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ABSTRACT 

 

Magnetoliposomes based on nickel/silica and ferrite nanoparticles as 

nanocarriers for potential antitumor drugs 

Cancer is one of the diseases with higher incidence among the world population 

nowadays, with a huge mortality rate. Most of antitumor drugs used in chemotherapy are 

toxic and cause systemic side effects. In biomedicine, the potential of magnetic 

nanoparticles has been increasingly recognized, due to their unique size and 

physicochemical properties. Nanoparticles with superparamagnetic behavior are 

preferred for these purposes, as they exhibit a strong magnetization only when an external 

magnetic field is applied. 

The development of liposomes entrapping magnetic nanoparticles, the so-called 

magnetoliposomes, allows a safer use of powerful anticancer drugs in chemotherapy as 

they can overcome many pharmacokinetics problems and systemic toxicity. Furthermore, 

magnetoliposomes can be guided and localized to the therapeutic site of interest by 

external magnetic field gradients and used in cancer treatment by hyperthermia. 

In this work, nickel/silica core/shell and several ferrite nanoparticles were 

synthesized.  Magnetic nanoparticles with nickel core and silica shell were prepared by 

soft chemical methods, using tetraethyl orthosilicate (TEOS) and different surfactants as 

templating media. Nickel nanoparticles without silica shell showed sizes of 66 ± 24 nm, 

while the ones with silica shell are larger and more polydisperse. Magnetic nickel 

nanoparticles and several ferrite nanoparticles, namely of nickel ferrite (NiFe2O4), 

manganese ferrite (MnFe2O4) and magnetite (Fe3O4) were obtained by coprecipitation 

method. All these nanoparticles show a crystalline structure and generally small 

diameters, exhibiting size distributions of 11 ± 5 nm for nickel ferrite, 26 ± 7 nm for 

manganese ferrite and 11.6 ± 1.6 nm for magnetite nanoparticles. The magnetic properties 

indicate a superparamagnetic behavior at room temperature for all types of ferrite 

particles, with magnetic squareness values (Mr/Ms) below 0.1. However, nickel 

nanoparticles showed a ferromagnetic behavior. Magnetite nanoparticles revealed to be 

the ones with higher saturation magnetization of 62 emu/g, while manganese ferrite and 

nickel ferrite nanoparticles exhibited values of 36 emu/g and 23.54 emu/g, respectively. 
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All the prepared nanoparticles were incorporated in liposomes by different 

procedures, thereby producing distinct magnetoliposomes. Either the magnetic 

nanoparticles were entrapped in liposomes, originating aqueous magnetoliposomes 

(AMLs), or covered with a lipid bilayer, forming solid magnetic liposomes (SMLs). A 

new and promising route for the synthesis of SMLs was developed and the coverage of 

the nanoparticles with a lipid bilayer was proven by FRET (Förster Resonance Energy 

Transfer) measurements, using fluorescent-labelled lipids (with the fluorophores NBD 

and Rhodamine). Both AMLs and SMLs revealed to be suitable for biomedical 

applications, possessing sizes below 150 nm and a narrow size distribution. Both AMLs 

and SMLs based on manganese ferrite nanoparticles showed superparamagnetic behavior 

at room temperature, the SMLs exhibiting a high saturation magnetization of 34.16 

emu/g, similar to the observed for net manganese ferrite nanoparticles. 

Membrane fusion between both types of magnetoliposomes (AMLs and SMLs) 

and GUVs (Giant Unilamellar Vesicles, used as models of cell membranes) was 

confirmed by FRET assays, showing the potential of these bionanosystems to release 

drugs by fusion with cell membranes. New potential antitumor drugs, thienopyridine 

derivatives with proven antitumor activity, were successfully incorporated into both 

aqueous and solid magnetoliposomes, with high encapsulation efficiencies (> 75%). 

Moreover, in vitro assays in several human tumor cell lines, namely HeLa (cervical 

carcinoma), MCF-7 (breast adenocarcinoma), T3M4 (pancreatic cancer), HCT15 (colon 

adenocarcinoma) and NCI-H460 (non-small cell lung carcinoma) revealed that AMLs 

based on MnFe2O4 nanoparticles are able to release the encapsulated compounds and to 

inhibit the growth of human tumor cells. Overall, these results point to a promising 

application of these systems in oncological therapy, simultaneously as nanocarriers for 

antitumor drugs and hyperthermia agents. 

  

 

 

 

 



  
 
 

IX  
RESUMO 

 Magnetolipossomas baseados em nanopartículas de níquel/sílica e ferrites como nanotransportadores de potenciais fármacos antitumorais 
O cancro é uma das doenças com maior incidência na população mundial na 

atualidade, com uma taxa de mortalidade enorme. Uma grande parte dos fármacos usados em 

quimioterapia são tóxicos e causam efeitos secundários. Na área da Biomedicina, o potencial 

das nanopartículas magnéticas tem sido cada vez mais reconhecido, devido ao seu tamanho 

reduzido e às suas propriedades físico-químicas únicas. Para aplicações biomédicas, estas 

nanopartículas devem apresentar um comportamento superparamagnético à temperatura 

ambiente, uma vez que exibem elevada magnetização apenas na presença de um campo 

magnético externo. 

O desenvolvimento de lipossomas contendo nanopartículas magnéticas 

(magnetolipossomas) permite uma utilização mais segura de fármacos antitumorais potentes 

na quimioterapia, uma vez que estes nanossistemas podem superar muitos dos problemas de 

farmacocinética e de toxicidade sistémica. Além disso, os magnetolipossomas podem ser 

guiados e localizados no local terapêutico de interesse através de gradientes de campo 

magnético externo e ainda ser utilizados no tratamento do cancro por hipertermia magnética. 

Neste trabalho, foram sintetizadas nanopartículas núcleo/coroa de níquel/sílica e 

várias ferrites. Assim, foram preparadas nanopartículas magnéticas com núcleo de níquel 

e coroa de sílica por métodos químicos suaves, usando tetraetilortossilicato (TEOS) e 

diferentes agentes surfactantes como moldes. As nanopartículas de níquel sem coroa de 

sílica mostraram tamanhos de 66 ± 24 nm, enquanto as que possuem cobertura de sílica 

são maiores e mais polidispersas. 

Nanopartículas magnéticas de níquel e vários tipos de ferrites, nomeadamente 

ferrite de níquel (NiFe2O4), ferrite de manganês (MnFe2O4) e magnetite (Fe3O4), foram 

obtidas pelo método de coprecipitação. Todas estas nanopartículas possuem uma 

estrutura cristalina e diâmetros geralmente pequenos, exibindo uma distribuição de 

tamanhos de 11 ± 5 nm para a ferrite de níquel, 26 ± 7 nm para a ferrite de manganês e 

11,6 ± 1,6 nm para a magnetite. As propriedades magnéticas revelaram um comportamento 

superparamagnético à temperatura ambiente para todas as nanopartículas de ferrite, com 

valores de razão magnética (Mr/Ms) inferiores a 0,1. No entanto, as nanopartículas de níquel 

apresentaram um comportamento ferromagnético. As nanopartículas de magnetite foram as 
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que apresentaram uma maior magnetização de saturação, com um valor de 62 emu/g, 

enquanto as ferrites de manganês e de níquel apresentaram valores de 36 emu/g e 23,54 

emu/g, respetivamente. 

Todas as nanopartículas preparadas foram encapsuladas em lipossomas usando 

diferentes procedimentos, produzindo assim magnetolipossomas distintos. As nanopartículas 

foram, quer encapsuladas em lipossomas, originando magnetolipossomas aquosos (AMLs) 

ou cobertas com uma bicamada lipídica, formando magnetolipossomas sólidos (SMLs). Foi 

desenvolvido um novo método promissor para a síntese de SMLs, tendo sido provada a 

cobertura das nanopartículas com uma bicamada lipídica usando medidas de FRET 

(Transferência de Energia de Ressonância de Förster), usandos lípidos marcados com 

sondas fluorescentes (com os fluoróforos NBD e Rodamina). Tanto os AMLs como os 

SMLs, revelaram ser apropriados para aplicações biomédicas, exibindo tamanhos inferiores 

a 150 nm e uma estreita distribuição de tamanhos. Ambos os magnetolipossomas sólidos e 

aquosos baseados em ferrites de manganês apresentaram um comportamento 

superparamagnético à temperatura ambiente, tendo os SMLs apresentado uma elevada 

magnetização de saturação de 34,16 emu/g, semelhante ao valor obtido para as nanopartículas 

isoladas de ferrite de manganês.  

A fusão membranar entre os magnetolipossomas e modelos de membranas celulares 

(vesículas unilamelares gigantes, GUVs) foi confirmada por ensaios de transferência de 

energia (FRET), mostrando o potencial destes bionanossistemas para a libertação de fármacos 

através de fusão membranar. Novos potenciais fármacos antitumorais, derivados de 

tienopiridinas, com atividade antitumoral previamente comprovada, foram incorporados nos 

magnetolipossomas sólidos e aquosos, com elevadas eficiências de encapsulação (> 75%). 

Além disso, ensaios in vitro em várias linhas celulares tumorais humanas, nomeadamente 

HeLa (carcinoma cervical), MCF-7 (adenocarcinoma da mama), T3M4 (cancro 

pancreático), HCT15 (adenocarcinoma do cólon) e NCI-H460 (células não-pequenas de 

cancro do pulmão) revelaram que os magnetoliposomas aquosos baseados em nanopartículas 

de ferrite de manganês são capazes de libertar os compostos encapsulados e inibir o 

crescimento das células tumorais. apontando para uma aplicação promissora destes sistemas 

na terapia oncológica, simultaneamente como agentes de hipertermia e nanoencapsulamento 

de fármacos antitumorais. Em suma, estes resultados apontam para uma aplicação promissora 

destes sistemas em terapia oncológica, atuando simultaneamente como nanotransportadores 

de fármacos antitumorais e como agentes para hipertermia magnética. 
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principles of magnetoliposomes and their components (magnetic nanoparticles and 

liposomes). An overall literature review is contemplated, in the context of the state of art, 

both on the synthesis and applications of magnetic nanoparticles based bionanosystems. 

This chapter intends to improve the comprehension of this thesis, making clear the wide 

context of the research, and serving as a complement to the articles introduction, in 

Chapter 2. 

Chapter 2 comprises a compilation of the published articles, in international 

scientific journals with ISI index, within the scope of this doctoral thesis. Each article is 

here presented as a sub-chapter and the format has been uniformized, so it does not 

correspond to the journal formatting. Yet, references format has been maintained 

according with the publishing journal. The alignment of this second chapter is as follows: 
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2.2 “Magnetic liposomes based on nickel ferrite nanoparticles for biomedical 
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Chapter 3 contains a general overview of the results by comparison of the 

experimental results reported in the articles on chapter 2. Unpublished results of some 

additional experiments, also carried out in the context of this thesis, are included in the 

discussion of this chapter, for comparison. 

Chapter 4 reports the conclusions of all the experimental work developed within 

this thesis, as well as the perspectives for future work. 
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1. Goal and motivation 

Since Hippocrates, the physicist known as the father of Modern Medicine, the 

practice of medicine has been revolutionized by major scientific advances and new 

approaches. Nowadays, one of the main tendencies in modern medicine research is the 

development of intelligent nanosystems, the so-called “smart pills”, to improve both 

treatment and diagnosis, not only in cancer but also in other diseases. In terms of 

economic interests, this trend represents a big slice of the scientific investment. According 

to Markets and Markets, by 2020, the global investment is expected to reach 3830 million 

U.S. dollars, with annual growth rate of 16.16% (2014 - 2020).1 

Concerning cancer statistics, the International Agency for Research on Cancer 

predicts that, in 2030, the global burden is expected to reach 21.7 million new cases, and 

13 million deaths.2 Furthermore, these numbers can even be larger, due to the adoption 

of unhealthy lifestyles, such as poor diet, smoking habits, physical inactivity, and others. 

So, knowing that cancer is currently the second leading cause of death globally and 

considering cancer statistics, the motivation behind this work is to make a scientific 

contribution to achieve more efficient therapies and to reduce cancer mortality. Thus, the 

goal is to develop a promising bionanosystems, the magnetoliposomes, to improve the 

treatment of cancer. Magnetoliposomes are highly differentiated from conventional 

solutions in chemotherapy. This novel bionanosystem can be magnetically guided to 

therapeutic sites in human body, avoiding cytotoxicity and systemic side effects. It can 

be applied in the treatment of cancer by dual therapy, combining synergistic magnetic 

hyperthermia and targeted drug delivery capabilities in a single system, improving 

treatment from the start. So, this scientific contribution is focused on the development of 

these amazing nanosystems, thus aiming to replace the current traditional high spectrum 

chemotherapy approaches which lead to severe problems to patients. 

 

2. Nanotechnology as a tool for biomedicine 

Nowadays, nanomedicine is used in the whole world to improve patients’ lives 

suffering from a range of disorders, including cancer. In the field of nanomedicine, 

nanotechnology has produced significant advances, namely in diagnosis, therapy, and 

bioengineering.3 The integration of advanced nanotechnological tools, both in diagnosis 

and therapy, has shown high potential to revolutionize healthcare. 
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The main obstacles in the fight against cancer are due to difficulties in early 

diagnosis, cytotoxicity associated with antitumor drugs used in conventional 

chemotherapy, and the lack of more efficient therapies. Due to their toxicity, most of the 

active molecules cause severe systemic side effects.4,5 As result, the dosage of active 

molecules used in conventional chemotherapy is often selected by how much a patient 

can physically withstand, rather than by how much is needed to treatment. Typically, in 

this type of therapy, less than 0.1% of the drugs are taken up by tumor cells and the 

remaining 99.9% attack healthy tissues, making the efficiency of the treatment being 

compromised from the start.6-8  

The application of nanomaterials in the treatment of cancer has already shown to 

improve drugs behavior. In fact, the first success in nanomedicine research was the 

approval of liposomal doxorubicin for clinical use.9 Since then, an entire research field 

was launched and different nanoencapsulation systems have been investigated (figure 

1.1). Liposomes,10 polymers11 and hydrogels12 are some examples of these nanocarriers 

that aim to overcome the difficulties of drugs biodistribution.  

 

 
Figure 1.1. Illustrative figure of the different structures of nanocarriers and their approximate sizes. For 

comparison, the sizes of biological nanostructures are shown at the top of the figure [adapted from The 

British Society for Nanomedicine Copyright 2012].13  
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3. Studied molecules and organized molecular aggregates  

3.1 Thienopyridine derivatives 

New promising compounds are systematically emerging in the pharmacological 

industry for the treatment of different diseases. These biologically active molecules 

promise new treatments for patients and advances in healthcare. The promising antitumor 

compounds used in this work were all synthesized at the Centre of Chemistry of 

University of Minho (CQ-UM). In the framework of this PhD thesis, four new 

thienopyridine derivatives were studied (figure 1.2).   
Compound A (compound 1 in article 2.3) 

(methyl 3-amino-6-(benzo[d]thiazol-2-ylamino)thieno[3,2-b]pyridine-2-carboxylate) 

 
Compound B (compound 1 in article 2.4) 

(N-(3-methoxyphenyl)-thieno[3,2-b]pyridin-7-amine) 

 
Compound C (compound 2 in article 2.4) 

(N-(2-methoxy-phenyl)thieno[3,2-b]pyridin-7-amine) 
 

Compound D (compound 1 in article 2.5) 
1-[3-(Trifluoromethyl)phenyl]-3-[3-(thieno[3,2-b]pyridin-7-ylthio)phenyl]urea 

Figure 1.2. Structures of the thienopyridine derivatives - compounds A, B, C and D. 
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Thienopyridine derivatives are of great interest in organic chemistry because of 

their wide range of biological activities. The thienopyridine skeleton has been reported as 

possessing promising biological activities, namely antitumor, antiangiogenic, or even 

both activities.14 Dual antitumor and antiangiogenic activity is of large importance to the 

development of novel cancer therapeutic strategies.15 

The thienopyridine derivatives used in this study are biologically active molecules 

that can potentially be used as anticancer agents. When tested in vitro, compounds A, B 

and C exhibited very low growth inhibitory concentrations (GI50) in several human tumor 

cell lines,14,16 and compound D revealed to be especially active against breast cancer 

cells15 (table 1.1).  

Table 1.1. Cell inhibition activity of the thienopyridine derivatives on several human tumor cell lines and 

in non-tumor porcine liver primary cells (PLP2). Results for ellipticine are also shown for comparison. 
Human 

cell linesa 

GI50 valuesb (M) 

Compound 
A 

16 
Compound  

B 14 
Compound 

C 14 
Compound     

D 15 
Ellipticine14 

PLP2 --- 1.94 ± 0.16 6.56 ± 0.2 --- 2.06 ± 0.03 

HepG2 --- 5.02 ± 0.06 18.00 ±1.29 --- 5.38 ± 1.11 

HeLa --- 0.09 ± 0.00 1.40 ± 0.06 --- 3.28 ± 0.67 

MCF-7 6.0 ± 0.1 0.25 ± 0.03 5.88 ± 0.86 1.2  4.32 ± 1.03 

MDA-MB-231 --- --- --- 5.0  --- 

HCT15 --- 028 ± 0.03 5.40 ± 089 --- 1.91 ± 0.06 

A375-C5 3.5 ± 0.00 --- --- --- --- 

NCI-H460 6.4 ± 0.5 0.31 ± 0.04 5.91 ± 0.21 --- 5.77 ± 0.95 

aHuman tumor cell lines: HepG2 (hepatocellular carcinoma), HeLa (cervical carcinoma), hormone-
dependent MCF-7 and hor mone independent MDA-MB-231 (breast adenocarcinoma), HCT15 (colon 
carcinoma), A375-C5 (melanoma), and NCI-H460 (non-small cell lung cancer). 
bGI50 values correspond to the compound concentration which inhibited 50% of cell growth.  
 

Moreover, compound A has shown a very low affinity for the multidrug resistance 

protein (MDR1), a protein that promotes drug resistance in cells.17 Compound B revealed 

to be more active than the well-known anticancer agent ellipticine against some of the 

human cell lines studied, namely MCF-7 (breast adenocarcinoma), NCI-H460 (non-small 

cell lung cancer), HepG2 (hepatocellular carcinoma), HCT15 (colon adenocarcinoma), 

and HeLa (cervical carcinoma), while compound C showed the same behavior just against 
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HeLa cell line.14 Concerning compound D, this active molecule exhibits a strong 

antitumor activity against MCF-7 and MDA-MB-231 (two breast adenocarcinoma cell 

lines), the latter being the most aggressive, with high metastatic activity, and difficult to 

treat.15 

 

3.2 Liposomes 

Liposomes are nanosized vesicles of spherical shape made of natural nontoxic 

molecules, biologically inert and weakly immunogenic. First discovered by Alec Douglas 

Bangham in the sixties at the Babraham Institute, University of Cambridge, their structure 

consists of single or multiple concentric lipid bilayers encapsulating an aqueous 

compartment (figure 1.3). 

  
Figure 1.3. Representation of a liposome (left) and structure of the lipid bilayer of liposomes (right) 

[adapted from Bozzuto et al. 2015].18 

Liposomes morphology is similar to that of cellular membranes. Because of all 

the advantageous properties, liposomes have been widely used to decrease drug toxicity 

and target specific cancer cells.19 Liposomes have been described as ideal drug delivery 

systems that can overcome many of the problems associated with other nanosystems, such 

as those involving solubility, pharmacokinetics, in vivo stability and toxicity.20,21 Also, 

due to their amphipathic composition, incorporated substances can be either hydrophilic 

or hydrophobic, the first ones being incorporated in the aqueous cavity and the second 

inserted or adsorbed on the membrane.22-24 
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3.2.1 Structural unit 

Liposomes are molecular aggregates mostly formed by phospholipids, the 

structural unit that is the main constituent of biological membranes.  The phospholipids 

are amphipathic molecules with a polar and hydrophilic head, consisting of a phosphate 

group and a base (choline, ethanolamine, glycerol, etc.), and a non-polar and hydrophobic 

tail consisting of fatty acid chains (figure 1.4). The variation in head groups and 

hydrophobic chains leads to the existence of a wide variety of phospholipids. As for 

electric charge, phospholipids can be divided into ionic (cationic or anionic), nonionic 

(neutral) or zwitterionic (neutral, with opposite charges on different atoms).    
Figure 1.4.  Representation of a phospholipid molecule and its organization in a lipid bilayer, or membrane 

[adapted from Alberts et al. 2004].25 

Phospholipids rigidity is regulated by a transition temperature, that is the 

temperature from which a lipid membrane goes from a gel phase to a liquid crystalline 

phase. In the gel phase, the hydrocarbon phase of the lipids is ordered and so the 

membrane is rigid. On the other hand, in the liquid crystalline phase, the tails are left with 

freer movements and the hydrophilic heads become fully hydrated, the membrane 

becoming more fluid. Transition temperature depends on phospholipid structure, 

increasing with tail length and decreasing with unsaturation degree.26 So, phospholipids 

https://www.amazon.com/s/ref=dp_byline_sr_book_1?ie=UTF8&text=Bruce+Alberts&search-alias=books&field-author=Bruce+Alberts&sort=relevancerank
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have different physical and chemical properties and their aggregates size, charge, 

structure and rigidity or fluidity can be manipulated depending on the chosen structural 

unit. For example, unsaturated phosphatidylcholine species from natural sources, such as 

egg or soybean phosphatidylcholine, form more permeable bilayer vesicles. Otherwise, 

saturated phospholipids with long acyl chains, such as dipalmitoyl-phosphatidylcholine, 

form the same bilayer structures, but more rigid and rather impermeable when in the gel 

phase.27-29 In this work, three different types of phospholipids were used for 

magnetoliposomes synthesis. The structures and the physicochemical characteristics of 

each one are shown in the table below (table 1.2).30,31 Also, the double-chain surfactant 

AOT (bis(2-ethylhexyl)sulfosuccinate) sodium salt, was used for size confinement in the 

synthesis of nickel nanoparticles, as well as for the preparation of solid 

magnetoliposomes. 

Table 1.2. Structure and physicochemical characteristics of the phospholipids used for magnetoliposomes 

synthesis. 

 Structure Electric 
charge 

Transition 
temperature  

DPPC  

1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

Zwitterionic 41º C 32 

DOPG 

 

 

1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

Anionic -18º C 32 

Egg-PC 

 
L-α-phosphatidylcholine (from egg yolk) 

Zwitterionic very low 

 

3.2.2 Self-assembling 

Phospholipids spontaneously form closed structures, such as liposomes, when 

hydrated in aqueous solutions. This self-assembling process occurs because, in aqueous 

media, the phospholipids are obliged to organize due to hydrophilic/hydrophobic 

interactions, electrostatic interactions, and van der Waals interactions. In this process, the 
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disordered system forms organized structures to avoid contact between non-polar parts 

and water molecules, energetically unfavorable, while keeping water molecules in contact 

with the polar part of the phospholipids.33 The way phospholipid molecules self-organize 

in aqueous media depends on the conditions in the lipid–water mixture (concentration 

and ionic strength) and polar to non-polar area ratio of the phospholipids.34, 35 This way, 

molecular aggregates with specific structures can be prepared (figure 1.5). For instance, 

molecules with a large polar area form micelles, while molecules with smaller polar area 

form inverted micelles. Liposomes are obtained from phospholipids with similar polar 

and non-polar area.35 Regarding the size and number of layers, liposomes can be classified 

as multilamellar vesicles (MLVs, size > 100 nm), large unilamellar vesicles (LUVs, > 

100 nm) or small unilamellar vesicles (SUVs, < 100 nm) (figure 1.5). 

 

 

Figure 1.5. Possible colloidal phases resulting from self-aggregation of phospholipids in water, in different 

conditions. Different types of liposomes are shown in the center of the figure [adapted from Lasic 1998].35 

 

3.2.3 Synthesis and characterization 

As it was stated, liposome properties vary considerably with lipid composition, 

surface charge and size. Nevertheless, also important is the preparation method that plays 
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an important role on the liposome final properties. For example, the formation of 

unilamellar vesicles or multilamellar vesicles (MLVs) depends on the synthesis method.18 

The range of liposomes preparation techniques has increased over the past decade. 

Some examples of the most conventional techniques are thin-film hydration or the 

Bangham method, reversed phase evaporation and several modified ethanol-injection 

techniques that are really attractive.18,36 Another promising technique is the microfluidic-

based method that allows strict control of the lipid-hydration process.37 Nowadays, new 

techniques have been developed for the improvement of liposomes size, polydispersity 

and drug encapsulation efficiency, such as supercritical fluid technology, dual 

asymmetric centrifugation, membrane contactor technology, cross-flow filtration 

technology and freeze-drying technology.36 Additionally to the synthesis method, some 

procedures can help reducing liposomes size, such as sonication,38 high pressure 

extrusion39 and microfluidization40. 

In this work, the chosen technique to prepare liposomes was the conventional 

method of ethanolic injection. The advantages of this method are its potential for scale 

up, the simplicity of the procedure, low cost and low expenditure of time. It consists in 

the injection of a lipid solution in ethanol, under vigorous vortexing, to an aqueous 

solution, above the melting transition temperature of the lipids. Liposomes with a 

reasonably homogeneous population, although rather dilute, with small sizes in the range 

of 30-110 nm19 are generally obtained. 

Liposomes behavior in biological environment is directly related with their shape, 

size, surface features and lamellarity. Thus, the characterization of liposomes in that 

context is of extreme importance to ensure their good in vitro and in vivo performance.18 

For the determination of size and polydispersity, there are several options available and 

the techniques most frequently used are dynamic light scattering (DLS),41 size-exclusion 

chromatography42 and field-flow fractionation (FFF)43. DLS is a simple and rapid 

technique that measures the intensity fluctuation of the scattered light in time, that occur 

because of the Brownian motion of liposomes. Thus, the analysis of these intensity 

fluctuations allows determination of the distribution of diffusion coefficients of the 

liposomes, which are converted into size distribution. 

Also, electron microscopy techniques, such as cryo-TEM and TEM, using freeze-

fracturing, has been employed for the characterization of liposomes.18,44,45 Moreover, 

atomic force microscopy (AFM) can measure the three-dimensional profile of the 
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liposomes.46 Unfortunately, despite microscopy provides a precise determination of 

liposome size, it is a very expensive technique and requires specific equipment. 

3.2.3.1 Fluorescence anisotropy measurements 

Fluorescence anisotropy is a very sensitive and reproducible technique that 

provides a spectroscopic parameter that can be interpreted in terms of liposomes local 

fluidity. When the fluorophores are located in the liposomes, this type of measurements 

offers the possibility of detecting alterations in membrane physical properties at different 

depths of the lipid bilayer and can be used to detect whether the encapsulated drugs are 

preferentially located inside the lipid bilayer or in the aqueous phase of the liposomes. 

Steady-state anisotropy (r) measures the rotational diffusion of a molecule from 

the difference in the correlation of polarization in fluorescence, that is, between the 

excited and emitted photons. The way that fluorescent molecules behave in the absorption 

and emission of polarized light depends on the excited state lifetime ( ), rotational 

correlation time ( ) and intrinsinc anisotropy ( ) (equation 1.1).  

 = + 𝜏𝜏𝑐                       (1.1) 

 
Unlike the excited state lifetime, which is characteristic of the fluorophore 

(however dependent on solvent polarity or quenching processes, for instance), the 

rotational correlation time depends on the microenvironment viscosity. Thus, when the 

rotational correlation time is slower than the excited state lifetime, the light emitted by a 

fluorophore excited with polarized light, is also polarized. This occurs when the 

fluorescent molecules are in rigid and high viscosity microenvironments, for example 

conjugated to large biomolecules, in low temperature organic solvents, or in lipid 

membranes (or polymers) at room temperature. On the other hand, when the rotational 

correlation time is faster than the excited state lifetime, the molecule rotates before 

emitting the photon and, in this case, the emitted light is depolarized. This happens when 

the fluorescent molecules are in solvents with low viscosity, such as water.47 

 

3.2.3.2 Resonance energy transfer measurements 

FRET (Förster Resonance Energy Transfer) is a fluorescence technique that 

allows the study of molecular interactions. In the context of this work, this was an 

important assay, because it allowed the investigation of nonspecific interactions between 
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magnetoliposomes and models of cell membranes, keeping in mind future drug delivery 

applications. Moreover, FRET also permitted to confirm the synthesis of solid 

magnetoliposomes by a new route that was developed in the framework of this thesis. 

 This technique depends on the non-radiative transfer of excitation energy transfer 

between two fluorescent molecules.  Non-radiative transfer of excitation energy requires 

an interaction between a donor molecule and an acceptor molecule, and it can only occur 

if the emission spectrum of the donor overlaps the absorption spectrum of the acceptor 

(figure 1.6), so that several vibronic transitions in the donor have practically the same 

energy as the corresponding transitions in the acceptor. Such transitions are coupled 

(figure 1.6), that is, in resonance.48 

 

Figure 1.6. Energy level scheme of donor and acceptor molecules showing the coupled transitions in the 

case where vibrational relaxation is faster than energy transfer (very weak coupling) and illustration of the 

integral overlap between the emission spectrum of the donor and the absorption of the acceptor [adapted 

from Valeur 2001].48 
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Energy transfer occurs when a donor excited molecule (D*) transfers its energy to 

an acceptor molecule (A), through a dipole interaction (equation 1.2, where h is Planck’s 

constant and 𝜗 the frequency of the emitted photon). Then, an inhibition of donor 

fluorescence molecule is observed, as well as a decrease of the lifetime. On the other 

hand, an increase in the fluorescence emission of the acceptor molecule is observed. 

D  D* + A  D + A*  A + ℎ𝜗 ∗         (1.2) 

 
The FRET efficiency depends on the lifetime of the donor, that must be long 

enough for the energy transfer to occur; the distance between the donor and acceptor that 

must be between 1 and 10 nm and dipolar orientation that must be approximately 

parallel.49 

 

3.2.4  The ideal system for drug delivery 
 

The need for development of an ideal drug delivery system relies in the 

requirement to safely protect and transport the promising, however toxic, drugs to the 

therapeutic sites of interest. Nowadays, the potential of liposomes is widely recognized. 

Among all the nanoencapsulation systems that are being investigated for biomedical 

applications (figure 1.7), such as dendrimers, polymers and so on, liposomes are the most 

promising ones.  

 

Figure 1.7.  Nanoencapsulation systems for drug delivery applications [adapted from Namdeo et al. 

2008].50 
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3.2.4.1 Steric stability 

The stability of liposomes plays an important role for in vivo application, and it 

can be affected by chemical, physical or biological processes. Chemical stability is related 

with liposome composition, while physical stability is associated with aggregation and 

fusion of the vesicles. On the other hand, biological stability depends on biological 

entities that interact with these systems and is therefore directly related to the route of 

administration.51 To overcome liposomes instability, physicochemical parameters of the 

nanosystem must be controlled. Here, the properties of this system, such as size, structure, 

chemical composition, charge density and permeability, can be manipulated by the 

preparation method.  

The physical instability can be avoided by the inclusion of electrical charge in the 

liposomes, that will reduce vesicles fusion and aggregation. Moreover, surface charge 

density can also influence the interaction of liposomes with cells, however this influence 

remains not completely understood. It has been reported that cationic liposomes 

preferably target tumor vasculature,52 while anionic ones are captured by 

monocytes/blood neutrophils.22 The latter behavior has been used to target the brain 

through the blood brain barrier (BBB),53 a highly selective semipermeable membrane that 

obstructs influx of most compounds from blood to brain, thus blocking the delivery of 

therapeutic agents to brain. Otherwise, the non-specific interaction of cationic liposomes 

with anionic species in the blood results in rapid clearance from circulation by the 

reticuloendothelial system (RES),54 while neutral and negative surface charges reduce the 

adsorption of serum proteins,55 resulting in longer circulation half-lives. Furthermore, 

cationic liposomes have been endorsed for gene therapy. The presence of positively 

charged amines facilitates binding with anions such as those found in DNA to form 

lipoplexes (cationic liposome-nucleic acid complexes). The resultant lipoplexes have 

positive charge which facilitates the adsorption of the nanosystem onto the negatively 

charged cell membranes, by electrostatic interaction. Unfortunately, cationic liposomes 

can cause cytotoxicity, limiting their safety for clinical use.56 Thus, anionic liposomes 

have been proposed for delivery of other therapeutic molecules. 

The biodistribution of the encapsulated drugs is directly related with the chemical 

stability of the liposomes. In order to accomplish higher drug accumulation in the sites of 

interest, it is essential to take into account several issues on the design and preparation of 

liposomes, such as lipid composition, cholesterol and PEG-lipid content, size and shape.57 

For enhanced permeability and retention (EPR) effect of loaded drugs, the size of the 
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liposomes should be small. Vesicles with approximately 400 nm in size have been 

reported to perform extravasation into tumors.58 Yet, a more successful extravasation has 

been shown to occur for liposomes with sizes below 200 nm.59 Concerning membrane 

permeability, cholesterol has been shown to play a strategic role, as it prevents early drug 

release. In fact, the incorporation of cholesterol has been proven to cause increased 

phospholipid packing in the lipid bilayer.60 Furthermore, egg phosphatidylcholine 

liposomes with cholesterol, in (7:3) proportion, are commonly used as models of cell 

membranes.61,62 Moreover, Senior et al. reported that liposomes obtained from 

phosphatidylcholine (PC) with saturated fatty acyl chains are more stable in blood than 

liposomes prepared from PC with unsaturated fatty acyl chains.63 Membrane permeability 

can also be regulated by the transition temperature of the phospholipids. Liposomes based 

on phospholipids with a high transition temperature (> 37º C) are rigid at physiological 

temperature and so less permeable. Otherwise, liposomes with a low transition 

temperature (< 37º C) are more permeable and so more susceptible to early release of 

encapsulated drugs at physiological temperature.64 

 

3.2.4.2 PEGylation 

Conventional liposomal formulations reduce the toxicity of compounds in vivo; 

however, the rapid elimination from the bloodstream restricts its therapeutic 

effectiveness.65,66 Polyethylene glycol (PEG) is the biocompatible polymer most 

commonly used in drug delivery, due to its long history of safety in humans and 

classification as «Generally Regarded as Safe» (GRAS) by the U.S. Food and Drug 

Administration (FDA). PEGylation is the process of both covalent and non-covalent 

attachment of PEG polymer chains to other structures such as liposomes. Two main 

methods of PEGylation have been developed. The first consists in the physicochemical 

binding of PEG (or functionalized PEG) to the bare or previously modified surface of 

nanoparticles. The other consists in chemical coupling, either in situ during particle 

preparation, or by chemisorption of functionalized PEG on nanoparticles surface.67-70 

The PEGylation process increases the size and molecular weight of conjugated 

biomolecules, while improving their pharmacokinetics and pharmacodynamics by 

increasing water solubility, protecting from enzymatic degradation, reducing renal 

clearance and limiting immunogenic and antigenic reactions.71 That is, PEGylation is able 

to reduce clearance through glomerular filtration and RES or proteolytic degradation. In 

fact, in the nineties, Klibanon et al. reported that PEGylation increased the blood 
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circulation half-life of systemically administered liposomes from < 30 min to up to 5 h.72 

Also, it was demonstrated that liposomes coated with PEG of 750 Da up to 5 kDa, have 

a prolonged blood circulation time and reduced uptake by the mononuclear phagocyte 

system (MPS) when compared with non-PEGylated ones.73 However, the differences in 

circulation time between formulations with increasing PEG size (range: 350 Da – 2 kDa) 

were negligible.74  

 

3.2.4.3 Specific functionalization for cancer  

Concerning the application of liposomes as a drug delivery system in cancer 

therapy, and in order to specifically target cancer cells, recent studies revealed that the 

functionalization of liposomes surface improves efficacy. Some strategies regarding 

liposomes surface functionalization focus on active targeting to sites of interest and 

triggered release of the therapeutic agents. The resulting liposomal system can be used to 

increase drug accumulation and improves drug delivery in cancer therapy.75,76 These 

strategies are based on pathological differences of tumors microenvironment, such as the 

overexpression of folate or transferrin receptors on the surface of many tumor cell types 

and the acidic pH within cancer cells.77 Regarding the latter property, the anionic lipid 

cholesteryl hemisuccinate (CHEMS) has been added to the surface of liposomes, as it 

allows them to be pH-sensitive. In fact, Hafez et al. have shown that liposomes 

functionalized with CHEMS fuse after the pH is lowered below a critical value between 

4.0 and 6.7.78 Also, folate receptor-targeted liposomes have been reported for the delivery 

of therapeutic agents to tumor cells, with significantly higher cellular uptake and 

cytotoxicity compared to non-targeting liposomes.79,80 Actually, Low et al. showed that 

folate receptor-targeted PEGylated liposomes loaded with doxorubicin demonstrated a 

45-fold higher uptake and 85-times more cytotoxicity when compared with unmodified 

ones.81 Moreover, other strategies have been explored to specifically target cancer cells, 

for instance, the attachment of antibodies82 and the incorporation of small peptides53 that 

target specific membrane proteins.  
 

3.3 Magnetic Nanoparticles 

Magnetic nanoparticles are small particles that can be manipulated using magnetic 

fields, possessing at least one dimension less than 100 nm and one magnetic component 

on its composition. Due to their size, they have a large surface/volume ratio and thus 

unique physicochemical and magnetic properties, such as mass and heat transfer that are 
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different from macrometric scale materials.51 There are two main classes of magnetic 

nanoparticles:83 

 

• Metallic nanoparticles: those composed of metals, such as cobalt (Co), 

iron (Fe), manganese (Mn) and nickel (Ni) or metal alloys, such as 

iron-platinum (FePt) or iron-cobalt (FeCo) nanoparticles. 

 
 

• Metal oxide nanoparticles: the ones composed of iron oxides doped with 

diamagnetic metals as Co2+, Fe2+, Mn2+ and Ni2+. 

 

3.3.1 Magnetic nanoparticles for biomedical applications 

Freeman et al. were the first to introduce the use of magnetism in medicine in the 

1960s.84 Since then, it is accepted that magnetic fields are not specially contraindicated 

for humans and the potential of magnetic nanoparticles has been recognized in many 

biological applications.85 Furthermore, concerning the ability to target specific sites of 

interest and to produce heat, magnetic nanoparticles have been widely investigated for 

drug delivery, hyperthermia and biological imaging, as magnetic resonance imaging 

(MRI) contrast agents. At nanometric scale and depending on materials, ferromagnetic 

and ferrimagnetic nanoparticles exhibit a magnetic behavior that is important for 

biomedical applications, the superparamagnetic behavior. This type of magnetism is 

characterized by a very large magnetic moment, but only in the presence of an external 

magnetic field. When the external magnetic field is removed, no remnant magnetization 

is observed and the net moment of the particles is randomized to zero.52,86-88 

Despite the large potential of magnetic nanoparticles for biomedical applications, 

they exhibit, in some cases, prolonged tissue retention (more than the need for treatment) 

and contain heavy metals which seriously raise concerns to their toxicity. Renal filtration 

is the ideal route for nanoparticles removal from the body and it can be increased by 

adjusting some parameters such as surface characteristics, shape, and size of the 

nanoparticles.89 Alternative mechanisms for nanoparticles clearance are being studied, 

such as intracellular degradation that may lead to the utilization of currently unexploited 

pathways for particle clearance.90 
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3.3.2 Magnetic nanoparticles studied in this thesis 

3.3.2.1 Core-shell nanoparticles 

Core-shell nanoparticles consist in particles possessing a core or inner material 

surrounded by an outer shell of a coating material. In the case of magnetic core-shell 

nanoparticles, the inner material is magnetic and it can be a metallic or metal oxide 

nanoparticle. Core-shell nanoparticles have been a focus of attention over the past two 

decades, because of their several advantages over simple nanoparticles.91 The major 

benefits associated with this type of structure rely on properties improvement, with 

simultaneous avoidance of undesirable effects. For biomedical applications, the use of 

core-shell structures offers huge advantages, such as improved thermal and chemical 

stability and solubility, less cytotoxicity, higher biocompatibility, easier conjugation with 

other bioactive molecules and so on.91-93 

Shell structure and composition are key parameters for keeping physical 

properties of the core unaltered. For instance, the shell of magnetic nanoparticles must be 

small, as the saturation magnetization can be deteriorated with increasing shell 

thickness.94 Concerning shell composition, different materials can be used from organic 

to inorganic ones. In biomedical applications, the most usual are dextran,91 polyethylene 

glycol95,96 (as discussed previously) or chitosan97 for the organic, and gold,98,99 silica 

(SiO2)100,101 or carbon102 for the inorganic ones. A lot of studies have been carried out to 

evidence the better results of core-shell nanoparticles in biomedical applications. For 

instance, iron oxide nanoparticles coated with dextran were the first used as MRI contrast 

agents in the late 1970s with success.91 More recently, a basic MRI system based on 

superparamagnetic iron oxide core with SiO2 shell, functionalized for radiolabeling with 
64Cu and 111In , was found to be more efficient in imaging when compared to the 

commercially used agent Feridex.103 Also, iron/carbon core-shell nanoparticles have 

shown potentialities as contrast agents for MRI, with very low toxicity.102 Moreover, 

Kayal and his team have shown the potentiality of the gold shell for iron nanoparticles in 

drug delivery.98 The data revealed great affinity for amine groups in anticancer drugs such 

as doxorubicin, providing a structural stabilization and a platform for better surface 

chemistry between drugs and carriers.98 Furthermore, Morris et al. showed, in a folate 

responsive tumor cell targeted gene transfection experiment, that histidine-modified 

chitosan (of molecular weight 15 kDa) increases nuclear uptake of the nanoparticles, 

indicating that chitosan can act as an adequate organic shell layer.104  
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3.3.2.1.1 Nickel/silica core-shell (Ni/SiO2) nanoparticles 

Nickel has been known to be an important magnetic material. It is considered a 

metal of biological interest, as it presents magnetic properties at room temperature.105 

However, nickel nanoparticles have some issues related to their toxicity, high reactivity 

and the fact that they are easily degraded due to high surface/volume ratio.  

During the past decade, it has been demonstrated that coating of metal or oxide 

nanoparticles with a SiO2 shell gives rise to many new and unusual physical chemical 

properties, such as improved stability and precise control of surface chemistry that allows 

to modulate drug loading and site-specific targeting.106-108 The use of a core-shell 

structure allows a safe utilization of metals like nickel, thus taking advantage of the 

magnetic core. SiO2 is a widely employed shell material, being a particularly beneficial 

coating for biomedical applications, since it can be easily functionalized and is resistant 

to degradation within a cellular environment, whilst still being biocompatible. 

Concerning the magnetic properties, silica coating has been recognized as promising to 

suppress magnetic dipolar interaction between nanoparticles and so promoting 

superparamagnetic behavior.109 

Previous studies have shown that internalized SiO2-coated magnetic nanoparticles 

are biocompatible with stem cells.110,111 The properties of Ni/SiO2 nanoparticles strongly 

depend on the method used for preparation. The work of Fu and coworkers112 revealed 

that the magnetic properties of Ni/SiO2 core/shell nanoparticles get worse with increasing 

SiO2 shell, due to the presence of the nonmagnetic silica coating. In fact, the saturation 

magnetization decreases from 46 emu/g to 37 emu/g, with increasing shell from 2 nm to 

13 nm. Despite this, the thermal stability of core-shell nanoparticles increases, as the 

oxidation temperature of the nickel core of Ni/SiO2 nanoparticles is 100º C higher than 

that for pure nickel nanoparticles.112 

 

3.3.2.2 Iron oxide-based nanoparticles 

Iron-oxide based nanoparticles are of great interest in biomedical research because 

of their superparamagnetic properties, good biocompatibility and non-toxicity.113 This 

type of nanoparticles is made of iron, oxygen and/or OH groups, with some differences 

in the valence of iron and on the crystalline structure. The main forms with biological 

interest of these nanoparticles are magnetite (Fe3O4) and its oxidized form maghemite ( -

Fe2O3).114 
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The crystalline structure of the magnetite nanoparticles is face centered cubic 

inverse spinel, consisting of a cubic close-packed array of oxide ions where all of the Fe2+ 

ions occupy half of the octahedral sites and the Fe3+ ions split evenly across the remaining 

octahedral and tetrahedral sites (figure 1.8). Coupling between magnetic moments of the 

iron moieties located at tetrahedral and octahedral sites results in a ferromagnetic ordering 

in bulk. Maghemite structure is a cubic defect spinel, similar to that of magnetite but with 

vacancies in the cation sub-lattice. Oxygen anions give rise to a cubic close-packed array, 

while iron cations are distributed over tetrahedral sites and octahedral sites. The resulting 

magnetic behavior is ferromagnetic. 

At the nanoscale, magnetite and maghemite present different magnetic behaviors 

when compared to those of the bulk materials. Below a critical diameter, an assembly of 

non-interacting magnetite nanoparticles exhibits superparamagnetism at high 

temperatures and a ferromagnetic (ferrimagnetic for maghemite) behavior below the 

blocking temperature (TB). 

 

 
 

Figure 1.8. (a) Face-centered cubic spinel structure of magnetite. (b) Magnification of one tetrahedron and 

one adjacent octahedron sharing an oxygen atom. Large spheres labelled by Fetet and Feoct represent iron 

atoms on tetrahedrally and octahedrally coordinated sublattices, respectively. Oxygen atoms are shown as 

small spheres. The lattice parameters a in the (001) plane and c in the direction perpendicular to it are 

identical under equilibrium conditions but differ for tetragonal systems. The lower symmetry in this case 

also leads to the distinction between axial Oax and equatorial Oeq atoms. Arrows indicate the shift directions 

of the oxygen atoms from their ideal positions for an internal parameter u > 0 (internal vibrational energy) 

[adapted from Friák et al. 2007].115 
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3.3.2.3 Transition metal ferrite nanoparticles 

Even with all the very good physicochemical, magnetic and biocompatibility 

properties, the iron oxide-based nanoparticles present some less desirable interactions in 

physiological environment due to the high content of iron atoms being weakly 

distinguished from those of hemoglobin.116 Moreover, the presence of Fe2+, which can be 

oxidized to Fe3+, may compromise the magnetic properties of magnetite nanoparticles. 

Alternatively, much attention has been dedicated to the development of transition metal 

ferrites (MFe2O4, M = Mn, Ni, Co, Zn), with enhanced magnetic properties and strong 

interest for biomedical applications. Transition metal ferrite nanoparticles are remarkably 

soft-magnetic with superparamagnetic behavior at the nanoscale, high saturation 

magnetization, good chemical stability and high biocompatibility.117 

This type of ferrites presents a spinel structure, with a cubic close-packed 

arrangement of oxygen atoms, with M2+ and Fe3+ in two different crystallographic sites. 

The spinel structure contains two cation sites for metal cation occupancy. Metal cations 

are either tetrahedrally coordinated with oxygen in the 8 tetrahedral sites or occupy 16 

octahedral sites which possess octahedral coordination. Magnetically, spinel ferrites 

display ferrimagnetic behavior and their electrical and magnetic properties depend upon 

the choice of M cation and its distribution between tetrahedral and octahedral sites. Also, 

the properties of the nanoparticles are highly sensitive to preparation methods, annealing 

temperature, chemical composition and nature of dopants.118,119 

In this work, focus was made on nickel ferrite (NiFe2O4) and manganese ferrite 

(MnFe2O4) nanoparticles because of their outstanding properties for therapy and 

diagnosis. NiFe2O4 nanoparticles have been proposed as less cytotoxic for HeLa cells 

than cobalt (CoFe2O4) or zinc ferrite (ZnFe2O4), being more promising for biomedical 

applications.120,121 Also, MnFe2O4 nanoparticles have shown a good biocompatibility and 

slight toxicity against HeLa cells.120 Moreover, MnFe2O4 nanoparticles have received an 

increased attention because of their higher magnetic susceptibility, comparing with other 

ferrite nanoparticles.122 Due to their small sizes, these nanoparticles have been proposed 

as positive contrast agents for magnetic resonance imaging. It is known that the surface 

atom ratio and the particle degradation rate are inversely proportional to the particle size. 

Larger particles exhibit a lower surface Mn2+ ratio and slower release of Mn2+ than small 

ones, leading to a small longitudinal relaxivity. Therefore, reducing their size is 

considered an important strategy to improve the longitudinal relaxivity, as observed for 

MnO colloids with 2-3 nm size.123,124 Also, MnFe2O4 nanoparticles are promising 
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hyperthermia agents. M. Mozaffari et al.  reported that 10 g/l of MnFe2O4 nanoparticles 

in the presence of an AC magnetic field (f = 400 kHz) increase temperature by 5º C after 

20 minutes.125 Likewise, NiFe2O4 nanoparticles are also suitable for magnetic 

hyperthermia. Small NiFe2O4 nanoparticles with a saturation magnetization of 49.5 emu/g 

showed high enough self-heating temperature for killing cancer cells.126 

 

3.3.3 The origin of superparamagnetic behavior 

In bulk, the magnetic behavior of ferromagnetic materials, like iron, nickel and 

cobalt, arises from magnetic domain structures. Magnetic domains are regions of uniform 

magnetization where individual magnetic moments spontaneously align in the same 

direction, as a result of several interactions that occur in magnetic materials, such as 

exchange, anisotropy and dipolar interactions.127 With the creation of magnetic domains 

and because they can point in different directions, the magnetostatic energy is minimized, 

thus reducing the intensity of the field. The interface that separates magnetic domains is 

called domain wall and its thickness is limited by the anisotropy of the material. Here, the 

magnetization rotates coherently from the moment in one domain to the one in the 

neighbor domain, as we can see in figure 1.9 (b).  

    

Figure 1.9. Magnetic domain and domain wall representation (left). Domain wall (B) with gradual 

reorientation of the magnetic moment between two domains (A) and (C) (right). 

When the size of a ferromagnetic material decreases, the energy required for 

domain formation increases and, below a critical diameter, the formation of domains 

becomes energetically unfavorable. Below this critical diameter, it is energetically more 

expensive to form a domain wall than to withstand the magnetostatic energy of a single 

http://www.ijps.ir/?_action=article&au=7938&_au=Mortaza++Mozaffari
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domain system and the nanoparticles become superparamagnetic. That is, the state of 

uniform magnetization becomes the state of lower energy. In this state, the magnetization 

of the nanoparticles is approximated as one giant moment, by summing the individual 

magnetic moments ( ) of each constituent atom. This approximation is called the “macro-

spin approximation” and is responsible for the strong magnetic moment in 

superparamagnetic nanoparticles. 

The critical size for single domain, Dcr, is the largest size that a ferromagnetic 

particle may have above which it will be energetically more favorable to divide itself into 

two or more domains, and is given by equation 1.3.128 

 D = √𝐴𝐾𝜇𝜇            (1.3) 

 

where A is the exchange stiffness constant, K  the uniaxial anisotropy constant        

(assumed > 0), Ms the saturation magnetization and 0 is the vacuum magnetic 

permeability (4π ×10-7 H/m). Critical diameter varies from material to material and, 

according to literature, it occurs at sizes below 30 nm.128 
For single-domain nanoparticles, the fraction of nanoparticles that can change 

from a stable magnetic configuration to another is proportional to (𝐾𝜇𝑉 𝑇⁄ ), where V the 

particle volume, kB the Boltzmann’s constant, and T the absolute temperature. Decreasing 

the particles size, the anisotropic energy (K V), that is the energy which separates the two 

energetically equivalent magnetization directions, decreases until the thermal energy 

(kBT) causes fluctuations of the whole magnetic moments. In this situation, thermal 

fluctuations can affect the orientation of magnetization if they are large enough to 

overcome the magnetic anisotropy barrier. So, the magnetic anisotropy works as an 

energy barrier that blocks the magnetic moments. But, if temperature is above the so-

called blocking temperature (TB), that is the temperature above which the thermal 

fluctuations are activated, the energy is high enough to overcome the anisotropy energy 

barrier, the magnetic moments get unblocked and the magnetization is lost. TB depends 

on particle size and other factors.129 For ferromagnetic materials, the magnetic anisotropic 

energy is much larger than thermal energy (kBT) (figure 1.10 (blue line)). However, when 

nanoparticles are small enough for thermal energy to overcome the anisotropy energy 

(K V), the magnetization is no longer stable and the particle becomes superparamagnetic 

(figure 1.10 (red line)).  
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Figure 1.10. Nanoscale transition of magnetic nanoparticles from ferromagnetism to superparamagnetism; 

energy diagram of magnetic nanoparticles. 

 

The relaxation time of the moment of a superparamagnetic nanoparticle ( ), is 

given by the Néel expression, equation 1.4.129 

= 𝐾𝜇𝑉𝑘 𝑇       (1.4) 

where  is the characteristic time of the material (10-9 - 10-12 s). A given experiment will 

have its own window of measurement time (τ ) and depending on this time, two situations 

can be observed: 

•   - the time window of the measurement is longer than the time 

needed for the particles magnetic moment to flip; the particle is said to be in 

a superparamagnetic state.  

•   - the experimental time scale is shorter than the moment flipping 

time; the particle is said to be in the blocked state.  

Thus, the blocking temperature, defined as the mid-point between ferromagnetic 

and superparamagnetic state, can be defined as the temperature at which the system goes 

from blocked to unblocked, and T = TB for = . Thus, as the blocking temperature 

depends on the experimental time scale, the blocking temperature can be easily obtained 

by equation 1.6.129 

= 𝐾𝜇𝑉𝑘 𝑇  <=> 𝜏𝜏 = 𝐾𝜇𝑉𝑇     (1.5) 
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= 𝐾𝜇𝑉𝜏𝜏       (1.6) 

So, magnetic nanoparticles above TB and with size below Dcr, are 

superparamagnetic and can easily reach the saturation magnetization in the presence of 

an applied field, but upon field removal, magnetization returns to zero due to the thermal 

fluctuations.130 Thus, this type of magnetic nanoparticles is characterized by the absence 

of hysteresis, coercivity and remnant magnetization at room temperature (for  TB < room 

temperature). 

 

3.3.4 Magnetic nanoparticles synthesis and characterization 

As it was already mentioned and justified, in biomedical applications magnetic 

nanoparticles with superparamagnetic behavior are preferred.52,87,88 High magnetization 

and low coercivity values are ideal properties of superparamagnetic nanoparticles for 

biomedical applications. With high magnetization values, magnetic nanoparticles can be 

easily controlled by the presence of an external magnetic field, while low coercivity 

values lead to reduced force required to randomized sample magnetization to zero. 

The magnetic behavior and physicochemical properties of magnetic nanoparticles, 

such as size distribution, shape and surface chemistry, strongly depend on the synthesis 

method. The preparation method determines the degree of structural defects or impurities 

in the particles, as well as the distribution of such defects and, consequently, their 

magnetic properties.19,131-133 Due to this strong dependence, many protocols for the 

synthesis of magnetic nanoparticles have been established. These protocols aim to yield 

monodisperse colloids uniform in size and shape and to accomplish a proper control of 

crystallinity and magnetic properties,134 in which the entire uniform physicochemical 

properties of the ensemble directly reflect the properties of single particles.135 Up to now, 

many synthesis methods have been reported in literature, including coprecipitation, 

microemulsion, thermal decomposition, solvothermal technique, chemical vapor 

deposition, combustion synthesis and many others.127 Among all, coprecipitation seems 

to be the most appropriate for good size distributions and magnetic properties.136 This 

method has been widely used for biomedical applications, as it is a simple and efficient 

chemical pathway,109 that does not require harmful materials and procedures, being cost-

effective.137 
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The characterization of magnetic nanoparticles is important to confirm the proper 

physical, chemical and magnetic properties of the synthesized particles. As the 

superparamagnetic behavior is dependent on the crystallite size, and it only occurs below 

critical diameters, it is essential to measure particles size and polydispersity. On the other 

hand, the magnetic properties of nanoparticles also depend on the distributions of ions on 

the crystallographic lattice sites and so the crystalline structure of the nanoparticles must 

be assessed. Concerning magnetic properties, the magnetic materials are best described 

in terms of their magnetization dependence on applied magnetic field, the so-called 

hysteresis loop, and by the magnetization dependence on temperature, the zero-field 

cooled (ZFC) and the field cooled (FC) curves.138 This type of measurements is made in 

magnetometers and the most common equipments used are the Superconducting 

Quantum Interference Device (SQUID) and the Vibrating Sample Magnetometer (VSM). 

In this work, the magnetic properties were evaluated in a SQUID apparatus, that is the 

most sensitive equipment to measure magnetic fields, with a resolution of 10-4 nT. It can 

measure very weak magnetic fields, such as those generated by the human body, being 

useful for many biomedical applications.139 The high sensitivity of this equipment makes 

it one essential instrument in the area of nanomagnetism.140 Typically, the working 

parameters of a SQUID are:141 

• static field up to 14 T, with an accuracy of 10-5 T; 

• temperature range: 1.8 - 400 K, with an accuracy of 0.01 K. 

 

3.3.4.1 Hysteresis loop 

The hysteresis loop gives relevant information about the magnetization of 

magnetic nanoparticles. Important magnetic parameters can be obtained from this type of 

measurements, specifically the degree at which the sample remains magnetized when the 

applied field is removed, the so-called remnant magnetization (Mr), and how easily the 

residual sample magnetization can be removed, the coercive field (Hc). This measurement 

is performed by fixing the temperature and measuring the magnetization at a range of 

applied magnetic fields (figure 1.11).  

Before start measuring, the sample is completely demagnetized with an external 

magnetic field. Then, the application of an increasing magnetic field causes the alignment 

of the magnetic moments of the material, until a maximum value of magnetization. This 

state is called the saturation magnetization (Ms) and corresponds to the situation where 
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all the magnetic moments in the nanoparticles are aligned with the applied field (point 

“a”, figure 1.11). By reducing the applied field to zero, the curve moves from point “a” 

to point “b”, which represents the remnant magnetization. As the magnetic field is 

reversed, the curve reaches point “c”, where the magnetic moment has been reduced to 

zero. This is called the coercivity, or coercive force, and represents the required force to 

remove residual magnetism of the sample. Then, the applied field is increased in the 

negative direction till the material becomes magnetically saturated, but in the opposite 

direction, at point “d”. Point “e” is reached reducing the field to zero, that represents the 

residual magnetism, but in the other direction. Now, increasing again the applied 

magnetic field in the positive direction, the magnetic moment returns again to zero. At 

this point “f”, the curve did not return to the original graph because some force is required 

to remove the residual magnetism. This way, the curve will take a different path from 

point “f” back to the saturation point, where the loop is complete. 
 

 

Figure 1.11. Typical hysteresis curve of a ferromagnetic sample. 

 

For ferromagnetic materials, the remnant magnetic moment and coercivity are 

observed at zero field, while, for superparamagnetic ones, these values tend to zero and 

the material is said to have no hysteresis. The ratio between the remnant magnetization 

and the saturation magnetization, Mr/Ms, is called the magnetic squareness value and 

varies from 0 to 1.118 The presence of a superparamagnetic behavior can be related to the 

value of this ratio. If its value is below 0.1, it means that more than 90% of the magnetism 
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is lost upon removal of the applied magnetic field and the material is considered 

superparamagnetic.118,121,142 

 

3.3.4.1.1 Langevin function 

For an ensemble of superparamagnetic particles above the blocking temperature, 

the magnetization under an external magnetic field can be described by the Langevin 

function (equation 1.7), 

M H, = 𝜇 𝑇 = coth 𝜇 𝑇 − 𝑇𝜇    (1.7) 

where µ  is the magnetic moment and N the number of moments per volume. The magnetic 

moment of the nanoparticles is given by µ  = MsV, where Ms is the saturation 

magnetization and V the volume of the nanoparticle.143 Thus, this equation reveals that 

the shape of the magnetization curve depends on the volume of magnetic nanoparticles, 

and nanoparticles size can be estimated. With known volume, V, and using spherical 

nanoparticles volume equation, 𝑉 = 𝜋 , the diameter of the nanoparticle, D, is easily 

estimated.144 

3.3.4.2 Zero-field cooled and field cooled curves 

The magnetic response of a magnetic material to an external magnetic field at a 

given temperature is not always the same, and depends on whether the sample has been 

cooled with or without an applied field. Zero-field cooled and field cooled measurements 

are made by fixing the applied magnetic field and measuring the magnetization at 

different temperatures. First, the sample is cooled under an applied field of H ~ 100 Oe 

and then the magnetization is measured with increasing temperature (applied field of H ~ 

50 Oe) – FC curve. Then, the sample is again cooled down, but now without any applied 

field, and the magnetization is measured with increasing temperature, under the same 

field of H ~ 50 Oe – ZFC curve. Here, as the temperature increases, the blocked magnetic 

moments start to align with the applied field and the magnetization of the sample 

increases. However, as soon as thermal energy overcome the anisotropic energy, thermal 

fluctuations cause the misalignment of the magnetic moments and a decrease of the 

magnetization is observed, with increasing temperature. Thus, ZFC curve peak 

corresponds to the blocking temperature (TB), above which the sample becomes 

superparamagnetic. Because of thermal equilibrium, above TB, ZFC and FC curves 
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coincide and the system is in a superparamagnetic state. However, below TB, the 

magnetization in FC curve does not tend to zero, because of the moments that remain 

partially aligned with the applied field (H ~ 100 Oe) and the nanoparticles display a 

ferromagnetic behavior.145 

3.4 Magnetoliposomes for cancer therapy 

In previous chapters 3.2 and 3.3, the outstanding properties of liposomes and 

magnetic nanoparticles for biological applications, especially for cancer therapy, were 

described. It was stated that liposomes are, to date, the most used encapsulation systems 

for drug delivery and that the magnetic nanoparticles are suitable for therapeutic 

applications, taking advantage of magnetic guidance and inductive heating properties. 

However, each system has its own limitations. For instance, liposomes present some in 

vivo issues, namely their recognition and capture by the immune system146 and the 

localization in therapeutic sites for drug release. On the other hand, magnetic 

nanoparticles have the tendency to agglomerate and form sediments which could be a 

safety concern.147 In order to overcome these problems, magneto-sensitive liposomes 

have been proposed.148 

Magnetoliposomes result from the encapsulation of magnetic nanoparticles into 

liposomes and were first described by De Cuyper and Joniau in 1988.149 The combination 

of liposomes and magnetic nanoparticles allows the concentration of the nanosystem in 

the treatment area of patient by magnetic forces, often augmented by magnetic 

agglomeration, and avoids in vivo nanoparticles accumulation, thus assuring 

biocompatibility. Therefore, singular limitations of both liposomes and magnetic 

nanoparticles are overwhelmed, and the resulting magnetoliposomes join the optimal 

properties of both in a single nanosystem. 

The scientific community has been addressing magnetoliposomes as a new 

encouraging system for cancer therapy with the potential to cause an important impact in 

the dramatic cancer statistics.148 This versatile nanosystem is promising, not only in 

cancer therapy, but also in diagnosis. It can provide combined synergistic drug delivery 

and hyperthermia treatment150,151 at specific target sites and co-instantaneous MRI.152 

This new approach to cancer therapy aims to replace the current traditional chemotherapy 

which leads to severe problems to patients, such as the high drug dosage, large side effects 

and low efficacy. 
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Considering their potentialities, significant attention has been recently dedicated 

to the development of these hybrid nanosystems. Furthermore, several studies ranging 

from general biophysical research to triggered release demonstrations have been done to 

enhance the application of magnetoliposomes in cancer therapy. In order to specifically 

target cancer cells, magnetoliposomes functionalization can be performed in a similar 

way as described in the previous chapter 3.2.4. In fact, work from Bothun and coworkers 

showed that magnetoliposomes with average diameter of 174 ± 53 nm and 0.1 mol% of 

folate present a higher uptake when compared with non-targeted magnetoliposomes after 

180 min.153 It was also reported that PEGylated magnetoliposomes of PC/Cholesterol 2:1 

+ 4 mol % of a PEGylated lipid showed good stability in terms of mean diameter and 

polydispersity index (PI) for 35 days.154 Moreover, the latter magnetoliposomes also 

exhibited a retention capability of their magnetic content for at least 20 days.154 

3.4.1 Aqueous and solid magnetoliposomes synthesis 

Over the past decade, different approaches to associate magnetic nanoparticles 

with liposomes, resulting in distinct magnetoliposomes, have been proposed.148 The 

magnetic nanoparticles can be encapsulated directly into the aqueous lumen of 

liposomes155,156 or covered by a lipid bilayer157,158. More recently, a new approach 

describes the conjugation of iron oxide nanoparticles to the liposome surface.159 

Concerning particles encapsulation into the lumen of liposomes, the magnetic 

nanoparticles can be dispersed in the inner aqueous phase, forming aqueous 

magnetoliposomes (AMLs), or the inner aqueous phase can be replaced by a nanoparticles 

cluster, originating solid magnetoliposomes (SMLs), as shown in figure 1.12. 

  
Figure 1.12. Schematic representation of aqueous magnetoliposomes (AMLs) and solid magnetoliposomes 

(SMLs). 
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Different structures make the magnetoliposomes more suitable for different 

applications and so spatial location of the magnetic nanoparticles inside the liposomes is 

a key factor. For instance, for imaging, magnetoliposomes with magnetic nanoparticles 

in the inner lumen of liposomes are preferred and this has been the most studied 

structure.148 As nanoencapsulation systems, AMLs are more advantageous, as they can 

carry both hydrophilic and hydrophobic drugs, while SMLs can only carry hydrophobic 

ones. On the other hand, SMLs are more promising for magnetic guided transport of 

hydrophobic drugs and hyperthermia applications.160,161 

In literature, several techniques for the synthesis of AMLs have been stablished. 

Pradhan and coworkers have successfully synthesized AMLs containing lauric acid-

coated MnFe2O4 nanoparticles. In their work, they used two different methods, thin film 

hydration and double emulsion, and the obtained magnetoliposomes showed sizes around 

300 nm diameter.162 Later on, the same team, reported smaller AMLs composed of 

DPPC:Chol:DSPE-PEG 80:20:5 molar ratio,  prepared by thin film hydration, with 

hydrodynamic diameters of 156 ± 11 nm that were promising for hyperthermia.10 Also, 

reverse-phase method followed by sequential extrusion was used for the synthesis of 

magnetoliposomes with a size range from 130 to 180 nm.161 Likewise, the already 

mentioned method of ethanol injection can also be adapted for the synthesis of small 

AMLs in a simple way, as it will be described in chapter 2. 

Concerning the synthesis of SMLs, conventionally it consists on the growth of a 

second lipid layer around magnetic nanoparticles covered by a monolayer (previously 

synthesized in the presence of lipids or surfactants).163,164 As it will be described on 

chapter 2 (articles 2.2 and 2.3), in this work, a new method for the synthesis of SMLs 

with improved magnetic properties was developed. This was an important achievement 

because most of the magnetic nanoparticles with appropriate magnetic properties require 

a calcination step. Regarding this fact, the new method stands out because the coating of 

nanoparticles cluster with the lipid bilayer occurs only after nanoparticle synthesis, with 

no risk of “burning” the lipid bilayer. Other procedures for SMLs, in which nanoparticles 

synthesis and lipid bilayer coating are done separately, have been proposed. For instance, 

Andresen and coworkers synthesized SMLs by mixing small liposomes (obtained by 

strong sonication with tip) with magnetic nanoparticles, followed by dialysis.20 These 

SMLs are structurally similar to the ones obtained by our method. Yet, our preparation 

method is much simpler and expedite, without the need for dialysis procedure, that can 

take up to two days. 
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3.4.1.1 Structural and magnetic characterization 

To be suitable for biomedical applications, magnetoliposomes must be small and 

should present superparamagnetic properties at room temperature. Thus, structural and 

magnetic characterization is essential. However, this is a challenging study, due to all the 

components and contributions that this hybrid magnetic nanosystem presents.  

Giant magnetoliposomes can be easily observed and characterized by light and 

fluorescence microscopy. Also, these microscopy methodologies can be used to 

investigate the elastic properties of giant magnetoliposomes by studying the deformation 

of the lipid bilayers under an applied magnetic field.155 Moreover, Nappini and coworkers 

have been investigating the release of Alexa dye under AC magnetic field, by confocal 

laser scanning microscopy (CLSM).165,166 Alexa-loaded GUVs (without magnetic 

nanoparticles) showed no release of the dye over time.166 On the other hand, Alexa-loaded 

magnetic GUVs (incorporating core/shell cobalt ferrite/silica nanoparticles) and under 

AC magnetic field showed a progressive reduction of the fluorescent intensity of Alexa 

inside the vesicles (figure 1.13).166    
Figure 1.13. CLSM images of Alexa-loaded magnetic GUVs over time [adapted from Nappini et al. 

2011].166 First line: Alexa is colored in green, and magnetic nanoparticles in red (a) in the absence of AMF 

at time zero, (b) exposed for 15 min to 200 Hz AMF, and (c) 15 min after the field application. Magnetic 

GUVs again exposed to 200 Hz AMF for (d) 15 min and (e) 15 min after the last field application. Second 

line: CLSM pictures obtained by removing the nanoparticle fluorescent contribution from the first line 

pictures. 

 Thus, for drug delivery applications, magnetic GUVs are more promising than the 

nonmagnetic ones, as they can improve the release of encapsulated compounds. However, 

to be suitable for biomedical applications, magnetoliposomes should be small (100-200 
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nm) and, at this range, the characterization of magnetoliposomes become more difficult 

because of the physical constraints of light (the diffraction limited in optical microscopy). 

Thus, other techniques have been used to characterize small magnetoliposomes.148 For 

instance, for structural investigation at the nanoscale, the most used are DLS,167,168 small 

angle X-ray scattering (SAXS)157 and neutron scattering (SANS)159. Nonetheless, and at 

this range, electron microscopy has been widely used in the context of the visualization 

of small magnetoliposomes. Conventional TEM technique requires a high vacuum 

environment which is highly destructive for any water based system. Thus, it is only 

suitable for SMLs which do not present an inner aqueous phase.169,170 Yet, it is possible 

to use this technique for AMLs if they are preserved, for instance, by chemical fixation 

or sample drying. However, many structural changes occur during these processes and 

the result images could not correspond to the AMLs original structure. A more suitable 

microscopy technique for the visualization of small aqueous magnetoliposomes in their 

original state is cryogenic TEM. With this technique, the magnetoliposomes structure is 

preserved in a layer of vitreous ice, keeping them safe from drying effects or the vacuum 

during visualization.148 So, concerning the structural characterization of 

magnetoliposomes, all the above-mentioned methodologies have their own pros and cons. 

Therefore, a well-balanced combination of different techniques is required to obtain 

information about magnetoliposomes structure. 

Regarding magnetoliposomes magnetism, it is important to assess the magnetic 

properties to confirm the superparamagnetic state of the system, as well as to understand 

which structures possess the larger magnetization. Recent studies have shown that 

SMLs160 present better magnetic properties, as they keep almost the same magnetic 

properties as the neat nanoparticles, while AMLs161 display poor magnetic characteristics, 

similar to those of the aqueous ferrofluid. In fact, for AMLs, even if magnetic 

nanoparticles are superparamagnetic, the other components should induce a strong 

decrease of the maximum saturation magnetization, as both water and lipids are 

diamagnetic and the ratio between NPs and lipid + water is small. On the other hand, for 

SMLs, the contribution of the diamagnetic lipids is almost negligible (because the ratio 

between NPs and lipid is much larger than in AMLs), and as the cluster of magnetic 

nanoparticles favors interparticle magnetic interaction, the magnetic moments alignment 

is favored. 
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3.4.2 Magnetic controlled chemotherapy 

Most of the anticancer drugs used in chemotherapy are severely toxic and cause 

systemic side effects. In drug delivery, magnetoliposomes are very promising because 

they can protect and transport drugs to the therapeutic sites of interest, by means of 

external magnetic field gradients. A comparison of drug biodistribution between 

conventional chemotherapy and magnetic controlled chemotherapy is represented in 

figure 1.14. With this therapeutic approach, a safer use of powerful, however toxic, 

anticancer drugs is accomplished.   
Figure 1.14. Schematic comparison between conventional chemotherapy and magnetic controlled 

chemotherapy. 

 

The use of drug-loaded magnetoliposomes is an alternative approach to 

conventional chemotherapy that originates an improved treatment. Magnetic guided drug 

delivery involves four important steps:171  

1. Drug loading into magnetoliposomes; 

2. Injection of the magnetoliposomes; either intravenous or intra-arterial; 

3. Magnetoliposomes guidance and accumulation in the treatment area using 

high-gradient external magnetic fields. Such fields are generated by rare-
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earth permanent magnets, generally NdFeB magnets with a very high 

surface flux density; 

4. Triggered drug release, induced by environmental changes. 

With this approach, the uptake of the drug by tumor cells at the target sites is 

increased172 and systemic drug concentration is avoided173. Thus, a more efficient 

treatment is accomplished and lower drug dosages can be used. 

Magnetoliposomes flow in blood is regulated by the magnetic forces that act on 

magnetic nanoparticles in circulation, as a result from the applied external magnetic field. 

The magnetic fluid is localized in the site of interest when magnetic forces are exerted on 

the linear blood flow of the arteries or capillaries.164 As it was already mentioned, the 

saturation magnetization of nanoparticles is very important for their application. In fact, 

the magnetic force of attraction that can be exerted on magnetoliposomes by the external 

field is proportional to the saturation magnetization of superparamagnetic nanoparticles, 

and is given by equation 1.8,171 

⃗⃗ ⃗⃗  = 𝑉 ⃗⃗⃗⃗  ⃗ ∙ ∇  ⃗     (1.8) 
where Fm is the magnetic force of the nanoparticle, V the particle volume and B the 

magnetic field intensity.  

After accumulation of magnetoliposomes in the area of interest, drug release can 

be triggered by physicochemical variations of the microenvironment, such as temperature 

or pH, depending on the functionalization of magnetoliposomes. So, besides physical and 

magnetic properties, surface functionalization is also important and compromises the 

efficacy of the magnetically-guided drug delivery. Furthermore, treatment efficacy can 

also be influenced by the external magnetic field geometry, strength and duration, as well 

as the injection route. Such parameters depend on the patient physiology, as body weight, 

blood volume, cardiac output, peripheral resistance of the circulatory system and organ 

function.174 Recently, many efforts have been done to demonstrate the potentialities of 

magnetic controlled chemotherapy. 

A comparative study between liposomes and magnetoliposomes loaded with 

paclitaxel (FDA approved cancer chemotherapeutic agent) were carried out by Zhang and 

coworkers.175 In this study, the pharmacokinetics, in vivo distribution and cytotoxicity of 

the anticancer drug were investigated. An evident higher antitumor efficiency was 

observed for the formulation of paclitaxel loaded in magnetoliposomes, with a higher 
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drug distribution localized in the tumor tissues than in plasma, heart liver, spleen, lung, 

and kidney tissues. Additionally, they showed that, under the influence of an external 

magnetic field, the magnetoliposomes reached the peak concentration very quickly, 

attaining 19.85 g of drug per g of mice weight at ¼ h.175 

One of the most challenging tumors to treat is the brain tumor, because of the 

difficulty to cross the blood brain barrier (BBB). In this context, magnetoliposomes seem 

also to be a promising therapeutic approach. The transmigrability of magnetoliposomes 

over a BBB model (composed of human brain sourced primary cells) was evaluated by 

Ding and collaborators. For that purpose, a BBB specific transporter that allows 

transferrin to attach and cross the BBB membrane,176 was embedded onto the 

magnetoliposome surface and transmigration was evaluated for nanocarriers with and 

without transferrin receptor in the presence of magnetic forces (guided delivery). The 

results evidenced that, by means of magnetic forces and transferrin receptor-mediated 

transportation, 50 to 100% higher transmigration was obtained.177 Still regarding the 

treatment of brain tumors, very good in vivo results were obtained in a study using 

cationic magnetoliposomes loaded with paclitaxel, that showed 5-15 fold higher 

concentration in rats brain, when magnetic controlled drug delivery was used.178 

Although in vitro and in vivo investigations have already shown encouraging 

results for the use of magnetoliposomes in magnetic controlled drug delivery, the 

effectiveness of the therapy is limited from the physical point of view. Most of the 

promising results were obtained on small animals. Moreover, the problem of magnetic 

targeting currently on investigation is related with the guidance of magnetic particles to 

deeper tissues, as needed in humans, where the sites of interest are farther away from the 

magnet source. As it is known, the magnetic field forces decay rapidly with distance, by 

a factor of 1/ra (with, 2 ≤ a ≤ 5, depending on external field geometry).179 Thus, the 

application of magnetoliposomes in magnetic controlled chemotherapy is limited to 

relatively shallow targets in the human body. Although rare-earth NdFeB magnets 

achieves a 10-15 cm penetration depth,181 this is not enough for human deep tissues 

applications. Recent studies have been carried out in order to find a perfect geometry for 

a deeper tissue penetration of the field.182 For instance, a clinical MRI scanner that steers 

and tracks magnetic carriers in real time was upgraded by inserting steering coils, and the 

high magnetic field of the equipment (1.5 T) enables the magnetic material to be fully 

magnetized throughout the body, even in deep tissues.183 
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3.4.3 Hyperthermia 

Hyperthermia is a type of therapy in which body tissues are exposed to toxic 

amounts of thermal energy.184 This is a very old idea with more than 5000 years old and 

first known in a written medical report from the ancient Egypt.185 This is not surprising, 

as our natural body response to pathogens is fever. However, past technologies could not 

deliver effective and homogeneous heating to all sites, particularly to deep tissues. So, 

just recently, with improved technologies, more attention has been paid to hyperthermia. 

In 2013, in USA and Europe, there were more than 350 ongoing clinical trials that 

incorporate hyperthermia as part of the treatment.186 

The success of this type of therapy in cancer treatment is related to a characteristic 

physiological difference between normal and tumor cells. Tumor cells are more sensitive 

to high temperatures than healthy ones, as the poor vasculature leads to a differential 

heating, with higher temperatures being achieved in tumors compared to normal tissues, 

where heat may be dissipated by the circulating blood. Another important feature of 

hyperthermia in cancer therapy is that it kills cells most efficiently at low pH and hypoxic 

environment, as occurs in the tumor core. This is a tumor region relatively resistant to 

chemotherapy because it is exposed to lower concentrations of drug.187 
Hyperthermia induces cell death by apoptosis and/or necrosis.188,189 However, in 

dual therapy (chemotherapy/hyperthermia), the heat-induced drug cytotoxicity 

mechanism remains not well known. Yet, several studies suggest that it can be related to 

cell membrane permeability, inhibition of DNA-repair and acceleration of the cytotoxic 

chemical reactions at high temperatures.190 Different lethal cellular changes can be 

induced by thermal treatment (figure 1.15).  For instance, cells can suffer from mitotic 

catastrophe, permanent G1 (phase one of cell cycle division) arrest, and loss of clonogenic 

or reproductive cell capacity.191 Moreover, it has been demonstrated that heat may 

increase the production of reactive oxygen species (ROS) as a consequence of the 

enhancement of biochemical reactions and cell metabolism.192,193 

Hyperthermia efficacy is strongly dependent on the temperature generated at the 

target site, exposure time and tumor characteristics.194 Depending on the type of heating, 

hyperthermia can be categorized into local, regional and whole body. For local 

hyperthermia, heat is induced only in the tumor, while for regional hyperthermia heat is 

induced in a larger area, such as whole tissue or organ. On the other hand, whole body 

hyperthermia is applied throughout the body and is used to treat metastatic cancer cells. 

Moreover, depending on the range of heat, hyperthermia can be classified as:195 



 _____Chapter 1 
 

- 39 -   
✓ Ablation hyperthermia – for high temperatures > 46º C (up to 56º C). 

Induce cells necrosis, coagulation or carbonization. 

✓ Moderate hyperthermia – for moderate temperature (41º C < T < 46º C).  

Induce lethal effects both at cellular and tissue levels. 

✓ Diathermia - for lower temperature (T < 41º C). Used for rheumatic 

treatment in physiotherapy. 

 
Figure 1.15. Cellular changes induced by hyperthermia that lead to tumor cell death (apoptosis and/or 

necrosis) [adapted from Bettaieb et al. 2013].187 

3.4.3.1 Magnetic Hyperthermia 

Many approaches involving laser, ionizing radiation and microwaves have been 

used to apply hyperthermia in cancer treatment. However, these techniques can cause side 

effects, like ionization of genetic material or lack of selectiveness in radiation and 

microwaves therapies.196 In this context, hyperthermia based on magnetic nanoparticles 

provides a novel solution to this problem. It allows to remotely induce a local temperature 

increase through the magnetic energy loss of magnetic nanoparticles, under an AC 

external magnetic field. Here, the inductive heating property of nanoparticles, under an 

AC magnetic field, can be controlled by the magnetic properties, as heating is inversely 

related to the coercive field and directly proportional to the saturation magnetization.197 

Moreover, activation of the nanoheaters (magnetic nanoparticles) can be controlled by 
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the external field and the temperature increase occurs mainly in well-defined tumor 

regions, without damaging healthy tissues. The electromagnetic radiation used in this type 

of hyperthermia is in the radio-frequency range (between several kHz and 1 MHz), that 

is nontoxic and allows high penetration in deeper tissues.198 Nevertheless, a study of a 

whole-body exposure to a higher radio frequency of 220 MHz showed that human body 

can tolerate the heat by sweating.199 

Under an AC magnetic field, the moments of superparamagnetic nanoparticles 

randomly flip the magnetization direction between the parallel and antiparallel spin 

orientation. This random orientation converts magnetic energy loss into thermal energy. 

Hyperthermia heating effect of magnetic nanoparticles under an AC magnetic field results 

from several mechanisms of energy loss that occur during magnetization relaxation, such 

as hysteresis loss and Néel and Brown relaxations. The relative contribution of each 

process depends on particle size. Superparamagnetic nanoparticles (size < 30 nm) 

generate heat by physical rotation of the nanoparticles in fluid (Brownian relaxation) and 

by rotation of the atomic magnetic moment within the particles themselves (Néel 

relaxation).200 

The efficiency of a given material to generate heat under an AC magnetic field is 

measured in terms of specific absorption rate (SAR). This is a key parameter that 

determines heating generation in the tissue and describes the amount of magnetic energy 

converted into heat per time and mass. The SAR is proportional to the rate of temperature 

increase, for the adiabatic case, and is expressed in Watt per kilogram (equation 1.9) 

= . 868 𝑃𝑒 = 𝑇     (1.9) 

where P is the electromagnetic wave power absorbed by the sample, me is the mass of the 

sample, and Ce is the specific heat capacity of the sample.201 High specific absorption rate 

is preferred for hyperthermia, as it implies a lower exposure time and also lower dosages 

to be administered to the patient. 

For a given superparamagnetic material, the SAR is very precisely determined by 

the volume ratio of magnetic nanoparticles in the tissue. Rosensweig showed that SAR in 

a uniform magnetic field only depends upon the nature and the volume fraction of the 

superparamagnetic particles according to equation 1.10,202 

= . 868 𝜋 𝜑 𝑠 𝑉𝐾𝜇T 𝑣 𝜋 𝜏+ 𝜋 𝜏    (1.10) 
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where V is the crystal volume, Kµ the anisotropy constant, T the temperature,  the 

volume fraction of superparamagnetic material, Ms the saturation magnetization, 𝑣 the 

frequency of the AC magnetic field, H0 is the magnetic field intensity and τ is the 

relaxation time.202 If the AC magnetic field interacts with intracellular ions, Eddy currents 

can be formed, leading to a significant heating in normal tissues. This way, normal cells 

can be damaged, so a limit must be imposed. As SAR is directly proportional to the 

frequency and magnitude of the applied field, in order to avoid any damaging of healthy 

tissues, H0𝑣 factor should not exceed a value that was estimated as 5×109 Am-1s-1.203,204  

The use of magnetic materials as hyperthermia agents date back to 1957, when 

Gilchrist and his group heated various tissue samples with maghemite materials exposed 

to a 1.2 MHz magnetic field.205 Since then, several research groups have reported 

encouraging results using magnetic nanoparticles as hyperthermia agents and numerous 

publications describing a variety of different types of magnetic materials have been 

published. 

The use of magnetoliposomes for hyperthermia is very promising as the 

encapsulation of the nanoheaters into liposomes improves their efficacy in vivo. The 

inclusion of targeting ligands for specifically target cancer cells, as in drug delivery, can 

also provide a better local heating.206 Cancer cells membrane contains more anionic lipids 

than the one of normal cells, leading to a higher overall negatively-charged cell surface.207 

Thus, cationic magnetoliposomes have shown to be a favorable approach for 

hyperthermia, because the electrostatic interactions favor the accumulation of magnetic 

nanoparticles in tumor cells. This fact was demonstrated by Kobayashi and co-workers in 

animals with several types of tumors.208 For that purpose, cationic magnetoliposomes 

containing 3 mg/tumor of Fe2O3 were directly injected into solid tumors and the animals 

were irradiated several times for 30 minutes, with an AC magnetic field of 118 kHz. The 

results showed an evident decrease in the volume of tumors with tumor regression in 96% 

of the animals.208  

Interestingly, antitumor immune activity has been observed in magnetic 

hyperthermia treatment. Yanase et al. have shown effective regression of tumor volume, 

not only in the tumor under an AC magnetic field, but also in non-exposed tumors in 

experiments with models of T-9 rat glioma. This behavior resulted from the migration of 

natural killer cells and CD8+ and CD4+ T-cells (CD4+ T cells are essential in the 

formation of protective memory CD8+ T cells, that are very important for immune 

defense against intracellular pathogens and for tumor surveillance), not only into the 
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heated tumor, but also into the tumors without thermal treatment.209 Also, tumor-specific 

immune response can be induced by heat shock proteins that are highly expressed within 

and around tumors.210 Thus, magnetic hyperthermia is indeed a promising tool for cancer 

treatment, as it can also induce biological responses, being able to kill tumors located far 

from hyperthermia incidence, such as metastatic cancer cells.  

3.4.4 Synergistic thermo/chemotherapy 

The joint use of magnetic hyperthermia and drug delivery has a large potential in 

the treatment of cancer, mainly because the local temperature increase could enhance 

cytotoxicity of chemotherapeutic drugs. In fact, several studies have shown an increased 

cytotoxic behavior of many anticancer drugs when a combination of hyperthermia and 

chemotherapy is used.190,211-213 In this type of combined therapy, the best capacities of 

individual therapies are utilized, as well as their synergistic effects, improving treatment 

efficacy. Moreover, another advantage in the use of combined therapy relies on the fact 

that tumors core is less vascularized and, therefore, drugs are not equally distributed, with 

a lack of drug delivery being observed in the tumor core. With combined hyperthermia, 

this undesirable effect is offset because high temperatures are more efficiently achieved 

in the tumor core, due to the less efficient cooling by blood circulation. Furthermore, in 

tumor regions with better vascular permeability (tumor shell), mild hyperthermia between 

40 – 43º C results in a better blood supply and, so, drug uptake is also improved in these 

regions.214 

In drug delivery, high magnetic field gradients are required to a proper control of 

the magnetic nanoparticles position and AC magnetic fields are responsible for the 

hyperthermia effect. Heat production under AC magnetic field is proportional to the 

frequency of the field, and so high frequencies give rise to a larger heating effect. 

However, this can be a safety problem because Eddy currents can be generated, leading 

to non-specific heating that can damage both healthy and cancer tissues. With combined 

therapy, drug cytotoxicity enhancement occurs at mild hyperthermia temperatures and, 

so, combined therapy does not require temperatures as high as those for hyperthermia 

alone (~ 43º C or higher).214 Therefore, the SAR for combined therapy does not need to 

be that high and lower frequencies and amplitudes of the external fields could be used. 

Mild hyperthermia is easy, safe and cost-effective, and can be practically performed at 

any medical facility. 
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In this context, magnetoliposomes are versatile nanosystems suitable for 

combined therapy, as the local temperature increase originated by the hyperthermic effect 

can trigger the fast and improved release of encapsulated anticancer drugs in target sites. 

Thus, the therapeutic efficiency is improved due to simultaneous application of 

hyperthermia and drug delivery. Several research groups have already performed some 

studies with encouraging results for combined therapy with magnetoliposomes. 

The efficacy of hyperthermia and chemotherapy alone or combined was evaluated 

by Itoh and his team.215 In this study, the enhancement of cisplatin and adriamycin 

cytotoxicity in human bladder cancer cell line was evaluated. Alone, mild hyperthermia 

(~ 41º C) and chemotherapy with low drug concentration (20 g/mL of cisplatin or 4 

g/mL of adriamycin) revealed an unsuccessful treatment. But, when combined therapy 

was used, the efficacy of treatment was significantly higher, so efficient as the use of 10 

times the concentration of cisplatin (200 µg/mL).215 Moreover, it was also demonstrated 

that drug dosage can be reduced, therefore decreasing side effects of therapy.215 Another 

study has shown that magnetoliposomes based on magnetite nanoparticles loaded with 

paclitaxel are promising for combined chemotherapy and hyperthermia. Here, in vitro 

cytotoxicity studies were performed in HeLa cell lines, under an AC magnetic field of 10 

kA/m intensity and 432 kHz frequency. When combined therapy was applied to 

magnetoliposomes with 100 nM paclitaxel, 89% of the tumor cells were killed.216 More 

recently, Hardiansyah and coworkers reported that doxorubicin loaded aqueous 

magnetoliposomes containing citric-acid coated magnetite nanoparticles for integrated 

application of chemotherapy and magnetic hyperthermia (drug concentration of 1 M and 

high-frequency AC magnetic field) are effective against colorectal cancer cells.217 

Concerning the applied magnetic field characteristics, better results were obtained for 

magnetoliposomes based on cobalt ferrite nanoparticles that showed a better release of 

the encapsulated dye carboxyfluorescein under low-frequency AC magnetic field.218 

The regression of bladder cancer in vivo obtained from synchronizing 

hyperthermia and chemotherapy was evaluated in a comparative study by Li and 

coworkers. For that purpose, they used a magnetite-based system loaded with 500 mg/mL 

of the drug 5-fluorouracil (5-FU) functionalized with anti-human epidermal growth factor 

receptor 2 (anti-HER2) antibody for cancer cell-specific targeting.219 The nanosystem 

was injected in tail vain (1 dose per day for 4 days) and phosphate-buffered saline (PBS) 

was used as a control. For combined therapy, the rats were exposed to 1.3 MHz radio 

frequency (RF) for 15 minutes, 24 hours after injection. Compared with PBS control 
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group, use of drug only and no RF-induced hyperthermia treatment, a significant tumor 

regression was observed for combined therapy (figure 1.16). Moreover, the 

histopathologic evaluation showed no detectable pathological findings in major organs.219 

In this study, very good results were reported using RF as source of the alternating 

magnetic field. Yet, advanced studies must be performed using lower frequencies as 

sources for AC magnetic field, to make a safe use of magnetic nanoparticles in mild 

hyperthermia.  
 

Figure 1.16. Comparative study of plain chemotherapy with its combination with RF induced hyperthermia 

[adapted from Li et al. 2013].219 A: Tumor volume evolution in time. Tumor image and size and 

histopathologic evaluation - B: PBS control group. C: Combined hyperthermia and chemotherapy.    ~ 
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1. Abstract 

In the present work, nickel magnetic nanoparticles with diameters lower than 100 

nm, with and without silica shell, were synthesized by microheterogeneous templating. 

The magnetic properties of the nanoparticles show a typical ferromagnetic behavior with 

a coercive field of 80 Oe. Dry magnetoliposomes (DMLs) with diameter between 58 nm 

and 76 nm were obtained from the synthesis of nanoparticles in the presence of a lipid or 

surfactant layer, and aqueous magnetoliposomes (AMLs) were obtained by encapsulation 

of the nanoparticles in liposomes. FRET (Förster resonance energy transfer) experiments 

were performed to study the non-specific interactions between aqueous 

magnetoliposomes and giant unilamellar vesicles (GUVs), as models of cell membranes. 

It was possible to detect membrane fusion between GUVs and AMLs containing both 

NBD-C6-HPC (donor) and the dye Nile Red (acceptor).  

 

2. Introduction 

Nanotechnology has produced significant advances in biomedicine, namely in 

diagnosis, therapy and bioengineering [1]. The potential of magnetic nanoparticles for 

biomedical applications has been recognized, as they offer major advantages due to their 

unique size and physicochemical properties [2].  

Liposomes (nanosized vesicles made of amphiphilic phospholipid molecules in 

water) are biologically inert and weakly immunogenic, and have been described as ideal 

drug delivery systems [3-5]. This nanoencapsulation system can overcome many of the 

problems associated with other systems used for therapy, such as those involving 

solubility, pharmacokinetics, in vivo stability and toxicity [6,7]. Liposomes entrapping 

magnetic nanoparticles (magnetoliposomes) are of large importance in drug delivery, as 

they can be guided and localized to the therapeutic site of interest by external magnetic 

field gradients and used in cancer treatment by hyperthermia [8,9]. In diagnosis, 

magnetoliposomes have been proposed as T2 contrast agents (negative contrast 

enhancement) in MRI [10], while in therapy they have been used as a chemotherapy 

alternative through magnetic-controlled drug delivery and thermotherapy [11-13].  

In biomedicine, nanoparticles with superparamagnetic behavior are preferred, as 

they exhibit a strong magnetization only when an external magnetic field is applied 

[5,14,15]. Iron and nickel nanoparticles are superparamagnetic when their size is smaller 
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than a critical value, 20 nm for iron [16] and 30 nm for nickel [17]. Due to the wide 

applications of magnetoliposomes, much attention has been paid to the synthesis of 

different kinds of magnetic nanoparticles [18-20] and liposomes [14,21-23], as each 

potential application requires specific properties. 

Nickel exhibits magnetic properties at room temperature and, therefore, is 

considered a metal of biological interest. However, particles of nickel have some issues 

such as potential toxicity, high reactivity and easy degradation due to the high 

surface/volume ratio. In order to overcome these problems and make them compatible for 

biological applications, nickel magnetic nanoparticles are typically protected by coatings, 

such as gold or silica, forming a core-shell structure [18,24,25]. Silica is a particular 

beneficial coating for nanoparticles, since it can easily be functionalized and it is resistant 

to degradation within a cellular environment, whilst still being biocompatible [26,27]. In 

fact, previous studies have shown that internalized silica-coated magnetic nanoparticles 

are biocompatible with stem cells [26,27]. 

The synthesis methods of magnetoliposomes and their constituents will determine 

their final shape, size distribution, surface chemistry and magnetic properties [15,28]. 

Techniques for magnetic nanoparticle synthesis have been developed to yield nearly 

monodisperse colloids, consisting of uniform nanoparticles both in size and shape. In 

these systems, the entire uniform physicochemical properties directly reflect the 

properties of single particles [29,30]. 

In this work, both aqueous and dry magnetoliposomes, based on nickel 

nanoparticles or nickel/silica core/shell nanoparticles were prepared by several soft 

templating methods and characterized. The interaction between the prepared 

magnetoliposomes and models of cell membranes (giant unilamellar vesicles, GUVs) was 

also evaluated using FRET (Förster Resonance Energy Transfer). These studies are 

important for future drug delivery applications using magnetoliposomes as drug carriers. 

 

3. Experimental 

All the solutions were prepared using spectroscopic grade solvents and ultrapure 

water (Milli-Q grade). 

3.1 Nickel nanoparticles preparation 

Ni nanoparticles (NPs) were prepared using a Nickel chloride (Merck) stock 

solution (~0.2 M). For Ni2+ reduction, hydrazine monohydrate (N2H4H2O) 64-65% and 
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sodium hydroxide solution (NaOH, 50% in water), from Sigma-Aldrich, were used as 

received. 

Citric acid (Merck) was added in some assays in a molar ratio 1:0.75, as it prevents 

nanoparticles aggregation and favours monodispersity [28]. 

 

3.1.1 Ni NPs in aqueous CTAB solution 

CTAB (cetyltrimethylammonium bromide) was obtained from Sigma-Aldrich. Ni 

NPs were synthesized in an aqueous solution of this cationic surfactant, according to a 

procedure adapted from [31]. An aqueous solution of CTAB (0.025 M), nickel chloride 

(0.02 M) and trace acetone (10 µL/ml) was first prepared. Then, 1 M of N2H4 and 10M 

NaOH solution were added in sequence. After 30 minutes at 60ºC, Ni NPs were formed. 

 

3.1.2 Ni NPs coated with lipid or double-chain surfactant 

AOT (bis(2-ethylhexyl)sulfosuccinate) sodium salt from Sigma-Aldrich and 

DOPG (1,2-Dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]), from Avanti Polar 

Lipids, were used to control NPs size growth [32]. Ni NPs coated with a layer of AOT or 

DOPG molecules were synthesized by carrying out the reduction of nickel chloride in the 

presence of lipid/surfactant molecules. An experimental procedure previously described 

by Meledandri et al. [33] was followed. One fifth of the total DOPG amount (0.2 mM 

DOPG) was slowly added to a 1 mM nickel chloride aqueous solution under magnetic 

stirring, followed by the addition of 0.9 M N2H4 and 13 M NaOH to precipitate the nickel. 

After 5 minutes, the remaining DOPG (0.8 mM) was slowly added to the mixture. After 

about 20 minutes at 60ºC, Ni NPs covered by a DOPG layer were obtained [33].  

Ni NPs covered with an AOT layer were synthesized by a similar procedure using 

a 56 mM solution of AOT in methanol. After about 20 minutes, under vigorous magnetic 

stirring at 60ºC, NPs were formed. After cooling, Ni NPs were washed by magnetic 

decantation with methanol/acetone (50/50 v/v) solution and dispersed in water. 

3.1.3 NPs with silica shell 

The synthesized NPs were covered with a silica shell obtained by TEOS 

(tetraethyl orthosilicate, from Sigma Aldrich) hydrolysis. Different shell sizes were 

achieved by the addition of different amounts of TEOS into a solution of nanoparticles 

dispersed either in AOT/cyclohexane (0.1 M) or in ethanol [34]. In the latter method, 
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MDA (mercaptododecanoic acid) was added to the particles in a 1:1 ratio to promote 

TEOS binding to the nanoparticles. 

 

3.2 Preparation of magnetoliposomes 

Aqueous magnetoliposomes (AMLs) are formed when the magnetic nanoparticles 

are encapsulated in liposomes. Both dipalmitoyl phosphatidylcholine (DPPC) and egg 

yolk phosphatidylcholine (Egg-PC), from Sigma-Aldrich, were used for lipid vesicle 

formation. A 10 mM DPPC or Egg-PC solution in ethanol was injected, under vigorous 

vortexing, to an aqueous solution of nanoparticles, above the melting transition 

temperature of the lipids (ethanolic injection method [33,36]). After encapsulation, the 

ferrofluid was washed with water and purified by magnetic decantation and centrifugation 

to remove all the non-encapsulated NPs. 

Dry magnetoliposomes (DMLs) were synthesized by slowly adding a volume of 

DOPG or AOT solution, equivalent to that used in the synthesis of the NPs coated with 

lipid or surfactant, so that a second lipid/surfactant layer is formed above the previous 

layer. Excess of lipid/surfactant was removed by repeated cycles of magnetic decantation 

followed by washing with methanol/acetone (50/50 v/v) solution. 

 

3.3 Preparation of Giant Unilamellar Vesicles (GUVs) 

Soybean lecithin (L-α-Phosphatidylcholine), from Sigma-Aldrich, was used for 

GUVs preparation, using a procedure previously described [37,38]. A film of soybean 

lecithin was obtained by evaporation under an argon stream of a 1 mM lipid solution. 

This film was incubated with 20 L of water at 45ºC for 45 minutes. Then, 3 mL of          

0.1 M glucose solution was added, and the resulting mixture was again incubated at 37ºC.  

 

3.4 Spectroscopic measurements 

3.4.1 General methods 

Absorption spectra were recorded in a Shimadzu UV-3101PC UV-vis-NIR 

spectrophotometer. Fluorescence measurements were performed using a Fluorolog 3 

spectrofluorimeter, equipped with double monochromators in both excitation and 

emission and a temperature controlled cuvette holder. Fluorescence spectra were 

corrected for the instrumental response of the system.  
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3.4.2 FRET measurements 

The interaction of magnetoliposomes with models of biological membranes 

(GUVs) was evaluated by Förster Resonance Energy Transfer (FRET). FRET efficiency, 

ΦRET, defined as the proportion of donor molecules that have transferred their excess 

energy to acceptor molecules, was calculated through donor emission quenching, by 

taking the ratio of the donor integrated fluorescence intensities in the presence of acceptor 

and in the absence of acceptor [39]. The distance between donor and acceptor molecules 

was determined through the FRET efficiency (equation (1)),  

    = . [ −ΦR TΦR T ] ⁄
                      (1) 

where R0 is the Förster radius (critical distance), that can be obtained by the spectral 

overlap between the donor emission and the acceptor absorption [39].  

FRET assays were employed to confirm the formation of the second lipid bilayer 

in the dry magnetoliposomes (DMLs). For that purpose, the rhodamine B labeled lipid 

Rhodamine-DHPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 

rhodamine B sulfonyl) (ammonium salt) (from Avanti Polar Lipids, structure shown 

below – Fig. 1) was included the first lipid layer, while the nitrobenzoxazole labeled lipid 

NBD-C6-HPC (1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}-

sn-glycero-3-phosphocholine) (from Avanti Polar Lipids, Fig. 1) was included in the 

second lipid layer.  

For the study of the interaction of magnetoliposomes with GUVs, the former were 

labeled with both NBD-C6-HPC and the hydrophobic probe Nile Red (from Fluka, 

structure in Fig. 1). 

 

 

 

 

 

 

 

 

 

Fig. 1. Structures of the fluorescent labeled lipids and the dye Nile Red. 

Rhodamine-DHPE 

NBD-C6-HPC Nile Red 
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The fluorescence quantum yield, s, of the energy donor (in both cases, the dye 

NBD) in magnetoliposomes was determined by the standard method, equation (2) 

[40,41], 

       = [(𝐴 )(𝐴 )]          (2) 

where A is the absorbance at the excitation wavelength, F the integrated emission area 

and n the refraction index of the solvents used. Subscripts refer to the reference (r) or 

sample (s). The absorbance at the excitation wavelength was always lower than 0.1 to 

avoid the inner filter effects. The NBD-C6-HPC molecule intercalated in lipid membranes 

was used as reference, r = 0.32 at 25ºC, as reported by Invitrogen [42]. 

 

3.5 Structural and magnetic characterization 

Scanning electron microscopy (SEM) images of nickel nanoparticles and dry 

magnetoliposomes were recorded using a Scanning Electron Microscope FEI - Nova 

200 NanoSEM. The processing of SEM images was performed using ImageJ software. It 

consisted in enhancing local contrast followed by automatic local thresholding and 

particle analysis. The area of each particle allowed an estimation of the particle diameter. 

The resulting histograms were fitted to Gaussian distributions. 

Magnetic hysteresis cycles of nickel NPs were measured at room temperature in 

a Superconducting Quantum Interference Device (SQUID) magnetometer (Quantum 

Design MPMS5XL), with applied magnetic fields up to 5.5 T. 

NPs mean diameter and size distribution (polydispersity index) were measured 

using a Dynamic Light Scattering (DLS) equipment (NANO ZS Malvern Zetasizer) at 

25ºC, using a He-Ne laser of  = 632.8 nm and a detector angle of 173º. Five independent 

measurements were performed for each sample. 

The experimentally obtained intensity autocorrelation function, G(2) (), has the 

form [43,44] 

      = [ + |𝑔  | ]                    (3) 

where A is the baseline, B is a spatial coherence factor,  is the delay time, and g(1)() is 

the first-order normalized electric field time correlation function. 
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For a polydisperse system, g(1)() decays as a weighted sum of single exponentials. 

These weights are modeled by Gaussian distributions, such that  

𝑔  = ∫ ∑ 𝑎𝑖𝜎𝑖√ 𝜋𝑖∞ exp − [ − 𝑖√ 𝜎𝑖 ] exp − ⁄  ds          (4) 

where ai is the weight of each Gaussian population. 

The decay lifetime, s, depends on the translational diffusion coefficient, Dz, which 

can be related to the particle hydrodynamic diameter through the Stokes-Einstein 

equation. A “size distribution” can thus be obtained, which is represented by GI(d), as 

each particle population is weighted by the intensity of scattered light it originates. In 

order to obtain the real size distribution of the sample, in which each particle population 

is weighted by its number fraction, Gn(d), the variation of light scattering intensity with 

particle size (and shape) must be introduced [45], =             (5) 

where Is(d) is the scattered intensity per particle. 

For spherical particles, and in the case of Rayleigh regime (valid for                         𝑥 = 𝜋 ⁄ ), this factor scales with d6. For situations where the refractive index of 

the particles and the medium are similar, the Rayleigh-Gans-Debye (RGD) theory is valid 

and the scattering light intensity is proportional to the square of the particle volume and 

to a form factor, P(R) = f(R)2 [46]. For other situations, the value of Is(d) must be 

calculated using appropriate theories, such as Mie theory (spherical particles) or Aden-

Kerker theory (spherical coated particles). 

 

4. Results and discussion 
4.1 Characterization of Ni nanoparticles 

4.1.1 Absorption spectra 

Fig. 2 shows the absorption spectrum of nickel nanoparticles obtained from the 

synthesis in CTAB microemulsions, without (A) and with silica shell (B).  

Considering the reported cytotoxicity of Ni NPs for several human cell lines [47,48],  the 

presence of the silica shell could be important for biomedical applications of these 

magnetic nickel nanoparticles. As referred, the biocompatibility of silica nanoparticles 

and magnetic nanoparticles with a silica-shell was previously demonstrated [26,27].  
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The formation of Ni metal nanoparticles is confirmed by the absorption in the 

whole spectral range and plasmon absorption band at 288 nm (Fig. 2). This plasmon 

absorption band is very sensitive to the local dielectric environment and results from a 

resonant coherent oscillation of the free electrons at the surface of a spherical NP (LSPR 

- localized surface plasmon resonance) that is induced by the electromagnetic field of 

incident light [49].  

 
Fig. 2. Absorption spectra of Ni@SiO2 nanoparticles dispersed in ethanol. The Ni cores were synthesized 

in aqueous CTAB solution. A: without silica shell; B: with silica shell added to Ni NPs dispersed in 

AOT/cyclohexane using different [TEOS]/[Ni] ratios. 

Core-shell nickel nanoparticles with different silica shell sizes were formed by the 

addition of TEOS at several concentrations. A strong SPR enhancement is observed after 

coating (Fig. 2B), indicating a change in the dielectric constant of the medium 

surrounding the NPs, confirming formation of the silica shell (Fig. 2B). However, no 

further increase in absorption intensity was observed for [TEOS]/[Ni] molar ratio above 

30:1. This can be attributed to the method used for the formation of the silica shell. As 

TEOS is added to the Ni NPs dispersed in a AOT/cyclohexane solution, the sol-gel 

process occur within AOT reverse micelles. This can limit the shell growth. For gold 

nanoparticles, very small changes are observed in the plasmon band [50]. On the other 

hand, a band near 270 nm was reported for SiO2 nanoparticles obtained from sol-gel 

processing [51]. Thus, the huge absorbance increase upon coating of Ni NPs with SiO2 

should originate from absorption and/or scattering of the silica layer.    
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4.1.2 DLS measurements 

DLS measurements revealed that particles size and size distribution are influenced 

by the synthesis method. Hydrodynamic diameters of Ni NPs with different [silica]/[Ni] 

ratios and without silica shell are shown in Table 1.  

Table 1 - Hydrodynamic diameter (obtained by DLS) of Ni nanoparticles with and without silica shell, 

prepared by several synthesis methods. 

Ni NPs synthesis method [TEOS]:[Ni] Hydrodynamic diameter (nm) 

Intensity 
Distribution 

Number Distribution 

Core Shell 
thickness 

Aqueous CTAB solution 

TEOS added in AOT/cyclohexane 

0:1 88 ± 7 84 ± 7 --- 

10:1 157 ± 16 84 ± 7 34 ± 7 

30:1 175 ± 24 84 ± 7 42 ± 12 

60:1 185 ± 21 84 ± 7 48 ± 10 

Covered with one AOT layer 0:1 100 ± 9 95 ± 13 --- 

Covered with one DOPG layer 0:1 79 ± 6 76 ± 6 --- 

 

The scattered light per particle, Is(d), needed to obtain the real size distributions 

from DLS data, was calculated using the equations proposed by Aden-Kerker [52] with a 

Fortran implementation developed by Quirantes et al. [53]. Fig. 3 plots s11, an element of 

the scattering matrix (proportional to Is/I0 [46]), as function of particle diameter for 

unpolarized light of 632.8 nm at 173º scattering angle and a bulk refractive index of 

1.36042 (ethanol at 25ºC). For Ni NPs, a refractive index of m(Ni) = 1.97006 + 3.72121i 

[54] was used. In the case of Ni@SiO2 core/shell NPs, a value of 1.45702 [55] was used 

for the refractive index of silica, either considering a constant Ni core with a diameter of 

100 nm, or a constant SiO2 shell of 50 nm thickness. For vesicles, a bilayer with 5 nm 

thickness was used with a refractive index of 1.435 [56]. 

It is observed that Rayleigh regime is only valid for Ni NPs up to 20 nm diameter. 

The RGD approximation is better, but the oscillations do not occur at the same particle 

sizes and the minima are much more pronounced. In the case of vesicles, the RGD 

approximation is quite good. 

The number weighted size distributions could then be obtained by fitting a 

Gaussian distribution to the calculated Gn(d) from equation (5). In the case of Ni@SiO2, 

a Gaussian shell size distribution was considered superimposed on the distribution 
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obtained for bare Ni NPs and a sum was calculated for different particles having the same 

total diameter. The results of this procedure are shown in Table 1 and the recovered mean 

size are approximately 4 nm less than those obtained from intensity weighted size 

distributions, GI(d). The eventual effect of the ~2nm AOT or DOPG overcoat was not 

considered. 

 

Figure 3. S11 scattering matrix element for Ni NPs, Ni@SiO2 NPs and vesicles. 

Comparing the hydrodynamic diameter of Ni NPs with and without silica shell, it 

is possible to confirm the formation of the shell based on size increase with the 

[TEOS]/[Ni] ratio. Above [TEOS]:[Ni] = 30:1, the increase of the shell size is smaller, 

which can be caused by the limited space of the water pools inside AOT reverse micelles 

(as already referred), that in fact control the particles size. Core/shell nanoparticles are 

generally more polydisperse, as inferred from a larger size distribution. 

The smallest particles, with hydrodynamic diameters in the order of 80 nm and 

narrow size distribution, were obtained from the synthesis of NPs (without silica shell) 

covered with a layer of the phospholipid DOPG. This shows that the lipid layer 

contributes to avoid particle aggregation and to reduce size and polydispersity. However, 

some degree of aggregation is expected in these systems, as the lipid/surfactant layer is 

supposed to have the hydrophobic chains turned to the outer phase. 

 

4.1.3 SEM microscopy 

Scanning Electron Microscopy (SEM) allow the direct observation of 2D 

projections of NPs structure, surface morphology and size. SEM images generally 
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revealed nanoparticles with radius lower than 100 nm for almost all the synthesis methods 

employed. The NPs synthesized in CTAB aqueous solution revealed diameters between 

63.4 and 104 nm (Fig. 4), with a size distribution of 66 ± 24 nm obtained from the 

histogram of image B. This result is slightly lower than the size distribution obtained from 

DLS measurements, indicating particle dimerization in aqueous media. Phase contrast 

SEM images (Fig. 4C versus Fig. 4D) confirmed that the particles obtained are metal 

nanoparticles.  

 
  

 

Fig. 4. SEM images of nickel nanoparticles synthesized in CTAB aqueous solution with citric acid (1:0.75), 

at different amplifications. Inset: Particles size histogram of image B and fitting to a Gaussian distribution. 

The increase in size of the shell is proportional to TEOS concentration and is 

dependent on the synthesis process (Fig. 5). As referred, two processes were used for the 

coating with silica shell. In the first, TEOS was added in an AOT solution in cyclohexane, 

and the shell growth is controlled by the size of water pools of AOT reverse micelles. In 

the second, shell growth is not limited, as TEOS is added in ethanol together with a 

binding agent (MDA). A disadvantage of the first method is the low NPs concentration 

obtained (Fig. 5A). As expected, the second method yields particles with a much larger 

silica shell, attaining more than 400 nm diameter for high [TEOS]/[Ni] ratio (Fig. 5B).  
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Fig. 5. SEM images of nickel nanoparticles coated with silica shell. A: [TEOS]/[Ni] = 5:1 (TEOS added in 

AOT/cyclohexane solution); B: [TEOS]/[Ni] = 42:1 (TEOS added in ethanol solution with MDA). 

 

4.1.4 Magnetic Properties 

The magnetic properties of the nanoparticles synthesized in CTAB aqueous 

solution were characterized by measuring their corresponding magnetic hysteresis loop, 

which shows the relationship between the induced magnetic moment and the applied 

magnetic field (H). Fig. 6 shows the hysteresis cycle measured on the prepared nickel 

nanoparticles. Typical ferromagnetic properties were observed, reaching the saturation at 

about 1 kOe (0.1 T). The nickel nanoparticles exhibit some slight hysteresis (Fig. 6B), 

indicating an oxidation of the particles, with the formation of a NiO (antiferromagnetic) 

surface layer around the metallic particles. In fact, the obtained hysteresis loop (Fig. 6A) 

is identical to the one previously reported for Ni NPs with a NiO layer [57]. The coercive 

field of the Ni NPs is 80 Oe (Fig. 6B – point c) and is lower than the value reported, at 

room temperature, for NPs with NiO layer prepared by similar methods, which indicates 

a smaller amount of nickel oxidation on our prepared particles. 

 
Fig. 6. A: Magnetization hysteresis cycle of the nickel nanoparticles at room temperature. B: Enlargement 

of the hysteresis loop of Figure 6A, in the low field region. 
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In order to estimate the thickness of the NiO layer from the magnetic hysteresis 

cycles, the particles were considered to have a well ordered Ni core covered by a non-

magnetic NiO shell (with thickness ) that acted as a magnetic “dead layer” [58]. In this 

respect, the measured saturation magnetization (Ms) of the particles is proportional to the 

volume fraction of the core, which carries the spontaneous magnetization. If the shell 

thickness  is small, then the saturation magnetization can be determined, to first order, 

by [58] 

           = − 𝛿𝐷
                  

(6) 

where D is the particle diameter and Ms0 is the saturation magnetization for a bulk Ni 

sample (Ms0 = 55 emu/g). Here, for particles with diameter of 84 nm and with Ms = 51.2 

emu/g, the obtained NiO layer thickness is  = 1.1 nm, which corresponds to about 3 unit 

cells. This shows that the synthesis of Ni particles using the cationic surfactant CTAB 

allows attaining an improvement of the NPs magnetic properties, relative to previous 

methods employing Triton X-100 as surfactant [57]. 

 

4.2 Characterization of magnetoliposomes 

4.2.1 FRET assays in DMLs 

As described in the Experimental Section, two types of magnetoliposomes were 

synthesized, aqueous magnetoliposomes (AMLs) and dry magnetoliposomes (DMLs). In 

DMLs, clusters of magnetic nanoparticles were covered by the double chain surfactant 

AOT or the anionic phospholipid DOPG. The coating by a double lipid (or surfactant) 

layer was confirmed by FRET assays. The NDB labeled lipid NBD-C6-HPC, included in 

the second lipid layer of the DMLs, acts as energy donor, while the labeled lipid 

Rhodamine B-DHPE was included in the first lipid/surfactant layer, acting as energy 

acceptor. 

Fig. 7 presents evidence for FRET occurrence between NBD and Rhodamine 

(Rh). Inset illustrates the spectral overlap between the emission of the donor (NBD) and 

the absorption of the acceptor (Rhodamine B), indispensable condition for FRET to occur. 

Fluorescence spectra of DMLs containing only donor or acceptor and DMLs containing 

both labeled lipids were measured, exciting only the donor NBD ( exc = 465 nm), at the 

same dilution factor. As expected, characteristic NBD emission ( em = 520 nm) is detected 

for DMLs labeled only with NBD-C6-HPC, while negligible fluorescence is observed for 



 _____Chapter 2 
 
 

- 78 -  
the DMLs containing only Rhodamine-DHPE. It is possible to verify that for DMLs with 

both donor and acceptor molecules, the emission in the NBD-C6-HPC region notably 

decreases, with a strong rise in the Rhodamine B region, proving the formation of the 

second lipid layer in DMLs. 

 

Fig. 7. Fluorescence spectra (exc = 465 nm, no Rhodamine excitation) of DMLs covered with AOT labeled 

with only NBD-C6-HPC (110-2 µM); DMLs labeled with only Rhodamine B-DHPE (110-2 µM) and 

DMLs labeled with both NBD-C6-HPC (110-2 µM) and Rhodamine B-DHPE (110-2 µM). Inset: Spectral 

overlap (spectra are normalized) between the fluorescence emission of the donor (NBD-C6-HPC) and the 

absorption of the acceptor (Rhodamine B-DHPE). 

Using the standard method, the fluorescence quantum yield of the donor in 

magnetoliposomes (in the absence of acceptor) was determined as D = 0.185. FRET 

measurements revealed an energy transfer efficiency of 31%, with a corresponding donor-

acceptor distance of 7.6 nm. Cell membrane has a typical thickness of 7 to 9 nm [59]. 

Therefore, these results clearly indicate that the labeled lipids Rhodamine B-DHPE and 

NBD-C6-HPC are placed in the first and second lipid layer, respectively, in the structures 

formed. This confirms the structure of lipid bilayer around nickel nanoparticles and the 

synthesis of DMLs. 

 

4.2.2 SEM microscopy and DLS measurements 

Dry magnetoliposomes (DMLs) can be observed by SEM microscopy, as their 

structure does not present an inner water pool. On the contrary, the structure of aqueous 

magnetoliposomes (AMLs) is destroyed by the vacuum system used in SEM.  
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The sizes of AMLs, prepared by using either DPPC or Egg-PC phospholipids, 

were determined by DLS (Table 2). The size of liposomes (without Ni NPs) is also shown, 

for comparison. 

As previously reported, the size of Egg-PC liposomes is usually smaller than the 

one for DPPC liposomes prepared by the same technique (ethanolic injection) [60]. The 

results on Table 2 show that the presence of Ni nanoparticles contributes to a diameter 

increase relative to liposomes without NPs, this effect being more significant in DPPC 

magnetoliposomes.  

The entrapment of core/shell Ni/silica nanoparticles in liposomes contribute 

definitely to avoid particle aggregation, as the measured mean diameters are significantly 

lower for AMLs than for the corresponding nanoparticles (Table 1). Comparing both lipid 

systems, the Egg-PC AMLs are more promising for applications in drug transport and 

delivery, considering their size and size distribution. 

SEM micrographs of DMLs of Ni nanoparticles covered by a double layer of the 

anionic surfactant AOT or of the phospholipid DOPG are presented in Figures 8 and 9, 

respectively. Fig. 8B shows AOT DMLs with size varying between 58 and 76 nm, with a 

relatively low polydispersity. From the fit to a Gaussian distribution of the particles size 

histogram obtained from the image processing of Figure 8A (Fig. 8 - inset), a particle 

diameter of 67 ± 26 nm was calculated. DLS measurements allowed to determine a 

hydrodynamic diameter of 115 ± 26 nm, pointing to extended aggregation in aqueous 

media.  

Table 2 - Hydrodynamic diameter (obtained by DLS) of aqueous magnetoliposomes incorporating Ni NPs 

with and without silica shell. 

Phospholipid [TEOS]:[Ni] Hydrodynamic diameter (nm) 

Intensity 
distribution 

Number distribution 

(fixed shell of 5 nm 
thickness) 

Egg-PC without NPs 92 ± 10  90 ± 7 

0:1 103 ± 20 --- 

10:1 126 ± 33 --- 

20:1 135 ± 34 --- 

DPPC without NPs 115 ± 12 113 ± 9 

0:1 146 ± 34 --- 

20:1 175 ± 23 --- 
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Fig. 8. SEM images of dry magnetoliposomes of nickel nanoparticles (without silica shell) covered by an 

AOT surfactant double layer. Inset: Particles size histogram of image A and fitting to a Gaussian 

distribution. 

 

 

  

Fig. 9. SEM images of dry magnetoliposomes of nickel nanoparticles covered by a DOPG lipid bilayer. 

Inset: Particles size histogram of image A and fitting to a Gaussian distribution. 

SEM results revealed that the DOPG DMLs are approximately monodisperse (Fig. 

9B), with size around 76 nm. The fit to a Gaussian distribution of the particles size 

histogram obtained from SEM images (Fig. 9A) allowed determining a diameter of           

65 ± 28 nm. DLS measurements revealed one population with a hydrodynamic diameter 

of 98 ± 16 nm, pointing again to some dimerization in aqueous media.  

These results are promising for future application of DMLs as drug 

transport/delivery systems, specially the DOPG-based system, as its size is below 100 nm 

with a narrow size distribution. 
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4.3 Interaction of magnetoliposomes with giant unilamellar vesicles (GUVs) 

Non-specific interactions of the aqueous magnetoliposomes (AMLs) with giant 

unilamellar vesicles (GUVs), models of cell membranes, were also evaluated by FRET. 

For that purpose, the labeled lipid NBD-C6-HPC was included in Egg-PC AMLs, acting 

as energy donor, while the hydrophobic probe Nile Red, also incorporated in AMLs, acts 

as acceptor.  

Nile Red is a well-known solvatochromic probe, which in polar media exhibits a 

red shift in the emission maximum, together with fluorescence quenching. Owing to its 

capability to establish H-bonds with protic solvents, Nile Red fluorescence in water is 

very weak and red shifted (max ~660 nm) [61]. Nile Red has been used as a lipid probe, 

due to its hydrophobic nature [62-65]. 

The significant overlap between NBD-C6-HPC emission band and Nile Red 

absorption spectrum (Fig. 10 – inset) indicates that FRET process between these two 

fluorescent molecules is expected to be efficient, if the donor-acceptor distance is below 

100 Å [39]. In fact, when both fluorophores are incorporated in magnetoliposomes at 

appropriate surface densities, efficient energy transfer is observed, exciting only the 

donor (NBD) (Fig. 10).  

 

Fig. 10. Fluorescence spectra (exc = 400 nm) of AMLs of Egg-PC and Ni/silica core/shell NPs containing 

both NBD-C6-HPC (10-6 M) and Nile Red (210-6 M), before and after interaction with GUVs. Inset: 

Spectral overlap (spectra are normalized) between the fluorescence emission of the donor (NBD-C6-HPC) 

and the absorption of the acceptor (Nile Red). 
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Two fluorescence bands are observed, the first (max = 535 nm) corresponding to 

NBD-C6-HPC emission and the second one to Nile Red, with maximum at 630 nm. This 

second band arises from the energy transfer of excited NBD molecules to Nile Red. When 

the magnetoliposomes interact with GUVs, if fusion occurs, a larger membrane is formed 

[66]. This leads to an increase in the donor-acceptor distance and a corresponding 

decrease in the energy transfer efficiency from the NBD moieties, as is experimentally 

observed. These experimental results are consistent with membrane fusion between the 

AMLs and GUVs. This process of membrane fusion is illustrated in Fig. 11. Thus, a 

proof-of-concept is presented in this work, allowing to conclude that both aqueous and 

dry magnetoliposomes may be used as drug transport and delivery systems, as they can 

be guided with a magnetic field and can release the encapsulated drugs by fusion with the 

cell membrane. 

 

Fig. 11. Schematic illustration of the fusion between the GUVs and magnetoliposomes labeled with both 

NBD-C6-HPC and Nile Red. 
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5. Conclusions 

In this work, magnetic nickel nanoparticles were successfully synthesized using 

microheterogeneous templating media.  

SQUID measurements of Ni NPs synthesized in CTAB aqueous solution allowed 

to determine a coercive field of 80 Oe.  

Nickel nanoparticles were successfully encapsulated into liposomes, forming 

aqueous (AMLs) or dry magnetoliposomes (DMLs). DMLs with AOT surfactant or 

DOPG double chain present low polydispersity and mean diameter lower than 100 nm, 

essential for in vivo applications. FRET measurements point to membrane fusion between 

the magnetoliposomes and models of cell membranes (GUVs). 

These results may be important for future drug delivery applications of antitumor 

drugs using magnetoliposomes for encapsulation and transport of antitumor drugs and 

taking advantage of the possibilities of hyperthermia.  
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1. Abstract 

Nickel ferrite nanoparticles with superparamagnetic behavior at room 

temperature were synthesized by a coprecipitation method. These magnetic nanoparticles 

were either covered with a lipid bilayer, forming dry magnetic liposomes (DMLs), or 

entrapped in liposomes, originating aqueous magnetoliposomes (AMLs). A new and 

promising method for the synthesis of DMLs is described. The presence of the lipid 

bilayer in DMLs was confirmed by FRET (Förster Resonance Energy Transfer) 

measurements between the fluorescent-labeled lipids NBD-C12-HPC (NBD acting as 

donor) included in the second lipid layer and rhodamine B-DOPE (acceptor) in the first 

lipid layer. An average donor-acceptor distance of 3 nm was estimated. Assays of the 

non-specific interactions of magnetoliposomes with biological membranes (modeled 

using giant unilamellar vesicles, GUVs) were performed. Membrane fusion between both 

aqueous and dry magnetoliposomes and GUVs was confirmed by FRET, which is an 

important result regarding applications of these systems both as hyperthermia agents and 

antitumor drug nanocarriers.  

 

2. Introduction 

   Guided transport of biologically active substances to target specific sites in human 

body has been a focus of research in therapeutics in the past years. Most of the active 

molecules used in therapy are toxic and cause systemic side effects.1,2 In chemotherapy, 

for example, the dosage used of active molecules is often selected by how much a patient 

can physically withstand rather than by how much is needed to treatment. Typically, in 

conventional chemotherapy, less than 0.1% of the drugs are taken up by tumor cells and 

the remaining 99.9% attack healthy tissues, making the efficiency of the treatment being 

compromised from the outset.3-5 The ability to guide transported drugs and focus the 

active molecules to specific sites in the human body can overcome systemic toxicity 

problems, allow a lower drug dosage and a more efficient treatment not only in cancer, 

but also in other diseases. 

Magnetic nanoparticles (MNPs) offer major advantages due to their unique size 

and physicochemical and magnetic properties, making them suitable to be guided and 

localized to therapeutic sites of interest by external magnetic field gradients and used in 

cancer treatment by hyperthermia.6,7 In biomedical applications, iron oxide and ferrite 
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nanoparticles have been widely used because of their outstanding properties, such as 

superparamagnetic behaviour, high saturation magnetization and excellent chemical 

stability.8,9 The preparation methods will determine their final shape, size distribution, 

surface chemistry and magnetic properties.10,11 However, magnetic nanoparticles have the 

tendency to agglomerate and form sediments which could be a safety concern.12 Many 

coating systems, such as liposomes,13 polymers14 and hydrogels15 have been studied to 

overcome this problem. Liposomes have been proposed as an ideal encapsulation system, 

as they can be made of natural nontoxic molecules and can encapsulate both lipophilic 

and hydrophilic compounds in their lipid bilayer and aqueous core, respectively. 

Encapsulating magnetic nanoparticles in liposomes will preserve the magnetic properties 

and improve pharmacokinetics.16 

Nickel is considered a metal of biological interest, as it presents magnetic 

properties at room temperature. However, its toxicity and high reactivity make pure nickel 

nanoparticles not suitable for biomedical applications. The coating of nickel nanoparticles 

with a silica shell17 or the use of nickel ferrite nanoparticles have been proposed, the latter 

being generally less cytotoxic for HeLa cells than cobalt or zinc ferrites.18,19 

In this work, nickel ferrite nanoparticles (NPs) were synthesized and 

characterized. These NPs were either entrapped in liposomes, originating aqueous 

magnetoliposomes (AMLs), or covered with a lipid bilayer, forming dry 

magnetoliposomes (DMLs), the last ones prepared by a new promising route. The 

interaction between the prepared magnetoliposomes and models of cell membranes (giant 

unilamellar vesicles, GUVs) was also evaluated using FRET (Förster Resonance Energy 

Transfer), keeping in mind future applications of drug delivery using this type of magnetic 

systems. 

 

3. Experimental  

  All the solutions were prepared using spectroscopic grade solvents and ultrapure 

water (Milli-Q grade).  

 

3.1 Preparation of nickel ferrite nanoparticles (NPs)  

 NiFe2O4 NPs were obtained by a co-precipitation method in 5 mL aqueous 

solution, by reacting 1 mL of NiCl2 (1 M) and 2 mL of FeCl3.6H2O (1 M) with 1.818 mL 
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of sodium hydroxide (18.94 M). After 40 minutes at 80ºC, under magnetic stirring, 

NiFe2O4 NPs were formed. 

  Citric acid (Merck) was added in some assays in a molar ratio 1:1, as it prevents 

nanoparticles aggregation and can preserve monodispersity.9 Some of the particles, after 

several cycles of centrifugation and aqueous redispersion, were subjected to calcination 

using different temperatures and calcination times. 

 

3.2 Preparation of magnetoliposomes 

Aqueous magnetoliposomes (AMLs) are formed by the encapsulation of the 

synthesized magnetic NPs in liposomes. Egg yolk phosphatidylcholine (Egg-PC), from 

Sigma-Aldrich, was used for lipid vesicle formation. A 10 mM Egg-PC solution in 

ethanol was injected, under vigorous vortexing, to an aqueous solution of NPs (ethanolic 

injection method).20 After encapsulation, the ferrofluid was washed with water and 

purified by ultracentrifugation to remove all the non-encapsulated NPs. 

A new route for the synthesis of dry magnetoliposomes (DMLs) was developed. 

First, 15 L of the NiFe2O4 NPs aqueous dispersion obtained in 3.1 was diluted with           

3 mL of water and centrifuged. Then, the deposited particles were dispersed in 70 L 

water in an ultrasonicator, for one minute at 189 W, and 3 mL of chloroform were added. 

After vigorous agitation, 300 L of a 20 mM methanolic solution of 1,2-dioleoyl-sn-

glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (DOPG, from Sigma-Aldrich) were 

added under vortexing, to form the first lipid layer of the DMLs. The particles were 

washed twice by centrifugation with a mixed solution of methanol/acetone 1:1 (v/v), in 

order to remove all the lipid that was not attached to the NPs. The second lipid layer was 

then formed by the injection of 300 L of DOPG (20 mM), under vortexing, in a 3 mL 

aqueous dispersion of the particles with the first layer. This second step is analogous to 

the build-up of the second lipid layer in the already reported DMLs synthesis method.21 

The resulting DMLs were then washed and purified with pure water by centrifugation in 

order to preserve their structure. 

For comparison with this new method, dry magnetoliposomes were also 

synthesized by the method previously described.21 

 

3.3 Preparation of Giant Unilamellar Vesicles (GUVs) 

Soybean lecithin (L-α-Phosphatidylcholine), from Sigma-Aldrich, was used for 

GUVs preparation, using a procedure previously described.22,23 100 L of soybean 
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lecithin (1 mM) were dried under an argon stream to produce a thin and homogeneous 

lipid film. 40 L of water were added to the film and it was incubated at 45ºC for                 

30 minutes. Next, 3 mL of 0.1 M glucose solution were added and the resulting mixture 

was again incubated at 37ºC for 2 hours. Finally, after incubation, the GUVs suspension 

was centrifuged at 14000 g for 30 minutes at 20ºC, to remove multilamellar vesicles and 

lipid aggregates. 

 

3.4 Spectroscopic measurements  

3.4.1 General methods 

Absorption spectra were recorded in a Shimadzu UV-3101PC UV-vis-NIR 

spectrophotometer. Fluorescence measurements were performed using a Fluorolog 3 

spectrofluorimeter, equipped with double monochromators in both excitation and 

emission and a temperature controlled cuvette holder. Fluorescence spectra were 

corrected for the instrumental response of the system.  

3.4.2 FRET measurements  

The interaction of aqueous magnetoliposomes with models of biological 

membranes (GUVs) was evaluated by Förster Resonance Energy Transfer (FRET). 

Magnetoliposomes were labeled with both NBD-C12-HPC (1-palmitoyl-2-{12-[(7-nitro-

2-1,3-benzoxadiazol-4-yl)amino]hexa- noyl}-sn-glycero-3-phosphocholine, from Avanti 

Polar Lipids, structure in Fig. 1), acting as energy donor, and the hydrophobic probe Nile 

Red (from Fluka, structure also shown in Fig. 1) as energy acceptor. FRET efficiency, 

ΦRET, defined as the proportion of donor molecules that have transferred their excess 

energy to acceptor molecules, can be obtained by taking the ratio of the donor integrated 

fluorescence intensities in the presence of acceptor (FDA) and in the absence of acceptor 

(FD) (eqn (1)),24 

ΦRET = 1 -                                       (1) 

 The distance between donor and acceptor molecules can be determined through 

the FRET efficiency (eqn (2)),  

= . [ −ΦR TΦR T ] ⁄
                            (2) 
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where R0 is the Förster radius (critical distance), that can be obtained by the spectral 

overlap, J( ), between the donor emission and the acceptor absorption, according to eqn 

(3) and (4) (with R0 in Å,  in nm, A() in M-1 cm-1),24 

 = . 8[ 𝐷 − ] ⁄
                            (3) 

= ∫ 𝐷∞ 𝜀𝐴                            (4) 

where = ⁄  is the orientational factor assuming random orientation of the dyes, Φ𝐷 

is the fluorescence quantum yield of the donor in the absence of energy transfer, n is the 

refraction index of the medium, ID( ) is the fluorescence spectrum of the donor 

normalized so that ∫ 𝐷∞ = , and A( ) is the molar absorption coefficient of the 

acceptor. 

FRET assays were also employed to confirm the formation of the lipid bilayer in 

the dry magnetoliposomes (DMLs). The rhodamine B labeled lipid N-(lissamine 

Rhodamine B sulfonyl)-1,2-dioleoyl-sn-3-phosphatidylethanolamine (Rh-DOPE) 

(ammonium salt) (from Avanti Polar Lipids, structure in Fig. 1) was included in the first 

lipid layer (acting as energy acceptor), while the nitrobenzoxazole labeled lipid NBD-

C12-HPC was included in the second lipid layer (energy donor). 

The fluorescence quantum yield, s, of the energy donor (the dye NBD) in 

magnetoliposomes was determined by the standard method (eqn (5)),25,26 

 = [(𝐴 )(𝐴 )]                                                   (5)  

where A is the absorbance at the excitation wavelength, F the integrated emission area 

and n is the refraction index of the solvents. Subscripts refer to the reference (r) or sample 

(s) compound. The absorbance value at excitation wavelength was always less than 0.1, 

in order to avoid inner filter effects. The NBD-C12-HPC fluorescent labeled lipid 

incorporated in lipid membranes was used as reference, r = 0.32 at 25ºC, as reported by 

Invitrogen.27 
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Fig. 1 Structures of the fluorescent labeled lipids and the dye Nile Red. 

 

3.5 Structural characterization 

3.5.1 Transmission electron microscopy (TEM) 

HR-TEM images of nickel ferrite nanoparticles were recorded using a 

Transmission Electron Microscope JEOL JEM 2010F operating at 200 kV coupled to an 

Electron Dispersive Spectroscopic analyzer (EDS) at C.A.C.T.I (Centro de Apoio 

Científico e Tecnolóxico á Investigación), Vigo, Spain. The processing of TEM images 

was performed using ImageJ software. It consisted in enhancing local contrast followed 

by automatic local thresholding and particle analysis. The area of each particle allowed 

an estimation of the particle diameter. The resulting histograms were fitted to Gaussian 

distributions. 

 Diffraction pattern indexing was made using the relationship between the R ratio 

and the Miller indices, hkl. For a cubic crystal, the following holds 

𝑅𝑅 = ℎ + + ⁄ℎ + + ⁄              (6) 

 
 

3.5.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) images of dry magnetoliposomes were 

recorded using a Scanning Electron Microscope FEI - Nova 200 NanoSEM. For the 

negative staining procedure, a 2% aqueous solution of ammonium molybdate tetrahydrate 

(from Sigma-Aldrich) was prepared. Then, 20 L of sample and 20 L of staining solution 

were mixed and a drop of this mixture was placed onto the Formvar grid, held by 

Rhodamine-DHPE 

NBD-C6-HPC Nile Red 
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tweezers. After 20 seconds, almost all the solution was removed with filter paper and left 

dry. 

 

3.5.3 X-Ray Diffraction (XRD) and DLS measurements  

  X-Ray Diffraction (XRD) analyses were performed using a conventional Philips 

PW 1710 diffractometer, operating with Cu Kα radiation, in a Bragg-Brentano 

configuration.  

  The mean diameter and size distribution of the magnetic liposomes were measured 

using a Dynamic Light Scattering (DLS) equipment (NANO ZS Malvern Zetasizer) at 

25ºC, using a He-Ne laser of 633 nm and a detector angle of 173º. Five independent 

measurements were performed for each sample. The data analysis was performed using 

the method previously described.17 

 

3.6 Magnetic measurements 

3.6.1 General methods 

  Magnetic measurements were performed at room temperature in a 

Superconducting Quantum Interference Device(SQUID) magnetometer (Quantum 

Design MPMS5XL), using applied magnetic fields up to 5.5 T. 

 

3.6.1.1 Temperature dependence of the magnetization and magnetic hysteresis 

cycles  

The temperature dependence of the magnetization was measured in the 

temperature range from 5 K to 380 K. The curves were obtained by initially cooling the 

sample under an applied magnetic field of H = 100 Oe (field cooled, FC) and then 

measuring its magnetization with increasing temperature (applied field of H = 50 Oe). 

Subsequently, after reaching 380 K, the sample was re-cooled, this time with no applied 

magnetic field (zero-field-cooled, ZFC) and the magnetization measurements were again 

performed with increasing temperature, under the same magnetic field of H = 50 Oe. 

From the behavior of the FC and ZFC curves, the blocking temperature (TB) of the 

superparamagnetic nanoparticles can be obtained.28 The magnetization hysteresis loop 

measurements were made by fixing the temperature and measuring the magnetization at 

a series of different applied magnetic fields. This type of study gives information about 

the maximum magnetization and the degree at which the sample remains magnetized 
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when the applied field is removed, and how easily the sample magnetization can be 

reversed, the so-called coercive field. 

 

4. Results and Discussion 

4.1 Nanoparticles characterization 

4.1.1 UV-Visible Absorption Spectra  

  Fig. 2 shows the UV-Visible absorption spectra of the synthesized nickel ferrite 

NPs. For small metal particles (size below 20 nm), the absorption process dominates and 

a single band around 355 nm is usually observed, while, when size increases, light 

scattering becomes dominant. The importance of light absorption over scattering depends, 

not only on NPs size, but also on their shape, composition and environment.29 The 

absorption band observed around 355 nm, before and after calcination, confirmed the 

metal oxide nature of the NPs (Fig. 2). After calcination, a higher dispersion was 

observed, that is consistent with a size increase upon calcination.30 

 
Fig. 2 UV-Visible absorption spectra of NiFe2O4 particles synthesized by the coprecipitation method, 

before and after calcination at 800ºC for 2 hours. 

 

4.1.2 XRD analysis 

  The synthesis of the nickel ferrite NPs was confirmed by XRD analysis (Fig. 3). 

NiFe2O4 XRD pattern shows that nanoparticle calcination is required to obtain a 

crystalline phase of nickel ferrite spinel. All the characteristic peaks for a pure crystalline 

phase of nickel ferrite spinel, marked by their indices, are shown in Fig. 3. Additional 
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peaks are observed, indicating the presence of other crystalline phases. One possible 

phase is the orthorhombic sodium ferric dioxide ( -NaFeO2, group Pn21a, CIF 1008191)31 

and the corresponding peaks are identified in Fig. 3 with a ▼ symbol. This phase can be 

obtained either through a high temperature solid reaction31 or by solvo thermal method,32 

and its presence is possible because a high concentration of sodium hydroxide was used 

in the experimental procedure for NiFe2O4 synthesis. In order to obtain a good fit of the 

diffractogram through Rietveld analysis using FullProf software,33 it was necessary to 

include yet another phase, which was nickel oxide (NiO, space group Fm3m, CIF 

1010381). This phase has diffraction peaks that overlap the NiFe2O4 spinel phase (space 

group Fd-3m) and are indicated in Fig. 3 with a ▽ symbol.  

  A good fit was obtained, as it can be observed in the residuals in Fig. 3. The 

reduced χ2 obtained was 1.75 and the Bragg reliability factors, RF, were 1.99, 4.77 and 

2.5 for NiFe2O4, -NaFeO2 and NiO, respectively. This result was obtained by 

optimization of the isotropic thermal factor (Biso) of each atom. Some negative values 

were obtained, that can be explained by surface roughness effects34 (full details of the 

Rietveld optimization procedure are included in Supplementary Information). 

 
Fig. 3  XRD pattern of the NiFe2O4 NPs, before and after calcination at 800ºC. (▼) -FeNaO2 phase;                

(▽) NiO phase. Inset: XRD pattern before calcination. 

Fixing those parameters to zero, resulted in a slightly worse optimization with χ2 

of 2.43 and RF factors of 3.75, 7.03 and 3.62 for the included phases in the same order. 
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The obtained fractional contribution of each phase and the estimated size are indicated in 

Table 1. 

Table 1  Selected Rietveld analysis parameters. 

Phase Biso factors 
Scale 

Factor 
ATZ Volume (Å3) 

Fractional 
Contribution 

(%) 

Size 
(nm) 

NiFe2O4 
Optimized 1.72×10-7 

1080076.5 
579.048 67.2 13.2 

Fixed 1.99×10-7 578.819 69.8 13.4 

NaFeO2 
Optimized 3.17×10-4 

443.34 
216.802 19.1 37.5 

Fixed 3.25×10-4 216.693 17.5 37.9 

NiO 
Optimized 4.38×10-7 

688429.69 
72.945 13.7 19.0 

Fixed 5.51×10-7 72.912 12.7 17.5 

 

The results in Fig. 3 and Table 1 correspond to an inverted spinel structure 

(FeTdNiOhFeOhO4, Oh and Td representing, respectively, octahedral and tetrahedral sites). 

Defining the cation ordering in the spinel structure with a ferrite of type                           

NiTd
(1-i)FeTd

iNiOh
iFeOh

(2-i), the Rietveld optimization resulted in a i = 0.76 with χ2 of 1.74 

and RF factors of 1.85, 4.80 and 2.52 for the included phases in the same order. Although 

the fitting of the XRD pattern did not improved much, the RF of the NiFe2O4 improved 

significantly. In bulk form, nickel ferrite is a totally inverted spinel, i = 1.35 At the 

nanoscale, values of i = 0.9 were reported for 34 nm nanoparticles,36 but the bulk value 

was retained for particles of 40 nm size.37 

 

4.1.3 TEM images and elemental analysis  

  TEM images (Fig. 4) revealed that the synthesized NPs have diameters on the 

order of tens of nanometers, with a size distribution of 11 ± 5 nm, obtained from the 

histogram (Fig. 4B) of the image in Fig. 4A. This result is roughly in accordance with the 

values estimated by the Langevin function (see below) and with the estimated value from 

XRD measurements.  

  EDAX elemental analysis confirmed the presence of Ni, Fe and O elements in an 

atomic proportion near the calculated values for NiFe2O4 (Fig. 5, Table 2). Besides X-ray 

emission from Cu and C that originates from the TEM grid, additional peaks due to Na 

and Si are also observed (Fig. 5).  
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Fig. 4 TEM images (A and C) of the synthesized NiFe2O4 NPs, calcinated at 800ºC, at different 

amplifications. B: Particles size histogram of image A and fitting to a Gaussian distribution.                               

D: Corresponding electron diffraction pattern. 

 

 

Fig. 5 EDAX elemental analysis of area corresponding to Fig. 4C. 
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Table 2  EDAX atomic percentages considering only Ni, Fe and O contributions and comparison with the 

values predicted for NiFe2O4 NPs. 

Element EDAX atomic (%) Calculated atomic (%) 

Ni 15.6 14.3 

Fe 24.1 28.6 

O 60.3 57.1 

  

  The former confirms the presence of NaFeO2 and the latter probably originates 

from SiO2, which results from the etching of the glass of test tubes in which the 

nanoparticles synthesis was conducted, at conditions of high pH and temperature. As no 

SiO2 phase was detected by XRD, either the SiO2 phase is amorphous or its overall 

amount is too low to be detected by XRD.   

The selected area recorded electron diffraction pattern (Fig. 4D) indicates the good 

crystalline nature of the material. An interlattice plane distance of 0.29 nm, which 

corresponds to (2 2 0) plane, was calculated. Nickel ferrite nanoparticles have inverse 

spinel structure with a face centered cubic crystal structure. The identified planes (2 2 0), 

(3 1 1), (4 0 0), (3 3 3) + (5 1 1), and (4 4 0), from inside to outside, are in accordance 

with a face-centered cubic lattice of the spinel ferrite structure.38 

  TEM images on other sample regions allowed the detection of other type of 

particles, with a larger size (~200 nm) (Fig. S1 in Supplementary Information). The 

EDAX analysis in that region is compatible with the presence of NiO particles (Fig. S2 

in Supplementary Information). Interestingly, no sodium was detected and the quantity 

of Si is much less than in the EDAX analysis from Fig. 4C. 

 

4.1.4 Magnetic properties 

  Nickel ferrite NPs are soft ferromagnetic particles and their magnetic behavior 

depends on the synthesis method and particle size.39,40 Fig. 6 shows the hysteresis loop of 

NiFe2O4 NPs after calcination at room temperature. A small hysteresis is observed, with 

a coercive field of 12 Oe. The presence of superparamagnetic behavior can be related to 

the magnetic squareness value of the hysteresis cycle, which is the ratio between the 

residual magnetizations (Mr) and the saturated magnetization (Ms). Magnetic squareness 

values indicative of superparamagnetism are of the order or below 0.1, meaning the loss 

of more than 90% of the magnetism on removal of the applied magnetic field.19,41 Here, 

the obtained magnetic squareness value for the nanoparticles is 7.2×10-5 which indicates 

that the synthesized NiFe2O4 nanoparticles present a superparamagnetic behavior at room 
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temperature. Additionally, the magnetization of NiFe2O4 NPs does not saturate up to the 

maximum field that was applied, as shown on Fig. 6, reaching 23.54 emu/g at an applied 

field of 5 T. This value is somewhat below the saturation value for bulk Ni ferrite (50 

emu/g at 20ºC)42 and this behavior can be attributed to the presence of the -NaFeO2 and 

NiO residual phases observed on the XRD results. -NaFeO2 is a weak ferromagnetic 

material at room temperature, with a magnetic moment per unit cell of 5×10-4 B,31 while 

NiO is antiferromagnetic.42 Thus, their presence on the samples then gives rise to a 

somewhat lower overall magnetization, as compared to a fully NiFe2O4 one. 

 
Fig. 6 Magnetic moment per gram of NiFe2O4 NPs (synthesized in the presence of citric acid, calcinated at 

800ºC) versus applied magnetic field. Inset: Hysteresis loop at room temperature.  For a superparamagnet, the temperature dependence of the zero-field-cooling and 

field-cooling magnetization curves present a different behavior. Starting from the low 

temperatures on the ZFC curve, as the temperature increases the blocked magnetic 

moments align with the applied measuring magnetic field, leading to an initial increase 

of the sample magnetization. However, as soon as thermal fluctuations are able to allow 

the moments to overcome the magnetic anisotropy energy barrier, the thermal 

randomization of the intraparticles magnetic moments produces a subsequent decrease of 

the magnetization curve, with increasing temperature. In this way, the zero-field-cooling 

curve peak corresponds to sample blocking temperature28 and here a blocking 

temperature of TB = 214 K, below room temperature, was obtained for NiFe2O4. On the 

other hand, on the FC curve, the magnetic moments were initially forced to be aligned 
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with the magnetic field imposed during cooling. This then gives a significant overall 

magnetization at low temperatures, as seen on the FC curve of Fig. 7, that monotonically 

decreases with increasing temperature. Below TB, the magnetic nanoparticles show 

ferromagnetic behavior, as thermal fluctuations are not enough to randomize the intra-

particles magnetic moments. Above the blocking temperature, NPs show 

superparamagnetic properties and the ZFC and FC curves are expected to show the same 

magnetization decreasing trend with increasing temperature. The observed difference 

between the ZFC and FC above TB, up to ~250 K, is related with the size dispersion of 

the nanoparticles. 

 

Fig. 7 ZFC and FC magnetization curves of NiFe2O4 NPs synthesized in the presence of citric acid 

calcinated at 800ºC. 

For an ensemble of superparamagnetic particles above the blocking temperature, 

the magnetization can be described by the Langevin function42 

M , = 𝜇𝐾 𝑇 = coth 𝜇𝐾 𝑇 − 𝐾 𝑇𝜇              (7)   

where µ  is the particle magnetic moment, kB is the Boltzmann constant, T is the absolute 

temperature, N is the number of particles per volume and H is the applied magnetic field.  

The magnetization hysteresis cycles were fitted with eqn (7), in order to determine 

µ . Considering a magnetic moment of µNiFe2O4 = 2.3 µB per NiFe2O4
42, the number of 

formula units per particle can be obtained by dividing the fitted particle magnetic moment 

by µNiFe2O4. Then, the particle radius can be obtained by assuming spherical particles with 
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density of 5.368 g/cm3.43 Table 3 summarizes the results obtained for the fitting of eqn 

(7) to the hysteresis loops before and after calcination. The determined diameter is of the 

order of 7 nm after calcination. The high values for R2 (Table 3) indicate that the 

experimental data closely follow a Langevin function, as expected for superparamagnetic 

NPs. Higher saturation magnetization values were obtained for the larger particles. After 

calcination at high temperatures, it was observed that the NiFe2O4 crystallite size 

increases and their corresponding surface area decreases.44 

Table 3  Magnetization saturation (Ms), mass (m) and size (d) of the synthesized NPs. 

 R2 Ms (emu/g) m (g) V (cm3) d (nm) 

Before calcination 0.99886 17.57 1.94×10-19 3.61×10-20 4.12 

After calcination at 800 ºC 0.95936 25.00 7.69×10-19 1.43×10-19 6.50 

 

4.2 Characterization of magnetoliposomes and interaction with model 

membranes 

4.2.1 DLS and SEM measurements 

As described in the Experimental Section, two types of magnetoliposomes were 

synthesized, aqueous magnetoliposomes (AMLs) and dry magnetoliposomes (DMLs). 

Dynamic Light Scattering (DLS) measurements revealed that aqueous magnetoliposomes 

of egg lecithin (Egg-PC) with entrapped nickel ferrite nanoparticles have diameters of    

92 ± 18 nm. These values are in accordance with previous results reported for egg lecithin-

based liposomes without NPs,17,45 showing that the small nickel ferrite nanoparticles have 

a very small influence on the size of aqueous magnetoliposomes. 

DMLs containing nickel ferrite NPs covered by the phospholipid DOPG were 

prepared by the method previously reported21 and by the new method proposed here. The 

hydrodynamic diameter obtained for the DMLs prepared by the previous method was      

94 ± 3 nm, similar (but less polydisperse) to the one reported for DMLs containing nickel 

nanoparticles.17 

  DMLs containing calcinated NiFe2O4 nanoparticles and prepared by the new 

method display higher hydrodynamic diameters of 178 ± 15 nm, also with a narrow size 

distribution. SEM images of these DMLs show sizes below 100 nm and an approximately 

spherical shape (Fig. 8A). The application of negative staining allows the visualization of 

the lipid layer (Fig. 8B) around the nanoparticles cluster. Some aggregation in aqueous 

media can justify the larger size of DMLs determined by DLS, also inferred from Figure 
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8B. Therefore, the new method for the synthesis of dry magnetoliposomes seems 

promising for DMLs based on calcinated magnetic nanoparticles.  

Compared with other systems where magnetic nanoparticles are covered with 

molecules including functional groups like carboxylic acids, amines or phosphates that 

can be coupled to lipid molecules, the DMLs directly inherit the characteristics of low 

toxicity and improved pharmacokinetics of liposomes. 

        
Fig. 8  A, B. SEM images of the synthesized DMLs based on NiFe2O4 NPs. In image B, a negative staining 

was applied.  

 

4.2.2 AMLs interaction with model membranes 

The non-specific interactions of the aqueous magnetoliposomes (AMLs) 

containing nickel ferrite nanoparticles with giant unilamellar vesicles (GUVs), models of 

cell membranes, were evaluated by FRET. For that purpose, the labeled lipid                    

NBD-C12-HPC (acting as energy donor) and the lipid probe Nile Red46-50 (acting as 

energy acceptor) were both included in AMLs. The significant overlap between the   

NBD-C12-HPC emission band and the Nile Red absorption spectrum (Fig. 9A - inset) 

indicates that FRET process between these two fluorescent molecules is expected to be 

efficient, if the donor-acceptor distance is below 100 Å.24 The fluorescence spectra of the 

AMLs containing NiFe2O4 nanoparticles were measured before and after interaction with 

GUVs. Before interaction with GUVs, two distinct emission bands are observed, the first 

(max = 550 nm) corresponding to NBD-C12-HPC emission and the second one at              

630 nm, corresponding to Nile Red emission,46-50 that arises from the energy transfer of 

excited NBD molecules to Nile Red. After GUVs interaction, if fusion occurs, a larger 

membrane is formed,51 which leads to an increase in the donor-acceptor distance and a 

corresponding decrease in the energy transfer efficiency from the NBD moieties (scheme 

in Fig. 9B). The results in Fig. 9A (after interaction) are consistent with membrane fusion 

A B 



 _____Chapter 2 
 
 

- 109 -  
between the AMLs and GUVs, as it is possible to observe an increase in the NBD (donor) 

emission band and the decrease of the Nile Red (acceptor) fluorescence band after 

interaction with GUVs. 

Therefore, the aqueous magnetoliposomes based on nickel ferrite NPs can be used 

as magnetic nanocarriers for both hydrophilic (in the inner aqueous volume) and 

hydrophobic (in the lipid bilayer) drugs, with the capability of drug release in cells upon 

membrane fusion. 

 

Fig. 9 A. Fluorescence spectra (exc = 400 nm) of AMLs of egg lecithin and NiFe2O4 NPs containing both 

NBD-C12-HPC and Nile Red, before and after interaction with GUVs. Inset: Spectral overlap (spectra are 

normalized) between the fluorescence emission of the donor (NBD-C12-HPC) and the absorption of the 

acceptor (Nile Red). B. Schematic representation of membrane fusion between AMLs and GUVs. 

 

4.2.3 DMLs formation and interaction with model membranes 

  Dry magnetoliposomes (DMLs) are expected to have better magnetic response 

when compared with AMLs. In fact, it has been shown that AMLs present poor magnetic 

properties similar to those of the aqueous ferrofluid,52 while DMLs keep almost the same 

magnetic properties as the neat nanoparticles.53  

The new method for the synthesis of DMLs described here is a promising route to 

obtain liposomes with improved magnetic properties. Almost every magnetic 

nanoparticle synthesis methods reported in literature require calcination.30,39,54-58 

Comparing with literature, our route stands out because coating of the magnetic NPs 

cluster with the lipid bilayer occurs only after NPs synthesis. This way, the calcination 
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process that may improve the magnetic properties, can be used without risk of “burning” 

the lipid layer. 

In this procedure, NPs clusters were covered by a double layer of the anionic 

phospholipid DOPG. The formation of the lipid bilayer was confirmed by FRET. For that 

purpose, the NDB labeled lipid NBD-C12-HPC, was included in the second lipid layer of 

the DMLs, acting as energy donor, while the labeled lipid Rhodamine B-DOPE, included 

in the first lipid layer, acts as energy acceptor. 

Fluorescence spectra of DMLs containing only the energy donor (NBD-C12-HPC) 

or only the acceptor (Rhodamine B-DOPE) and DMLs containing both labeled lipids 

were measured (Fig. 10), exciting only the donor NBD ( exc = 465 nm). As expected, 

characteristic NBD emission is detected for DMLs labeled only with NBD-C12-HPC, 

while negligible fluorescence is observed for the DMLs containing only Rhodamine        

B-DOPE (as Rhodamine B is not directly excited at this wavelength). The fluorescence 

spectrum of the DMLs containing both donor and acceptor labeled lipids shows a decrease 

in the NBD emission band, contrasting with a strong increase in the Rhodamine-DOPE 

emission band that results from the energy transfer of the excited NBD to Rhodamine. 

 
Fig. 10 Fluorescence spectra (exc = 470 nm, no Rhodamine excitation) of DMLs covered with DOPG 

labeled with only NBD-C12-HPC; DMLs labeled with only Rhodamine B-DOPE and DMLs labeled with 

both NBD-C12-HPC and Rhodamine B-DOPE.  

From eqn (1) to (4), a FRET efficiency of 23% was calculated, with a 

corresponding donor-acceptor distance (rAD) of 3.11 nm. Cell membrane has a typical 

thickness of 7 to 9 nm.59 Therefore, the rAD value obtained clearly indicates that the 

labeled lipids Rhodamine-DOPE and NBD-C12-HPC are placed in the first and second 
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lipid layer, respectively, in the structures formed. This confirms the structure of lipid 

bilayer around NPs clusters and, therefore, the synthesis of DMLs by the new method.  

  The non-specific interaction of the synthesized NiFe2O4 DMLs with models of 

cell membranes (GUVs) was also evaluated by FRET, using a similar procedure to the 

one used for AMLs. Therefore, the fluorescence spectra of DMLs containing both the 

labeled lipid NBD-C12-HPC (energy donor) and the labeled lipid Rhodamine B-DOPE 

(energy acceptor) were measured before and after interaction with GUVs (Fig. 11). 

   

Fig. 11 A. Fluorescence spectra (exc = 470 nm) of DMLs labeled with NBD-C12-HPC and Rhodamine B-

DOPE, before and after interaction with GUVs. B: Illustration of the fusion between the GUVs and DMLs 

labeled with both NBD-C12-HPC and Rhodamine B-DOPE. 

  As expected, before membrane fusion, two emission bands were observed, the 

first one corresponding to the NBD emission and the second to the Rhodamine-DOPE 

emission, resulting from the energy transfer of the excited NBD. After membrane fusion, 

a larger membrane should be formed, with a corresponding increase in the donor-acceptor 

distance, and so an energy transfer decrease is expected (Fig. 11B). The fluorescence 

spectrum of the DMLs after membrane fusion reveals an increase in the donor emission 

and a decrease in the acceptor band as predictable (Fig. 11A), confirming membrane 

fusion between the two systems. Therefore, the dry magnetoliposomes are also promising 

systems as nanocarriers for hydrophobic drugs, as they can be guided by a magnetic field 

to the therapeutic site and release the drug upon fusion with cell membranes. It is expected 

that DMLs present better magnetic properties than AMLs, due to the lack of aqueous 
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dilution of NPs. To our knowledge, it is the first time that fusion between dry 

magnetoliposomes (DMLs) and models of cell membranes is reported. 

 

5. Conclusions 

  In this work, small nickel ferrite nanoparticles, with a size distribution of                 

11 ± 5 nm, were synthesized by coprecipitation method followed by calcination at 800ºC. 

These particles present superparamagnetic behavior at room temperature. 

  Both aqueous and dry magnetoliposomes were prepared using the calcinated Ni 

ferrite nanoparticles, using a new method for DMLs synthesis. Both AMLs and DMLs 

exhibit an appropriate size to biomedical applications, namely as anticancer drug 

nanocarriers with a simultaneous capability of hyperthermia.  

  FRET measurements confirmed membrane fusion between both the aqueous and 

dry magnetoliposomes and models of cell membranes (GUVs). To our knowledge, it is 

the first time that fusion between dry magnetoliposomes and models of cell membranes 

is reported. 
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8. Supplementary Information 

8.1  TEM images 

     
Fig. S1 TEM images of the synthesized NiFe2O4 NPs, containing NiO-rich particles (the larger ones).   

Fig. S2 EDAX elemental analysis of area corresponding to Figure S1A. 

 

Table S1 EDAX atomic percentages considering only Ni, Fe and O contributions and comparison with the 

values predicted for NiO NPs.  

Element EDAX Atomic (%) Calculated atomic (%) 

Ni 54.2 50.0 

Fe 2.5 0 

O 43.3 50.0 

  

A B 
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8.2 Details of Rietveld XRD analysis using FullProf Software 

Bragg-Brentano (X-rays) geometry 

March-Dollase model for preferred orientation with  

G1 = 0 and G2 = 1 which corresponds to no preferred orientation (Ph = 1) 

Background defined by a 6 coefficient polynomial centered at 2ϴ = 40° 

Profile function used was T-C-H Pseudo-Voigt function convoluted with 

asymmetry due to axial divergence, as formulated by van Laar and Yelon.S1 

Instrumental Resolution Function obtained with a XRD pattern of a reference 

sample  

U-inst          V-inst        W-inst       X-inst       Y-inst       Z-inst 

-0.02522    0.00705    0.02608    0.00000    0.00000    0.00000 

where U, V, W, X, Y and Z define the variation of Gaussian and Lorentzian widths of the 

peaks profile with diffraction angle.S2,S3 

Zero point fixed to -0.0608 (obtained from the XRD pattern of a reference sample) 

Displacement peak-shift parameter:  SyCos = 0.0122 ± 0.0006 (Fit 1) 

0.0113 ± 0.0007 (Fit 2) 

0.0118 ± 0.0006 (Fit 3) 

Δ(2θ) =  - SyCos × Cos(θ) 

Transparency peak-shift parameter:  SySin = 0.020±0.003 (Fit 1) 

0.012 ± 0.003 (Fit 2) 

0.023 ± 0.003 (Fit 3) 

Δ(2θ) =  SySin × Sin(2θ) 

 

 

Phase 1: NiFe2O4 

Number of Space group: 227 
Hermann-Mauguin Symbol: F d -3 m 
Hall Symbol: -F 4vw 2vw 3 



 _____Chapter 2 
 
 

- 121 -  
Atom coordinates, occupation and isothermal factors (Bs) 

Atom x/a y/b z/b Occ B 

Fe_T 0.125 0.125 0.125 1 -1.272 ± 0.007 

0.125 0.125 0.125 1 0 

0.125 0.125 0.125 0.76 ± 0.03 -1.282 ± 0.007 

Fe_Oh 0.5 0.5 0.5 1 -1.150 ± 0.007 

0.5 0.5 0.5 1 0 

0.5 0.5 0.5 1.24 ± 0.03 -1.132 ± 0.007 

Ni_Oh 0.5 0.5 0.5 1 -1.150 ± 0.007 

0.5 0.5 0.5 1 0 

0.5 0.5 0.5 0.76 ± 0.03 -1.132 ± 0.007 

O 0.2515 ± 0.00003 0.2515 ± 0.00003 0.2515 ± 0.00003 4 -1.861 ± 0.015 

0.2512 ± 0.00003 0.2512 ± 0.00003 0.2512 ± 0.00003 4 0 

0.2517 ± 0.00003 0.2517 ± 0.00003 0.2517 ± 0.00003 4 -1.88 ± 0.015 

Ni_T 0.125 0.125 0.125 0 -1.272 ± 0.007 

0.125 0.125 0.125 0 0 

0.125 0.125 0.125 0.24±0.03 -1.282 ± 0.007 

 
Profile parameters 

Overall scale factor: 0.0000001722 ± 0.0000000001   (Fit 1) 
0.00000019887 ± 0.00000000009 (Fit 2)  

    0.00000001723 ± 0.0000000001 (Fit 3) 

Cell parameters: 

a = 8.3350 ± 0.0001 (Fit 1) 
      8.3339 ± 0.0001 (Fit 2)  
      8.3352 ± 0.0001 (Fit 3) 

 
b = 8.3350 ± 0.0001 (Fit 1) 
      8.3339 ± 0.0001 (Fit 2)  

       8.3352 ± 0.0001 (Fit 3) 
 

c = 8.3350 ± 0.0001 (Fit 1) 
      8.3339 ± 0.0001 (Fit 2)  

       8.3352 ± 0.0001 (Fit 3) 

Preferred orientation:   G1 = 1  
G2 = 0   
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X (strain enlargement) and Y (size enlargement) parameters:  

X = 0 
Y = 0.4263 ± 0.0003  (Fit 1) 
       0.4195 ± 0.0003  (Fit 2)  

        0.4258 ± 0.0003  (Fit 3) 
 

Phase 2: FeNaO2 

Number of Space group: 33  
Hermann-Mauguin Symbol: P n a 21 
Hall Symbol: P 2c -2n  
COD ID: 1008191 

Atom coordinates, occupation and isothermal factors (Bs) 

Atom x/a y/b z/b Occ B 

Fe 0.062 0.13 0 1 0.33 ± 0.03 

0.062 0.13 0 1 0 

0.062 0.13 0 1 0.37 ± 0.03 

Na 0.416 0.151 0.489 1 -2.40 ± 0.03 

0.416 0.151 0.489 1 0 

0.416 0.151 0.489 1 -2.41 ± 0.03 

O1 0.043 0.084 0.339 1 2.15 ± 0.08 

0.043 0.084 0.339 1 0 

0.043 0.084 0.339 1 2.26 ± 0.08 

O2 0.38 0.153 0.927 1 -2.60 ± 0.05 

0.38 0.153 0.927 1 0 

0.38 0.153 0.927 1 -2.52 ± 0.05 

 

Profile parameters 

Overall scale factor:  0.0003173 ± 0.0000005  (Fit 1) 
 0.0003247 ± 0.0000004 (Fit 2)  

     0.0003172 ± 0.0000005 (Fit 3) 

Cell parameters: 
 

a = 5.61077 ± 0.00008 (Fit 1) 
      5.60964 ± 0.00009 (Fit 2) 
      5.61087 ± 0.00008 (Fit 3) 
 
b = 7.1917 ± 0.0001 (Fit 1) 

             7.1909 ± 0.0001 (Fit 2) 
             7.1919 ± 0.0001 (Fit 3) 
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c = 5.37289 ± 0.00008 (Fit 1) 
      5.37188 ± 0.00009 (Fit 2) 
      5.37294 ± 0.00008 (Fit 3) 

Preferred orientation:   G1 = 1  
G2 = 0   
 
 
 

X (strain enlargement) and Y (size enlargement) parameters:  

X = 0 
Y = 0.1500 ± 0.0003 (Fit 1) 

0.1483 ± 0.0004 (Fit 2)  
        0.1497 ± 0.0003 (Fit 3) 
 
 

Phase 3: NiO 
 

Number of Space group: 225  
Hermann-Mauguin Symbol: F m -3 m 
Hall Symbol: -F 4 2 3 
COD ID: 1010381 

Atom coordinates, occupation and isothermal factors (Bs) 

Atom x/a y/b z/b Occ B 

Ni 0 0 0 1 0.55 ± 0.02 

0 0 0 1 0 

0 0 0 1 0.61 ± 0.02 

O 0.5 0.5 0.5 1 -1.66 ± 0.05 

0.5 0.5 0.5 1 0 

0.5 0.5 0.5 1 -1.68 ± 0.05 

 
Profile parameters 

Overall scale factor:  0.00000044 ± 0.00000001  (Fit 1) 
 0.000000450 ± 0.000000007(Fit 2)  

     0.00000044 ± 0.00000001 (Fit 3) 

Cell parameters: 
 

a = 4.1783 ± 0.0006 (Fit 1) 
      4.1777 ± 0.0007 (Fit 2) 
      4.1784 ± 0.0006 (Fit 3) 
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b = 4.1783 ± 0.0006 (Fit 1) 

             4.1777 ± 0.0007 (Fit 2) 
        4.1784 ± 0.0006 (Fit 3) 

 
c = 4.1783 ± 0.0006 (Fit 1) 
      4.1777 ± 0.0007 (Fit 2) 

        4.1784 ± 0.0006 (Fit 3) 
 
 

Preferred orientation:    G1 = 1 
      G2 = 0   
 

X (strain enlargement) and Y (size enlargement) parameters:  
X = 0 

Y = 0.296 ± 0.008 (Fit 1) 
           0.321 ± 0.009 (Fit 2)  
        0.296 ± 0.008 (Fit 3) 
 

8.3 Figures of merit 

 
Fit 1  ==> RELIABILITY FACTORS WITH ALL NON-EXCLUDED POINTS FOR PATTERN:  1    => Cycle: 27 => MaxCycle:250  => N-P+C:  3471  =>  R-factors (not corrected for background) for Pattern:  1  => Rp:  6.17     Rwp:  8.05     Rexp:    6.19 Chi2:  1.69      L.S. refinement  => Conventional Rietveld R-factors for Pattern:  1  => Rp:  11.7     Rwp:  13.0     Rexp:   10.00 Chi2:  1.69      => Deviance:  0.589E+04     Dev*  :   1.694      => DW-Stat.:    1.2601     DW-exp:     1.9117  => N-sigma of the GoF:   28.699   ==> RELIABILITY FACTORS FOR POINTS WITH BRAGG CONTRIBUTIONS FOR PATTERN:  1   => N-P+C:  3248  =>  R-factors (not corrected for background) for Pattern:  1  => Rp:  6.16     Rwp:  8.05     Rexp:    6.10 Chi2:  1.75      L.S. refinement  => Conventional Rietveld R-factors for Pattern:  1  => Rp:  11.3     Rwp:  12.8     Rexp:    9.68 Chi2:  1.75      => Deviance:  0.569E+04     Dev*  :   1.750      => DW-Stat.:    1.3033     DW-exp:     1.9093  => N-sigma of the GoF:       30.026  
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 => Global user-weigthed Chi2 (Bragg contrib.):   1.80           -----------------------------------------------------      BRAGG R-Factors and weight fractions for Pattern #  1      -----------------------------------------------------   => Phase:  1     Nickel iron oxide 14174 Trevorite  => Bragg R-factor:   1.99       Vol:  579.048( 0.014)  Fract(%):   67.23( 0.27)  => Rf-factor=  1.85             ATZ:     1080076.500   Brindley:  1.0000   => Phase:  2     IronIII sodium oxide - -beta  => Bragg R-factor:   9.20       Vol:  216.802( 0.006)  Fract(%):   19.03( 0.08)  => Rf-factor=  4.77             ATZ:         443.342   Brindley:  1.0000   => Phase:  3     Nickel oxide  => Bragg R-factor:   4.44       Vol:   72.945( 0.019)  Fract(%):   13.74( 0.40)  => Rf-factor=  2.50             ATZ:      688429.688   Brindley:  1.0000  
Fit 2 
 ==> RELIABILITY FACTORS WITH ALL NON-EXCLUDED POINTS FOR PATTERN:  1    => Cycle: 15 => MaxCycle:250  => N-P+C:  3480  =>  R-factors (not corrected for background) for Pattern:  1  => Rp:  7.51     Rwp:  9.47     Rexp:    6.20 Chi2:  2.33      L.S. refinement  => Conventional Rietveld R-factors for Pattern:  1  => Rp:  14.4     Rwp:  15.4     Rexp:   10.05 Chi2:  2.33      => Deviance:  0.814E+04     Dev*  :   2.337      => DW-Stat.:    0.9106     DW-exp:     1.9065  => N-sigma of the GoF:   55.568   ==> RELIABILITY FACTORS FOR POINTS WITH BRAGG CONTRIBUTIONS FOR PATTERN:  1   => N-P+C:  3255  =>  R-factors (not corrected for background) for Pattern:  1  => Rp:  7.55     Rwp:  9.52     Rexp:    6.10 Chi2:  2.43      L.S. refinement  => Conventional Rietveld R-factors for Pattern:  1  => Rp:  14.0     Rwp:  15.2     Rexp:    9.73 Chi2:  2.43      => Deviance:  0.794E+04     Dev*  :   2.436      => DW-Stat.:    0.9332     DW-exp:     1.9037  => N-sigma of the GoF:       57.806   => Global user-weigthed Chi2 (Bragg contrib.):   2.49           ----------------------------------------------------- 
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     BRAGG R-Factors and weight fractions for Pattern #  1      -----------------------------------------------------   => Phase:  1     Nickel iron oxide 14174 Trevorite  => Bragg R-factor:   6.35       Vol:  578.819( 0.017)  Fract(%):   69.77( 0.15)  => Rf-factor=  3.75             ATZ:     1080076.500   Brindley:  1.0000   => Phase:  2     IronIII sodium oxide - -beta  => Bragg R-factor:   11.7       Vol:  216.693( 0.006)  Fract(%):   17.51( 0.04)  => Rf-factor=  7.03             ATZ:         443.342   Brindley:  1.0000   => Phase:  3     Nickel oxide  => Bragg R-factor:   8.43       Vol:   72.912( 0.021)  Fract(%):   12.72( 0.21)  => Rf-factor=  3.62             ATZ:      688429.688   Brindley:  1.0000 
 
 
 
 
Fit 3 
 ==> RELIABILITY FACTORS WITH ALL NON-EXCLUDED POINTS FOR PATTERN:  1    => Cycle: 70 => MaxCycle:250  => N-P+C:  3470  =>  R-factors (not corrected for background) for Pattern:  1  => Rp:  6.16     Rwp:  8.04     Rexp:    6.19 Chi2:  1.69      L.S. refinement  => Conventional Rietveld R-factors for Pattern:  1  => Rp:  11.7     Rwp:  13.0     Rexp:   10.01 Chi2:  1.69      => Deviance:  0.588E+04     Dev*  :   1.693      => DW-Stat.:    1.2627     DW-exp:     1.9123  => N-sigma of the GoF:   28.545   ==> RELIABILITY FACTORS FOR POINTS WITH BRAGG CONTRIBUTIONS FOR PATTERN:  1   => N-P+C:  3247  =>  R-factors (not corrected for background) for Pattern:  1  => Rp:  6.15     Rwp:  8.04     Rexp:    6.09 Chi2:  1.74      L.S. refinement  => Conventional Rietveld R-factors for Pattern:  1  => Rp:  11.3     Rwp:  12.8     Rexp:    9.68 Chi2:  1.74      => Deviance:  0.568E+04     Dev*  :   1.749      => DW-Stat.:    1.3060     DW-exp:     1.9099  => N-sigma of the GoF:       29.868   => Global user-weigthed Chi2 (Bragg contrib.):   1.80           ----------------------------------------------------- 
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     BRAGG R-Factors and weight fractions for Pattern #  1      -----------------------------------------------------   => Phase:  1     Nickel iron oxide 14174 Trevorite  => Bragg R-factor:   2.03       Vol:  579.089( 0.015)  Fract(%):   67.18( 0.29)  => Rf-factor=  1.85             ATZ:     1080076.500   Brindley:  1.0000   => Phase:  2     IronIII sodium oxide - -beta  => Bragg R-factor:   9.22       Vol:  216.814( 0.006)  Fract(%):   19.00( 0.09)  => Rf-factor=  4.80             ATZ:         443.342   Brindley:  1.0000   => Phase:  3     Nickel oxide  => Bragg R-factor:   4.50       Vol:   72.954( 0.020)  Fract(%):   13.82( 0.43)  => Rf-factor=  2.52             ATZ:      688429.688   Brindley:  1.0000 
 

Microstructural analysis was performed by Fullprof software using the broadening 

of the XRD peaks with an implementation previously described [S2,S3]. 

 

8.4 References 
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1. Abstract  

  Manganese ferrite nanoparticles with a size distribution of 26 ± 7 nm (from TEM 

measurements) were synthesized by the coprecipitation method. The obtained 

nanoparticles exhibit a superparamagnetic behaviour at room temperature with a 

magnetic squareness of 0.016 and a coercivity field of 6.3 Oe. These nanoparticles were 

either entrapped in liposomes (aqueous magnetoliposomes, AMLs) or covered with a 

lipid bilayer, forming solid magnetoliposomes (SMLs). Both types of magnetoliposomes, 

exhibiting sizes below or around 150 nm, were found to be suitable for biomedical 

applications. Membrane fusion between magnetoliposomes (both AMLS and SMLs) and 

GUVs (giant unilamellar vesicles), the latter used as models of cell membranes, was 

confirmed by Förster Resonance Energy Transfer (FRET) assays, using a NBD labeled 

lipid as the energy donor and Nile Red or Rhodamine B-DOPE as the energy acceptor. A 

potential antitumor thienopyridine derivative was successfully incorporated into both 

aqueous and solid magnetoliposomes, pointing to a promising application of these 

systems in oncological therapy, simultaneously as hyperthermia agents and nanocarriers 

for antitumor drugs. 

 

2. Introduction 

 Since their discovery, liposomes have been described as an ideal 

nanoencapsulation system that protect and transport loaded compounds to the sites of 

interest.1-3 In fact, liposomes can overcome many of the problems associated with other 

systems used in therapy, such as those involving solubility, pharmacokinetics, in vivo 

stability and toxicity.4,5 However, this system still presents some issues for in vivo 

application, namely its recognition and capture by the immune system6 and also the 

location in therapeutic sites for drug release.7 In order to overcome these problems, 

magneto-sensitive liposomes have been proposed.8 The magnetic components allow 

concentration of the liposomes in the desired area of the patient’s organs by magnetic 

forces, often augmented by magnetic agglomeration.9-11 This way, a new therapy 

emerges, involving the guided transport of biologically active substances, most of them 

toxic and with systemic side effects. The ability to guide transported drugs and focus the 

active molecules to specific sites in the human body can overcome systemic toxicity 

problems, allowing a lower drug dosage and a more efficient treatment, not only in cancer 

but also in other diseases. 
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Magneto-sensitive liposomes result from the encapsulation of magnetic 

nanoparticles into liposomes. The so-called magnetoliposomes (MLs) combine the 

amazing physical properties of these two types of particles and preserve the magnetic 

properties of the magnetic nanoparticles.12 This ideal system can be exploited in a great 

array of biomedical applications. In therapy, the most promising applications of 

magnetoliposomes are magnetic guided drug delivery and hyperthermia.13,14 Otherwise, 

in diagnosis, magnetic nanoparticles have been used as contrast agents in MRI (magnetic 

resonance imaging).15 

Magnetic nanoparticles (NPs) of transition metal ferrites (MFe2O4, M = Mn, Co, 

Ni, etc.), having a spinel structure, are of strong interest for biomedical applications. 

These nanoparticles are remarkable soft-magnetic materials with superparamagnetic 

behavior and have great properties, such as good chemical stability and mechanical 

hardness.16,17 In particular, manganese ferrite NPs have received an increased attention. 

Their magnetic susceptibility is higher than for other ferrite nanoparticles,18 suggesting 

that they may be used in magnetic drug targeting and as an ultrasensitive negative contrast 

agent in MRI.19,20 Also, manganese ferrite NPs showed good biocompatibility and slight 

toxicity against HeLa cells.21 

  The preparation method of magnetic NPs determines their final shape, size 

distribution, surface chemistry and magnetic propertie.22,23 In this work, manganese 

ferrite nanoparticles were synthesized by the coprecipitation method. These NPs were 

either entrapped in liposomes, originating aqueous magnetoliposomes (AMLs), or 

covered with a lipid bilayer, forming solid magnetoliposomes (SMLs). A potent 

antitumor heteroaryl-aminothieno[3,2-b]pyridine derivative (Figure 1), previously 

synthesized,24 was incorporated into both types of magnetoliposomes, keeping in mind 

future biomedical applications. In fact, magnetoliposomes are promising for dual cancer 

therapy, both by hyperthermia and anticancer drug delivery, besides the ability to attain 

magnetic guidance to the therapeutic site of interest.  
Compound 1 

Fig. 1 Structure of the methyl 3-amino-6-(benzo[d]thiazol-2-ylamino)thieno[3,2-b]pyridine-2-carboxylate 

(1).  
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3. Experimental 

  All the solutions were prepared using spectroscopic grade solvents and ultrapure 

water (Milli-Q grade).  

 

3.1 Manganese ferrite nanoparticles preparation 

Manganese ferrite nanoparticles (NPs) were synthesized by the coprecipitation 

method, in 5 mL aqueous solution. First, an aqueous solution containing 612 µL of 50% 

NaOH solution was heated to 90°C. Then, a mixture containing 500 µL of 0.5 M 

MnSO4.H2O aqueous solution and 500 µL of 1 M FeCl3.6H2O aqueous solution was 

added drop by drop to the previously warmed NaOH solution under magnetic stirring. 

Manganese nanoparticles were formed after two hours at 90°C.  

 

3.2 Preparation of magnetoliposomes 

Aqueous magnetoliposomes (AMLs) resulted from the entrapment of the 

synthesized magnetic NPs in liposomes. Egg yolk phosphatidylcholine (Egg-PC), from 

Sigma-Aldrich, was used for lipid vesicle formation. A 10 mM Egg-PC solution in 

ethanol was injected, under vigorous vortexing, to an aqueous solution of magnetic 

nanoparticles (ethanolic injection method).25 Then, the ferrofluid was washed with water 

and purified by ultracentrifugation to remove all the non-encapsulated NPs.  

  Solid magnetoliposomes (SMLs) were prepared by the method previously 

developed by us.26 First, 10 L of the synthesized MnFe2O4 NPs were dispersed in 3 mL 

of water and centrifuged. Then, the deposited particles were dispersed in 10 L water in 

an ultrasonicator for one minute at 189 W, and 3 mL of chloroform were added to the 

aqueous dispersion of NPs. After vigorous agitation, 165 L of a 20 mM solution of       

1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (DOPG, from Sigma-

Aldrich) were added under vortexing, to form the first lipid layer of the SMLs. The 

particles were washed twice by magnetic decantation with pure water, in order to remove 

the lipid that was not attached to the NPs. The second lipid layer was then formed by the 

injection of 165 L of DOPG (20 mM), under vortexing, in a 3 mL aqueous dispersion of 

the particles with the first lipid layer. The resulting SMLs were then washed and purified 

with pure water by centrifugation. 

Compound 1 was incorporated into aqueous magnetoliposomes by the co-

injection method, as already described for liposomes.27 In solid magnetoliposomes, 
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compound 1 was incorporated by injection of an ethanolic solution together with the 

formation of the second lipid layer. 

 

3.3 Preparation of Giant Unilamellar Vesicles (GUVs) 

Soybean lecithin (L-α-Phosphatidylcholine), from Sigma-Aldrich, was used for 

GUVs preparation, using a procedure previously described.28,29 100 L of soybean 

lecithin solution (1 mM) were dried under an argon stream to produce a thin and 

homogeneous lipid film. 40 L of water were added to the film and it was incubated at 

45°C for 30 minutes. Then, 3 mL of 0.1 M glucose aqueous solution were added and the 

resulting mixture was again incubated at 37°C for 2 hours. Finally, after incubation, the 

GUVs suspension was centrifuged at 14000 g for 30 minutes at 20°C, to remove 

multilamellar vesicles and lipid aggregates. 

 

3.4 Spectroscopic measurements  

3.4.1 General methods  

Absorption spectra were recorded in a Shimadzu UV-3101PC UV-Vis-NIR 

spectrophotometer. Fluorescence measurements were performed using a Fluorolog 3 

spectrofluorimeter, equipped with double monochromators in both excitation and 

emission and a temperature controlled cuvette holder. Fluorescence spectra were 

corrected for the instrumental response of the system.  

 
3.4.2 FRET measurements 

  Assays of non-specific interaction between magnetoliposomes and models of 

biological membranes (GUVs) were performed by Förster Resonance Energy Transfer 

(FRET). The NBD labeled lipids NBD-PE (N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-

1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, ammonium salt) or       

NBD-C12-HPC (1-palmitoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-

yl)amino]hexanoyl}-sn-glycero-3-phosphocholine), from Avanti Polar Lipids, were 

used as the energy donors, while the hydrophobic dye Nile Red (from Fluka) or the 

labeled lipid Rhodamine B-DOPE (N-(lissamine Rhodamine B sulfonyl)-1,2-dioleoyl-

sn-3-phosphatidylethanolamine (ammonium salt)), from Avanti Polar Lipids, were used 

as the energy acceptors. 

FRET efficiency, RET, defined as the proportion of donor molecules that have 

transferred their excess energy to acceptor molecules, can be obtained by taking the ratio 
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of the donor integrated fluorescence intensities in the presence of acceptor (FDA) and in 

the absence of acceptor (FD) (eqn. 1),30 

ΦR T  =  −                                            (1) 

 The distance between donor and acceptor molecules can be determined through 

the FRET efficiency (eqn. 2), 

= . [ −ΦR TΦR T ] ⁄                     (2) 

where R0 is the Förster radius (critical distance), that can be obtained by the spectral 

overlap, J( ), between the donor emission and the acceptor absorption, according to 

equations (3) and (4) (with R0 in Å,  in nm, A() in M-1 cm-1),30 

 = . 8[ 𝐷 − ] ⁄                             (3)  = ∫ 𝐷∞ 𝜀𝐴                           (4) 
where = ⁄  is the orientational factor assuming random orientation of the dyes, Φ𝐷 

is the fluorescence quantum yield of the donor in the absence of energy transfer, n is the 

refraction index of the medium, ID( ) is the fluorescence spectrum of the donor 

normalized so that ∫ 𝐷∞ = , and A( ) is the molar absorption coefficient of the 

acceptor. 

The fluorescence quantum yield, s, of the energy donor (the dye NBD) in 

magnetoliposomes was determined by the standard method (equation (5)),31,32 

 = [(𝐴 )(𝐴 )]                                                   (5)  

where A is the absorbance at the excitation wavelength, F the integrated emission area 

and n is the refraction index of the solvents. Subscripts refer to the reference (r) or sample 

(s) compound. The absorbance value at excitation wavelength was always less than 0.1, 

in order to avoid inner filter effects. The NBD-C12-HPC fluorescent labeled lipid 

incorporated in lipid membranes was used as reference, r = 0.32 at 25ºC, as reported by 

Invitrogen.33 
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3.4.3 Fluorescence anisotropy measurements.  

The      steady-state      fluorescence      anisotropy, r, is      calculated      by   = VV− VHVV+ VH      
(6) 

where IVV and IVH are the intensities of the emission spectra obtained with vertical and 

horizontal polarization, respectively (for vertically polarized excitation light), and          = HV/ HH is the instrument correction factor, where IHV and IHH are the emission 

intensities obtained with vertical and horizontal polarization (for horizontally polarized 

excitation light). 

 

3.5 Structural characterization 

3.5.1 Transmission Electron Microscopy (TEM) 

HR-TEM images of manganese ferrite nanoparticles and solid magnetoliposomes 

were recorded using a Transmission Electron Microscope JEOL JEM 2010F operating at 

200 kV coupled to an Electron Dispersive Spectroscopic analyzer (EDS) at C.A.C.T.I 

(Centro de Apoio Científico e Tecnolóxico á Investigación), Vigo, Spain. A drop of the 

sample was placed onto a TEM copper grid with Formvar/Carbon (ref. S162-4 from Agar 

Scientific), held by tweezers and left to dry. The processing of TEM images was 

performed using ImageJ software. It consisted in enhancing local contrast followed by 

manual selection of particles. The area of each particle allowed an estimation of its size. 

The resulting histograms were fitted to Gaussian distributions. 

 

3.5.2 X-Ray Diffraction (XRD) and DLS measurements 

   X-Ray Diffraction (XRD) analyses were performed using a conventional Philips 

PW 1710 diffractometer, operating with Cu Kα radiation, in a Bragg-Brentano 

configuration.  

  The mean diameter and size distribution of the magnetic liposomes were measured 

using a Dynamic Light Scattering (DLS) equipment (NANO ZS Malvern Zetasizer) at 

25°C, using a He-Ne laser of 633 nm and a detector angle of 173°. Five independent 

measurements were performed for each sample. The data analysis was performed using 

the methodology previously described.34 
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3.6 Magnetic measurements 

3.6.1 General methods 

Magnetic measurements were performed at room temperature in a 

Superconducting Quantum Interference Device (SQUID) magnetometer (Quantum 

Design MPMS5XL), using applied magnetic fields up to 5.5 T. 

 

3.6.2 Temperature dependence of the magnetization and magnetic hysteresis 

cycles 

The temperature dependence of the magnetization was measured in the 

temperature range from 5 K to 380 K. The curves were obtained by initially cooling the 

sample under an applied magnetic field of H = 100 Oe (field cooled, FC) and then 

measuring its magnetization with increasing temperature (applied field of H = 50 Oe). 

Subsequently, after reaching 380 K, the sample was re-cooled, this time with no applied 

magnetic field (zero-field-cooled, ZFC) and the magnetization measurements were again 

performed with increasing temperature, under the same magnetic field of H = 50 Oe. 

From the behavior of the FC and ZFC curves, the blocking temperature (TB) of the 

superparamagnetic nanoparticles can be obtained.35 The magnetization hysteresis loop 

measurements were made by fixing the temperature and measuring the magnetization at 

a series of different applied magnetic fields. This type of study gives information about 

the maximum magnetization and the degree at which the sample remains magnetized 

when the applied field is removed, and how easily the sample magnetization can be 

reversed, the so-called coercive field. 

 

4. Results and discussion 

4.1 Nanoparticles characterization 

4.1.1 XRD analysis 

XRD measurements confirm the synthesis of the manganese ferrite NPs (Figure 

2). No calcination was required to obtain a crystalline phase (Figure 2C). However, the 

absence of thermal treatment results in a significant amorphous background in the XRD 

pattern. This background disappears upon thermal treatment at 800°C, but originates the 

presence of a hematite phase (Figure 2D). The synthesis conditions are especially 

important, as changing the reaction time from 2 hours to 6 hours made the sample 

amorphous (Figure 2A). This state remained upon calcination at 500°C and 600°C. 
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Treatment at 700°C or 800°C allowed the crystallization of the manganese ferrite phase, 

but with a much higher percentage of hematite (Figure 2B).  

 
Fig. 2 XRD pattern of the MnFe2O4 NPs. Left: Without thermal treatment. Right: Calcinated at 800°C. A 

and B: Synthesis time of 6 hours. C and D: Synthesis time of 2 hours and results of Rietveld analysis 

(MnFe2O4: space group Fd-3m:2 (227); CIF 1528316; Fe2O3: space group R-3 2/c (167); CIF 9000139). 

All the characteristic peaks for a pure crystalline phase of manganese ferrite 

spinel,36 marked by their indices, are shown in Figure 2. Rietveld analysis using a 

background defined by linear interpolation between a set of points at constant scattering 

angles but with fitted intensities resulted in good fits, allowing an estimation of sample 

composition and particle size. Table 1 summarizes the main results of the Rietveld 

analysis of the obtained samples, with and without thermal treatment at 800°C. 

Calcination treatment at a higher temperature of 900°C results in huge variations 

in the XRD spectrum which was then dominated by the presence of Mn2O3 and hematite 

phases, with only traces of manganese ferrite. The size estimation shown in Table 1 is a 

lower limit, as the XRD peak broadening was considered to arise only from size effects. 

Inclusion of strain does not improve significantly the fit of the experimental data and 

originates higher size estimates. For example, in case of the data in Figure 2C (2 h 
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synthesis time without thermal treatment), a maximum strain value of 0.022% 

corresponds to a size of 25.1 nm and the χ2 and RF values decrease to 1.67 and 4.53, 

respectively. From these XRD results, the sample obtained with 2 hours reaction time and 

without thermal treatment was selected for further characterization and for the preparation 

of magnetoliposomes. 

Table 1. Selected Rietveld analysis parameters. 

Reaction 

time 
Calcination 
temperature 

Phase 
Fraction 

(%) 

Overall 
temperature 

B factor 
Size (nm) RF χ2 

2 h none 

MnFe2O4 100 -0.18 16.5 4.74 

1.69 
Fe2O3 --- --- --- --- 

2 h 800°C 
MnFe2O4 55 2.88 13.1 5.98 

3.09 
Fe2O3 45 1.84 140 4.24 

6 h 700°C 
MnFe2O4 46 1.61 14 14.6 

1.54 
Fe2O3 54 0.95 252 5.36 

6 h 800°C 
MnFe2O4 53 0.59 25 15.3 

1.60 
Fe2O3 47 -0.25 345 7.69 

 

4.1.2 UV-Visible Absorption Spectra  

  Figure 3 displays the UV-Visible absorption spectrum of the synthesized 

manganese ferrite NPs. The optical band gap can be estimated using a Tauc plot,37 which 

corresponds to the following equation: 

𝛼ℎ ⁄ ∝ (ℎ − )     (7) 

where α is the absorption coefficient that is proportional to the absorbance value and Eg 

is the optical band gap. The value of n depends on the nature of the transition, being 1/2 

for an indirect band gap and 2 for a direct one. 

A linear relation was only obtained for n = 1/2 which means that MnFe2O4 behaves 

as an indirect semiconductor. This was already reported by Rafique et al.38 with a band 

gap of 0.98 eV. From Figure 3, a similar value of 1.08 eV was calculated. 
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Fig. 3 UV-Visible absorption spectra of MnFe2O4 nanoparticles synthesized by the coprecipitation method. 

Inset: Tauc plot. 

4.1.3 TEM images and elemental analysis 

TEM images revealed that the synthesized MnFe2O4 NPs are generally of small 

size, with a few larger particles. Particle sizes on the order of tens of nanometers (Figure 

4), with a size distribution of 26 ± 7 nm, were obtained from the histogram (C) of image 

A. From image 4B, it was possible to obtain an interlattice plane distance of 0.49 nm, 

which corresponds to the (1 1 1) diffraction plane. EDAX elemental analysis confirmed 

the presence of uniform distribution of Mn, Fe and O elements for this type of ferrite 

nanoparticles (Figure 4D and Table 2). The high copper content (Figure 4D) is due to the 

use of copper grids. 

 

Table 2. Atomic percentages of individual elements in MnFe2O4 nanoparticles. 

Element EDAX atomic (%) Calculated atomic (%) 

Mn 13.8 14.3 

Fe 23.6 28.6 

O 62.6 57.1 
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Fig. 4 A, B: TEM images of the synthesized MnFe2O4 NPs at different amplifications. C: Particles size 

histogram of image A and fitting to a Gaussian distribution. D: EDAX elemental analysis of area 

corresponding to image A. 

 

4.1.4 Magnetic properties 

Manganese ferrite nanoparticles are soft ferromagnetic particles and their 

magnetic behavior depends on the synthesis method and particle size.22,23 Figure 5 shows 

the hysteresis loop of MnFe2O4 NPs at room temperature. A very small hysteresis is 

observed, with a coercive field of 6.3 Oe. The presence of superparamagnetic behavior 

can be related to the magnetic squareness value of the hysteresis cycle, which is the ratio 

between the residual magnetizations (Mr) and the saturation magnetization (Ms). Magnetic 

squareness values indicative of superparamagnetism are of the order or below 0.1, 

meaning the loss of more than 90% of the magnetization removal of the applied magnetic 

field.39,40 Here, the obtained magnetic squareness value of the nanoparticles is 0.016, 

which indicates that the synthesized MnFe2O4 NPs present a superparamagnetic behavior 

at room temperature. Additionally, the magnetization of MnFe2O4 NPs does not saturate 

up to the maximum field that was applied, as shown on figure 5, reaching 36 emu/g at an 

applied field of 5 T. 

A B 0.49 nm D C 
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Fig. 5 Magnetization hysteresis loop of MnFe2O4 NPs measured at room temperature. Inset: Enlargement 

of the loop, in the low field region. 

  For a superparamagnet, the temperature dependence of the zero-field-cooling and 

field-cooling magnetization curves presents a different behavior. Starting from the low 

temperatures on the ZFC curve, as temperature increases the blocked magnetic moments 

align with the applied measuring magnetic field, leading to an initial increase of the 

sample magnetization. However, as soon as thermal fluctuations are able to allow the 

moments to overcome the magnetic anisotropy energy barrier, the thermal randomization 

of the intra-particles magnetic moments produces a subsequent decrease of the 

magnetization curve, with increasing temperature. In this way, the zero-field-cooling 

curve peak corresponds to the sample blocking temperature41 and here a blocking 

temperature of TB  316 K, was obtained for MnFe2O4 nanoparticles. 

On the other hand, on the FC curve, the magnetic moments were initially forced 

to be aligned with the magnetic field imposed during cooling. This then gives a significant 

overall magnetization at low temperatures, as seen on the FC curve of Figure 6, which 

monotonically decreases with increasing temperature. Below TB, the magnetic 

nanoparticles show ferromagnetic behavior, as thermal fluctuations are not enough to 

randomize the intra-particles magnetic moments. Above the blocking temperature, NPs 

show superparamagnetic properties and the ZFC and FC curves are expected to show the 

same magnetization decreasing trend with increasing temperature. The observed 
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difference between the ZFC and FC above TB is related with the size dispersion of the 

nanoparticles.  
Fig. 6 ZFC and FC magnetization curves of manganese ferrite nanoparticles. 

 

For an ensemble of superparamagnetic particles above the blocking temperature, 

the magnetization can be described by the Langevin function41  

M , = 𝜇𝐾 𝑇 = coth 𝜇𝐾 𝑇 − 𝐾 𝑇𝜇               (7)    
where µ is the particle magnetic moment, kB is the Boltzmann constant, T is the absolute 

temperature, N is the number of particles per volume and H is the applied magnetic field.   

The magnetization hysteresis cycles were fitted to equation (7), in order to 

determine the particle magnetic moment, µ . Considering a magnetic moment of      

µMnFe2O4
 = 4.6 B per MnFe2O4,41 the number of formula units per particle can be obtained 

by dividing the fitted particle magnetic moment by µMnFe2O4. The particle radius can be 

estimated by assuming spherical particles, with a density value of 4.87 g/cm3.42 Table 3 

shows the results obtained for the fitting of equation (7) to the hysteresis loops. The value 

determined for diameter is of the order of 14 nm. The high value of R2 (Table 3) indicates 

that the experimental data closely follow a Langevin function, as expected for 

superparamagnetic nanoparticles. The obtained nanoparticle diameter is consistent with 

the corresponding values obtained from the XRD results, indicating a well ordered 

manganese ferrite phase without significant surface oxidation or secondary residual 

phases. Here, the higher magnetization and lower coercivity as compared, e.g., to nickel 
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ferrite nanoparticles,26 makes the prepared manganese ferrite nanoparticles promising 

candidates for biomedical applications. 

Table 3. Magnetization saturation (Ms), mass (m) and size (d) of the synthesized manganese ferrite 

nanoparticles. 

Sample R2 Ms (emu/g) m (g) V (cm3) d (nm) 

MnFe2O4 0.9879 31.8 6.98 × 10-18 1.43 × 10-18 13.97 

  

4.2 Characterization of magnetoliposomes 

4.2.1 DLS and TEM measurements 

Two types of magnetoliposomes were synthesized, aqueous magnetoliposomes 

(AMLs) and solid magnetoliposomes (SMLs). Dynamic Light Scattering (DLS) 

measurements revealed that aqueous magnetoliposomes of egg phosphatidylcholine 

(Egg-PC) with entrapped manganese ferrite nanoparticles have diameters of 82 ± 13 nm 

(size distribution in Figure S1 of Supplementary Information). These values are in 

accordance with previous results reported for egg lecithin-based liposomes without 

nanoparticles34,43 showing that, as previously observed for nickel ferrite NPs,26 the 

manganese ferrite nanoparticles have a very small influence on the size of aqueous 

magnetoliposomes. Neat Egg-PC aqueous magnetoliposomes containing lauric acid 

coated MnFe2O4 nanoparticles were previously prepared by Pradhan and coworkers,44 

using two different techniques, thin film hydration and double emulsion, resulting in 

magnetoliposomes of ca. 300 nm diameter. This size is significantly larger than the one 

obtained here using the ethanolic injection method. Pradhan et al.44 also reported that 

PEGylated Egg-PC:Cholesterol 2:1 AMLs prepared by thin film hydration (with diameter 

around 188 nm) are the most promising systems (amongst a series of different                       

Egg-PC:Chol compositions) for hyperthermia treatment of cancer. 

Solid magnetoliposomes (SMLs) were obtained by coverage of a cluster of 

manganese ferrite NPs by the phospholipid DOPG, using the method previously 

developed for Ni ferrite NPs.26 This method already proved to originate SML structures, 

with a lipid bilayer surrounding a cluster of magnetic nanoparticles.26 

TEM images revealed that the synthesized SMLs have diameters slightly above 

100 nm (Figure 7) therefore being suitable for biomedical applications. Dynamic Light 

Scattering measurements allowed determining a hydrodynamic diameter of 152 ± 24 nm, 
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roughly in accordance with TEM data (DLS size distribution is shown in Figure S2 of 

Supplementary Information).  
Fig. 7 TEM image of the solid magnetoliposomes (SMLs) containing MnFe2O4 NPs. 

  

4.3 AMLs interaction with model membranes 

The non-specific interaction of aqueous magnetoliposomes (AMLs) with models 

of cell membranes (giant unilamellar vesicles, GUVs) was evaluated by Förster 

Resonance Energy Transfer (FRET). For that purpose, the labeled lipid NBD-C12-HPC 

and the hydrophobic dye Nile Red were both incorporated in the lipid bilayer of the 

aqueous magnetoliposomes, the NBD moiety acting as the energy donor and the 

hydrophobic dye Nile Red as the energy acceptor.45-49 If the donor-acceptor distance is 

below 100 Å,30 improved FRET efficiency is expected, as the spectral overlap between 

the donor fluorescence band and the acceptor absorption is high (Figure 8A - inset). 

When the aqueous magnetoliposomes interact with model membranes (GUVs), if 

fusion occurs, a larger membrane is originated and an increase in the donor-acceptor 

distance is expected, with a corresponding decrease in the energy transfer efficiency. 

Fluorescence spectra of Egg-PC AMLs, before and after interaction with GUVs, were 

measured exciting only the donor (NBD). Before interaction with GUVs, two emission 

bands are clearly observed. The first (max = 550 nm) corresponds to NBD-C12-HPC 

emission and the second (max = 630 nm) to Nile Red emission, that results from the 

energy transfer of excited NBD molecules to Nile Red. After interaction with GUVs, an 

increase in the NBD (donor) emission band and a decrease of the Nile Red (acceptor) 

fluorescence band is observed.  
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Fig. 8 A. Fluorescence spectra (exc = 400 nm) of AMLs of egg lecithin and MnFe2O4 NPs containing both 

NBD-C12-HPC and Nile Red, before and after interaction with GUVs. Inset: Spectral overlap (spectra are 

normalized) between the fluorescence emission of the donor (NBD-C12-HPC) and the absorption of the 

acceptor (Nile Red). B. Schematic representation of membrane fusion between AMLs and GUVs. 

These results are similar to the ones previously observed for AMLs based on 

NiFe2O4 nanoparticles26 and confirm membrane fusion between the two systems, AMLs 

and GUVs (scheme in Figure 8B). Therefore, AMLs based on manganese ferrite 

nanoparticles are promising as magnetic nanocarriers for both hydrophilic and 

hydrophobic drugs, as they can be guided with a magnetic field and can release the 

encapsulated drugs by fusion with the cell membranes. 

 

4.4 SMLs formation and interaction with model membranes 

Solid magnetoliposomes (SMLs) are expected to present a better magnetic 

response when compared with AMLs, because SMLs keep almost the same magnetic 

properties as the neat nanoparticles.50 Besides, it was shown that AMLs display poor 

magnetic characteristics, similar to those of the aqueous ferrofluid.51 

The method previously developed for the synthesis of SMLs of calcinated nickel 

ferrite nanoparticles26 was also used here with manganese ferrite NPs. The formation of 

a DOPG bilayer around MnFe2O4 NPs was investigated by FRET assays. For that 

purpose, the NDB labeled lipid NBD-C6-HPC was included in the second lipid layer of 

the SMLs (NBD acting as the energy donor), while the labeled lipid Rhodamine B-DOPE 

(energy acceptor) was included in the first lipid layer. The emission of SMLs containing 
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both donor and acceptor labeled lipids was measured exciting only the donor NBD, and 

was compared with the emission of SMLs labeled with only the energy donor (Figure 9). 

Comparing the fluorescence spectra of the two systems, a decrease in the NBD emission 

band and the presence of a pronounced Rhodamine B emission is observed in SMLs 

containing both fluorophores, evidencing the energy transfer from the excited NBD to 

Rhodamine.  
Fig. 9 Fluorescence spectra ( exc = 470 nm, no rhodamine excitation) of SMLs covered with DOPG labeled 

with only NBD-C6-HPC and SMLs labeled with both NBD-C6-HPC and rhodamine B-DOPE.  

A FRET efficiency of 86% was calculated from eqn. (1) to (4), with a 

corresponding donor-acceptor distance (rAD) of 3.9 nm. Typically, a cell membrane 

presents a thickness of 7 to 9 nm.52 Therefore, it can be concluded that the labeled lipids 

Rh-DOPE and NBD-C6-HPC are located in the first and second lipid layer, respectively, 

around the nanoparticle clusters, confirming the synthesis of the solid magnetoliposomes. 

  For the study of SMLs interaction with model membranes (GUVs), the same 

labeled lipids were both included in the SMLs membrane. However, upon interaction 

with GUVs, FRET measurements did not allow observing the decrease of energy transfer 

by the increase in NBD (donor) emission band and the decrease of Rhodamine (acceptor) 

fluorescence band after interaction. Differently, a significant increase in both donor 

(NBD) and acceptor (Rhodamine) emission bands was detected (data not shown). One 

possible explanation for the rise in both emission bands upon interaction with GUVs is a 

quenching effect of both donor and acceptor emissions by the cluster of MnFe2O4 

nanoparticles in SMLs. Upon fusion with model membranes (GUVs), the distance 
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between the NPs cluster and the fluorescent moieties in the SMLs membrane would 

increase, leading to an unquenching effect. To confirm this hypothesis, the SMLs 

membrane was labeled only with Rhodamine B-DOPE, and the emission spectrum was 

measured before and after interaction with GUVs (Figure 10). After interaction, an 

increase in the fluorescence emission was observed (Figure 10A), confirming the 

unquenching effect caused by the increase of the distance between NPs and the rhodamine 

moiety.                 
These results indicate that the SMLs can also fuse with cell membranes and are 

promising as nanocarrier systems for hydrophobic drugs, which can be released upon 

fusion with cell membranes. 
Fig. 10 A. Fluorescence spectra (exc = 560 nm) of SMLs based on MnFe2O4 NPs covered with DOPG 

labeled with Rhodamine B-DOPE before and after interaction with GUVs. B. Schematic representation of 

the fusion between the GUVs and labeled SMLs. 

 

4.5 Incorporation of a potential antitumor drug  

The thienopyridine derivative 1 (Figure 1) presents very low growth inhibitory 

concentration values (GI50), between 3.5 and 6.9 µM, when tested in vitro against several 

human tumor cell lines, namely MCF-7 (breast adenocarcinoma), A375-C5 (melanoma) 

and NCI-H460 (non-small cell lung cancer) and was the most active of a series of 

analogues.24 Moreover, this compound has shown a very low affinity for the multidrug 

resistance protein MDR1,27 being promising as an anticancer agent in oncological 

therapy, as MDR1 promotes drug resistance in cells. 

A 
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Compound 1 was incorporated in both AMLs and SMLs of Mn ferrite NPs. Figure 

11 shows the emission spectra of 1 in AMLs, SMLs and liposomes (without magnetic 

nanoparticles and with the same concentration of compound). It is possible to observe a 

quenching effect of the compound emission by the magnetic nanoparticles, proving the 

incorporation of the thienopyridine derivative in these magnetic nanocarriers. As 

expected, the fluorescence quenching is much more pronounced for solid 

magnetoliposomes, where the magnetic nanoparticles are closer to the antitumor 

compound, which is located mainly in the lipid membrane.27  
  

Fig. 11 Fluorescence spectra (exc = 360 nm) of compound 1 (3×10-6 M) in liposomes and 

magnetoliposomes of Mn ferrite nanoparticles. A. Liposomes and AMLs of the phospholipid Egg-PC;           

B. Liposomes and SMLs of the phospholipid DOPG. 

Fluorescence anisotropy measurements (Table 4) confirm that this compound is 

fully incorporated in both types of magnetoliposomes, located mainly in the lipid bilayer, 

as anisotropy values are similar to those previously determined in liposomes of the same 

lipids.27 

Interaction with model membranes (GUVs) was also investigated for both types 

of magnetoliposomes with incorporated compound 1. In the case of AMLs, a FRET assay 

was performed, where the magnetoliposomes containing the antitumor drug 1 were 

labeled with NBD-PE, compound 1 acting as the energy donor and the NBD moiety as 

the energy acceptor. It was possible to confirm membrane fusion between AMLs and 

GUVs, proved by the diminution of FRET process from the drug to NBD (Figure 12A). 



 _____Chapter 2 
 
 

- 152 -  
Table 4 - Steady-state fluorescence anisotropy (r) values for antitumor compound 1 in liposomes (without 

NPs), aqueous magnetoliposomes (AMLs) and solid magnetoliposomes (SMLs). 

 Lipid formulation Temperature (°C) r 

Liposomes 

Egg-PC (100%) [27] 25 0.176 

Egg-PC:Ch (7:3) [27] 25 0.137 

DPPC (100%) [27] 
25 0.256 

55 0.130 

DOPG (100%) 
25 0.181 

55 0.143 

AMLs 

Egg-PC (100%) 25 0.171 

Egg-PC:Ch (7:3) 25 0.152 

DPPC (100%)  
25 0.201 

55 0.136 

SMLs DOPG (100%) 
25 0.189 

55 0.127 

  

 Otherwise, for SMLs, taking into account the fluorescence quenching caused by 

the presence of Mn ferrite NPs, compound 1 was incorporated in solid magnetoliposomes 

and the emission spectrum of compound 1 was measured before and after interaction with 

GUVs (Figure 12B). The unquenching effect observed after interaction with GUVs 

proves the membrane fusion between SMLs and the model membranes. 

 

Fig. 12 A. Fluorescence spectra (exc = 360 nm) of AMLs of Egg-PC and MnFe2O4 NPs containing both 

NBD-PE (410-6 M) and compound 1 (410-6 M), before and after interaction with GUVs.  B. Fluorescence 

spectra (exc = 360 nm) of compound 1 (4×10-6 M) in SMLs of DOPG and MnFe2O4 NPs before and after 

interaction with GUVs. 
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Therefore, the magnetoliposomes here prepared are promising as carriers for this 

antitumor compound. These results show that both aqueous and solid drug-loaded 

magnetoliposomes are promising as therapeutic agents, as they can be guided with a 

magnetic field to the therapeutic site and can release the loaded drug by fusion with the 

cell membrane. 

 

5. Conclusions 

In this work, small manganese ferrite nanoparticles were synthesized by 

coprecipitation method. Superparamagnetic properties were obtained for the MnFe2O4 

NPs, with maximum magnetization of 36 emu/g at 5 T applied field and coercivity of      

6.3 Oe.  

The manganese ferrite nanoparticles were successfully encapsulated into 

liposomes (forming aqueous magnetoliposomes, AMLs) or covered by a lipid bilayer 

(solid magnetoliposomes, SMLs). FRET measurements pointed to membrane fusion 

between the magnetoliposomes (AMLs and SMLs) and models of cell membranes. 

A potent antitumor thienopyridine derivative was successfully incorporated in 

both AMLs and SMLs. To our knowledge, it is the first time that solid magnetoliposomes 

based on manganese ferrite nanoparticles were prepared and evaluated as anticancer drug 

carriers. 

These results are promising for future drug delivery applications of anticancer 

drugs using magnetoliposomes of MnFe2O4 nanoparticles simultaneously as drug 

nanocarriers and hyperthermia agents. 
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8. Supplementary Information 

8.1 Size distributions obtained by Dynamic Light Scattering (DLS)   
Fig. S1 Size distribution of Egg-PC aqueous magnetoliposomes (AMLs) containing MnFe2O4 

nanoparticles.    
Fig. S2 Size distribution of DOPG solid magnetoliposomes (SMLs) containing MnFe2O4 

nanoparticles. 
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1. Abstract 

Magnetoliposomes containing superparamagnetic manganese ferrite 

nanoparticles were tested as nanocarriers for two new promising antitumor drugs, a          

N-(3-methoxyphenyl)thieno[3,2-b]pyridin-7-amine (1) and a N-(2-methoxy-

phenyl)thieno[3,2-b]pyridin-7-amine (2). The fluorescence emission of both compounds 

was studied in different polar and non-polar media, evidencing a strong intramolecular 

charge transfer character of the excited state of both compounds. These in vitro potent 

antitumor thienopyridine derivatives were successfully incorporated in both aqueous and 

solid magnetoliposomes, with encapsulation efficiencies higher than 75%. The magnetic 

properties of magnetoliposomes containing manganese ferrite nanoparticles were 

measured for the first time, proving a superparamagnetic behaviour. Growth inhibition 

assays on several human tumor cell lines showed very low GI50 values for drug-loaded 

aqueous magnetoliposomes, comparing in most cell lines with the ones previously 

obtained using the neat compounds. These results are important for future drug delivery 

applications using magnetoliposomes in oncology, through a dual therapeutic approach 

(simultaneous chemotherapy and magnetic hyperthermia). 

 

2. Introduction 

The high potential of magnetic nanoparticles for biomedical applications has been 

widely recognized due to their unique size and physicochemical properties. Nanoparticles 

with superparamagnetic behavior are preferred in biomedicine, as they exhibit a strong 

magnetization only when an external magnetic field is applied.1,2 

Liposomes entrapping magnetic nanoparticles (magnetoliposomes) are of large 

importance in drug delivery, as they can be guided and localized to the therapeutic site of 

interest by external magnetic field gradients and used in cancer treatment by 

hyperthermia.3,4 Magnetoliposomes have been proposed as T2 contrast agents (negative 

contrast enhancement) in MRI,5 while in therapy they have been used as a chemotherapy 

alternative through magnetic-controlled drug delivery and thermotherapy.6-8 Considering 

the wide applications of magnetoliposomes, much attention has been paid to the synthesis 

of different kinds of magnetic nanoparticles9-11 and liposomes.12-15  

Magnetoliposomes are specially promising as nanocarriers for potential antitumor 

drugs. Thienopyridine derivatives have been reported as possessing antiangiogenic,16-21 
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antitumor,21-29 or both activities.30 Among the potential antitumor di(hetero)arylamines in 

the thieno[3,2-b]pyridine series, prepared earlier by some of us, the ones with an                 

o-methoxy or m-methoxy groups relative to the NH (compounds 1 and 2, Fig. 1) presented 

the lowest growth inhibitory concentration (GI50) values in several human tumor cell 

lines, between 0.09 and 0.31 µM for compound 1 and between 1.40 and 5.91 µM for 

compound 2.29 Compound 1 revealed to be more active than the well-known anticancer 

agent ellipticine against the cell lines MCF-7 (breast adenocarcinoma), NCI-H460 (non-

small cell lung carcinoma), HepG2 (hepatocellular carcinoma), HCT15 (colon 

adenocarcinoma), and HeLa (cervical carcinoma), while compound 2 showed the lowest 

GI50 against HeLa cells. However, these compounds also presented low GI50 values in 

non-tumor PLP2 cells (1.94 µM for compound 1 and 6.56 µM for compound 2).29     
Fig. 1 Structure of compound 1, N-(3-methoxyphenyl)- thieno[3,2-b]pyridin-7-amine), and compound 

2, N-(2-methoxy-phenyl)thieno[3,2-b]pyridin-7-amine). 

Considering future applications of these new compounds as antitumor drugs, they 

were incorporated in magnetoliposomes, either aqueous or solid, containing manganese 

ferrite nanoparticles, suitable for biomedical applications.31 

Magnetoliposomes may constitute ideal nanocarrier systems for encapsulation 

and transport of these drugs, as they can be guided and localized in tumor cells by a 

magnetic field gradient, and act simultaneously as chemotherapy/hyperthermia agents in 

a synergistic approach, reducing drug dosage due to the dual therapeutic effect. 

 

3. Experimental 

All the solutions were prepared using spectroscopic grade solvents and ultrapure 

water (Milli-Q grade).  

 

1         2 
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3.1 Preparation of magnetoliposomes 

Manganese ferrite nanoparticles (NPs) were synthesized by the coprecipitation 

method, as previously described.31 For magnetoliposomes preparation, the lipids egg yolk 

phosphatidylcholine (Egg-PC), dipalmitoylphosphatidylcholine (DPPC) and cholesterol 

(Ch), from Sigma-Aldrich, were used. For aqueous magnetoliposomes preparation, a       

10 mM lipid solution in ethanol was injected, under vigorous vortexing, to an aqueous 

solution of magnetic nanoparticles, above the melting transition temperature of the lipids 

(ethanolic injection method).32 After encapsulation, the ferrofluid was washed with water 

and purified by ultracentrifugation to remove all the non-encapsulated NPs.  

Solid magnetoliposomes (SMLs) were prepared by a method previously 

developed.33 First, 10 L of the synthesized MnFe2O4 NPs were dispersed in 3 mL of 

water and centrifuged. Then, the deposited particles were dispersed in 10 L water in an 

ultrasonicator, for one minute at 189 W, and 3 mL of chloroform were added to the 

aqueous dispersion of NPs. After vigorous agitation, 165 L of a 20 mM solution of 

dipalmitoylphosphatidylcholine (DPPC) were added under vortexing, to form the first 

lipid layer of the SMLs. The particles were washed twice by magnetic decantation with 

pure water, in order to remove the lipid that was not attached to the NPs. The second lipid 

layer was then formed by the injection of 165 L of DPPC (20 mM), under vortexing, in 

a 3 mL aqueous dispersion of the particles with the first layer. The resulting SMLs were 

then washed and purified with ultrapure water by centrifugation. 

Compounds 1 and 2 were incorporated into aqueous magnetoliposomes by the co-

injection method, as already described.34 In solid magnetoliposomes, the diarylamines 1 

and 2 were incorporated by injection of an ethanolic solution together with the formation 

of the second lipid layer. 

 

3.2 Spectroscopic measurements  

3.2.1 General methods 

Absorption spectra were recorded in a Shimadzu UV-3101PC UV-Vis-NIR 

spectrophotometer. Fluorescence measurements were performed using a Fluorolog 3 

spectrofluorimeter, equipped with double monochromators in both excitation and 

emission and a temperature controlled cuvette holder. Fluorescence spectra were 

corrected for the instrumental response of the system.  



 _____Chapter 2 
 
 

- 168 -  
The fluorescence quantum yields, s, were determined by the standard method 

(eqn (1)),35,36 

 = [(𝐴 )(𝐴 )]      (1) 
where A is the absorbance at the excitation wavelength, F the integrated emission area 

and n is the refraction index of the solvents. Subscripts refer to the reference (r) or sample 

(s) compound. The absorbance value at excitation wavelength was always less than 0.1, 

in order to avoid inner filter effects. 

 

3.2.2 Fluorescence anisotropy measurements 

The steady-state fluorescence anisotropy, r, is calculated by   = VV− VHVV+ VH   (2) 
where IVV and IVH are the intensities of the emission spectra obtained with vertical and 

horizontal polarization, respectively (for vertically polarized excitation light), and         = HV/ HH is the instrument correction factor, where IHV and IHH are the emission 

intensities obtained with vertical and horizontal polarization (for horizontally polarized 

excitation light). 

 

3.2.3 FRET measurements 

The formation of a DPPC bilayer around manganese ferrite nanoparticles was 

investigated by Förster Resonance Energy Transfer (FRET), using the labeled lipids 

NBD-C6-HPC (1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]he-xanoyl}-

sn-glycero-3-phosphocholine) and Rhodamine B-DOPE (N-(lissamine Rhodamine B 

sulfonyl)-1,2-dioleoyl-sn-3-phosphatidyl-ethanolamine (ammonium salt)), both from 

Avanti Polar Lipids (Fig. 2). 

FRET efficiency, RET, defined as the proportion of donor molecules that have 

transferred their excess energy to acceptor molecules, can be obtained by taking the ratio 

of the donor integrated fluorescence intensities in the presence of acceptor (FDA) and in 

the absence of acceptor (FD) (eqn (3)),37   ΦR T  =  −    (3) 



 _____Chapter 2 
 
 

- 169 -  
                                                                                         

Fig. 2 Structure of the labeled lipids NBD-C6-HPC and Rhodamine B-DOPE.  
 The distance between donor and acceptor molecules can be determined through 

the FRET efficiency (eqn. (4)),  

= . [ −ΦR TΦR T ] ⁄     (4) 
where R0 is the Förster radius (critical distance), that can be obtained by the spectral 

overlap, J( ), between the donor emission and the acceptor absorption, according to eqn 

(5) and (6) (with R0 in Å,  in nm, A() in M-1 cm-1),37 

 = . 8[ 𝐷 − ] ⁄     (5) 
= ∫ 𝐷∞ 𝜀𝐴    (6) 

where = ⁄  is the orientational factor assuming random orientation of the dyes, Φ𝐷 

is the fluorescence quantum yield of the donor in the absence of energy transfer, n is the 

refraction index of the medium, ID( ) is the fluorescence spectrum of the donor 

normalized so that ∫ 𝐷∞ = , and A( ) is the molar absorption coefficient of the 

acceptor. 

For determination of fluorescence quantum yield of NBD-C6-HPC (energy donor) 

in magnetoliposomes, this fluorescent labeled lipid incorporated in lipid membranes was 

used as reference, r = 0.32 at 25°C, as reported by Invitrogen.38 

 

 

Rhodamine B-DOPE NBD-C6-HPC 
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3.2.4 Compound Encapsulation Efficiency 

The encapsulation efficiency, EE (%), of antitumor compounds was determined 

through fluorescence emission measurements. After preparation, drug-loaded 

magnetoliposomes (MLs) were subjected to centrifugation at 11000 rpm for 60 minutes. 

The supernatant was pipetted out and its fluorescence was measured, allowing to 

determine the compound concentration using a calibration curve previously obtained. 

Three independent measurements were performed for each system and standard 

deviations (SD) were calculated. The encapsulation efficiency of compounds 1 and 2 was 

determined using the following equation: 

% = 𝑎  𝑎 −𝑎    𝑎 𝑎  𝑎  𝑎 ×       (7) 

 

3.2.5 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) images of solid magnetoliposomes were 

recorded using a Scanning Electron Microscope FEI - Nova 200 NanoSEM. For the 

negative staining procedure, a 2% aqueous solution of ammonium molybdate tetrahydrate 

was prepared. Then, 20 L of sample and 20 L of staining solution were mixed and a 

drop of this mixture was placed onto a Formvar grid, held by tweezers. After 20 seconds, 

almost all the solution was removed with filter paper and left dry. 

 

3.2.6 Magnetic properties of magnetoliposomes 

Magnetic measurements were performed at room temperature in a 

Superconducting Quantum Interference Device (SQUID) magnetometer (Quantum 

Design MPMS5XL), using applied magnetic fields up to 5.5 T. 

The magnetization hysteresis loop measurements were performed by fixing the 

temperature and measuring the magnetization at a series of different applied magnetic 

fields. This type of study gives information about the saturation magnetization, the degree 

at which the sample remains magnetized when the applied field is removed, and how 

easily the sample magnetization can be reversed, the so-called coercive field. The 

magnetization was corrected for the diamagnetic contribution from the lipids and water 

and normalized by the mass of the samples, which was determined after drying them. 
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3.2.7 Growth inhibitory activity of drug-loaded AMLs on human tumor cell 

lines and on porcine liver primary cells 

Two types of aqueous magnetoliposomes with different compositions (100%    

Egg-PC and 95:5 Egg-PC:DSPE-PEG2000-Folate, from Avanti Polar Lipids) were 

loaded with compound 1 or compound 2, with different compound concentrations       

(0.03 µM to 7.5 µM). In vitro cytotoxicity evaluation was assessed for four human tumor 

cell lines, namely MCF-7 (breast adenocarcinoma), NCI-H460 (non-small cell lung 

cancer), HeLa (cervical carcinoma) and T3M4 (pancreatic cancer). The cell line PLP2 

(non-tumor cells) was used to evaluate the toxicity to healthy tissues. The cell lines were 

obtained from Leibniz Institute DSMZ – German Collection of Microorganisms and Cell 

Cultures. 

The cells were routinely maintained as adherent cell cultures in RPMI-1640 

medium containing 10% heat-inactivated FBS, at 37°C, in a humidified air incubator 

containing 5% CO2. Each cell line was plated at an appropriate density (1.0×104 cells per 

well) in 96-well plates and allowed to attach for 24 h. The cells were then treated for        

48 h with the different solutions. Following this incubation period, the adherent cells were 

fixed by adding cold 10% TCA (100 L) and incubated for 60 min at 4°C. Plates were 

then washed with deionized water and dried. A sulforhodamine B (SRB) solution (0.1% 

in 1% acetic acid, 100 L) was then added to each plate-well and incubated for 30 min at 

room temperature. Unbound SRB was removed by washing with 1% acetic acid. The 

plates were air-dried and the bound SRB was solubilized with 10 mM Tris-HCl buffer 

(200 L, pH = 7.4). The absorbance was then measured at 540 nm in a microplate reader 

[39,40]. The results were expressed in GI50 values (concentration that inhibited 50% of 

net cell growth).  

 

4. Results and discussion 

4.1 Photophysical properties in homogeneous solution 

The promising antitumor properties of the di(hetero)arylamines 1 and 2 (Fig. 1)29 

inspired us to study the photophysical behaviour of these compounds in homogeneous 

solution, as they exhibit intrinsic fluorescence. Thus, the absorption and fluorescence 

properties of the thieno[3,2-b]pyridine derivatives 1 and 2 were studied in several 

solvents of different polarity. The maximum absorption (abs) and emission wavelengths 

(em), molar absorption coefficients and fluorescence quantum yields are shown in Table 
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1. The normalized fluorescence spectra are displayed in Fig. 3 and 4 (examples of 

absorption spectra are also shown).  

The thieno[3,2-b]pyridines 1 and 2 present moderate to high absorption 

coefficient values (  ≥ 7103 M–1 cm–1) in all solvents, having also very reasonable 

fluorescence quantum yields (Table 1), a similar behaviour to that observed in other 

thienopyridine derivatives previously studied.26,34,42,43  
Fig. 3 (A) Absorption spectra of 210-5 M solutions of compound 1 in dichloromethane and ethanol, as 

examples. (B) Normalized fluorescence spectra (exc = 310 nm) of 310-6 M solutions of compound 1 in 

several solvents.  
Fig. 4 (A) Absorption spectra of 210-5 M solutions of compound 2 in dichloromethane and ethanol, as 

examples. (B) Normalized fluorescence spectra (exc = 310 nm) of 310-6 M solutions of compound 2 in 

several solvents. 
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Table 1  Maximum absorption (abs) and emission (em) wavelengths, molar absorption coefficients ( ) and 

fluorescence quantum yields (F) for the thieno[3,2-b]pyridine derivatives 1 and 2 in several solvents. 

Solvent 
λabs (nm) (ε /104 M-1 cm-1) λem (nm) F 

a 

1 2 1 2 1 2 

Cyclohexane 292 (1.29); 312 sh 283 sh; 314 (0.77) 363 366 0.37 0.42 

Dioxane 300 (1.67) 282 sh; 312 (1.17) 428 436 0.35 0.30 

Ethyl acetate 
b 293 sh; 302 (1.01) 

284 (1.30); 315 
(1.18) 

431 450 0.60 0.59 

Dichloromethane 293 sh; 310 (1.54) 283 sh; 312 (1.15) 444 461 0.53 0.39 

N,N-

Dimethylformamide 
312 (2.09) 313 (0.78) 457 476 0.43 0.40 

Acetonitrile 294 sh; 312 (2.03) 283 sh; 318 (1.01) 459 485 0.30 0.18 

Dimethylsulfoxide 
b 311 (1.96) 313 (1.39) 461 486 0.48 0.36 

Ethanol 313 (1.77) 287 sh; 313 (1.06) --- --- --- --- 
a Relative to anthracene in ethanol (r  = 0.27 [41]). Error about 10%.  
b Solvents cut-off: Ethyl acetate: 265 nm; dimethylsulfoxide: 270 nm; N,N-dimethylformamide: 275 nm. sh: shoulder 

Additional common features with other thienopyridines are the negligible 

fluorescence in protic media (due to hydrogen bonding with this type of solvents), the red 

shifts in emission and band enlargement with increasing solvent polarity,26,34,42,43 usually 

attributed to an intramolecular charge transfer (ICT) character of the excited state.37 The 

effect is more pronounced for compound 2, exhibiting larger bathochromic shifts in polar 

solvents (a red shift of 120 nm between cyclohexane and dimethylsulfoxide, Table 1). 

The significant sensitivity of the emission of diarylamines 1 and 2 to their 

environment can be useful to understand their behaviour in magnetoliposomes of 

different compositions. 

 

4.2 Magnetoliposomes formulations 

Both aqueous (AMLs) and solid (SMLs) magnetoliposomes containing 

manganese ferrite nanoparticles were prepared. The influence of lipid membrane fluidity 

in AMLs was investigated using egg-phosphatidylcholine (Egg-PC), a fluid 

phosphatidylcholine mixture at room temperature,44 dipalmitoylphosphatidylcholine 

(DPPC), with a melting transition temperature of 41°C,45 and Egg-PC/Cholesterol 7:3, 

the latter mixture usually being used as model of biological membranes.46,47 Neat Egg-

PC and Egg-PC:Cholesterol aqueous magnetoliposomes containing lauric acid coated 

MnFe2O4 nanoparticles were also previously prepared by Pradhan and coworkers,48 the 
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Egg-PC:Cholesterol 2:1 being the most promising formulation for hyperthermia 

treatment of cancer. 

Here, DPPC was used for the first time in the preparation of solid 

magnetoliposomes containing manganese ferrite NPs. The interest of this phospholipid is 

its melting transition temperature slightly above the physiological temperature, thus being 

promising for the release of drugs enhanced by the phase transition in combined 

chemotherapy/hyperthermia strategies. In fact, several studies have demonstrated that the 

thermal enhancement of the cytotoxic activity of many anticancer agents is maximized at 

mild hyperthermia temperatures (40.5 – 43°C).49 

The formation of the double DPPC bilayer around a cluster of magnetic 

nanoparticles was investigated by FRET assays. Thus, the NDB labeled lipid                      

NBD-C6-HPC was included in the second lipid layer of SMLs (NBD acting as the energy 

donor), while the labeled lipid Rhodamine B-DOPE (energy acceptor) was incorporated 

in the first lipid layer. The emission of SMLs containing both donor and acceptor labeled 

lipids was measured exciting only NBD, and was compared with the emission of SMLs 

labeled with only the energy donor (Fig. 5). Comparing the fluorescence spectra of the 

two systems, a decrease in the NBD emission band and the presence of a pronounced 

Rhodamine emission is observed in SMLs containing both fluorophores, evidencing the 

energy transfer from the excited NBD to Rhodamine B.  
Fig. 5 Fluorescence spectra ( exc = 470 nm, no rhodamine excitation) of SMLs with DPPC bilayer labeled 

with only NBD-C6-HPC and SMLs labeled with both NBD-C6-HPC and rhodamine B-DOPE. 
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A FRET efficiency of 85% was calculated from equations (3) to (6), with a 

corresponding donor-acceptor distance (rAD) of 5.3 nm. Considering that a cell membrane 

presents a thickness of 7 to 9 nm,50 it can be concluded that the labeled lipids Rhodamine-

DOPE and NBD-C6-HPC are located in the first and second lipid layer, respectively, 

around the nanoparticle clusters, confirming the synthesis of the solid magnetoliposomes. 

Analogous results were obtained for SMLs of DPPC:Cholesterol 2:1. These 

results are also similar to the ones already reported for SMLs of the phospholipid DOPG 

containing manganese ferrite nanoparticles,31 indicating that the method previously 

developed by us for the preparation of DOPG solid magnetoliposomes33 can also be 

employed for different lipids. Size distributions of 124 ± 23 nm (by number) and of         

141 ± 38 nm (by intensity) were obtained through Dynamic Light Scattering 

measurements for SMLs of phospholipid DPPC (Fig. S1 in Supporting Information), 

showing an appropriate size for biomedical applications. SEM images of these SMLs also 

evidence structures with diameters lower than 150 nm (Fig. S2 in Supporting 

Information), in accordance with DLS data. 

 

4.3 Magnetic properties of magnetoliposomes 

Previously synthesized manganese ferrite nanoparticles have shown to be 

superparamagnetic at room temperature.31 Here, the magnetic hysteresis cycles of 

aqueous magnetoliposomes and solid magnetoliposomes were measured at 316 K and are 

displayed in Fig. 6. The hysteresis loop of neat MnFe2O4 NPs is also shown, for 

comparison. 

In terms of hysteresis, both nanosystems present a similar behaviour to the one of 

neat NPs, with small coercive fields of 4.22 Oe and 8.43 Oe for SMLs and AMLs, 

respectively (Fig. 6). Table 2 summarizes the magnetic data obtained from the loops. The 

presence of superparamagnetic behaviour can be evidenced by determining the magnetic 

squareness value, which is the ratio between the remnant magnetization, Mr, and the 

saturation magnetization, Ms. Magnetic squareness values indicative of 

superparamagnetism are of the order or below 0.1, meaning the loss of more than 90% of 

the magnetization upon removal of the applied magnetic field.51,52 The magnetic 

squareness values for AMLs and SMLs clearly indicate the presence of a 

superparamagnetic behaviour (Table 2). 
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Fig. 6 Magnetization hysteresis cycles, measured at 316 K, of neat MnFe2O4 nanoparticles, DPPC SMLs 

and Egg-PC AMLs containing MnFe2O4 NPs. 

Table 2  Coercive field (Hc), saturation magnetization (Ms), remnant magnetization (Mr) and ratio Mr/Ms 

for manganese ferrite NPs and magnetoliposomes. 

System Hc (Oe) Ms (emu/g) Mr (emu/g) Mr/Ms 

MnFe2O4 NPs29 6.30 36.00 0.58 0.016 

SMLs (DPPC) 4.22 34.16 0.90 0.03 

AMLs (Egg-PC) 8.43 1.17 0.08 0.07 

 

  As previously reported for magnetoliposomes based on iron oxide 

nanoparticles,53,54 the saturation magnetization of the manganese ferrite nanoparticles 

decreases after encapsulation into liposomes, this decrease being much more pronounced 

in the case of AMLs. For SMLs, the saturation magnetization is close to the one of neat 

MnFe2O4 nanoparticles, while for AMLs a strong decrease is observed (Table 2). This is 

due to the lower molar ratio between magnetic NPs and lipids for AMLs, when compared 

to SMLs and bare NPs samples, which contributes to an overall lower saturation 

magnetization of the combined lipid + nanoparticles system. On the other hand, on AMLs 

and SMLs, a more clear saturation of the hysteresis loops is observed as compared to the 

bare NPs (Fig. 6). This indicates an increased degree of clustering of the nanoparticles 

encapsulated in liposomes, which enhances the interparticle magnetic interaction and 

favors the alignment of their magnetic moments, as is more clearly observed at higher 

applied magnetic fields.  
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4.4 Fluorescence studies in (magneto)liposomes  

 
  The thieno-pyridine derivatives 1 and 2 were encapsulated in magnetoliposomes, 

both aqueous (AMLs) and solid (SMLs). For comparison, studies in liposomes (without 

magnetic nanoparticles) of the same lipid compositions were also performed. 

Examples of fluorescence emission spectra of compounds 1 and 2 in 

magnetoliposomes are shown in Fig. 7 (maximum emission wavelengths are presented in 

Table 3). Emission in liposomes (without magnetic nanoparticles and with the same 

concentration of compound) is also shown for comparison. A quenching effect of 

compounds emission by the magnetic nanoparticles is observed, proving the 

incorporation of these potential drugs in the magnetic nanocarriers. As expected, the 

fluorescence quenching is significantly more pronounced in solid magnetoliposomes, 

where the magnetic nanoparticles are closer to the antitumor compounds. This behaviour 

is similar to the previously observed with another antitumor thienopyridine derivative in 

AMLs and SMLs containing MnFe2O4 NPs.31 

 
Fig. 7 Normalized fluorescence spectra of compounds 1 and 2 (3×10-6 M) in liposomes and 

magnetoliposomes (Egg-PC AMLs and DPPC SMLs), at room temperature ( exc = 310 nm).                                      

(A) Compound 1; (B) Compound 2. 

Relevant information about the location of these antitumor compounds in 

(magneto)liposomes can be obtained through fluorescence anisotropy (r) measurements, 

as the r value increases with the rotational correlational time of the fluorescent molecule 

(and, thus, with the viscosity of the environment, eqn (8)),37 
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 = + 𝜏𝜏      (8) 

where r0 is the fundamental anisotropy,  is the excited-state lifetime and c is the 

rotational correlation time. 

The fluorescence (steady-state) anisotropies of these diarylamines in the several 

systems are displayed in Table 3. For comparison, the fluorescence anisotropy values in 

the highly viscous solvent glycerol ( = 993.4 cP at 25°C)55 at room temperature were 

also measured (Table 3). Upon temperature increase, the excited-state lifetime of these 

molecules is predicted to decrease, due to the increment of the non-radiative deactivation 

pathways (mainly the rate constant for internal conversion S1→S0). According to equation 

(8), an increase of the fluorescence anisotropy is expected from a diminution of the 

excited-state lifetime. The anisotropy values for 1 and 2 in DPPC-based systems decrease 

significantly at 55°C (Table 3) and this behaviour can be attributed to a decrease in the 

rotational correlation time of the fluorophore. This originates from the decrease of 

membrane microviscosity upon changing from the gel to the liquid-crystalline phase of 

DPPC above 41°C (melting transition temperature). 

Table 3  Steady-state fluorescence anisotropy (r) values and maximum emission wavelengths (em) for 

diarylamines 1 and 2 in several liposome and magnetoliposome formulations, at 25°C and 55°C. 

 
Lipid formulation T (°C) 

em (nm) r 
 1 2 1 2 

Liposomes 
(without NPs) 

Egg-PC (100%) 25 432 433 0.195 0.222 
Egg-PC:Ch (7:3) 25 433 434 0.212 0.202 

DPPC (100%) 
25 432 433 0.200 0.222 
55 430 431 0.141 0.101 

AMLs 

Egg-PC (100%) 25 432 433 0.191 0.230 
Egg-PC:Ch (7:3) 25 433 435 0.220 0.201 

DPPC (100%) 
25 432 433 0.202 0.287 
55 432 432 0.153 0.140 

SMLs DPPC (100%) 
25 430 427 0.159 0.135 
55 428 424 0.101 0.051 

Glycerol ---- 25 --- --- 0.304 0.321  
The differences in anisotropy values between the compounds incorporated in lipid 

systems and in glycerol at room temperature can also be attributed to the distinct 

environment viscosities, as lipid membranes, exhibiting viscosity values around             

100-200 cP,56,57 are much less viscous than glycerol. These results indicate that both 

compounds are mainly located in the lipid bilayers. 
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The effect of cholesterol (Ch) in Egg-PC membranes, as reported by fluorescence 

anisotropy values, is different for compounds 1 and 2 (a slight increase in fluidity reported 

by compound 2 and a diminution for compound 1). However, this effect is small and may 

be related with slightly different locations of these compounds in membranes. From the 

values of maximum emission wavelengths in AMLs and SMLs, an environment with 

polarity similar to dioxane or ethyl acetate is anticipated (Tables 1 and 3).  

It was reported that membrane viscosity decreases from the outside to inside the 

membrane58,59 and this may justify, besides possible differences in compound excited-

state lifetimes, the lower anisotropies for both compounds in solid magnetoliposomes, 

when compared to AMLs. Maximum emission wavelength values point to less polar 

environments felt by compounds in SMLs (Table 3), corroborating that these potential 

drugs are deeply located in SMLs membranes. 

The encapsulation efficiencies of both compounds in AMLs and SMLs are 

presented in Table 4. Values of encapsulation efficiency are larger than 75%, the lowest 

EE% being observed for compound 2 in aqueous magnetoliposomes.  

Table 4  Encapsulation efficiencies (EE%) of compounds 1 and 2 in magnetoliposomes. 

System 
EE% ± SD 

Compound 1 Compound 2 

AMLs (Egg-PC) 89.0 ± 4.5 75.9 ± 6.8 

SMLs (DPPC) 88.1 ± 4.9 82.1 ± 6.1 

 

These high encapsulation efficiencies point to a promising use of these 

nanocarriers in magnetically-guided transport of compounds 1 and 2, and as agents for 

simultaneous chemotherapy and hyperthermia agents in oncological therapy. These 

potentialities will allow reducing the blood circulating time of the drugs and lowering 

side effects, which is especially important as both compounds are hydrophobic and 

present some cytotoxicity for normal PLP2 cells, with low GI50 values of 1.94 ± 0.16 M 

for compound 1 and 6.56 ± 0.2 M for compound 2.29 

 

4.5 Growth inhibitory activity of drug-loaded AMLs on human tumor cell lines 

and on porcine liver primary cells 

The tumor cell growth inhibitory activity of AMLs containing compounds 1 and 

2 was evaluated in four human tumor cell lines, specifically MCF-7 (breast 
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adenocarcinoma), HeLa (cervical carcinoma), T3M4 (pancreatic cancer) and NCI-H460 

(non-small cell lung cancer). Moreover, the toxicity of the drug-loaded AMLs towards 

non-tumor cells was studied using porcine liver primary cells (PLP2). This allowed the 

determination of the GI50 values (M), corresponding to the compound concentration 

which inhibited 50% of cell growth (Table 5). Besides the neat Egg-PC AMLs, the 

influence of 5% PEG-folate in AMLs formulation was also investigated, as folate 

receptors are generally overexpressed in tumor cells. 

 

Table 5  Growth inhibitory activity of drug-loaded aqueous magnetoliposomes on various human tumor 

cell lines and non-tumor porcine liver primary cells (PLP2). 

Cell line 

GI50 valuesa (M) for compound 1 GI50 valuesa (M) for compound 2 

Only 
compound 

129 

Egg-PC 
AMLs with 
compound 

1 

Egg-PC/PEG-
Fol (95:5) 

AMLs with 
compound 1 

Only 
compound 

229 

Egg-PC 
AMLs with 
compound 

2 

Egg-
PC/PEG-
Fol (95:5) 

AMLs with 
compound 2 

HeLa 0.09 ± 0.00 0.15 ± 0.02 0.09 ± 0.01 1.40 ± 0.06 1.32 ± 0.15 1.44 ± 0.07 

MCF7 0.25 ± 0.03 0.45 ± 0.01 0.44 ± 0.0003 5.88 ± 0.86 5.67 ± 0.62 5.56 ± 0.11 
T3M4 ---- 0.26 ± 0.02 0.30 ± 0.002 ---- 1.56 ± 0.05 1.68 ± 0.07 

NCI-H460 0.2 ± 0.03 0.37 ± 0.03 0.35 ± 0.07 5.40 ± 0.89 1.66 ± 0.22 1.79 ± 0.12 
PLP2 1.94 ± 0.16 1.46 ± 0.03 1.37 ± 0.14 6.56 ± 0.2 3.48 ± 0.25 3.46 ± 0.13 

 a GI50 values correspond to the concentration which inhibited 50% of cell growth. Results are from three independent 
experiments (performed in triplicate), and are expressed as mean ± standard deviation (SD).  

 

Both aqueous and solid magnetoliposomes (without compounds) evidenced no 

inhibitory activity on the same cell lines, including the non-tumor PLP2, when tested in 

the same conditions used with the drug-loaded systems. From the results obtained (Table 

5), it can be concluded that the drug-loaded AMLs are efficient in inhibiting tumor cells, 

presenting GI50 values similar to the ones determined previously using only the 

compounds,29 except for compound 2 in these formulations, that presents very much low 

GI50 values for the NCI-H460 lung cancer cell line. The presence of folate has only a 

significant effect for compound 1 in HeLa tumor cell line. For compound 2, the presence 

of folate in magnetoliposomes does not influence noticeably the results (Table 5). 

Nevertheless, the GI50 values clearly show that aqueous magnetoliposomes are able to 

release the encapsulated compounds 1 and 2 and to inhibit the growth of tumor cells. It is 

also noteworthy the very low GI50 values obtained with compounds 1 and 2 using the 

pancreatic tumor cell line T3M4, where the single compounds had not been previously 

tested.  
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In general, the results in PLP2 cells (Table 5) show that the encapsulated 

compounds are not toxic for the GI50 values in all tumor cell lines, apart from the 

compound 2-loaded systems in MCF-7 cells, that present GI50 values higher than for 

PLP2. 

The low GI50 values obtained for non-tumor PLP2 cells reinforce the importance 

of using a magnetic field gradient to guide and target these nanosystems for tumors in 

vivo, taking also advantage of hyperthermia capability. 

Unfortunately, for the drug-loaded DPPC solid magnetoliposomes (SMLs), no 

satisfactory results were obtained, with very high GI50 values (above 7.5 M) in all tumor 

cell lines (Table S1 in Supplementary Information). This is possibly due to the fact that 

the phospholipid DPPC is in the rigid gel phase at room temperature, thus preventing the 

release of the compounds. The addition of 5% DSPE-PEG-Folate did not improve the 

results (Table S1). Other lipid formulations for SMLs will be tested in the near future, as 

well as assays at mild hyperthermia temperatures will be carried out. Also, confocal 

microscopy measurements will be performed to assess internalization of 

magnetoliposomes in cells. 

 

5. Conclusions 

In this work, the fluorescence emission of two new promising antitumor 

compounds, a N-(3-methoxyphenyl)thieno[3,2-b]pyridin-7-amine 1 and a                                  

N-(2-methoxyphenyl)thieno[3,2-b]pyridin-7-amine 2, was studied in different 

environments. These in vitro potent antitumor thienopyridin-7-arylamine derivatives 

were successfully incorporated in both aqueous and solid magnetoliposomes based on 

superparamagnetic manganese ferrite nanoparticles, with high encapsulation efficiencies. 

The intrinsic fluorescence of the potential antitumor drugs was used as a tool to obtain 

information about compounds location in magnetoliposomes. 

The magnetic properties of the manganese ferrite-based magnetoliposomes were 

measured for the first time, evidencing a superparamagnetic behaviour. 

Growth inhibitory concentrations on tumor cell lines obtained with aqueous 

magnetoliposomes with encapsulated compounds 1 and 2 point to promising future drug 

delivery applications of these anticancer compounds in vivo, using magnetoliposomes 

simultaneously as drug nanocarriers and hyperthermia agents, to increase the efficacy of 

anticancer therapies. 
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8. Supplementary information 

8.1 Size distribution of SMLs of the lipid DPPC by Dynamic Light Scattering (DLS)  
 

Fig. S1 Size distribution (by intensity) obtained from DLS for solid magnetoliposomes of DPPC containing 

manganese ferrite nanoparticles, at 25°C. 

 
8.2 SEM image of SMLs of the lipid DPPC   
Fig. S2 SEM image (with application of a negative staining) for solid magnetoliposomes of the lipid DPPC 

containing manganese ferrite nanoparticles, showing an aggregate of two magnetoliposomes. 
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8.3 Growth inhibitory activity of drug-loaded solid magnetoliposomes  
Table S1 Growth inhibitory activity of drug-loaded solid magnetoliposomes on various human tumor cell 

lines and non-tumor porcine liver primary cells (PLP2). 

Cell line GI50 valuesa,b (M) for compound 1 GI50 valuesa,b (M) for compound 2 

DPPC SMLs 
with compound 

1 

DPPC/PEG-Fol 
(95:5) SMLs with 

compound 1 

DPPC SMLs 
with compound 

2 

DPPC/PEG-Fol 
(95:5) SMLs with 

compound 2 

HeLa > 7.5 > 7.5 > 7.5 > 7.5 

MCF7 > 7.5 > 7.5 > 7.5 > 7.5 

T3M4 > 7.5 > 7.5 > 7.5 > 7.5 

NCI-H460 > 7.5 > 7.5 > 7.5 > 7.5 

PLP2 > 7.5 > 7.5 > 7.5 > 7.5 
a GI50 values correspond to the concentration which inhibited 50% of cell growth. Results are from three independent 
experiments (performed in triplicate). 
b Maximum compound concentration tested: 7.5 M. 
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1. Abstract 

Iron oxide nanoparticles, with diameters around 12 nm, were synthesized by 

coprecipitation method. The magnetic properties indicate a superparamagnetic behavior 

with a coercive field of 9.7 Oe and a blocking temperature of 118 K. Both aqueous and 

solid magnetoliposomes containing magnetite nanoparticles have sizes below 150 nm, 

suitable for biomedical applications. Interaction between both types of magnetoliposomes 

and models of biological membranes was proven. A new antitumor compound, a 

diarylurea derivative of thienopyridine, active against breast cancer, was incorporated in 

both aqueous and solid magnetoliposomes, being mainly located in the lipid membrane. 

A promising application of these magnetoliposomes in oncology is anticipated, allowing 

a combined therapeutic approach, using both chemotherapy and magnetic hyperthermia. 

 

2. Introduction 

The potential of magnetic nanoparticles for biomedical applications has been 

recognized, as they offer major advantages due to their unique size and physicochemical 

properties [1]. Nanoparticles with superparamagnetic behavior are preferred for these 

purposes, as they exhibit a strong magnetization only when an external magnetic field is 

applied [2-4]. Liposomes entrapping magnetic nanoparticles (magnetoliposomes) can be 

guided and localized in the therapeutic site by external magnetic field gradients and used 

in cancer therapy by hyperthermia [5-8]. Moreover, liposomes revealed advantageous in 

overcoming issues of solubility, pharmacokinetics, toxicity and in vivo stability and 

toxicity of other delivery systems [9-11]. Magnetoliposomes have been used as a 

chemotherapy alternative through magnetically-controlled drug delivery and 

thermotherapy [12-15]. Iron oxide nanoparticles (Fe3O4, -Fe2O3) have been widely used 

due to their proven biocompatibility and low toxicity [16-20]. Magnetoliposomes 

containing magnetite nanoparticles have been used in MRI [21], environmental 

applications [22], thermo/chemotherapy [23] and treatment of other diseases [24]. These 

nanosystems take advantage of the very large saturation magnetization reported for 

magnetite nanoparticles [16,17,22], higher than the one observed for nickel ferrite [25] 

and manganese ferrite nanoparticles [26]. 
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Thienopyridines including their diarylurea derivatives have shown different 

biological activities, namely as antitumoral agents [27] and receptor tyrosine kinase 

inhibitors [28]. Recently, a strong VEGFR-2 inhibition activity, with very low IC50 values 

(on the order of 10 nM) was reported for a series of new arylurea derivatives of 

thienopyridines [29]. Also, a potent antiproliferative activity on two human breast cancer 

cell lines of distinct types, a hormone-dependent MCF-7 and hormone independent 

MDA-MB-231 cell lines was described for this type of compounds [30].  

In this work, both aqueous and dry magnetoliposomes based on magnetite 

nanoparticles were prepared by soft templating methods and characterized. The 

interaction between the prepared magnetoliposomes and models of cell membranes (giant 

unilamellar vesicles, GUVs) was evaluated using FRET (Förster Resonance Energy 

Transfer). 

A new diarylurea derivative of thienopyridine 1 (Figure 1), with potent activity 

against breast cancer cell lines [30], was incorporated in both types of magnetoliposomes. 

Compound 1 exhibits a strong antitumor activity in MCF-7 and MDA-MB-231 breast 

tumor cell lines (IC50 of 1.2 M and 5.0 M, respectively [30]), the latter being the most 

aggressive and difficult to treat. Specifically, the therapy against the highly metastatic 

MDA-MB-231 cancer cells could strongly benefit from the synergistic effect of 

chemotherapy and magnetic hyperthermia. Therefore, these studies are of main 

importance for the development of combined thermo/chemotherapy for breast cancer. 

 

Figure 1. Structure of the diarylurea derivative of thienopyridine. 

 

3. Experimental  

All the solutions were prepared using spectroscopic grade solvents and ultrapure 

water (Milli-Q grade). 
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3.1 Magnetite nanoparticles preparation 

3.1.1 Coprecipitation method 

Magnetite nanoparticles (NPs) were prepared by a coprecipitation method in 

aqueous solution, using fresh Fe2+ and Fe3+ solutions in a 1:2 stoichiometry [31]. A          

0.15 M iron (II) sulfate solution (FeSO4·7H2O) and a 0.3 M iron (III) sulfate solution 

(Fe2(SO4)3·9H2O) were used. 27 L of each solution were added to 2 mL of water and 

200 L of sodium hydroxide (2.3 M) and the mixture was kept at 80ºC for 2 hours, in 

absence of oxygen. The magnetite nanoparticles formed through the reaction:   

Fe2+ + Fe3+ + 8OH-  Fe3O4 + 4H2O 

After the synthesis, the precipitated nanoparticles were washed several times with 

ultrapure water, recovered by magnetic decantation and redispersed in the initial volume 

of water. 

 

3.1.2 Reverse coprecipitation method 

In the reverse coprecipitation method, only one iron solution is used [32,33].       

121 L of NaOH solution (50%, 18.9 M) were added to 10 mL of ultrapure water to adjust 

pH to  13. A fresh 0.2 M solution of iron (II) sulfate was prepared. 5 mL of the latter 

solution were added, drop by drop, to the NaOH solution, under magnetic stirring. On an 

alternative procedure, the 5 mL of Fe2+ solution were added, also drop by drop, in five 

portions of 1 mL each, each addition separated by 10 minutes. In both cases, the total 

concentration of iron was 66 mM. The reaction was kept for one hour at room 

temperature.  

The precipitated nanoparticles were then washed several times with ultrapure 

water and recovered by magnetic decantation.  

 

3.2 Preparation of magnetoliposomes 

3.2.1 Aqueous magnetoliposomes 

Aqueous magnetoliposomes (AMLs) are formed when the magnetic nanoparticles 

are encapsulated in liposomes. Egg yolk phosphatidylcholine (Egg-PC), from 

Sigma-Aldrich, was used for lipid vesicle formation. A 10 mM Egg-PC solution in 

ethanol was injected, under vigorous vortexing, to an aqueous solution of nanoparticles 

(ethanolic injection method [34,35]). After encapsulation, the ferrofluid was washed with 
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water and purified by magnetic decantation and centrifugation to remove all the 

non-encapsulated NPs. 

 

3.2.2 Solid magnetoliposomes 

DPPC (1,2-Dipalmitoyl-sn-glycero-3-phosphocholine) and DOPG (1,2-Dioleoyl-

sn-glycero-3-phospho-rac-(1-glycerol) sodium salt) from Avanti Polar Lipids, was used 

to produce a double lipid layer around the magnetite nanoparticles, following the 

procedure previously developed by us for nickel ferrite nanoparticles [25]. First, 760 L 

of the synthesized magnetite NPs (in 2.1.1) were centrifuged. Then, the deposited 

particles were redispersed in 10 L water in an ultrasonicator for one minute at 189 W, 

and 3 mL of chloroform were added to the aqueous dispersion of NPs. After vigorous 

agitation, 165 L of a 20 mM solution of DPPC (or DOPG) were added under vortexing, 

to form the first lipid layer of solid magnetoliposomes (SMLs). The particles sedimented 

using a small magnet and the supernatant was discarded. The particles were then washed 

twice by magnetic decantation with pure water, in order to remove the lipid that was not 

attached to the NPs. The second lipid layer was then formed by the injection of 165 L 

of lipid (20 mM), under vortexing, in a 3 mL aqueous dispersion of the particles with the 

first lipid layer. The resulting SMLs were then washed twice, purified with pure water by 

centrifugation and redispersed in 3 mL. 

Compound 1 was incorporated into aqueous magnetoliposomes by the co-

injection method, as already described [26]. In solid magnetoliposomes, compound 1 was 

incorporated by injection of an ethanolic solution together with the formation of the 

second lipid layer [26]. 

 

3.3 Preparation of Giant Unilamellar Vesicles (GUVs) 

Soybean lecithin (L-α-Phosphatidylcholine), from Sigma-Aldrich, was used for 

GUVs preparation, using a procedure previously described [36,37]. A film of soybean 

lecithin was obtained by evaporation under an ultrapure nitrogen stream of a 1 mM lipid 

solution. This film was incubated with 20 L of water at 45ºC for 45 minutes. Then,           

3 mL of 0.1 M glucose solution was added, and the resulting mixture was again incubated 

at 37ºC.  
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3.4 Spectroscopic measurements 

3.4.1 General methods 

Absorption spectra were recorded in a Shimadzu UV-3101PC UV-vis-NIR 

spectrophotometer. Fluorescence measurements were performed using a Fluorolog 3 

spectrofluorimeter, equipped with double monochromators in both excitation and 

emission and a temperature controlled cuvette holder. Fluorescence spectra were 

corrected for the instrumental response of the system.  

 

3.4.2 FRET measurements 

The interaction of magnetoliposomes with models of biological membranes 

(GUVs) was evaluated by Förster Resonance Energy Transfer (FRET). FRET efficiency, 

ΦRET, defined as the proportion of donor molecules that have transferred their excess 

energy to acceptor molecules, was calculated through donor emission quenching, by 

taking the ratio of the donor integrated fluorescence intensities in the presence of acceptor 

and in the absence of acceptor [38]. The distance between donor and acceptor molecules 

was determined through the FRET efficiency (equation 1),  

   = . [ −R T
R T ] ⁄

               (1) 

where R0 is the Förster radius (critical distance), that can be obtained by the spectral 

overlap, J( ), between the donor emission and the acceptor absorption, according to 

equations (2) and (3) (with R0 in Å,  in nm, A() in M-1 cm-1), [38] 

       = . 8[ 𝐷 − ] ⁄                               (2) 

 = ∫ 𝐷 ∞  𝜀𝐴                      (3) 

where = ⁄  is the orientational factor assuming random orientation of the dyes,  Φ𝐷 

is the fluorescence quantum yield of the donor in the absence of energy transfer, n is the 

refraction index of the medium, ID( ) is the fluorescence spectrum of the donor 

normalized so that ∫ 𝐷 ∞ = , and A( ) is the molar absorption coefficient of the 

acceptor. 

FRET assays were employed to confirm the formation of the second lipid bilayer 

in the solid magnetoliposomes (SMLs). For that purpose, the rhodamine B labeled lipid 

Rhodamine-DHPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 
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rhodamine B sulfonyl) (ammonium salt) (from Avanti Polar Lipids, structure in Figure 

S1 of the Supplementary Material) was included the first lipid layer, while the 

nitrobenzoxazole labeled lipid NBD-C6-HPC (1-palmitoyl-2-{6-[(7-nitro-2-1,3-

benzoxadiazol-4-yl)amino]hexanoyl}-sn-glycero-3-phosphocholine) (from Avanti Polar 

Lipids, structure also in Figure S1) was included in the second lipid layer.  

For the study of the interaction of magnetoliposomes with GUVs, the former were 

labeled with both NBD-C6-HPC and the hydrophobic probe Nile Red (from Fluka, 

structure in Figure S1). 

The fluorescence quantum yield, s, of the energy donor (in both cases, the dye 

NBD) in magnetoliposomes was determined by the standard method (equation 4) [39,40], 

       = [(𝐴 )(𝐴 )]          (4) 

where A is the absorbance at the excitation wavelength, F the integrated emission area 

and n the refraction index of the solvents used. Subscripts refer to the reference (r) or 

sample (s). The absorbance at the excitation wavelength was always lower than 0.1 to 

avoid the inner filter effects. The NBD-C6-HPC molecule intercalated in lipid membranes 

was used as reference, r = 0.32 at 25ºC, as reported by Invitrogen [41]. 

 

3.4.3 Fluorescence anisotropy measurements 

The steady-state fluorescence anisotropy, r, is calculated by 

  = VV− VHVV+ VH   
  

               (5) 

where IVV and IVH are the intensities of the emission spectra obtained with vertical and 

horizontal polarization, respectively (for vertically polarized excitation light), and         = HV/ HH is the instrument correction factor, where IHV and IHH are the emission 

intensities obtained with vertical and horizontal polarization (for horizontally polarized 

excitation light). 

 

3.5 Structural characterization 

Scanning electron microscopy (SEM) images of magnetite nanoparticles and solid 

magnetoliposomes were recorded using a Scanning Electron Microscope FEI - Nova 

200 NanoSEM. In the case of SMLs, a negative staining was employed. For that, a 2% 

aqueous solution of ammonium molybdate tetrahydrate was prepared. Then, 20 L of 
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sample and 20 L of staining solution were mixed and a drop of this mixture was placed 

onto a Formvar grid, held by tweezers. After 20 seconds, almost all the solution was 

removed with filter paper and left dry. 

The processing of SEM images was performed using ImageJ software. It consisted 

in enhancing local contrast followed by automatic local thresholding and particle analysis. 

The area of each particle allowed an estimation of its size. The resulting histograms were 

fitted to Gaussian distributions.  
Liposomes mean diameter and size distribution (polydispersity index) were 

measured using a Dynamic Light Scattering (DLS) equipment (NANO ZS Malvern 

Zetasizer) at 25ºC, using a He-Ne laser of  = 632.8 nm and a detector angle of 173º. Five 

independent measurements were performed for each sample. 

X-Ray Diffraction (XRD) analyses were performed using a conventional Philips 

PW 1710 diffractometer, operating with Cu Kα radiation, in a Bragg-Brentano 

configuration. 

 

3.6 Magnetic measurements 

Magnetic measurements were performed at room temperature in a 

Superconducting Quantum Interference Device (SQUID) magnetometer (Quantum 

Design MPMS5XL), using applied magnetic fields up to 5.5 T. 

The temperature dependence of the magnetization was measured in the 

temperature range from 5 K to 380 K. The curves were obtained by initially cooling the 

sample under an applied magnetic field of H = 100 Oe (field cooled, FC) and then 

measuring its magnetization with increasing temperature (applied field of H = 50 Oe). 

Subsequently, after reaching 380 K, the sample was re-cooled, this time with no applied 

magnetic field (zero-field-cooled, ZFC) and the magnetization measurements were again 

performed with increasing temperature, under the same magnetic field of H = 50 Oe. 

From the behavior of the FC and ZFC curves, the blocking temperature (TB) of the 

superparamagnetic nanoparticles can be obtained [42]. The magnetization hysteresis loop 

measurements were made by fixing the temperature and measuring the magnetization at 

a series of different applied magnetic fields. This type of study gives information about 

the maximum magnetization and the degree at which the sample remains magnetized 

when the applied field is removed, and how easily the sample magnetization can be 

reversed, the so-called coercive field. 
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3.7 Nanoparticles encapsulation efficiency in AMLs 

The nanoparticles encapsulation efficiency in aqueous magnetoliposomes 

(AMLs) was estimated from the spectrophotometric determination of iron (III) content, 

through the formation of a phenylfluorone complex sensitized with Triton X-100 [43]. To 

obtain iron (III) from the magnetoliposomes, the latter were digested by heating at 500º 

C overnight, to remove all the biological components. Then, 1 mL of concentrated nitric 

acid (from Sigma-Aldrich) was added and the sample was heated to 80º C for 2 hours. 

The temperature was then raised to 150º C for 48 h, and the pH was increased until 5.5 

by successive cycles of addition and evaporation of ultrapure water (Milli-Q grade). 

Finally, 1 mL of water was added to the digested sample and, after ultrasonication for one 

hour, the iron (III) content of magnetoliposomes was released. 

For the spectrophotometric measurements, the standard addition method was 

employed. 100 L of the digested sample and 2×10-5 M, 3×10-5 M, 4×10-5 M, 5×10-5 M 

or 6×10-5 M of iron (III) stock solution were added to 1.6×10-4 M phenylfluorone and 

4×10-3 M Triton X-100 solutions. The pH was then adjusted to 9 using 0.05 M borax 

buffer [43]. A calibration curve for the determination of iron (III) concentration was 

previously obtained. Three independent measurements were performed and standard 

deviations (SD) were calculated. The encapsulation efficiency, EE(%), of iron oxide 

nanoparticles (NPs) in AMLs was determined by equation: 

 % = 𝑎  𝑎   𝑃  − 𝑎   - 𝑎 𝑎  𝑃𝑎  𝑎   𝑃 ×   (6) 

 

4. Results and discussion 

4.1 Characterization of magnetite nanoparticles 

4.1.1 Scanning electron microscopy (SEM) 

SEM images of the nanoparticles prepared by coprecipitation in aqueous solution 

(preparation method described in 3.1.1) revealed generally spherical nanoparticles 

uniform in size, with a size distribution of 11.6 ± 1.6 nm (Figure 2).  

Magnetite nanoparticles obtained by reverse coprecipitation method in aqueous 

solution (protocol 3.1.2.) exhibit larger sizes and a higher polydispersity (Figure 3), with 

some “fibrous” structures in the case of adding iron (II) in five times, with 10 minutes 

intervals (Figure 3B). For nanoparticles prepared adding all Fe2+ at once, a size 
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distribution of 21.7 ± 3.8 nm was obtained, while a diameter of 20.9 ± 2.7 nm was 

determined for the nanoparticles obtained with addition of Fe2+ in five portions. 

 

Figure 2. SEM image of magnetite nanoparticles prepared by coprecipitation method in aqueous solution. 

Inset: Particles size histogram and fitting to a Gaussian distribution. 

 

                            

Figure 3. SEM images of magnetite nanoparticles prepared by reverse coprecipitation method in aqueous 

solution. A: Addition of all Fe2+ at once; B: Addition of Fe2+ in five portions, with 10 minutes intervals. 

Insets: Particles size histograms and fitting to Gaussian distributions. 

  According to these results, magnetite nanoparticles prepared by coprecipitation 

method in aqueous solution (Figure 2, corresponding to protocol 3.1.1) were chosen for 

further characterization and for the preparation of aqueous and solid magnetoliposomes, 

considering their small size, low polydispersity and low degree of aggregation. 

 

4.1.2  XRD measurements 

The synthesis of magnetite NPs consisting of a pure crystalline phase was 

confirmed by XRD analysis (Figure 4), since all their characteristic peaks (CIF 9000926), 

marked by their indices, are observed. The absence of high temperature thermal treatment 

A B 
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results in a significant amorphous background in the XRD pattern. Rietveld analysis using 

FullProf software [44] was performed by modeling the background as a linear 

interpolation between a set of points at constant scattering angles, but with fitted 

intensities. A good fit was possible by using preferred orientation correction at (1 1 0) 

plane, as it can be observed in the residuals (Figure 4B).  

 
Figure 4. Rietveld analysis of XRD patterns of the sample, with (A) and without (B) preferred orientation 

correction at (1 1 0) plane.  

This correction is based on the March function [45], equation 7,  

  cos α + in α − ⁄
   

 
                 (7) 

where, for a platy habit, α is the acute angle between the scattering vector and the normal 

to the crystallites. The obtained fitted value indicates a degree of preferred orientation of 

(1 – r) = 0.41. Preferred orientation of crystallites within a powder sample was also 

reported for the case of Cd doped ZnO [46] and Mn doped ZnO [47]. The obtained 

reduced χ2 was 1.20, with an RF value of 7.49%, and the estimated size of the Fe3O4 

crystallites based on the Scherrer formula was 5.6 nm. The value of RF improves to 5.67% 

if the overall isothermal factor, Bover, is optimized, but an unreasonable value of -2.95 is 

obtained. A summary of the results of Rietveld analysis is shown in Table S1 of the 

Supplementary Material. 

 



 _____Chapter 2 
 
 

- 207 -  
4.1.3 Magnetic Properties 

The magnetic properties of the nanoparticles synthesized by coprecipitation 

method (Figure 2) were characterized by measuring their corresponding magnetic 

hysteresis loop, which shows the relationship between the induced magnetic moment and 

the applied magnetic field (H). Figure 5 shows the hysteresis cycle measured on the 

prepared magnetite nanoparticles. A magnetic squareness value (ratio between the 

residual magnetization, Mr, and the saturation magnetization, Ms) of 0.023 was obtained, 

indicating that the synthesized nanoparticles are superparamagnetic at room temperature 

[42,48]. Typical magnetic properties were observed, with a very slight hysteresis, a 

saturation magnetization of 62 emu/g (Figure 5A) and a coercive field of 9.7 Oe         

(Figure 5B). Reported values for saturation magnetization of Fe3O4 nanoparticles 

typically vary from 50 to 80 emu/g, depending on their size [46-56]. 

 

Figure 5. A: Magnetization hysteresis cycle of magnetite nanoparticles at T = 300 K. B: Enlargement of 

the hysteresis loop of Figure 5A, in the low field region. 

 

Previous reports found negligible coercivity values for magnetite NPs of 8 nm 

size, while for nanoparticles of 12 nm a coercivity of 18 Oe was observed [49-50]. It was 

also shown that Fe3O4 nanoparticles with 16 nm and a coercive field of 27 Oe were able 

to produce heat with high efficiency in hyperthermia applications [49]. The low coercive 

field and the very reasonable saturation magnetization of the synthesized Fe3O4 

nanoparticles point to a promising utility for hyperthermia applications. In fact, the 

inductive heating capability of magnetic nanoparticles, under AC magnetic field, is 

directly proportional to the area of the hysteresis cycle [55] and thus decreases as the 

coercive field is reduced, but increases as the saturation magnetization gets higher. A low 
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coercive field in superparamagnetic particles is important to avoid extensive permanent 

agglomeration. Its negative effect on inductive heating capability can however be 

compensated by the occurrence of small clusters of magnetic nanoparticles, that originate 

an additional and significant heating capacity, enough to reach therapeutic temperatures 

[57].  
The superparamagnetic particles are characterized by distinct behaviors of the 

temperature dependence of zero-field-cooling and field-cooling magnetization curves. 

Starting from the low temperatures on the ZFC curve, as the temperature increases the 

blocked magnetic moments align with the applied measuring magnetic field, leading to 

an initial increase of the sample magnetization. However, as soon as thermal fluctuations 

are able to allow the moments to overcome the magnetic anisotropy energy barrier, the 

thermal randomization of the intraparticles magnetic moments produces a subsequent 

decrease of the magnetization curve, with increasing temperature. The zero-field-cooling 

curve peak corresponds to the blocking temperature, TB [42], and here a value of                  

TB = 118 K was obtained for Fe3O4 NPs (Figure S2 in Supplementary Material). On the 

FC curve, the magnetic moments were initially forced to be aligned with the magnetic 

field imposed during cooling. This then gives a significant overall magnetization at low 

temperatures, as seen on the FC curve (Figure S2), which monotonically decreases with 

increasing temperature. Above the blocking temperature, NPs present superparamagnetic 

behavior and the ZFC and FC curves show the same temperature dependence of the 

magnetization, which can be approached by Curie law. At lower temperature, the ZFC 

and FC curves separate each other indicating that some nanoparticles are thermally 

blocked and are not able to completely align with the applied field. Here, the nanoparticles 

show ferromagnetic behavior, as thermal fluctuations are not enough to randomize the 

intraparticles magnetic moments. 

For an ensemble of superparamagnetic particles above the blocking temperature, 

the magnetization can be described by the Langevin function [42]  

M , =  𝜇 𝑇 = coth  𝜇 𝑇 − 𝑇 𝜇           (8)    

where µ is the particle magnetic moment, kB is the Boltzmann constant, T is the absolute 

temperature, N is the number of particles per volume and H is the applied magnetic field.  

The magnetization hysteresis cycle was fitted to equation (8), assuming a spherical shape 

and using the density of Fe3O4 NPs, 5.18 g/cm3 [56]. Diameters around 5.4 nm were 
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estimated, the high R2 value (R2 = 0.9934) indicating a good fit to the experimental data. 

This particle diameter is in excellent agreement with the one obtained from XRD analysis 

(section 4.1.2., Table S1). 

4.2 Characterization of magnetoliposomes and interaction with model 

membranes 

Two types of magnetoliposomes were prepared, aqueous magnetoliposomes 

(AMLs) and solid magnetoliposomes (SMLs) and the interaction with GUVs (giant 

unilamellar vesicles), used as models of cell membranes, was investigated. 

4.2.1 Aqueous magnetoliposomes 

Aqueous magnetoliposomes were obtained by ethanolic injection of the lipids in 

the aqueous ferrofluid. This method is very advantageous for hydrophobic drugs (with 

very limited solubility in water, as is the case of compound 1), which can be loaded in 

(magneto)liposomes by coinjection. The NPs encapsulation efficiency in these liposomes 

was calculated from the spectrophotometric determination of iron (III), following the 

procedure described in [43]. The encapsulation efficiency, obtained from three 

independent assays, was EE(%) ± SD(%)=46.(9) ± 15. This result compares well with the 

ones reported for the extrusion method by Sabaté et al. (EE = 19% in the worst case) [58] 

and Ferreira et al. (EE = 66% in their best formulation) [59] and proves the suitability of 

the ethanolic injection method when hydrophobic drugs are considered to be loaded in 

AMLs. It is also probable that the encapsulation efficiency is dependent on the initial 

amount of ferrofluid used, as reported [58,59]. 

The size distribution of aqueous magnetoliposomes (AMLs) of egg 

phosphatidylcholine containing magnetite nanoparticles was measured by DLS. A 

hydrodynamic diameter of 112 ± 19 nm was determined (Figure S3 in Supplementary 

Material). This size is slightly larger than those obtained for AMLs of the same lipid 

containing nickel ferrite [25] or manganese ferrite [26] nanoparticles. 

The possibility of membrane fusion between aqueous magnetoliposomes (AMLs) 

and giant unilamellar vesicles (GUVs), used as models of cell membranes, was evaluated 

by FRET. The labeled lipid NBD-C6-HPC and the lipid probe Nile Red were both 

included in AMLs, NBD acting as the energy donor and Nile Red as the energy acceptor 

[60]. The solvatochromic and hydrophobic dye Nile Red [61-65] exhibits a red shift in 

emission maximum in polar solvents. Moreover, owing to its capability to establish 
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H-bonds with protic solvents, Nile Red fluorescence in water is very weak, exhibiting a 

maximum wavelength around 660 nm [65].  

When both fluorophores are incorporated in magnetoliposomes, an efficient 

energy transfer process is observed, exciting only the donor NBD (Figure S4 in 

Supplementary Material). Two fluorescence bands are observed, the first (max = 535 nm) 

corresponding to NBD emission and the second to Nile Red fluorescence (max = 630 nm), 

arising from the energy transfer of excited NBD molecules to Nile Red. If the 

magnetoliposomes interact with GUVs, a larger membrane will be formed by fusion. 

Consequently, an increase in the donor-acceptor distance will occur with a corresponding 

decrease in the energy transfer efficiency from NBD to Nile Red. This is observed in 

Figure S4, through the increase in donor emission and the decrease of acceptor 

fluorescence, proving membrane fusion between both systems. The assay was performed 

for AMLs of Egg-PC (Figure S4-A), which is in the liquid-crystalline phase at room 

temperature and AMLs of DPPC (Figure S4-B), which is in the gel phase at 25ºC. 

Aqueous magnetoliposomes of DPPC/cholesterol were also recently obtained by Ferreira 

et al. [59]. Our results in Figure S4 confirm that fusion with GUVs occurs for both AMLs 

of Egg-PC and DPPC. This result is similar to those previously observed with aqueous 

magnetoliposomes of Egg-PC containing different types of magnetic nanoparticles 

[25,26,60]. 

 

4.2.2 Solid magnetoliposomes 

SMLs were synthesized by the procedure previously developed by us using nickel 

ferrite and manganese ferrite nanoparticles [25,26]. SMLs containing iron oxide 

nanoparticles and with lipid bilayers of unsaturated lipids were previously obtained by 

Meledandri et al. [21], using the lipids DOPG and DOPC (18:1 PC), and by Zhang et al. 

[22], using soybean phosphatidylcholine. In this work, clusters of magnetic nanoparticles 

were covered with the phospholipid dipalmitoyl phosphatidylcholine (DPPC or 16:0 PC), 

which possesses two saturated hydrocarbon chains and a melting transition temperature 

of 41ºC [66]. For comparison, SMLs containing a lipid bilayer of the unsaturated lipid 

dioleoyl phosphatidylglycerol (DOPG or 18:1 PG) were also prepared. 

The formation of a DPPC bilayer around the nanoparticles was confirmed by 

FRET between NBD (donor) and Rhodamine (acceptor), using a methodology reported 

in previous works [25,26]. Briefly, the labeled lipid Rhodamine-DHPE was included in 

the first (inner) lipid layer and the labeled lipid NBD-C6-HPC was included in the second 
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(outer) lipid layer. A 𝐷 value of 0.11 for NBD-C6-HPC in magnetite SMLs was 

determined. An energy transfer efficiency of 75% was obtained, corresponding to a 

donor-acceptor distance of 3.43 nm (equations 1-3). This result evidences the formation 

of the double lipid layer in DPPC SMLs, considering the usual thickness of a biological 

membrane (7 to 9 nm [67]). 

Dynamic Light Scattering measurements revealed that the DOPG and DPPC 

SMLs are approximately monodisperse (Figures S5 and S6 in Supplementary Material). 

Hydrodynamic diameters of 136 ± 32 nm and of 127 ± 28 nm were obtained, respectively, 

for DOPG and DPPC SMLs, revealing that these nanosystems are suitable for drug 

delivery applications, due to their size below 150 nm and low polydispersity. The 

structure of solid magnetoliposomes does not present an inner water pool and, therefore, 

solid magnetoliposomes can be observed by SEM microscopy. SEM image (Figure 6) of 

DPPC SMLs containing Fe3O4 nanoparticles shows spherical structures with ca. 123 nm 

diameter, in accordance with DLS results. These SMLs are structurally similar to the ones 

first reported by De Cuyper and Joniau [68], but the preparation method is much simpler 

and expedite, as there is neither the need for an initial step of coating of the magnetic 

nanoparticles with lauric acid, nor the dialysis procedure, that can take up to two days. 

 
Figure 6. SEM image of solid magnetoliposomes of the lipid DPPC containing magnetite nanoparticles. 

 

4.3 Incorporation of the antitumor compound 1 in magnetoliposomes 

The thienopyridine derivative 1 (Figure 1) presents very low growth inhibitory 

concentration values in MCF-7 breast adenocarcinoma cell line and in the aggressive 

MDA-MB-231 breast tumor cell line [30]. For this reason, compound 1 was incorporated 

in both AMLs and SMLs containing magnetite nanoparticles and the incorporation was 

monitored by fluorescence emission, taking advantage of the intrinsic fluorescence of this 
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potential drug. Figure 7 shows the emission spectra of 1 in AMLs, SMLs and liposomes 

(without magnetic nanoparticles and with the same concentration of compound). It is 

possible to observe a quenching effect of the fluorescence emission by the magnetic 

nanoparticles, much more pronounced in SMLs, indicating the incorporation of the 

thienopyridine derivative in both AMLs and SMLs, as previously observed for another 

thienopyridine derivative in magnetoliposomes containing manganese ferrite NPs [26]. 

 

Figure 7. Fluorescence spectra (exc = 290 nm) of compound 1 (3×10-6 M) in liposomes and 

magnetoliposomes (AMLs and SMLs) of DPPC containing magnetite nanoparticles, and in SMLs after 

interaction with GUVs. 

Fluorescence anisotropy (steady-state) values for compound 1 are presented on 

Table 1. For comparison, the anisotropy of the compound was measured in the highly 

viscous solvent glycerol ( = 0.9934 Pa.s at room temperature [69]), with much larger 

viscosity than the one usually reported for lipid membranes (between 0.1 and 0.2 Pa.s 

[70,71]). The measured steady-state anisotropies clearly indicate that this antitumor 

compound is mainly located in the lipid membrane of liposomes. These values are 

significantly lower than the one measured in glycerol, mainly due to the distinct 

viscosities of both types of media (despite possible differences in excited-state lifetimes). 

Comparing the anisotropy values at 25ºC and 55ºC in DPPC-based systems, it 

must be noted that an increase of the steady-state anisotropy is predicted from a 

diminution of the excited-state lifetime, according to Perrin equation [38]. Upon a rise of 

temperature, the excited-state lifetime is expected to decrease, due to the increment of the 

non-radiative deactivation pathways, mainly the rate constant for internal conversion 
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S1→S0. As the anisotropy values decrease strongly at higher temperature (Table 1), this 

behavior can be attributed to a decrease of the rotational correlation time of the 

fluorescent compound. This is a result of the diminution of membrane microviscosity 

upon changing from the gel to the liquid-crystalline phase of the lipid DPPC (Tm = 41°C 

[66]). The lipid DOPG is highly fluid at room temperature [72], justifying very low 

anisotropy values of the compound in liposomes and magnetoliposomes of this lipid. Egg 

lecithin is a natural mixture of phosphatidylcholines (mainly 16:0 PC, 18:0 PC and 18:1 

PC [73]), this composition justifying lower anisotropy values than those of DPPC at room 

temperature, due to the presence of the unsaturated lipid 18:1 PC. 
 

Table 1.  Steady-state fluorescence anisotropy (r) values for antitumor compound 1 in liposomes, aqueous 

magnetoliposomes (AMLs) and solid magnetoliposomes (SMLs). 

 Lipid Temperature r 

Liposomes 

Egg-PC  25ºC 0.182 

DPPC 
25ºC 0.251 

55ºC 0.157 

DOPG 25ºC 0.061 

AMLs 

Egg-PC 25ºC 0.185 

DPPC 
25ºC 0.258 

55ºC 0.147 

DOPG 25ºC 0.056 

SMLs 
DPPC 

25ºC 0.169 

55ºC 0.112 

DOPG 25ºC 0.043 

Glycerol --- 25ºC 0.308 

 

Comparing liposomes and magnetoliposomes, it can be observed that anisotropy 

values for this antitumor compound in AMLs and SMLs are, in general, similar to those 

determined in liposomes of the same lipids. In DPPC SMLs, the anisotropy values are 

lower than in DPPC liposomes or AMLs. This result points to a deeper location of the 

compound in SMLs membrane, as it was reported that microviscosity decreases from the 

interface to the interior of the membrane [74,75]. This justifies the strong quenching of 

compound fluorescence in SMLs. Together, these results confirm that this potential 

antitumor drug is fully incorporated in both types of magnetoliposomes, located mainly 

in the lipid bilayer and experiencing changes in fluidity between the rigid gel phase (25ºC) 

and the liquid-crystalline phase (55ºC) in the case of DPPC.  
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Interaction of SMLs entrapping compound 1 with model membranes was also 

investigated. Comparing compound emission before and after interaction with GUVs 

(Figure 7), an unquenching effect is detected upon interaction, confirming membrane 

fusion of SMLs with GUVs. Therefore, the magnetoliposomes here prepared are 

promising as carriers for this antitumor compound active against breast cancer. Based on 

the experimental results, we anticipate that both aqueous and solid drug-loaded 

magnetoliposomes have potential as therapeutic agents in future applications of 

chemo/thermotherapy of cancer. 
 

5. Conclusions 

In this work, magnetite nanoparticles with size around 12 nm were synthesized by 

coprecipitation method. Fe3O4 NPs exhibit superparamagnetic properties, with maximum 

magnetization of 62 emu/g at 5 T applied field, a coercivity of 9.7 Oe and a blocking 

temperature of 118 K. Both aqueous and solid magnetoliposomes containing magnetite 

nanoparticles, with sizes below 150 nm and low polydispersity, were prepared and their 

interaction with model membranes by fusion was demonstrated. 

A new antitumor compound active against breast cancer was successfully 

incorporated in both AMLs and SMLs, which is a promising result for the application of 

these nanocarriers in dual oncological therapy for breast cancer, using both hyperthermia 

and chemotherapy.  
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8. Supplementary information 
8.1 Structure of the fluorescent probes 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Structures of the fluorescent labeled lipids and the dye Nile Red. 

 

8.2 Results of the Rietveld analysis 
 

Table S1. Selected Rietveld analysis parameters. 

Analysis Ox,y,z (*) 
Preferred 

orientation 

Overall 
temperature factor, 

Bover 

Size 
(nm) 

RF χ2 

A 0.24965 No (r = 1) 0 5.5 7.56 1.29 

B 0.25074 Yes (r = 0.59) 0 5.6 7.49 1.20 

C 0.24674 Yes (r = 0.72) -2.95 5.4 5.67 1.14 

(*) Value in CIF file nr. 9000926 is 0.25470  

 

 

 

 

 

Rhodamine-DHPE  
NBD-C6-HPC Nile Red 
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8.3 ZFC and FC curves for magnetite NPs obtained by SQUID 

 
Figure S2. ZFC and FC magnetization curves of Fe3O4 nanoparticles. 

 
 
 

8.4 Size distribution of aqueous magnetoliposomes obtained by Dynamic Light 
Scattering (DLS) 

 

Figure S3. Size distribution obtained by DLS for aqueous magnetoliposomes of Egg phosphatidylcholine 

containing magnetite NPs (at 25ºC). 
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8.5 Interaction with model membranes (GUVs) monitored by FRET 

 
Figure S4. Fluorescence spectra (exc = 410 nm) of AMLs containing magnetite NPs, labelled with both 

NBD-C6-HPC (210-6 M) and Nile Red (210-6 M), before and after interaction with GUVs. A: AMLs of 

Egg-PC; B: AMLs of DPPC. 

 

8.6 Size distribution of SMLs obtained by Dynamic Light Scattering (DLS) 

 
Figure S5. Size distribution obtained by DLS for solid magnetoliposomes of DOPG containing magnetite 

NPs (at 25ºC). 

 
Figure S6. Size distribution obtained by DLS for solid magnetoliposomes of DPPC containing magnetite 

NPs (at 25ºC).
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In this chapter, the results of research of the last four years are summarized, and a 

comparison of results obtained for the different systems is presented. Also, a few and 

unpublished data will be included here. 

As it was described on chapter 2, in the last four years, magnetoliposomes based 

on several magnetic nanoparticles and with different structures were developed. Both 

solid and aqueous magnetoliposomes based on nickel nanoparticles, Ni/silica core/shell 

nanoparticles, and several ferrite (NiFe2O4, MnFe2O4 and Fe3O4) nanoparticles were 

prepared. The main goal of this work was to design magnetoliposomes with promising 

properties for their application as nanocarriers for antitumor drugs. For this purpose, 

magnetic nanoparticles were synthesized by co-precipitation method and characterized in 

terms of their structure, composition and magnetic behavior. All the nanoparticles 

exhibited appropriate sizes with a narrow size distribution (Table 3.1), with a crystalline 

structure (Table 3.1), and superparamagnetic behavior at room temperature (Table 3.2), 

except nickel nanoparticles that showed a ferromagnetic behavior. 

 

Table 3.1. Crystalline structure and size of the prepared nanoparticles, obtained by DLS, XRD, SEM, TEM 
and Langevin fit to M(H). 

 
Calcina-

tion 
Crystalline 
Structure 

Size (nm) 

DLS XRD SEM TEM M(H) 

Nickel (100%) --- --- 88 ± 7 --- 66 ± 24 --- --- 

Ni/Silica 

(1:5) --- --- --- --- ~ 110 --- --- 

(1:10) --- --- 157 ± 16 --- --- --- --- 

(1:30) --- --- 175 ± 24 --- --- --- --- 

(1:42) --- --- --- --- ~ 400 --- --- 

(1:60) --- --- 185 ± 21 --- --- --- --- 

NiFe2O4 
800º C  

(2 hours) 
inverse 
spinel 

--- 13.2 ---- 11 ± 5 6.5 

MnFe2O4 --- spinel --- 16.5 --- 26 ± 7 14 

Fe3O4 --- 
inverse 
spinel 

--- 5.6 11.6 ± 1.6 --- 5.4 

 

The blocking temperature (TB) distributions of MnFe2O4 nanoparticles were 

determined through the temperature derivative of the difference between the FC and ZFC 

magnetization curves (Figure 3.1, data not published). Here, the maxima correspond to 

the blocking temperature of the main size distribution (Table 3.2).1 This method has 

shown to be more precise than the one that considers TB as the maximum of the ZFC 

curve.2 In accordance with TEM images (Figure 4A, article 2.3), where a few large 

particles were observed, two distributions were obtained. Blocking temperatures of 15.66 
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K and 133.52 K were obtained for smaller and larger particles distribution, respectively. 

Thus, the high value obtained for TB measured directly through the maximum of the ZFC-

FC (Table 3.2) can be explained by the presence of these two size distributions, where 

the large size distribution of the bigger nanoparticles contributes for a more pronounced 

shift of the ZFC peak, as their magnetic moments are unblocked at higher temperatures.  

 
Figure 3.1. Blocking temperature distributions obtained from derivative d(ZFC-FC)/dT. 

Table 3.2. Blocking temperature (TB), saturation magnetization (Ms), remnant magnetization (Mr), 

magnetic squareness value (Mr/Ms) and coercive field (Hc) of the synthesized NPs, at room temperature. 

 

TB (K) 

Ms (emu/g) Mr (emu/g) Mr/Ms Hc (Oe) 
ZFC-FC 𝒅 𝒁𝑭𝑪 − 𝑭𝑪𝒅𝑻  

Nickel 
--- --- 

51.20 18.00 0.35 80.00 

NiFe2O4 214 
--- 

23.54 2.0×10-3 7.2×10-5 12.00 

MnFe2O4 ~ 316 
15.66 (TB1

) 

133.52 (TB2
) 36.00 0.58 0.016 6.30 

Fe3O4 
--- --- 

62.00 1.43 0.023 9.70 
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The magnetic nanoparticles were then encapsulated in liposomes (AMLs) or 

covered by a lipid bilayer (SMLs). The structural and magnetic properties of 

magnetoliposomes were evaluated. In chapter 1, it was described that ideal 

nanoencapsulation systems must have sizes below 200 nm, in order to have an enhanced 

EPR effect.3 Thus, all the synthesized magnetoliposomes exhibited appropriate sizes for 

their application in vivo (Table 3.3). 

Keeping in mind effective drug delivery applications, all systems show potential 

for further development towards this kind of application, as they have shown to fuse with 

models of cell membranes, thus being able to deliver encapsulated compounds. Moreover, 

the four different antitumor compounds studied were efficiently encapsulated in 

magnetoliposomes. Concerning encapsulation efficiency, experimental results 

(unpublished data) allowed to determine an encapsulation efficiency for compound A 

(corresponding to compound 1 of article 2.3.) of (98.4 ± 0.8)%, when encapsulated in 

AMLs based on NiFe2O4 NPs (this value was obtained using the procedure described in 

article 2.4, section 3.2.4). This result indicates that AMLs based on NiFe2O4 NPs are very 

promising nanocarriers for compound A, presenting a slightly higher encapsulation 

efficiency than those obtained for compounds B and C (corresponding to compounds 1 

and 2 of article 2.4., respectively), when encapsulated in AMLs and SMLs based on 

MnFe2O4 NPs. 

Regarding magnetic properties, as it was already mentioned, all the nanoparticles 

(except Ni nanoparticles) showed a superparamagnetic behavior at room temperature 

(Table 3.2), being suitable for combined cancer therapy, through simultaneous drug 

delivery and hyperthermia. The nanoparticles with the best magnetic properties were the 

Fe3O4 NPs, with a high saturation magnetization of 62 emu/g. However, the physical 

problem concerning magnetic properties is that their encapsulation compromises the 

saturation magnetization. Considering magnetic hyperthermia, it was observed that SMLs 

based on MnFe2O4 NPs are more promising than AMLs based on the same type of NPs, 

as with SMLs it is possible to keep almost the same magnetization as the one of net 

nanoparticles (tables 3.3 and 3.4). Despite the saturation magnetization of the SMLs 

based on manganese ferrite NPs is not so high as the one of Fe3O4 NPs (and probably of 

their SMLs), they are very promising for synergistic hyperthermia/chemotherapy, where 

the required values of Ms are not as high as the ones for hyperthermia therapy alone.4  
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Table 3.3. Hydrodynamic diameter of magnetoliposomes obtained by DLS and diameters of synthesized 

magnetoliposomes obtain by SEM and TEM. Liposomes (without magnetic nanoparticles) sizes are also 

shown for comparison. 

 NPs Lipids Size (nm) 

DLS SEM TEM 

Liposomes 
--- Egg-PC 92 ± 10 --- --- 

--- DPPC 115 ± 12 --- --- 

AMLs 

Ni 
Egg-PC 103 ± 20  --- --- 

DPPC 115 ± 12 --- --- 

 

Ni/silica (1:20) 

Egg-PC 135 ± 34 --- --- 

DPPC 175 ± 23 --- --- 

NiFe2O4 Egg-PC 92 ± 18 --- --- 

MnFe2O4 Egg-PC 82 ± 13 --- --- 

Fe3O4 Egg-PC 112 ± 19 --- --- 

SMLs 

Ni 
DOPG 98 ± 16 65 ± 28 --- 

AOT 67 ± 26 115 ± 26 --- 

NiFe2O4 
a DOPG 94 ± 3 --- --- 

NiFe2O4 
b DOPG 178 ± 15 < 100 --- 

MnFe2O4 
DOPG 152 ± 24 --- ~ 100 

DPPC 124 ± 23 < 150 --- 

Fe3O4 
DOPG 136 ± 32 --- --- 

DPPC 127 ± 28 ~ 123 --- 

a SMLs obtained by ethanolic injection method 
b SMLs obtained by new method described in section 3.2, article 2.2.   

Table 3.4. Saturation magnetization (Ms), remnant magnetization (Mr), magnetic squareness value (Mr/Ms) 

and coercive field (Hc) of aqueous and solid magnetoliposomes based on MnFe2O4, at room temperature. 

 Ms (emu/g) Mr (emu/g) Mr/Ms Hc (Oe) 

SMLs  34.16 0.90 0.03 4.22 

AMLs 1.17 0.08 0.07 8.43 

 

A recent experiment performed in the framework of this thesis was a simple 

qualitative test of the motion of SMLs containing MnFe2O4 nanoparticles in water, under 

a magnetic field gradient. For that, an Agilent N5746A system was used as a DC power 

supply connected to a system of two large coils. First, the magnetoliposomes were 
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collected with a common small magnet on the right side of the Eppendorf and then a 

magnetic field of ~ 200 mT was turned on. After about 2.13 s, the magnetoliposomes 

moved approximately 0.4 cm (figure 3.2).   

 
Figure 3.2. Images of an aqueous solution of SMLs based on MnFe2O4 NPs under a magnetic field gradient. 

 This simple experiment allowed concluding that SMLs based on MnFe2O4 

nanoparticles are a promising nanoencapsulation system suitable for magnetically guided 

transport, as their position can be manipulated with a magnetic field gradient. Thus, using 

proper magnetic field engineering, these magnetoliposomes may be used to deliver 

anticancer drugs specifically to target tumor sites. 
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This thesis focused on developing magnetoliposomes as valuable nanosystems 

that combine the benefits of magnetic nanoparticles and liposomes. Due to their 

potentialities, special attention has been dedicated to synthesis methods that improve 

these nanosystems, while their potential has been deeply studied.  

Initially, in this work, nickel/silica core/shell nanoparticles were synthesized, 

using microheterogeneous templating media for nickel core synthesis and TEOS 

hydrolysis for the silica shell. Although these nanoparticles presented a high saturation 

magnetization, around 50 emu/g, they did not exhibit a superparamagnetic behavior. 

Thus, in order to improve biocompatibility and attain the appropriate magnetic properties 

for biological applications, other types of magnetic nanoparticles were prepared. 

Therefore, small ferrite nanoparticles (NiFe2O4, MnFe2O4 and Fe3O4) with 

superparamagnetic behavior at room temperature, were synthesized by coprecipitation 

method. All the types of synthesized nanoparticles were successfully encapsulated into 

liposomes (forming aqueous magnetoliposomes, AMLs) or covered by a lipid bilayer 

(creating solid magnetoliposomes, SMLs). Fe3O4 nanoparticles showed the highest 

saturation magnetization, 62 emu/g, and SMLs based on MnFe2O4 nanoparticles 

exhibited a magnetic behavior similar to net nanoparticles. Thus, SMLs based on Fe3O4 

nanoparticles are very promising, as their saturation magnetization is expected to be as 

high as the one of the net nanoparticles. The magnetic properties of SMLs based on Fe3O4 

nanoparticles will be evaluated in future work.  

Four new promising antitumor drugs, thienopyridine derivatives, were efficiently 

incorporated in both AMLs and SMLs, with high encapsulation efficiencies. FRET 

measurements pointed to membrane fusion between both types of magnetoliposomes and 

models of cell membranes. Moreover, it was also demonstrated that AMLs based in 

MnFe2O4 nanoparticles are able to release two encapsulated antitumor compounds and to 

inhibit the growth of human tumor cell lines in vitro, while exhibiting non-toxicity for 

primary (non-tumor) cell lines. On the other hand, SMLs of the lipid DPPC showed no 

drug release in similar conditions, which could be related with the lipid composition, as 

DPPC is rigid at room temperature (in gel phase). Yet, this could be an advantageous 

outcome if compound release could be triggered by the application of an AC magnetic 

field. This will be focused on future work. In conclusion, the results obtained in this work 

point to be promising for future drug delivery applications of anticancer drugs using 

magnetoliposomes, simultaneously as drug nanocarriers and hyperthermia agents.  
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To our knowledge, it was the first time that magnetoliposomes (both AMLs and 

SMLs) based on NiFe2O4 nanoparticles and SMLs containing MnFe2O4 nanoparticles 

were synthesized. A new promising method for the synthesis of SMLs with improved 

magnetic properties was developed. Experimental evidence for membrane fusion between 

magnetoliposomes and models of cell membranes was obtained using FRET 

measurements in an innovative assay. Also, new promising potential anticancer drugs 

were preliminary tested in these nanosystems. 

Despite the scientific work and the encouraging results obtained in the framework 

of this thesis, further research is still needed. As a follow-up of the work developed here, 

the following research is suggested: o In the field of magnetic nanoparticles: 

• Exploring other types of ferrite nanoparticles, such as magnesium 

ferrite and calcium ferrite nanoparticles, considering magnetic 

properties, stability, and improved biocompatibility; 

• Exploring mixed ferrite/gold nanoparticles, either core/shell or 

nanoparticles decorated with gold, and evaluate their 

magnetic/plasmonic capabilities, aiming at developing multifunctional 

nanoparticles. o In the field of magnetoliposomes: 

• To prepare magnetoliposomes with PEGylation; 

• To enhance cellular uptake via transferrin-mediated mechanism and/or 

improving functionalization with folate; 

• Testing pH-sensitive AMLs to improve drug release in tumor cells; 

• To evaluate the toxicity of magnetoliposomes in non-tumor cells; 

• To explore other lipid formulations for SMLs; 

• To improve AMLs magnetic properties; 

• To perform studies in tumor cell lines under the influence of an AC 

magnetic field; 

• To perform essays with well-established anticancer drugs already used 

in chemotherapy (doxorubicin, cisplatin, paclitaxel); 

• Determination of SAR using magnetic hyperthermia measurements; 

• In vivo studies. 



 _____Chapter 4 
 
 

- 237 -  
Due to the complexity of magnetoliposomes, a multidisciplinary expertise, from 

organic and inorganic chemistry to bio- and magnetic-physics and pharmacology, is 

needed for a better understanding and effective application of these nanostructures. For 

the in vivo application of magnetoliposomes, the main difficulty is still the magnetic 

sources in clinical trials that need to be tailored, for a depth penetration treatment. 

Nevertheless, over the past decade, new concepts have been tested and progressive and 

promising work encourages the continuous investigation of magnetoliposomes 

applications in dual cancer therapy. The scientific community believes that the intensive 

work in this field should continue and much more encouraging results are yet to come.   
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