Appendix A). Taking into account our previous results, here 2 

we modified the HePC: Pluronic F127 ratio of HePC-PM and investigated its 3 

safety and selective cytotoxicity. We show that incorporation into PM reduces 4 

HePC irritation in a vascularized membrane model while increasing the selectivity 5 

index for tumor HeLa cells, rather than fibroblast cells. Additionally, we show that 6 

HePC-PM promote intracellular drug delivery. 7 

 8 

2. Materials and methods 9 

 10 

2.1. Chemicals and reagents 11 

Miltefosine (HePC) was purchased from Avanti Polar Lipids, Inc. 12 

(Alabama, USA). Pluronic F127 (12.6 kDa) with the formula (PEO)100-(PPO)65-13 

(PEO)100 was donated by BASF (São Paulo, Brazil). All other chemicals were of 14 

analytical grade (Sigma-Aldrich, Brazil) unless otherwise stated. 15 

2.2. Preparation of drug-loaded polymeric micelles (PM) 16 

 Drug-loaded PM were prepared by direct dissolution method, using 0.9% 17 

NaCl solution as the diluent, because it isotonic and physiologically 18 

biocompatible. Briefly, HePC was added to a 1 or 9% (w/v) Pluronic F127 micellar 19 

solution followed by smooth homogenization for 1 h at 37 ºC. The drug-loaded 20 

micelles were then sterilized by filtration through a 0.22 μm pore size membrane.  21 
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2.3. Irritation bioassay 1 

The irritating potential of the free HePC, HePC-loaded PM and empty PM 2 

was assessed by modified hen's egg test, also called Hühner-Embryonen test on 3 

chorioallantoic membrane (HET-CAM) (Oliveira et al 2016). HET-CAM test 4 

evaluates the potential of mucous membranes irritancy of a test substance as 5 

measured by its ability to induce toxicity in the chick embryo CAM 6 

(Kanoujia et al., 2014). Briefly, freshly collected fertilized hen’s eggs (White 7 

Leghorn), obtained from School of Veterinary Medicine and Animal Husbandry – 8 

University of São Paulo (Brazil). The eggs were kept horizontally in their trays of 9 

a climatic chamber, at 37 ºC and 65% relative humidity, equipped with an 10 

automatic rotation device to make sure that the embryo was positioned properly. 11 

After 10 days, the eggs were candled to ensure fertility and the air sac (i.e. air 12 

space) position was marked in the underside of the egg. The eggshell was 13 

partially opened by cracking around the marked air sac, and the outer membrane 14 

of the egg was exposed. Any non-fertilized eggs or those containing no live 15 

embryo were discarded. The inner membrane was wet with 0.9% NaCl solution 16 

and then carefully removed using blunt forceps and the CAM exposed.  17 

Samples of 1 mL of the following treatments were applied directly onto the 18 

undamaged CAM surface: free HePC, HePC-loaded PM, empty PM and 0.9% 19 

NaCl solution as negative control. Then, the vasculature of CAM was monitored 20 

during 5 min for the appearance of any irritating event, e.g. hyperaemia 21 

(i.e. excess of blood in the vessels), hemorrhage (i.e. vessels bleeding), vascular 22 

lysis (i.e. vessels disintegrating) and coagulation (i.e. clotting/denaturalization of 23 

intra- and extravascular proteins). Images capturing, processing and analysis 24 
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were made using the DigiMicro 2.0 Scale Software. These assays were 1 

performed in triplicate. 2 

2.4. Cell culture and viability assays 3 

Cell viability after the treatment with free and encapsulated HePC was 4 

investigated for human cervix epithelial adenocarcinoma HeLa cells and mouse 5 

fibroblastic L929 according to recommendation of the “Biological evaluation of 6 

medical devices: tests for in vitro cytotoxicity” (IOS, 2009). This guideline was 7 

designed to measure the damage of in vitro-cultured mammalian cells after 8 

contact with a specific product and for calculation of the half-maximal inhibitory 9 

concentration (IC50). For this, pre-cultured cells (1x104 cells/well) were seeded 10 

into 96-well plates and kept in Dulbecco’s modified Eagle’s medium (DMEM) with 11 

10% fetal bovine serum (FBS), for 24 h (37 ºC, humidified, 5% CO2) to form a 12 

semi-confluent monolayer. Afterwards, cell media was removed and replaced 13 

with increasing concentrations of HePC and HePC-PM, ranging from 0.4 to 14 

100 µg/mL, diluted in DMEM (5% FBS). After 24 h, cells were exposed to neutral 15 

red (only live cells are able to uptake this vital dye). For each treatment, the 16 

percentage of growth inhibition (i.e. cytotoxic effect) was calculated and 17 

compared to DMEM negative control. Then, the IC50 were calculated from the 18 

concentration-response equation. Empty-PM (i.e. without HePC) were also 19 

tested as controls. All experiments were repeated at least three times.  20 
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3. Results and discussion 1 

 2 

3.1. HePC-loaded Pluronic F127 prevents CAM mucosal irritation 3 

  HET-CAM was chosen as a preliminary safety test since it is easy to apply 4 

and the results are comparable to in vivo methods, e.g. Draize test (Dario et al., 5 

2016. Grimaudo et al., 2018). It is a common preliminary organotypic method for 6 

the evaluation of mucous membranes irritability and has been recently reported 7 

as well-accepted for in vitro vascularized mucosae (Abdelkader et al., 2015). Free 8 

HePC and HePC-loaded into Pluronic-F127 (HePC-PM) were investigated in 9 

terms of mucosal irritancy using the modified HET-CAM test. Empty Pluronic PM 10 

formulation was also tested to confirm the tolerability and biocompatibility of this 11 

co-polymer (Figure 1).  12 

Initially, increasing concentrations of free HePC were tested to determine 13 

a minimal dose with an irritant effect on this CAM model, which was found to be 14 

3.7 mM, i.e. 1500 µg/mL (Figure 1A). This same drug concentration was used in 15 

the formulation of HePC-PM with 9% (w/v) of Pluronic F127 (Figure 1B). For the 16 

best our knowledge, here we present for the first time the toxic effects of APLs 17 

on egg’s CAM. 18 

As can be seen in the right-side Figure 1A, after administration of HePC 19 

at 3.7 mM, strong vascular irritation of CAM was observed in a few minutes. 20 

Clearly, HePC induces rapid bleeding vessels, with extensive hemorrhagic area 21 

owing to endothelial cell lysis, demonstrated by vasoconstriction as well as 22 

disintegrating vessels in the mucosa. These effects were more pronounced in 23 

smaller vessels but can also be observed in vessels of larger sizes.   24 



69 
 

 Initial After 5 min 

(A
) 

F
re

e 
H

eP
C

 

(3
.7

 m
M

) 

 

(B
) 

H
eP

C
-P

M
 

(3
.7

 m
M

) 

(C
) 

E
m

p
ty

 P
M

 

(9
%

) 

 

Figure 1. HePC-loaded Pluronic F127 prevents CAM mucosal irritation. 

Sequence of photographs illustrating the effect of free miltefosine (HePC) 

(A), HePC-loaded Pluronic polymeric micelles (HePC-PM) (B) and empty 

PM (C) on the initial healthy CAM (left side) and over a 5 min after each 

treatment (right side). These images are representative of triplicate 

experiments. 
 1 

The immediate appearance of irritating effects may be considered due to 2 

the surfactant effect of HePC on endothelial cells. Regarding the amphiphilic 3 

structure of HePC and other APLs such as edelfosine and ilmofosine, at 4 

concentrations higher than the critical micellar concentration (CMC) they form 5 

small micelles, and this aggregation in micelles governs its hemolytic effect, 6 
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which occur through mechanisms involving non-specific surfactant‐membrane 1 

interactions following by lipid-solubilization and membrane lysis (Sá et al., 2013).  2 

Similar to edelfosine and ilmofosine, HePC was originally developed as a 3 

peroral antineoplastic drug for treatment of breast cancer and other solid tumors, 4 

but its severe dose-limiting gastrointestinal toxicity outweighed its clinical benefits 5 

and so its use for cancer therapy was declined. Later HePC was repurposed for 6 

the peroral treatment of leishmaniasis. Nonetheless, even for antileishmanial 7 

therapy gastrointestinal toxicity is the most frequent drawback caused by peroral 8 

HePC administration, in which nausea, vomiting, diarrhea, abdominal pain, and 9 

anorexia have been consistently reported. Occasionally, the side effects can be 10 

severe, requiring treatment discontinuation. 11 

These side effects, mainly caused by irritation of the gastric and enteric 12 

mucosa, were consistently reproduced in our HET-CAM model, which showed 13 

irritating events compatible with gastrointestinal effects caused by HePC.  In fact, 14 

HET-CAM is a rapid, sensitive, technically easy and inexpensive test. Testing 15 

with incubated eggs is a borderline case between in vivo and in vitro systems and 16 

does not conflict with ethical and legal obligations. As the CAM of the chick 17 

embryo represents a vascular stratified tissue including veins, arteries, and 18 

capillaries, it responds to injury with a complete inflammatory process, similarly 19 

to the vascularized mucous membranes of mammalian tissues (Gupta et al., 20 

2007; Kanoujia et al., 2014). 21 

The incorporation of HePC into Pluronic-based polymeric micelles (HePC-22 

PM) protected the CAM from vascular irritating side effects; the general physical 23 

appearance of egg’s CAM kept normal during the test period (Figure 1B). Indeed, 24 
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HePC-PM did not trigger any process of vascular change, no hemorrhage, lysis, 1 

coagulation, or any acute inflammatory reactions in the CAM occurred and the 2 

result was similarly to 0.9% NaCl (data not shown). 3 

The suppression of the side effects previously observed with free HePC 4 

strongly indicated that in HePC-PM most of the drug was incorporated into the 5 

polymeric nanostructures, limiting the interaction between HePC with the CAM 6 

and, therefore, preventing its vascular complications. 7 

According to Lasa-Saracíbar et al. (2014), peroral administration of 8 

edelfosine in mice causes severe gastrointestinal tract irritation with 9 

degeneration, necrosis and peeling of the stomach and intestine walls. Necropsy 10 

of the animals showed gastrointestinal obstruction with accumulation of food in 11 

the stomach, swelling, fluid accumulation and thickness of the stomach and 12 

intestine walls. Histopathology revealed degeneration, necrosis and peeling of 13 

superficial cells in the stomach and the small intestine, accompanied by 14 

inflammation of the intestinal mucosa, which suggest an irritant effect of 15 

edelfosine over the gastric and duodenal mucosa. On the other hand, similarly to 16 

our findings, encapsulation of this drug into nanostructures (i.e. lipid 17 

nanoparticles) shown the protective effect that drug-loaded nanoparticles provide 18 

over the administration of the free-drug.  19 

Regarding empty PM of Pluronic F127 at 9%, no signs of acute 20 

inflammation on the CAM were observed during the course of the assay. This 21 

finding is consistent with those reported in the literature. Kanoujia et al (2014) 22 

shows that Pluronic F127 PM (5%) with 0.5% gatifloxacin is nonirritant in HET-23 

CAM. Grimaudo et al. (2018) reported that Pluronic F127/TPGS (1:1 molar ratio) 24 

mixed micelles formulated up to 20 mM (of total polymers) were seen to be also 25 
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nonirritant in HET-CAM. In addition, Gupta et al. (2007) tested a gel formulation 1 

composed by Pluronic F127 (9%), chitosan (0.25%), timolol (0.25%) and 2 

methylparaben (0.1%), demonstrating to be nonirritant to mild irritant and well 3 

tolerated. Similarly, Fathalla et al. (2017) demonstrated that polymeric gels based 4 

on Pluronic F127 (23%) and Pluronic F68 (15%) did not show any signs of CAM 5 

irritation.  6 

Altogether, these is an indication that the Pluronic copolymers used in 7 

these formulations were not irritant to the CAM, exhibiting excellent mucous 8 

tolerability and biocompatibility.  9 

 10 

3.2. Selective cytotoxicity of HePC-loaded polymeric micelles 11 

To investigate the effect of HePC, free or loaded into polymeric micelles, 12 

cytotoxicity experiments were carried out against both tumor and healthy cell. For 13 

these following assays, we selected HePC-PM formulation consisting of 14 

100 µg/mL HePC and 1% (w/v) Pluronic F127, in which we have previously 15 

demonstrated that most of the drug is incorporated into polymeric micelles 16 

(Chapter 1). 17 

We investigated HePC cytotoxicity against cervical carcinoma HeLa cells 18 

and healthy connective fibroblast L929 cells, as well as whether cytotoxicity could 19 

be modulated by HePC incorporation into polymeric micelles. Cytotoxicity of free 20 

HePC and HePC-PM was tested for 24 h by quantitative analysis using neutral 21 

red uptake assay and presented in Figure 2 and Figure 3. 22 

 23 
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Figure 2. In vitro cytotoxic effect of HePC treatment, free (white bars) or 

loaded into polymeric micelles (black bars), against HeLa cervical 

carcinoma cells, measured by neutral red uptake assay. 
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Figure 3. In vitro cytotoxic effect of HePC treatment, free (white bars) or 

loaded into polymeric micelles (black bars), agaist healthy L929 

fibroblastic cells, measured by neutral red uptake assay. 
  4 
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Treatment with both free HePC and HePC-PM for 24h caused a dose-1 

dependent reduction in viability of HeLa and L929 cell lines. Under these 2 

conditions, tumor HeLa cells were very sensitive to the drug (Figure 2) and non-3 

tumor L929 cells more resistant when treated with the same HePC concentration 4 

(Figure 3). Fibroblast cells were selected because they are the predominant 5 

tissue type. Moreover, many standard institutions recommend these cells. 6 

Next, based on the presented dose-response curves, we calculated the 7 

IC50, i.e. drug concentration required to decrease half of the cell viability, shown 8 

in Table 1. 9 

Table 1. Selective cytotoxicity of HePC-loaded polymeric micelles. 

Comparison of cytotoxic activity of free miltefosine (HePC) and HePC-PM 

against HeLa cervical carcinoma cells and healthy L929 fibroblastic cells.  

Treatment 
IC50 (µg/mL)* 

Selective 

index (SI)** L929 HeLa 

Free-HePC 18.3  2.7 6.8 

HePC-PM 29.3 1.2 24.4 

*The IC50 values were calculated from the dose-response plots. Each value 

represents the mean of three experiments. 

**The degree of selectivity (i.e. selective index, SI) were expressed using 

the following ratio: IC50 of the treatment in normal cell line / IC50 of the 

same treatment in cancer cell line. 

Cell viability was determined by the neutral red uptake assay as described 

previously 
 10 

For free HePC we found an IC50 of 18.3 µg/mL against L929 cells in 11 

comparison to 2.7 µg/mL against HeLa cells. The IC50 value of free HePC found 12 

for HeLa cells agrees of previously reports, i.e.  2.6 µg/mL (Valenzuela-Oses, 13 

García, Feitosa, et al., 2017, Appendix A), 2.8 µg/mL (Rybczynska et al 2001b), 14 

3.3 µg/mL (Ruiter et al., 2003), and 5.6 µg/mL (Gontijo et al., 2014), however is 15 

below that 13.1 µg/mL (Papazafiri et al., 2005) and 52.5 µg/mL (Lukáč et al., 16 
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2009). Other studies showed an IC50 around 50 μg/mL for L929 cell (Morais et 1 

al., 2014; Grecco et al., 2018), contrarily, HePC 65 μg/mL did not show any 2 

cytotoxic impact on these cells, cultured in medium with 10% FBS (Polat et al., 3 

2014). In fact, these discrepancies may be due to experimental differences 4 

between the studies, such as cell origin, cell density, drug contact time, 5 

composition of the culture medium, concentration of FBS, method to verify cell 6 

viability, among others. 7 

Interestingly, incorporation of HePC into PM seems to protect L929 from 8 

HePC cytotoxicity by increasing the IC50 value from 18.3 to 29.3 µg/mL (Figure 9 

2 and Table 1). In contrast, for the same drug concentration, HePC-PM displayed 10 

cytotoxicity against HeLa tumor cells (Figure 2B and Table 1), by decreasing 11 

IC50 value from 2.7 to 1.2 µg/mL. The results indicate that HePC-PM exhibit 12 

potent and selective anticancer activity. Additionally, the cytotoxicity of empty PM 13 

was also investigated (data not shown) and no toxic effects were observed up 14 

to 1% (w/v) Pluronic F127. 15 

Therefore, based on IC50 values in tumor and non-tumor cell lines, we 16 

calculated the selectivity, expressed by its selective-index (SI) value, of free 17 

HePC and HePC-PM treatments (Table 1). As expected, free HePC displayed 18 

selective cytotoxicity, presenting SI~6.8. In general, an SI value higher than 2.0 19 

indicates a differential drug selectivity. In fact, HePC, as other APLs, preferentially 20 

accumulates in tumor cells displaying in vitro and in vivo antineoplastic activities 21 

in a selective way (Kostadinova et al., 2015). This selectivity of APLs can be 22 

attributed to a higher uptake capacity of neoplastic cells as compared to normal 23 

cells due to deferentially lipid composition of the membranes (Mollinedo et al., 24 

2004).  25 
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Interestingly, HePC-PM treatment enhanced 3.6-folds the drug selectivity 1 

(SI = 24.4). As the SI demonstrates the differential activity of a drug, the higher 2 

the SI value, the more selective it is. This result suggests that these 3 

nanostructures are preferentially captured by tumor cells. 4 

HePC interacts with living cells by instantaneous partition between the 5 

surrounding medium and the plasmatic membrane, and thus this drug can act on 6 

targets localized in the plasma membrane or cytosol (Rybczynska et al., 2001a). 7 

Indeed, considering that HePC incorporation into PM reduce the interaction 8 

between the drug and plasmatic membrane (Chapter 1), at the same time; it 9 

enhances cytotoxicity to HeLa tumor cells and decrease for normal L929 cells. 10 

HePC exhibits high affinity for the plasma membrane, once incorporated it follows 11 

consecutive internal traffic until anchoring intracellular membranes of organelles 12 

(Geilen et al., 1994). Furthermore, the intracellular concentration of HePC is not 13 

directly related to the cell sensitivity, differential susceptibility to apoptosis could 14 

explain the drug uptake-independent sensitivity to HePC (Rybczynska et al., 15 

2001a). 16 

Previous studies show that HePC, eldefosine and perifosine induced time- 17 

and dose-dependent, apoptosis in HeLa cells (Rybczynska et al., 2001a; Ruiter 18 

et al., 2003). In fact, McShane et al. (2015) demonstrated that HePC inhibited 19 

both Akt/PKB and ERK phosphorylation in HeLa cells in a dose-dependent 20 

manner. The inhibition of Akt/PKB phosphorylation with APLs is in agreement 21 

with an earlier report performed in HeLa cells (Ruiter et al., 2003) Additionally, in 22 

HeLa cells, HePC antagonizes the process of cytidylyltransferase translocation 23 

from cytosol (inactive form) to membrane (active form), this is a key-enzyme of 24 
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phosphatidylcholine biosynthesis (Wieder et al., 1993) and thus alterations in this 1 

pathway can lead to apoptosis. 2 

In this way, HePC incorporation into PM seems to drive an intracellular 3 

delivery of this drug inside HeLa cells, improving it cytotoxicity specifically against 4 

this tumor cell, thus enhancing the selectivity of the treatment. 5 

 6 

4. Conclusion 7 

 8 

Polymeric micelles are well-known colloidal drug delivery systems and the 9 

amphiphilic nature of HePC favors its incorporation into theses micelles. 10 

Altogether, our study supports that the Pluronic F127 polymeric micelles might 11 

be used as a safe vehicle for the administration of HePC since these 12 

nanostructures were able to modify the partition of HePC and reduced its toxicity 13 

on vascularized membranes, evidencing the protective effect that polymeric 14 

micelles provides over the administration of free HePC. Besides, cytotoxicity 15 

studies demonstrated that polymeric micelles provided a selective effect while 16 

increased its efficacy against tumor cells toxicity. Given the importance of HePC, 17 

our colloidal system developed can be effective applied to reduce HePC toxicity, 18 

allowing its further use for anticancer therapy.   19 
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Chapter III 1 

This third chapter describes the main results achieved during my 2 

internship at the Centre for Craniofacial Development & Stem Cell 3 

Biology, King’s College London (UK), under supervision of 4 

Dr. Paul Long and Prof. Agamemnon Grigoriadis. 5 

  6 
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 12 

Abstract 13 

Osteosarcoma is a common neoplastic bone disease with high morbidity and 14 

mortality, occurring primarily in children and young adults. Here we report 15 

that miltefosine induces in vitro cytotoxicity and decrease cell survival, 16 

migration and proliferation in murine and human osteosarcoma cells. We 17 

have shown that cytotoxicity by miltefosine is associated with caspase-3 18 

activation, DNA fragmentation, apoptotic-like body’s formation and 19 

inhibition of both constitutive and cytokine-stimulated Akt (PKB) 20 

phosphorylation. These signaling changes together can be responsible for 21 

apoptosis induction in osteosarcoma cells. We also show that miltefosine 22 

incorporation into polymeric micelles of Pluronic F127 clearly reduces the 23 

drug cytotoxic effects evidenced by increase in cell viability, as well as 24 

prolongs cell survival, migration and proliferation. Finally, we demonstrate 25 

that Pluronic F127 polymeric micelles are efficient for cargo delivering the 26 

encapsulated drug preferentially within tumor cells rather than healthy cells. 27 

These findings together suggest that miltefosine loaded into polymeric 28 

micelles provide a potential alternative for osteosarcoma therapy. 29 

 30 

Keywords: Pluronic; poloxamer; alkylphospholipids; alkylphosphocholines; 31 

hexadecilphosphocholine; HePC; caspase-3; Akt; PKB.   32 
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1. Background 1 

 2 

Neoplastic bone disorders include both primary bone tumors and 3 

metastasis. Osteosarcoma (OS) is the most common type of primary malignant 4 

bone tumor (36% of total), followed by chondrosarcoma (20–25%) and Ewing 5 

sarcoma (16%) (Evola et al., 2017). OS is extremely heterogeneous in etiology, 6 

genetics, molecular pathogenesis as well as clinical manifestations, and is not 7 

well understood yet (Lindsey et al., 2017). In spite of recent research advances, 8 

patients with OS still have very poor outcomes. The current standard treatment 9 

includes neoadjuvant chemotherapy, surgery and post-operative adjuvant 10 

chemotherapy. The main chemotherapeutic schemes include cisplatin, 11 

doxorubicin, high-dose methotrexate with leucovorin rescue, and isofosfamide 12 

with or without etoposide (Lindsey et al., 2017). However, most of these 13 

therapeutic regimens remain essentially unchanged since the 1970s. Multiple 14 

efforts have been taken to improve therapeutic efficacy but unfortunately more 15 

effective or less toxic schemes have not yet been described (Saraf et al., 2018). 16 

Among the new generation of chemotherapeutics with potential application 17 

in OS treatment, we highlight the synthetic antitumor lipids (ATLs) (Yao et al., 18 

2013; Bonilla et al., 2015; Gonzalez-Fernandez et al., 2017), which are analogs 19 

of endogenous lysophosphatidylcholine (LysoPC) and include alkylphospholipids 20 

(APLs) and alkylphosphocholines (APCs). Miltefosine (hexadecyl 21 

phosphocholine, HePC), the prototype of APCs, was the first ATL to be used 22 

clinically to treat cutaneous metastases of breast cancer (Leonard et al., 2001).  23 

HePC is an amphiphilic molecule composed of a hydrophobic tail and a 24 

polar phosphocholine head group (Dorlo et al., 2012). Unlike conventional DNA-25 
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targeting chemotherapeutic agents, this drug acts on lipid-linked signaling 1 

pathways (i.e. lipid rafts), interfering with lipid metabolism (e.g. phospholipid 2 

biosynthesis, non-vesicular cholesterol transport and homeostasis), biochemical 3 

survival pathways (e.g. Akt-mTOR inactivation), lipid-dependent signal 4 

transduction (e.g. phospholipase C, phospholipase D, protein kinase C), as well 5 

as stress pathways leading to apoptosis (Van Blitterswijk and Verheij, 2008; 6 

2013; Sá and Rangel-Yagui 2015; Sá et al., 2015; Alonso and Alonso, 2016).  7 

Additionally, HePC is more effective in metabolically active, proliferating 8 

cells, such as cancer cells, but not in quiescent normal cells, reducing, in this 9 

way, side effects on healthy cells (Van Blitterswijk and Verheij, 2013). So far, the 10 

precise mechanism of action has not been fully elucidated. 11 

HePC exhibits antitumor effects in different cell lines including human 12 

hepatoma (Jimenez-Lopez et al., 2006; Marco et al., 2009; Jimenez-Lopez et al., 13 

2010; Rios-Marco et al., 2011; Rios-Marco et al., 2013; Rios-Marco et al., 2016) 14 

and glioblastoma cells (Tewari et al., 2008; Thakur et al., 2013). HePC displays 15 

potent antitumor activity in vitro and in vivo; it is clinically approved by the FDA 16 

for topical treatment of skin metastases of breast cancer, as well as cutaneous 17 

lymphoma. HePC is widely used as an effective peroral treatment for visceral 18 

leishmaniasis and it has been reported to possess similar modes of action in 19 

Leishmania and human cancer cells (Alonso and Alonso, 2016). It also exhibits 20 

antibacterial, anti-trypanosomal and broad-spectrum antifungal activities 21 

(Pachioni et al., 2013).   22 

HePC has been extensively tested in preclinical models (reviewed by 23 

Pachioni et al., 2013). However, it presents significant irritancy profile involving 24 

gastrointestinal symptoms (e.g. nausea, vomiting and diarrhea) as well as 25 
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hemolytic effects (e.g. hemolysis and thrombophlebitis), owing to its surfactant 1 

structure. Due to its hemolytic effect, HEPC cannot be administered 2 

intravenously, but only orally (Impavido®) for leishmaniasis or topically (Miltex®) 3 

for cutaneous metastasis of breast cancer (Dorlo et al., 2012). Therefore, the 4 

development of a drug delivery system allowing the controlled release of HePC 5 

would be useful to overcome these limitations.  6 

 The first application of nanocarriers for HePC delivery dates back to 1991 7 

when it was incorporated into liposomes (Zeisig et al., 1991). Thereafter, a series 8 

of formulations based on liposomes, with or without pegylation, were developed 9 

Thakur et al., 2013; Momeni et al., 2013; Zhukova et al. 2010; Lindner et al., 10 

2008; Papagiannaros et al., 2005a; Papagiannaros et al., 2005b; Mravljak et al., 11 

2005; Zeisig et al., 2003; Ratz et al., 2001; Arndt et al., 2001; Arndt et al., 1999; 12 

Arndt et al. 1998; Kaufmann-Kolle et al. 1998; Eue et al., 1998; Arndt et al., 1997; 13 

Zeisig et al. 1996a; Zeisig et al. 1996b; Fichtner et al., 1994; Zeisig et al., 1994; 14 

Kaufmannkolle et al., 1994; Zeisig et al., 1993). 15 

In some cases, miltefosine was co-administered with other antitumor agents (e.g. 16 

doxorubicin, paclitaxel, mitoxantrone, etc). Other lipid-based formulations 17 

reported were nanoemulsions (Bock et al., 1994) and nanocochelates (Pham et 18 

al., 2013). Recent studies have also been conducted for HePC encapsulation into 19 

albumin-microparticles (Das et al., 2011), polycaprolactone (PCL) nanofibers 20 

(Wang et al., 2013) and poly(lactic-co-glycolic acid)-poly(ethylene oxide) (PLGA-21 

PEG) nanoparticles (Kumar et al., 2016). All of these studies aimed at delivering 22 

the drug to specific targets and reducing side effects. 23 

In nanomedicine, special attention has been given to polymeric micelles 24 

(Rangel-Yagui et al., 2005), which are colloidal nanostructures (~10-100 nm) 25 
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formed by the spontaneously self-aggregation of amphiphilic block copolymers 1 

(consisting of both hydrophilic and hydrophobic monomer units) in aqueous 2 

environments. These amphiphilic block copolymers self-assemble to form a 3 

hydrophobic core, amenable to the loading of hydrophobic drugs, and a 4 

hydrophilic shell or corona (Rangel-Yagui et al., 2005; Sirsi and Borden, 2014). 5 

They are widely considered as convenient nanocarriers for multiple 6 

pharmaceutical applications such as therapeutic agents’ delivery (e.g. drugs, 7 

genes, peptides and proteins), diagnostic imaging (e.g. in vivo biodistribution 8 

studies), and theranostics (Movassaghian, Merkel and Torchilin, 2015). 9 

The Pluronics (also called Poloxamers) are amphiphilic triblock 10 

copolymers of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) 11 

(PEO-PPO-PEO). They are biocompatible, FDA-approved and commonly 12 

described to its self-assembly into polymeric micelles nanostructures (Talelli and 13 

Hennink, 2011). Recently, we proved that HePC-loaded polymeric micelles of 14 

Pluronic F127 significantly lower the hemolytic effect of HePC while preserving 15 

the in vitro cytotoxicity against the HeLa cancer cell line (Valenzuela-Oses, 16 

García, Feitosa, et al., 2017, Appendix A). Here, we investigated HEPC and 17 

HEPC-loaded polymeric micelles (HePC-PM) cytotoxicity against osteosarcoma 18 

cell lines. We show that incorporation into PM reduces drug cytotoxicity in vitro, 19 

but increases selectivity for tumor cells. Additionally, we show that HePC-PM 20 

promote intracellular drug delivery.  21 
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2. Materials and methods 1 

 2 

2.1. Chemicals and reagents 3 

Miltefosine (HePC) was purchased from Avanti Polar Lipids, Inc. 4 

(Alabama, USA). Pluronic F127 (12.6 kDa) with the formula (PEO)100-(PPO)65-5 

(PEO)100 was donated by BASF (São Paulo, Brazil). All other chemicals were of 6 

analytical grade (Sigma-Aldrich, Dorset, UK) unless otherwise stated. 7 

2.2. Preparation of drug-loaded polymeric micelles (PM) 8 

 Drug-loaded PM were prepared using a previously described hydration 9 

method (Valenzuela-Oses, García, Feitosa, et al., 2017, Appendix A) with minor 10 

modifications. Briefly, a 1 % (w/v) Pluronic F127 dispersion was prepared using 11 

α-Minimum Essential Medium (ɑ-MEM, Lonza Biologics, Slough, UK) as the 12 

diluent. HePC or tetramethylrhodamine(TRITC)-phalloidin was added to the 13 

dispersion and then incorporated into the micelles by smooth homogenization 14 

for 1 h at 37 ºC. The drug-loaded micelles were then sterilized by filtration through 15 

a 0.22 μm pore size membrane.  16 

2.3. Cell culture 17 

The source and a description of the cell lines used in this study are shown in 18 

Table 1. Cells were grown in ɑ-MEM containing GlutaMAX and supplemented 19 

with 50 U/mL penicillin, 50 μg/mL streptomycin, and different concentrations of 20 

fetal bovine serum (FBS) (Thermo Scientific Gibco, UK) as indicated. Cells were 21 

grown at 37 °C in 5 % (v/v) CO2.   22 
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Table 1. Source and a description of the cell lines used in this study. 1 

Cell line Cell type Species 

MG-63 Osteosarcoma Human 

U2OS Osteosarcoma Human 

SAOS-2 Osteosarcoma Human 

K7M2 Osteosarcoma Murine 

P1.15 Osteosarcoma Murine 

HCC1 Osteoblast Human 

HFF1 Fibroblast Human 

MC3T3-E1 Osteoblast Murine 
 2 

2.4. Cytotoxicity assays 3 

Cells were sub-cultured into 96-well plates (Falcon®) at a density of 1x104 4 

cells/well in ɑ-MEM and incubated for at least 3 h at 37 °C in 5% (v/v) CO2. The 5 

medium was then replaced with fresh medium supplemented with varying 6 

concentrations of either HePC or HePC-PM from 4 to 245 µM. Unloaded PMs 7 

were tested as negative controls. Untreated cells were included as positive 8 

controls. After 24 h of incubation, the total metabolic activity of the cells was 9 

quantified by reduction of fluorescent Alamar blue® dye.  10 

2.5. Time-lapse live-cell imaging assays 11 

Human (MG-63) and murine (K7M2) osteosarcoma cells were cultured to 12 

confluence in a 96-well ImageLockTM plate (IncuCyteTM) in ɑ-MEM. For the 13 

scratch, a 96-pin mechanical device (WoundMaker™) was used to create 14 

homogeneous 700-800 µm wounds in the confluent monolayers according to the 15 

manufacturer’s instructions (IncuCyte® Cell Migration Kit; Essen Bioscience). 16 

The following treatments were applied to the cells prior to the scratch making: 17 

HePC, HePC-PM and ɑ-MEM as control. For observation of cell growth, migration 18 

and proliferation, the plates were then incubated and scanned in the IncuCyte® 19 
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Zoom system at the rate of one scan/h, up to 48 h. Image processing and all the 1 

analyses were made using the IncuCyte® ZOOM Software.  2 

2.6. Immunoblotting 3 

Cells lysates containing equal amounts of protein were heated at 95 °C for 4 

5 min and separated by sodium dodecyl sulfate polyacrylamide gel 5 

electrophoresis (SDS-PAGE). The separated proteins were transferred onto 6 

polyvinylidene fluoride (PVDF) membranes and nonspecific binding was blocked 7 

with 5% (v/v) bovine serum albumin (BSA) solution for 1 h at room temperature. 8 

The PVDF membranes were incubated overnight with primary antibodies against 9 

phosphorylated protein kinase B (pAKT, 1:5000), cleaved caspase-3 (1:5000) or 10 

rabbit glyceraldehyde 3-phosphate dehydrogenase-GAPDH (1:5000) antibodies 11 

followed by the horseradish peroxidase–conjugated secondary antibodies. All 12 

antibodies were purchased from Abcam (Cambridge UK) except GAPDH from 13 

Sigma, UK. The membranes were imaged using ECL (Bio-Rad) in a ChemiDoc 14 

Imager (Bio-Rad) and scanned using ImageLab TM software (Bio-Rad).  15 
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3. Results 1 

 2 

3.1. Miltefosine inhibits cell viability in osteosarcoma cells 3 

We first investigated the effects of free HePC on the viability of a panel of 4 

human and murine OS cell lines. The cells were incubated with HePC ranging 5 

from 15 to 245 µM, in α-MEM containing 5% FBS as show Figure 1A. Treatment 6 

with HePC for 24h in standard medium (i.e. containing 5% FBS) caused a dose-7 

dependent reduction in viability of all five osteosarcoma cell lines. Under these 8 

conditions, K7M2 cells appeared to be the most sensitive and P1.15 cells 9 

relatively more resistant (Figure 1A). 10 

As it is well-established that APLs can bind to serum proteins around 97% 11 

(Dorlo et al. 2012) we next investigated the cytotoxic effects of HePC in reduced 12 

FBS conditions (Figure 1B). Accordingly, all cell lines tested were more sensitive 13 

to HePC treatment in media containing 1% FBS.  14 

3.2. Selective induction of cytotoxicity by miltefosine in osteosarcoma cells 15 

We next investigated whether HePC cytotoxicity differed between non-16 

tumor osteoblast cells (MC3T3-E1) and fibroblast cells (HFF1), and osteoblastic 17 

osteosarcoma cells (K7M2 and MG-63), as well as whether cytotoxicity could be 18 

modulated by HePC incorporation into polymeric micelles (PM) as presented in 19 

Figure 2. 20 
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Figure 1. Cytotoxity of HePC against human and murine osteosarcoma cells. Cell lines were cultured in α-

MEM supplemented with 5% (A) or 1% (B) FBS. 
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Figure 2. Selective cytotoxicity of HePC-PM in osteosarcoma cells. Cytotoxity effect after HePC treatment, free 

(A) or loaded into polymeric micelles (B), against osteosarcoma (MG-63 and K7M2) and non-tumoral cell lines 

(HFF1 and MC-3T3). Cell lines were cultured in α-MEM supplemented with 5% FBS. 
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Whereas the tumor cells were very sensitive to the drug, the non-tumor 1 

cells were less sensitive when treated with equimolar concentrations of HePC 2 

(Figure 2). However, the drug was also active against human stromal osteoblast 3 

cells (HCC1) (Data not shown). Interestingly, incorporation of HePC into PM 4 

seems to protect cell lines against HePC cytotoxicity. For example, at 61 µM free 5 

HePC was very toxic against both murine tumor (K7M2) and healthy (MC3T3-E1) 6 

cells (Figure 2A), but for the same drug concentration in HePC-PM we observed 7 

selective cytotoxicity to tumor cells (Figure 2B). The same profile of selective 8 

toxicity was observed for human cells but at a higher drug concentration (123 µM) 9 

(Figure 2A and 2B). Therefore, HePC encapsulation protects cells from 10 

cytotoxicity and this protective effect is more pronounced in the non-transformed 11 

cell lines. 12 

3.3. Miltefosine inhibits osteosarcoma cell proliferation 13 

In vitro antitumor activity was evaluated by IncuCyte live-cell imaging. Anti-14 

proliferation and cytotoxicity of HePC against K7M2 and MG-63 cells were 15 

confirmed. HePC exhibited significant anti-proliferative effects against MG-63 16 

and K7M2 cells cultured in ɑ-MEM supplemented with 5% FBS as shown in 17 

Figure 3.  18 
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Figure 3. HePC affects proliferation of osteosarcoma cells. Proliferation of human MG-G3 (A) and 

murine K7M2 (B) cell lines after HePC treatment, free (upper panel) or loaded into polymeric 

micelles (lower  panel). Dot graphs represent the percentage of wound coverage of over time. Cell were cultured 

in α-MEM supplemented with 5% FBS. 
1 
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Time-lapse imaging of untreated cells (control) showed standard growth 1 

kinetics that reached approximately 100% cell confluence by 48 h (Figure 3A). 2 

The same profile was observed with 25 µM HePC, whereas treatment with 50 µM 3 

efficiently suppressed cell proliferation, with a 70% reduction in confluence by 4 

48 h. HePC at 100 µM completely inhibited cell growth (Figure 3A). 5 

Proliferation of the K7M2 cells cultured in ɑ-MEM with 5% FBS was 6 

reduced, reaching only 50% of confluence within 48 h (Figure 3B). Nonetheless, 7 

these cells were more sensitive to HePC than MG-63 cells, with significantly 8 

suppressed cell proliferation even at the lowest concentration of 25 µM HePC 9 

(Figure 3B). For all cell lines, the HePC incorporation into PM seems to play a 10 

protective effect, since the cells show a proliferation even at high concentrations 11 

as 100 µM (Figure 3A and 3B). 12 

3.4. Miltefosine inhibits osteosarcoma cell migration 13 

To check the effect of HePC over cell migration, real-time cytotoxicity 14 

experiments were carried out against both MG-63 and K7M2 cells cultured in ɑ-15 

MEM without FBS supplementation as presented in Figure 4. 16 
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Figure. 4. HePC affects migration of osteosarcoma cells. Migration of human MG-G3 (A) and murine K7M2 (B) cell lines 

after HePC treatment, free (upper panel) or loaded into polymeric micelles (lower  panel).  Dot graphs represent the 

percentage of wound coverage of over time. Cell were cultured in α-MEM without FBS supplementation. 
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Interesting e for our surprise, K7M2 cells did not migrate in the culture 1 

medium without FBS supplementation, not even in the control condition 2 

(Figure 4B). In contrast, MG-63 cells reached a plateau of 70% confluence up to 3 

48 h (Figure 4A). HePC performed excellent dose-dependent inhibition of cell 4 

migration even at the lowest concentration of 5 µM (Figure 4A). On the other 5 

hand, data for HePC-PM shows that the drug incorporation into PM prevented it 6 

effect on MG-63 cell migration. 7 

Comparatively, both proliferation (Figure 3) and migration (Figure 4) 8 

assays, at the same HePC concentration (25 µM), clearly show that MG-63 cells 9 

were more affected by HePC in the medium without FBS (Figure 4) than when 10 

supplemented with 5% FBS (Figure 3). 11 

3.5. Miltefosine promotes apoptosis in osteosarcoma cells 12 

To investigate whether the effects of HePC on viability could also be 13 

caused by independent effects on cell death, multiple markers for cell apoptosis 14 

were tested including Hoechst staining of nuclear DNA and Western blots to 15 

detect cleaved caspase-3 as shown in Figure 5. 16 

Phase-contrast images indicated that HePC increased the appearance of 17 

apoptotic-like cell bodies (Figure 5A), and this was confirmed by nuclear staining 18 

showing increased DNA condensation and fragmentation (Figure 5B).   Western 19 

blot analysis of cleaved caspase-3 which is a marker of apoptosis also 20 

demonstrated that HePC induced apoptosis in OS cells (Figure 5C). Taken 21 

together, the results strongly suggest that the mechanism of action of HePC on 22 

viability is likely due to effects on both proliferation and cell apoptosis in a dose-23 

dependent manner.  24 
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Figure. 5. HePC promotes apoptosis in osteosarcoma cells. 

Representative images of phase contrast (A) and nuclear DNA staining by 

Hoechst dye (B) showing K7M2 cells treated with 10 µM miltefosine. 

Notice the apoptotic bodies’ formation and DNA condensation and 

fragmentation. Scale bar, 100 μm. (C) Western blotting of K7M2 cells 

lysates showing that miltefosine induce cleavage of caspase-3 after 3 h 

treatment. 
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Figure. 6. HePC blocks Akt/PKB activation in K7M2 osteosarcoma cells. 

Western blotting of K7M2 cells lysates showing that HePC blocks Akt/PKB 

phosphorylation after 10 min of FGF2 induction. 
 2 
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3.6. Miltefosine blocks Akt/PKB activation in K7M2 osteosarcoma cells 1 

Since the Akt/PKB pathway is known to promote cell survival, we next 2 

examined the effect of HePC on basal and cytokine-induced Akt/PKB activation  3 

in cultured K7M2 cells. These cells were cultured with or without HePC (10-25 4 

µM) followed by FGF2 (10 ng/mL) stimulation for 10 min. Total cell lysates were 5 

prepared and subjected to immunoblotting using specific antibodies and the 6 

results are presented in Figure 6.  7 

Western blot analysis demonstrated that HePC as low as 10 µM clearly 8 

blocked basal Akt/PKB phosphorylation in K7M2 osteosarcoma cells, as well as 9 

following exogenous growth factor (FGF2) stimulation (Figure 6).  These results 10 

suggest that HePC reduces cell viability via blocking this pro-survival signaling 11 

pathway. 12 

3.7. Pluronic polymeric micelles promote intracellular drug delivery 13 

The encapsulation of HePC in Pluronic F127 polymeric micelles (PM) 14 

showed marked effects on cell viability, proliferation and migration. To confirm 15 

that PM are incorporating efficiently into cells, we incorporated TRITC-phalloidin 16 

into PM and investigated their ability to penetrate inside both MG-63 and HCC1 17 

cells as seen in Figure 7. 18 

As shown in Figure 7B, significant uptake of the TRITC probe was 19 

observed when incorporated into PM, whereas the free probe did not significantly 20 

penetrate into the cells (Figure 7A). Interestingly, it also appeared that tumor 21 

cells (MG-63) were able to incorporate greater levels of TRITC-phalloidin than 22 

non-transformed cells (HCC1), showing promise at being able to deliver drug 23 

compounds specifically to cancer cells. 24 
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Figure. 7. Pluronic F127 polymeric micelles show efficient intracellular drug delivery. Representative images of phase 

contrast, nuclear DNA staining (Hoechst, blue) and actin staining (TRITC-phalloidin, red) of MG-63 osteosarcoma and 

HCC1 osteoblastic cells treated for 18 h with free TRITC-phalloidin (A) or TRITC-phalloidin loaded into polymeric 

micelles (B). Scale bar, 100 μm. 
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4. Discussion 1 

 2 

Given our results findings, HePC holds promise for the OS treatment. In 3 

cultured OS cells, we demonstrate that HePC decrease cell viability, reduce both 4 

cell migration and proliferation, blocks Akt/PKB phosphorylation while inducing 5 

pro-apoptotic caspase-3 activation, probably inducing the cell to apoptotic death.  6 

Here, for the first time we show the cytotoxic effect of HePC against human 7 

(MG-G3, U2OS and SAOS-2) and murine (K7M2 and PI.15) OS cells. HePC 8 

induced a remarkable cytotoxic activity in OS cells when used at the micromolar 9 

range (15-50 µM), which is low than median plasma concentration (~75 µM) of 10 

patients treated orally with 50 mg HePC/day for 28 days (Dorlo et al., 2008). 11 

Moreover, OS cancer cells seem to be more sensitive to HePC than the non-12 

transformed cells probably due to their higher content in lipid rafts that mediate 13 

the APLs uptake (González-Fernándeza et al., 2015; González-Fernándeza et 14 

al., 2018).  15 

Interesting, the drug was also active against healthy human osteoblastic 16 

cells (HCC1), however these cells were immortalized with Simian virus 40 (SV40 17 

T-antigen). This result is in agreement with Mollinedo et al. (1997), according to 18 

which no-transformed 3T3 cells were resistant to the apoptotic action of 19 

edelfosine and incorporated only small amounts of this drug, while upon 20 

transformation with SV40 T-antigen, these cells became sensitive and 21 

incorporated significant amounts of this drug. These data indicate that this class 22 

of drugs is more specific for tumor cells and that both cellular uptake and 23 

apoptosis are dependent on the malignant state of the cells (Kostadinova et al., 24 

2015). 25 
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HePC is a member of a new class of antitumor drugs, which potently 1 

inhibits protein kinases. The protein kinase B (PKB) better known as Akt is a 2 

serine/threonine-specific protein kinase which acts as mediator via 3 

PI3K/Akt/mTOR pathway in many biological processes, e.g. transcription, 4 

glucose metabolism, cell growth and differentiation, neo-angiogenesis and 5 

apoptosis (Bhutani, Sheikh and Niazi, 2013; Nitulescu et al., 2016). Targeting 6 

PI3K/Akt/mTOR signalling may be a promising therapeutic approach for treating 7 

OS (Ding et al., 2016). Akt plays a central role in many types of cancer and has 8 

been validated as a therapeutic target (Nitulescu et al., 2016). This pathway is 9 

frequently over-expressed or over-activated in osteosarcoma, providing a strong 10 

rationale to target it in cancer therapy. Fewer Akt-targeting agents have entered 11 

in clinical development, among these Akt-inhibiting compounds we highlight the 12 

ones from APL class including HePC, edelfosine (1-O-octadecyl-2-O-methyl-rac-13 

glycero-3-phosphocholine, ET-18-OCH3) ilmofosine (BM 41.440), perifosine (D-14 

21266), erucylphosphocholine (ErPC) and erufosine (ErPC3, 15 

erucylphosphohomocholine) (Bhutani, Sheikh and Niazi, 2013; Nitulescu et al., 16 

2016). Nonetheless, only HePC has already completed a phase III trial and so far 17 

is the first Akt-inhibitor approved by the FDA (Porta, Paglino and Mosca 2014). 18 

Inhibition of the Akt/PKB pathway at several levels using Akt inhibitors, 19 

such as HePC, triggers both in vitro and in vivo cell cytotoxicity. Therefore, the 20 

Akt/PKB pathway represents an important target for novel treatments in OS cells. 21 

In this way, a number of recent studies have confirmed the antitumor activity of 22 

APLs for treatment of bone tumours. Yao et al., 2013 reported that perifosine 23 

induces cell apoptosis and growth inhibition in OS cells, blocking Akt/mTOR 24 

complex 1 (mTORC1) signaling, while promoting caspase-3, c-Jun N-terminal 25 
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kinases (JNK), and p53 activation. Perifosine also inhibits survivin expression 1 

probably by disrupting its association with heat shock protein-90 (HSP90). 2 

Clinically relevant APLs were tested against Ewing’s sarcoma (ES). 3 

Bonilla et al., 2015 demonstrate the in vitro capacity of edelfosine, perifosine, 4 

erucylphosphocholine and miltefosine to promote apoptosis in ES cells. The most 5 

active edelfosine accumulated in the endoplasmic reticulum and triggered a 6 

stress response leading to caspase-dependent apoptosis. This apoptotic 7 

response involved mitochondrial-mediated processes with cytochrome c release, 8 

caspase-9 activation and generation of reactive oxygen species. Edelfosine-9 

induced apoptosis was also dependent on sustained c-Jun NH2-terminal kinase 10 

activation. Peroral administration of edelfosine also showed a potent in vivo 11 

antitumor activity in an ES xenograft animal model. 12 

Edelfosine showed higher efficacy treating both primary and metastatic OS 13 

cells. This efficacy was improved when edelfosine was administered in lipid 14 

based nanoparticles (González-Fernándeza et al., 2015). Recently, the same 15 

group demonstrated the efficacy of edelfosine, whether free or encapsulated into 16 

lipid nanoparticles, against MNNG-HOS (HOS) and 143B OS cells. Both 17 

treatments decreased the growth of OS cells in vitro and slowed down the primary 18 

tumor growth in two orthotopic OS murine models (González-Fernándeza et al., 19 

2018). Additionally, co-treatment of doxorubicin edelfosine-lipid nanoparticles 20 

was effective acting synergistically against drug-resistant OS cells (González-21 

Fernándeza et al., 2017). 22 

In fact, APLs emerge as a new antitumor class that could be potential 23 

agents against OS. HePC has already been evaluated as a peroral therapy in 24 

clinical trials against soft tissue sarcomas (Verweij et al., 1993) and advanced 25 
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colorectal cancer (Rieche and Sindermann, 1993); however, the doses required 1 

for the antitumor effects were too toxic, hampering the clinical utilization of HePC 2 

due to hemolytic potential as well gastrointestinal toxicity. Thus, their use in 3 

cancer therapy is restricted to topical application for cutaneous breast cancer 4 

(Leonard et al, 2001; Nitulescu et al., 2016). 5 

In this sense, our research group has been combining efforts to reduce the 6 

toxic effects of HePC by incorporating into polymeric micelles (PM) composed by 7 

Pluronic F127. Previously, we demonstrated a significant reduction in the 8 

hemolytic potential of HePC when loaded into PM (Chapter 1), preserving its in 9 

vitro cytotoxicity against cervical tumor HeLa cells (Valenzuela-Oses, García, 10 

Feitosa, et al., 2017, Appendix A). 11 

Here we have expanded the application of HePC-PM under several normal 12 

bone cell lines and OS cell lines and observed that incorporation of HePC into 13 

PM protect non-specifically the cells from drug toxicity, probably reducing the 14 

interaction between HePC and cell membrane. These results are in agreement 15 

with previous findings that demonstrate that encapsulation of edelfosine into lipid-16 

nanoparticles provide a potent protective effect against APL toxicity (Lasa-17 

Saracíbar et al., 2014). Additionally, we also note that the PM is able to 18 

intracellular drug delivery, preferably to tumor cells rather than healthy cells. This 19 

opens up an opportunity for the use of HePC for the treatment of OS with reduced 20 

collateral effects associated with non-specific lysis of cell membranes.  21 
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5. Conclusion 1 

 2 

These results together support that HePC, as well as other 3 

alkylphospholipids, loaded into Pluronic F127-based polymeric micelles provide 4 

a potential alternative for selectively intracellular anti-osteosarcoma therapy. 5 
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Final considerations 1 

 2 

We have studied the incorporation of the miltefosine (HePC), amphiphilic 3 

antitumor drug, into Pluronic F127 polymeric micelles (PM). Our data support that 4 

the composition of Pluronic copolymers influence the aggregation state of 5 

amphiphilic drugs; also Pluronic F127 concentration has a pronounced effect on 6 

the HePC hemolytic profile and that the amount of HePC-loaded into polymeric 7 

micelles might be adjusted by varying the concentration of Pluronic F127. 8 

Moreover, SAXS data indicated that Pluronic F127 concentration plays an 9 

important role on the micelle structure. In vitro hemolysis results indicated that 10 

these colloidal nanostructures can protect the erythrocytes from HePC toxicity 11 

and, by achieving this level of hemolysis protection, a promising application is on 12 

the view for the intravenously use of HePC. We also showed that HePC 13 

encapsulation into PM prevented mucosal irritancy, opening the possibility of its 14 

peroral administration in higher doses. In addition, HePC-PM presented 15 

preferential cytotoxicity against HeLa carcinoma and osteosarcomas cell lines in 16 

comparison to normal cell lines, suggesting a differential uptake of these 17 

nanostructures by malignant cells following by intracellular delivery of cargo drug 18 

and inducing apoptosis cell death. Taken together, the results presented in this 19 

thesis, demonstrate that HePC encapsulation into PM reduces drug side effects 20 

and increases selective cytotoxicity against tumor cells providing a potential 21 

alternative for cancer therapy. 22 

 23 
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Appendix A: Full paper: “Development and characterization of 1 

miltefosine-loaded polymeric micelles for cancer treatment”, published at 2 

Journal of Materials Science and Engineering: C 3 
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Supplementary material 1 

 2 

 3 
Figure S1. Size distribution by number of miltefosine micelles (3 mM) in phosphate 4 

buffer solution at pH 7.4.  5 
 6 

 7 

 8 

 9 

 10 

Figure S2. Size distribution by intensity of F127 polymeric micelles (7.2 mM) with 11 

different miltefosine concentrations: (A) 0 mM, (B) 1 mM, (C) 3 mM, (D) 6 mM, (E) 9 12 

mM and (F) 12 mM.  13 
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 1 

 2 

Figure S3. TGA curves of physical mixture (a), isolated copolymer Pluronic F127 (b), 3 

miltefosine- loaded Pluronic F127 polymeric micelle (c) and free miltefosine (d).  4 

 5 

 6 

 7 

 8 

 9 

 10 
 11 
Figure S4. Cytotoxicity against HeLa epithelioid cervix carcinoma cell line of Pluronic F127 12 
polymeric micelles without any drug incorporated (Empty-PM) employing the MTT assay. The 13 
concentration of Pluronic F127 was 6 M, which is the maximum concentration employed to test 14 
the miltefosine-loaded PM. 15 

  16 
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  4 

Table S1.  ANOVA for response surface regression of the inverse of polydispersity index 

(1/PI) as a function of hydration temperature (X1 - ºC), stirring speed (X2 - rpm) and 

stirring time (X3 - min) for miltefosine-loaded Pluronic F127 polymeric micelles 

preparation. 

Source D.F. SS MS F-value p-value 

Model 7 37.7544 5.3935 85.44 0.000 

Linear 3 7.9119 2.6373 41.78 0.000 

X1 1 6.3756 6.3756 101.00 0.000 

X2 1 0.6806 0.6806 10.78 0.011 

X3 1 0.8556 0.8556 13.55 0.006 

2 order interactions 3 24.6669 8.2223 130.25 0.000 

X1 x X2 1 4.9506 4.9506 78.43 0.000 

X1 x X3 1 3.5156 3.5156 55.69 0.000 

X2 x X3 1 16.2006 16.2006 256.64 0.000 

3 order interactions 1 5.1756 5.1756 81.99 0.000 

X1 x X2 x X3 1 5.1756 5.1756 81.99 0.000 

Error 8 0.5050 0.0631   

Total 15 38.2594    
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Appendix B: Deposited patent “BR1020170200” 1 

 at Brazilian Institute of Industrial Property (INPI) 2 

 3 

 4 

 5 

Carlota O. Rangel-Yagui, Johanna Valenzuela-Oses, Valker A. Feitosa, 6 

Mónica C. García, Natália N. P. Cerize 7 

 8 

Resumo 9 
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 11 

 12 
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