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HYPOTHESIS AND OBJECTIVES 

Edelfosine (1-O-Octadecyl-2-O-methyl-rac-glycero-3-phosphocholine, ET-18-

OCH3) is a synthetic analogue of platelet activating factor that was synthesized in the 

late 1960’s. It is a drug with proven in vitro and in vivo efficacy against cancer. 

Numerous in vitro studies demonstrate the selectivity of this drug for tumour cells. 

Besides edelfosine avoids classic antitumor drugs side-effects because its mechanism 

of action is not linked to a direct targeting of the DNA. However, despite the 

promising anticancer activity profile of edelfosine, its clinical use is very limited being 

reduced to purging purposes in leukemia patients. The main reason for this clinical 

limited use is that edelfosine does not own favourable bioavailability profile and, 

moreover, it presents severe side effects.  

Edelfosine has been previously vehiculized through nanotechnology using lipid 

nanoparticles in our research group. Lipid nanoparticles of edelfosine, constituted by 

biodegradable and biocompatible lipids, are produce by an organic solvent free 

method. These nanoparticles demonstrated several advantages over the free drug 

such as avoidance of haemolytic toxicity of the free drug. Moreover, they improved 

oral bioavailability of the drug which seems to be mediated by their absorption 

through Peyer´s patches in the intestine. Additionally, the oral administration of 

these systems promoted a 100 % inhibition of extranodal dissemination of a murine 

mantle cell lymphoma. Finally, edelfosine has shown to be effective in leukemia cell 

lines. 

According to this background, the general hypothesis of this thesis is: 

Lipid nanoparticles containing edelfosine might be an alternative therapy in 

leukemia treatment since these nanosystems could provide better efficacy and 

higher security profiles. It is expected that the nanoencapsulation of edelfosine could 

overcome the resistance that some leukemic cells lines show to the free drug. 

Based on this premise, the general aim of this project is to study the benefits of 

the encapsulated edelfosine compared to the free drug in leukemia treatment in 

terms of efficacy and toxicity as well as to understand the mechanism by which 
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xxvi 

edelfosine lipid nanoparticles enter the cells and the molecular mechanism 

implicated in cell death. 

The partial objectives are:  

1. To evaluate the efficacy of free and nanoencapsulated edelfosine after 

administration to sensitive and resistant leukemia cell lines. 

2. To study the uptake mechanisms of edelfosine and edelfosine lipid 

nanoparticles in leukemia cells as well as the molecular mechanisms 

implicated in cell death upon internalization of both the free and 

nanoencapsulated drug. 

3. To assess the permeability of lipid nanoparticles across the intestinal barrier. 

Caco-2 monoculture and Caco-2/Raji co-culture were used as in vitro models 

of enterocytes and Microfold cells respectively. 

4. To investigate the in vivo toxicity of free edelfosine, lipid nanoparticles and 

lipid nanoparticles loaded with edelfosine in mice after oral administration. 

5. To study biodistribution of edelfosine lipid nanoparticles and to evaluate 

their therapeutic efficacy in a xenogeneic mouse model of human acute 

lymphoblastic leukemia.   
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Abstract 

Introduction: Cancer is a leading cause of death worldwide and it is estimated 

that deaths from this disease will rise to over 11 million in 2030. Most cases of cancer 

can be cured with surgery, radiotherapy or chemotherapy if they are detected at an 

early stage. However, current cancer therapies are commonly associated with 

undesirable side effects, as most chemotherapy treatments are cytotoxic and present 

poor tumor targeting.  

Areas covered: Lipid nanoparticles (LN) are one of the most promising options in 

this field. LN are made up of biodegradable generally recognized as safe (GRAS) 

lipids, their formulation includes different techniques, and most are easily scalable to 

industrial manufacture. LN overcome the limitations imposed by the need for 

intravenous administration, as they are mainly absorbed via the lymphatic system 

when they are administered orally, which improves drug bioavailability. Furthermore, 

depending on their composition, LN present the ability to cross the blood brain 

barrier, thus opening up the possibility of targeting brain tumors.  

Expert opinion: The drawbacks of chemotherapeutic agents make it necessary to 

invest in research to find safer and more effective therapies. Nanotechnology has 

opened the door to new therapeutic options through the design of formulations that 

include a wide range of materials and formulations at the nanometer range, which 

improve drug efficacy through direct or indirect tumor targeting, increased 

bioavailability and diminished toxicity. 
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1. Introduction  

According to the World Health Organization [1], cancer is one of the leading 

causes of death worldwide, and cancer deaths are projected to continue rising to 

over 13.1 million in 2030. The main types of cancer are: lung, stomach, liver, 

colorectal, breast and cervical cancer; nevertheless, it can affect any part of the body 

and people of any age. Early detection of this disease through screening prevents the 

cancer from spreading to other parts of the body (metastasization) and thus 

improves survival rates. Cancer treatment frequently comprises a combination of 

surgery, radiotherapy and chemotherapy. Cure rates of surgically removable primary 

tumors that have not spread to other parts of the body are high (e.g. breast, 

colorectal). However, even when complete resection of the tumor is possible, 

chemotherapy is generally required.  

Chemotherapy has been used for more than 70 years, since mustard gas was 

used for the first time in the treatment of lymphomas [2], but it still presents severe 

side effects and limited efficacy. Most chemotherapeutic drugs act through 

interaction with DNA that causes irreparable damage or by impeding cell division, 

which finally leads to cell apoptosis. Chemotherapeutic drugs are generally classified 

as: alkylating agents (platinums, nitrogen mustard derivates, oxazophosphorines), 

anti-metabolites (pyrimidine analogues, anti-folates), mitotic inhibitors (vinka 

alkaloids, taxanes), topoisomerase inhibitors (topoisomerase-I inhibitors, 

topoisomerase-II inhibitors) and antitumor antibiotics (anthracyclines, bleomycin, 

mitoxantrone). Even if these drugs present efficacy against the disease, multi drug 

resistance (MDR) to chemotherapeutic agents complicates cancer treatment. This 

mechanism is mainly related to P-glycoprotein (P-gp), which extrudes the drug from 

the cell, decreasing the intracellular drug concentration and thus inhibiting its 

antitumor action. The group of alkyl lysophospholipids, which are non-DNA affecting 

molecules, comprises another class of antitumor agents. Edelfosine, the prototype of 

these new drugs discovered in the late 1980s, presents several advantages over 

conventional antitumor drugs. It is a drug that can be administered orally, it acts 

selectively in tumor cells sparing healthy tissues and its mechanism of action is not 

based on DNA targeting but membrane triggered apoptosis [3]. Chemotherapy is 
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mainly administered intravenously, a route which is generally associated with poor 

patient well-being and compliance, and high clinical cost [4]. Moreover, it is also 

associated with a wide variety of severe side effects (mainly due to the poor 

targeting of cancer cells) such as myelosupression, gastrointestinal toxicity, alopecia, 

neuropathy, infertility or cardiac ischemia, among others. Bearing in mind all the 

drawbacks of chemotherapy, researchers are still investigating into new drugs and 

new delivery systems to obtain safer and more effective therapies that allow oral 

administration. 

Among drug delivery systems, lipid nanoparticles (LN) are promising drug carriers 

due to their effectiveness in targeting tumor tissue. They provide higher drug 

efficacy, as a result of an increased concentration of drug in tumor cells, and lower 

side effects [5]. LN can be divided into solid lipid nanoparticles (SLN), nanostructured 

lipid carriers (NLC) and lipid drug conjugates (LDC). In general, they can be defined as 

nanometer sized solid particles made up of biodegradable generally recognized as 

safe (GRAS) lipids. Besides the above-mentioned advantages, LN can be administered 

orally, avoiding all the disadvantages of the intravenous route. Like other 

nanosystems, LN are passively targeted to the tumor tissue due to the well-known 

enhanced permeability and retention effect (EPR effect) [6, 7]. Moreover, when given 

orally, they are absorbed via the lymphatic system avoiding first pass hepatic 

metabolism and targeting lymph nodes [8, 9]. Depending on their composition, they 

also have the ability to cross the blood brain barrier (BBB), thus opening up the 

possibility of targeting brain tumors [10]. Furthermore, active targeting offers the 

possibility of directing the drug toward different tissues. This review focuses on the 

most recent advances in the use of LN in the treatment of cancer. Specifically, studies 

published in the last 5 years will be reviewed and discussed.. 

2. Lipid Based Nanosystems  

The LN concept begins with lipid nanosuspensions. O/W emulsions were first 

used in clinic in the 1950s to administer parenteral nutrition. Afterwards, Etomidat-

Lipuro® and Diazepam-Lipuro® were successfully marketed [11]. At this time, the only 

purpose of these emulsions was to reduce the side effect of pain after diazepam 
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injection. Despite the success of the O/W emulsions, the number of products on the 

market is low due to their physical instability and low drug solubility.  

Lipid based nanosystems were first launched on the market in 1986 by the Dior 

brand [12]. The Dior commercial formula was followed by the first pharmaceutical 

liposome formulations. Epi-Pevaryl® (antimycotic topical therapy) was introduced in 

the market in the 1980s, and Alveofact® (pulmonary instillation) and Ambisome® 

(intravenous injection) in the following decade. One of the major disadvantages of 

liposomes is their rapid plasma clearance. Consequently, pegylated liposomes 

(stealth liposomes) were developed by Allen et al. in 1994 [13] as a solution to the 

short half-life of liposomes in plasma as a result of the reticuloendothelial system 

(RES) clearance. However, the number of commercialized liposomal formulations is 

low due to disadvantages such as physical instability, insufficient drug solubility and 

the need for expensive technology. Besides, regardless of the potentiality of these 

formulations in reducing drug-side effects, their poor controlled release posed a 

challenging drawback.  

In this sense, LN, invented in the 1980s, represent significant progress in the 

development of lipid based nanosystems.  

2.1 Types of lipid Based Nanosystems 

2.1.1 Solid Lipid Nanoparticles  

SLN were discovered by Speiser [14] and Eldem et al. [15] in the 1980s when they 

formulated SLN by spray drying and nanopellets for peroral administration for the 

first time. SLN are colloidal carriers composed of lipids that are solid at body 

temperature. The use of solid lipids prevents the drug from immediate release. The 

drug is included in a solid matrix that makes the diffusion of the drug to the surface 

difficult. In addition, the lipids used to form SLN provide low acute and chronic 

toxicity [5]. In the 1990s, SLN were further developed by Müller et al. using high-

pressure homogenization (HPH) methods [16, 17] and by Gasco et al., who used a 

warm microemulsion technique [18, 19]. The most important advantages of SLN over 

liposomes are controlled drug release and the physical stability of the preparations. 

Nevertheless, they still present some limitations such as limited drug loading and 
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drug expulsion during storage. Anticancer drugs have been encapsulated into SLN by 

many different authors [5]. Most of these studies have developed SLN to be 

administered intravenously, with successful results; nevertheless, SLN can also be a 

very promising oral drug delivery system. Several studies have demonstrated that 

these nanocarriers are absorbed via the lymphatic system, improving drug 

bioavailability [8, 9,  20]. Consequently, the oral administration of antitumor agents 

might have a large impact on clinical practice both in patient well-being and in 

treatment costs [4]. 

2.1.2 Nanostructured Lipid Carriers  

NLC are the second generation of LN. They were developed by Müller et al. to 

solve the low drug loading capacity of SLN [21]. The difference between the two 

formulations is their lipid composition: in NLC the solid lipid is mixed with a liquid 

lipid in order to obtain a solid structure and to avoid crystallization after particle 

solidification The applications of NLC are the same as Müller et al. described for SLN 

[17]. Several recent studies endorse the efficacy of NLC in cancer treatment [22-26].  

2.1.3 Lipid Drug Conjugates  

Although SLN and NLC are able to incorporate hydrophilic drugs, their lipophilic 

nature makes them more suitable to incorporate lipophilic compounds. LDC were 

developed in the late 1990s in order to achieve better drug loading rates for 

hydrophilic drugs [27]. Their manufacture consists of binding the drug to the lipid 

prior to forming the O/W emulsion. The drug is first conjugated with the lipid by salt 

formation or by covalent linkage, and afterwards, LDC are formed by homogenizing 

the drug-lipid complex with a surfactant aqueous solution by HPH.  

2.2 Preparation Methods 

To date, different methods have been developed to produce LN. Most of them 

are based on traditional emulsion techniques. The two principal methods used are 

the HPH, patented by Müller and Lucks in 1993 [17], and microemulsion techniques 
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patented by Gasco in 1993 [19]. However, several variations of these methods 

have been proposed in order to optimize the characteristics of LN formulations.  

Table I. Examples of drugs incorporated in LN and preparation methods 

Preparation method  Drugs loaded References 

Hot high pressure 

homogenization 

Palmityl prodrug analogue of 

capecitabine, all-trans retinoic acid, 

chlorambucil, docetaxel, coenzyme Q10  

[93, 126-

129] 

Cold high pressure 

homogenization 

Vinorelbine bitartrate [84] 

Microemulsion technique Trans-resveratrol, gold (III) porphyrin and 

camptothecin 

[130, 131] 

Microemulsion precursor 

technique 

Idarubicin and doxorubicin, paclitaxel, 

gadolinium 

[108, 132, 

133] 

Coacervation method Cisplatin, curcumin, methotrexate [134-136] 

Phase inversion temperature 

method 

Etoposide, tripentone 3-(3-hydroxy-4-

methoxyphenyl)-8H-thieno[2,3-

b]pyrrolizin-8-one, paclitaxel 

[137-139] 

Emulsion formation solvent-

evaporation or -diffusion 

method 

Methotrexate, edelfosine, doxorubicin, 

paclitaxel and siRNA 

[8, 36, 53, 

140] 

Water-in-Oil-in-Water (w/o/w) 

double emulsion method 

Edelfosine, 5-fluorouracil [36, 87]
 

Emulsification dispersion 

followed by ultrasonication 

Mitoxantrone, cisplatin [90, 141] 

Hot homogenization by high 

shear homogenization and/or 

ultrasonication 

Edelfosine, simvastatin and tocotrienol, 

all-trans retinoic acid, paclitaxel, ɣ-

tocotrienol 

[10, 142-

145] 

Solvent injection method Paclitaxel, 5-fluorouracil [146, 147] 

 

Table I brings together all these methods and variations along with the drugs 

used in cancer therapy that have been successfully loaded in these systems. Research 

efforts have been focused on the improvement of particle stability, surfactants at 

considerable concentration, particle size control according to the administration 

routes, functionalization of the particle surface for targeting a specific cell, drug 

controlled release, minimal mechanical and thermal energy input, risk of organic 

solvent residues, cost-effective process and industrial scalability, among others. The 

main advantages and drawbacks of all the production techniques are summarized in 

Table II. 
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 Table II. Advantages and disadvantages of LN preparation methods 

Preparation method Advantages Disadvantages 

High pressure 

homogenization (hot 

and cold) 

 Good reproducibility 

 Well established 

homogenization 

technology on large 

scale 

 Organic solvent free 

method 

 High temperature 

process 

 High energy input 

 Complex equipment 

required 

 Possible degradation of 

the components caused 

by high pressure 

homogenization 

Microemulsion 

technique 

 Reduces mean 

particle size and 

narrow size 

distribution 

 Organic solvent free 

method 

 No energy consuming 

method 

 Easy to scale up 

 High concentration of 

surfactants and co-

surfactants 

 Concentration of final 

formulation is required 

Microemulsion 

precursor technique 

 Rapid, reproducible 

and cost-effective 

method 

 Dilution of the final 

formulation is not 

needed 

 Organic solvent free 

method 

 Non energy-

consuming method 

 High concentration of 

surfactants and co-

surfactants 

Coacervation method  Allows incorporation 

of thermosensitive 

drugs 

 Inexpensive for 

laboratory and 

industrial application 

 Possibility to control 

shape and size of 

SLNs by reaction 

conditions 

 Possible degradation of 

the components under 

acidic conditions 
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Preparation method Advantages Disadvantages 

Phase inversion 

temperature method 

 Organic solvent free 

method 

 Non-energy 

consuming method 

 Easy to scale up 

 Not suitable for 

thermosensitive 

molecules like peptides 

or proteins 

Emulsion formation 

solvent-evaporation 

or -diffusion method 

 Allows incorporation 

of thermosensitive 

drugs 

 Reduces mean 

particle size and 

narrow size 

distribution 

 Good reproducibility 

 Concentration of final 

formulation is required 

 Possible organic solvent 

residues in the final 

formulation 

Water-in-Oil-in-Water 

(w/o/w) double 

emulsion method 

 Allows incorporation 

of hydrophilic drugs 

 Concentration of final 

formulation is required 

 Large particle size of the 

final formulation 

Emulsification 

dispersion followed 

by ultrasonication 

 Allows incorporation 

of thermosensitive 

drugs 

 Possible metal 

contamination 

Hot homogenization 

by high shear 

homogenization 

and/or 

ultrasonication 

 Easy to handle 

 No complex 

equipment is required 

 High concentration of 

surfactants and co-

surfactants are not 

required 

 Organic solvent free 

method 

 High energy input 

 Polydisperse distributions 

 Possible metal 

contamination 

 Concentration of final 

formulation is required 

Solvent injection 

method 

 Easy to handle and 

fast production 

process 

 Possible organic solvent 

residues in the final 

formulation 

 

3. Scaling-up of LN  

After the development and optimization of a formulation on a small scale, the 

next step is usually to find the way to produce it on a larger scale. However, in most 

cases, the scaling up of a process implies an increase in problems [28]. In the case of 

LN production based on HPH, which is the most widely used method in the 
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pharmaceutical industry, it has been observed that the use of larger scale 

machines leads to an even better quality of the product with regard to a smaller 

mean particle size and polydispersity index (PDI) [29]. 

The most typical devices for lab-scale production are the Avestin C5 (capacity: 5 

L/h, batch: 7 mL to 1 L, Avestin Europe) and the Micron LAB 40 (batch: 20–40 mL, 

APV Deutschland GmbH). In the case of very high-cost drugs, or if there is a limited 

amount available (e.g., new chemical entities), it is positive to reduce the batch size. 

Avestin B3 (Avestin Europe) can be employed in order to reduce the batch size, 

achieving a final volume of 0.5–3.2 mL [30].  

The next scaling up step implies a minimum batch size of 2 kg and a maximum of 

10 kg. This aim can be achieved using the Micron LAB 60 (APV Deutschland GmbH), 

which has a homogenization capacity of 60 L/h. The next step in scale-up is the use of 

a Gaulin 5.5 (APV Deutschland GmbH) with a homogenization capacity of 150 L/h 

(nearly 150 kg) [31]. In this case, the pre-emulsion is formed in larger containers. The 

product containers and homogenizer are manufactured from pharmaceutical grade 

materials. Another feature is that the product containers can be sterilized by 

autoclaving; formation of the pre-emulsion under protective gas is also feasible. It is 

noteworthy that a batch size of about 500 kg can be produced in approximately 3-h 

homogenization time using this machine.  

For even larger scales, a Rannie 118 (APV Deutschland GmbH) or an Avestin 

EmulsiFlex C1000 (Avestin Europe) can be used [30, 31]. Their capacity is much higher 

than that of the previous machines, ranging from 1,000 to 2,000 L/h at the low 

pressure required for the production of LN.  

4. Physical-chemical characterization of LN 

Physical-chemical characterization of the LN is essential due to the fact that these 

systems present colloidal sized particles [32]. Nevertheless, proper characterization 

of the formulations is necessary to control the product quality, stability, and release 

kinetics. The most important parameters of LN to be characterized include particle 

size and shape, the surface charge, the degree of crystallization and the kind of lipid 

modification. All these properties must be well characterized because any contact of 
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the LN dispersion with new surfaces might be able to induce changes in their 

structure, causing, for example, an alteration in the lipid crystallization or 

modification leading to the formation of a gel, or to the drug expulsion. Among all 

the parameters that should be considered for characterization of LN, size is crucial 

and critical for determining the interactions of nanoparticles with living systems. For 

instance, particle sizes below 300 nm are suitable for intestinal transport to the 

thoracic duct [33], while sizes no larger than 5 µm are required in order not to cause 

embolisms after parenteral administration of LN due to the blocking of the thin 

capillaries [34]. Besides, particle size also plays a very important role in the clearance 

of the LN by the RES. A great number of methods are available for determining the 

size of nanoparticles [35]; however, the most commonly employed techniques are 

the following. Dynamic light scattering (DLS) is generally used to determine the size 

distribution profile of LN. Alternatively, electron microscopy and/or atomic force 

microscopy (AFM) are often used to corroborate the results. 

The zeta potential is the overall charge a particle gains in a specific medium, and 

its value indicates the degree of repulsion between close and similarly charged 

particles in dispersion. Most authors calculate this value by laser-doppler 

anemometry [36-40]. Colloids with high zeta potential (negative or positive) are 

electrically stabilized, while colloids with low zeta potentials tend to coagulate or 

flocculate. In general, absolute values greater than 30 mV have been found to be 

enough for good stabilization, and hence indicate good physical stability [41]. In 

terms of stability, any contact of the LN dispersion with new surfaces might be able 

to induce changes in their structure, causing, for example, an alteration in the lipid 

crystallization or modification leading to the formation of a gel or to the drug 

expulsion [42]. Therefore, the crystallinity and polymorphic behavior of the 

components of the LN should be studied, as these both influence drug incorporation 

and release rates to a high degree. Differential scanning calorimetry (DSC) and X-ray 

diffractometry (XRD) are two of the main tools employed. Bunjes et al. [43-46] 

reported on crystalline properties of lipids and their recrystallization patterns during 

nanoparticle preparation and the influence of nanoparticle size on recrystallization 

pattern in a very extensive way.  



ALQUIL-LYSOPHOSPHOLIPIDS AND CANCER: DEVELOPMENT OF LIPID NANOPARTICLES FOR ORAL 
ADMINISTRATION AND PRECLINICAL STUDIES 

 

40 

It is imperative to obtain a dry product to ensure their stability, thus allowing 

their long-term storage. Lyophilization is one of the most widely used techniques for 

obtaining dry powders from nanoparticulate suspensions [47-51] and provides an 

increase in chemical and physical stability over extended periods of time [34]. In 

general, cryoprotectant agents are used so as not to achieve a final LN aggregated 

product, which will commonly acquire a rubbery appearance. Saccharides are the 

most widely employed cryoprotectant agents in the formulation of LN, namely 

trehalose, sucrose, sorbitol, maltose, glucose and mannose [52-54].  

5. Drug release from LN 

The solubility of the drug in the aqueous release medium and the lipid 

component of the formulation, and the partitioning between them, are considered 

very important factors in predicting the in vitro drug release behavior. It is known 

that increasing the production temperature and surfactant concentration leads to 

increased drug solubility in the water phase [55]. Cooling the LN suspension again will 

decrease the water solubility and the repartition to the lipid, forming drug core-

enriched or drug shell-enriched LN, depending on the lipid recrystallization 

temperature [56]. These two drug distribution models lead to too slow and too fast 

release rates of the drugs, respectively.  

In order to study the drug release kinetic profile of drugs from LN, various assays 

can be performed. The most widely employed assays are based on the use of dialysis 

membranes, Franz-type diffusion cells and rotating vials.  

5.1 Dialysis membranes 

Among all assays, dialysis tubes are those that are most widely used to study the 

drug release kinetics from LN formulations [53, 57-59]. Briefly, a definite amount of 

prepared LN, free from any unentrapped drug, is separately placed in the dialysis 

tube of different molecular weight cut-off (MWCO) (usually between 12-14 kDa), tied 

at both ends and suspended in different beakers (receptor compartment) each 

containing the appropriate medium to study the release (namely, PBS, gastric or 

intestinal media). The medium is stirred continuously to favor the crossing of the 
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membrane, and the whole system is usually assembled at physiologic temperature 

throughout the experiment (Figure 1). Samples are withdrawn periodically and after 

each withdrawal of sample the same volume of appropriate medium is added in the 

receptor compartment so as to maintain a constant volume throughout the study.  

 

 

Figure 1. Representative scheme of the determination of drug release by dialysis membrane bag. 

 

5.2 Franz-type diffusion cell 

This assay is relatively similar to the method based on dialysis membranes, with 

the difference of the use of a specific system [52, 60]. A Franz diffusion cell system is 

composed of a receptor and a donor cell (Figure 2).  

 

 

Figure 2. Schematic representation of a Franz diffusion cell system. 

 

This cell has a static receptor solution reservoir with a side-arm sampling port. 

The membrane (usually of a MWCO of 12 kDa) is mounted between the cell 
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compartments. The receptor compartment is filled with the appropriate medium to 

study the release (namely, PBS, gastric or intestinal media). It is kept at physiological 

temperature by circulating water through an external water jacket. After a certain 

time of equilibration of the membrane with the receptor solution, a definite amount 

of the LN formulation is applied in the donor compartment. The donor compartment 

can then be covered to prevent evaporation of the solvent. The receptor solution is 

continuously stirred by means of a spinning bar magnet. Receptor solution samples 

are withdrawn through the sampling port of the receptor compartment at various 

time intervals and the cells are refilled with receptor solution to keep the volume of 

receptor solution constant during the experiment. 

5.3 Rotating vials 

In this method, an amount of LN is placed in small vials contaning the appropriate 

medium to study the release (PBS, gastric or intestinal media). The vials undergo 

continuous rotational mixing using a rotating device kept at physiologic temperature 

throughout the experiment (Figure 3). At the time of sample withdrawal, vials are 

centrifuged and the supernatant is recovered for analysis [36].  

 

 

Figure 3. Diagram of a rotating device that can be used to determine drug release from LN 
formulations by rotating vials. 
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6. Application in cancer therapy 

6.1 Surface modified lipid based nanosystems 

Antitumor drugs imply many remarkable side effects as a result of their impaired 

toxicity. The poor selectivity of these compounds makes them accumulate in healthy 

tissues causing severe damage. This unspecific drug accumulation also decreases 

their effectiveness [2]. Nanotechnology has overcome this problem thanks to passive 

and active targeting of the tumor. Lipid-based nanocarriers are not only able to 

accumulate in tumor tissues passively, but these systems can also be actively 

targeted at tumors by attaching different molecules to their surface (Figure 4). 

 

 

Figure 4. Representation of LN and different surface modifications for active and passive targeting. 

 

6.1.1 Passive targeting 

The EPR effect is the principal mechanism of tumor accumulation of nanocarriers 

[7]. Tumor tissues grow very quickly, promoting special tissue architecture and the 

development of blood vessels with wide fenestrations between endothelial cells. 

These particular vessels permit an easier exchange of nutrients and oxygen to 

support the high demand of this abnormal growth. These wider spaces facilitate the 

extravasation and accumulation of nanoparticulated systems from the blood vessels 

into the tumor tissues. Therefore, lipid-based nanosystems are targeted at tumor 
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tissues in a passive way, which is based on the shape and size and is independent of 

the surface nature.  

In contrast to other nanocarriers, LN offer another possibility in passive targeting 

when they are administered orally. After oral administration, LN are absorbed via the 

lymphatic system and the drug is passively targeted at the lymph nodes [20, 61]. This 

might represent a promising strategy in the treatment of general cancer metastases 

and in lymph generated tumors (lymphomas) [9]. 

Another passive targeting approach is the use of certain tensoactive excipients 

that enable the lipid nanocarriers to penetrate into the central nervous system (CNS). 

Several studies suggest that LN including tensoactive excipients such as polysorbate 

80 (Tween 80) or polyoxyethylene 20-stearyl ether may overcome the BBB, allowing 

the drug to penetrate into the CNS [10, 62]. Taking into consideration the difficulties 

of anticancer drugs in crossing the BBB, LN present high potential as therapeutic 

tools against brain tumors. 

6.1.2 Active targeting 

Passive targeting is mainly used in nanotechnology to target nanocarriers at the 

tumor; nevertheless, many authors have developed active targeted LN. In this section 

we will discuss the main strategies developed to target LN to cancer cells. Efficacy 

studies will be described and documented in section 6.2 Active targeting consists of 

attaching molecules to the surface of the nanoparticle. The main strategy in active 

targeting consists of using ligands that specifically bind to molecules that are 

selective or over-expressed in tumor cells. However, other approaches like hepatic 

cell targeting [63] and magnetic targeting [64] are also common.  

Among all the molecules used for specific cancer cell targeting, transferrin (Tf) 

attachment is a widely used strategy [65-67]. Tf receptor is the ubiquitous cell 

surface glycoprotein related to cell proliferation and is over-expressed in malignant 

tissues because of the higher iron demand of malignant cells for fast growth and 

division [65]. Tf binds to its specific receptor on the cell surface and is internalized 

into the cell by endocytosis.  
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The attachment of ferritin to the nanoparticle surface is another approach 

related to the increased iron requirements of cancer cells. Ferritin is an intracellular 

protein complex, which is intended to store iron in the cell in a non-toxic form. Jain et 

a.l [68] developed ferritin-mediated LN containing 5-fluorouracil (5-FU) to assess 

their targetability to breast cancer cells. 

Mannose has been also used as a ligand in active targeting of lipid nanocarriers 

[69]. Cancer cells tend to over-express lectin-like receptors with high affinity for 

polysaccharide molecules on their surface. This occurs as a result of the increased 

requirement for carbohydrate molecules by tumor tissues. Mannosylated LN 

containing doxorubicin (DOX) showed enhanced in vitro and in vivo efficacy 

compared to non-targeted LN or free drug [58].  

Taking advantage of the cancer cell augmented metabolism, another targeted 

strategy developed is the use of hyaluronan (HA) of different molecular weights [70, 

71]. HA is a linear glycosaminoglycan with many biological functions that make it 

essential in tumor development. HA can be covalently attached to the surface of LN 

to target epithelial cancer cells and leukocytes over-expressing HA receptors (CD44 

and CD168). Mizrahy et al. [70] demonstrated that low molecular weight HA might be 

used as a secure substitute for polyethylene glycol (PEG) if macrophage or 

complement activation must be avoided. Previous studies demonstrated that low 

molecular weight HA (LMW-HA) but not high molecular weight HA (HMW-HA) 

induced inflammatory response [72]; however, Mizrahy et al. showed that 

macrophage activation avoidance was HA molecular weight independent. This could 

be explained by the low quantity of HA attached to the LN surface compared to 

preceding studies. Besides, HMW-HA may be used to efficiently target CD44 over-

expressing tumors due to the strong binding of HMW-HA to the receptor. 

Folate-mediated LN has also been developed to achieve active targeting [73, 74]. 

Folate receptor has been identified as a useful tumor marker because it is over-

expressed in cancer cells. Folate is essential in eukaryotic cells for the biosynthesis of 

nucleotide bases and, as in the previous cases, its requirement is increased in cancer 

cells by reason of its accelerated metabolism.  
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αvβ3 integrins are another target in nanocarrier design. These receptors are 

over-expressed in angiogenic vessels and in some cancer cells. In a study carried out 

by Goutayer et al. [75], NLC containing a fluorochrome were functionalized with 

cyclic triad peptide sequence RGD (Arg-Gly-Asp) in order to target αvβ3 integrins. 

Functionalized LN were shown to have a long half-life in plasma and were distributed 

widely except for the CNS. Fluorochrome signal was higher in tumor tissues over-

expressing target receptors, indicating a targeted distribution of LN. 

Apart from this selective targeting of cancer cells, there is another strategy that 

consists of targeting a specific tissue such as liver or brain. In this sense, selective 

targeting to hepatic cells is another common approach in nanomedicine. 

Asialoglycoprotein (ASGP) receptor is commonly used as a therapeutic target in 

hepatic disease [63]. In contrast to the previous approaches, attaching a hepatic 

ligand implies targeting of all hepatic cells including healthy tissue. Nevertheless, the 

EPR effect may help to overcome this drawback, by promoting uptake of nanocarriers 

by tumor.  

CNS has also been targeted through the binding of ligands to the LN surface. 

Cationic bovine serum albumin (CBSA) promotes transport across the brain capillary 

endothelial cells [76, 77]. CBSA has recently been used to target LN of DOX to the 

CNS [78]. In this case, ligand attachment delays in vitro drug release from the 

nanoparticle. Moreover, CBSA-mediated LN were uptaken by cells in a higher rate.  

LN can be also targeted through physical approaches using magnetic fields [64]. 

Besides, drug release from magnetic LN can be controlled when nanoparticles are 

exposed to an alternating magnetic field [79]. 

Summarizing, all these possibilities of targeting lead to the conclusion that, 

although passive targeting has clearly increased antitumor drug efficacy, active 

targeting clearly improves drug efficacy and security. In fact, active targeting of lipid 

nanocarriers might be considered an added improvement of passive targeting. LN 

accumulate in tumor tissue not only due to their physical characteristics but also 

because of specific binding to cancer cells.  
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6.2 Cancer therapy using LN  

This review is intended to discuss the treatment of cancer with lipid nanocarriers 

focusing on the past five years. Tumor extirpation combined with radiotherapy, 

chemotherapy and monoclonal antibodies are conventional treatments in early 

stages of the disease. However, these therapies are not always effective and entail 

severe side effects. For this reason, new therapeutic strategies are being 

investigated. Among all these possibilities, LN are promising drug delivery systems 

due to the possibility of selectively targeting the nanoparticles at tumor tissues, 

providing effective and secure therapies. 

6.2.1 Lung cancer 

Lung cancer is the leading cause of cancer death in the world. This high mortality 

rates are mainly caused by a late diagnosis of the disease that is associated with non-

operable stages. Non-small cell lung cancer (NSCLC) is the most common lung cancer 

type [80]. NSCLC is composed of heterogeneous aggregates of histologies that 

include epidermoid or squamous cell carcinoma, adenocarcinoma and large cell 

carcinoma. Despite improvements in NSCLC therapy, the overall survival at 5 years 

depends on the cancer stage at diagnosis varying from 49% or 16% to 2% for patients 

with local, regional, and distant stage, respectively. NSCLC responds badly to 

radiotherapy and chemotherapy, so patients are frequently included in clinical trials 

[81]. With this basis in mind, novel formulations are being developed in order to 

obtain more secure therapies.  

In the last five years, different authors have incorporated antitumor drugs into 

lipid nanocarriers to treat lung cancer [52, 82, 83]. These studies show that lipid 

vehicles protect labile drugs from degradation, increase drug bioavailability, enhance 

drug tumor uptake and decrease toxicity. Wan et al. [83] studied the in vitro efficacy 

of pegylated-LN containing vinorelbine bitartrate (VB) in A-549 cancer cells. VB is a 

semi-synthetic vinca alkaloid currently registered for the treatment of NSCLC in many 

countries. It is a very labile and hydrophilic drug that possesses rapid clearance [84]. 

Pegylation, coupling of PEG to the surface of the nanocarriers, is a common strategy 

to avoid macrophage uptake and subsequent LN clearance by the reticuloendothelial 
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system (RES) [85]. Pegylated-LN containing VB were able to reduce macrophage cell 

uptake by RAW264.7 cells because of PEG coupling on their surface; furthermore, 

they were internalized in a higher rate than the free drug in A-549 lung tumor cells. 

These results might increase in vivo efficacy of VB. Another study carried out by Jain 

et al. [58] was based on the use of LN to encapsulate DOX, which is a cytostatic 

antibiotic with a narrow therapeutic index and severe cardiac toxicity. These authors 

developed a mannosylated LN formulation of DOX, which was tested in vitro in A-549 

cells. The hemolytic effect of DOX was avoided when it was encapsulated into LN. In 

vivo studies in male BALB/c mice showed that intravenously administered LN 

increased biodisponibility of DOX, which is cleared from plasma very quickly when it 

is administered in its free form. Moreover, vehiculized DOX accumulated in tumor 

tissue (xenograft A-549) at a higher rate than the free drug, avoiding toxicity in 

healthy cells.  

Gene therapy has also been combined with lipid nanosystems in the treatment of 

lung cancer. Shi et al. [82] investigated the effect of encapsulating anti-microRNA 

oligonucleotides (AMOs) for suppression of microRNA-21 (miR-21) functions in 

human lung cancer cells. A-549 human cancer cell line presents over-expression of 

miR-21, which causes cell proliferation and inhibits apoptosis. These AMOs cannot be 

administered in their free form due to their labile nature, and therefore LN constitute 

a promising drug delivery system in gene therapy. The in vitro results of the study 

clearly indicate that AMOs transfection efficacy is enhanced when it is encapsulated 

into LDC. Besides, this is the first time that AMOs is encapsulated instead of 

complexed. The high rate of transfection in A-549 cells inhibited cell proliferation and 

promoted apoptosis; moreover, cell motility was also inhibited. 

6.2.2 Colon cancer 

Colon cancer is one of the most common cancers worldwide. The prognosis of 

the disease is directly related to the penetration of the cancer through the bowel 

wall. Bowel localized cancer is removed by surgery and is curable in only 50% of the 

cases because recurrence is very frequent. Moreover, as in most cancer types, 

tumors are detected at an advanced stage and so radiotherapy and chemotherapy 

are the only feasible treatments [86]. 
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Antitumor drugs against colon cancer have been encapsulated into LN by several 

authors lately [87, 88]. 5-FU is an antimetabolite widely used in colorectal cancer 

treatment but it presents large individual variability in pharmacokinetics and its 

toxicity is closely related to this variability. Yassin et al. [87] incorporated this drug 

into LN successfully; however, they did not test the efficacy of the formulation either 

in vitro or in vivo.  

6.2.3 Breast cancer 

Breast cancer is the second leading cause of cancer death in women after lung 

cancer. It causes death in about 3% of the cases. The decline in death rates since 

1990 is mainly a result of early detection programs. These preventive measures have 

allowed the complete elimination of most tumors by surgical resection. This measure 

is commonly associated with local radiotherapy, systemic chemotherapy, hormone 

therapy or targeted therapy [89].  

Many drugs have been vehiculized through lipid nanocarriers to achieve better 

drug efficacy and decrease toxicity in breast cancer treatment [58, 65, 68, 75, 83, 90-

94].   

Capecitabine is a prodrug of 5-FU that must be converted by enzymes that are 

mainly restricted to the liver and tumor site. In this sense, capecitabine and its 

analogues have fewer side effects than 5-FU; nevertheless, its rapid plasma clearance 

requires frequent dose regimens. LN are a promising tool due to their ability to 

provide controlled drug release and, subsequently, improved dose regimens. 

Capecitabine analog (5-FCPal) was encapsulated by Gong et al. in LN [93]. The in vitro 

results in MCF-7 breast cancer cells showed that encapsulated 5-FCPal was as 

effective as capecitabine and less toxic than 5-FU. In vivo study on a mouse breast 

cancer model in female BALB/c mice did not show any significant differences 

between free capecitabine and encapsulated 5-FCPal analog administered via 

orogastric gavage; however, a tendency to higher efficacy was observed in the LN 

group. The authors also postulate that LN containing 5-FCPal might be administered 

on an intermittent basis obtaining similar efficacy due to controlled drug release. 

More studies are required in order to demonstrate that LN administered 

intermittently could provide similar efficacy to the free drug administered daily.  
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Lu et al. [90] encapsulated the antitumor drug mitoxantrone (MTO) in LN. Heart 

toxicity, myelosupression and local toxicity at injection site are reported frequently 

when using this drug against breast cancer. Authors efficiently overcame these drug 

drawbacks by using LN to vehiculize the drug. A breast cancer model in BALB/c-nu 

nude mice was established and MTO-LN were subcutaneously injected. Not only 

were LN containing MTO more effective in restricting the action of the drug to the 

tumor site, but additionally, they were also able to avoid macrophage uptake by 

using the PEG derivated surfactant S-40. Local injection of MTO-LN avoided 

hepatonecrosis and interstitial pneumonia that is caused by the free drug. The breast 

tumor model was not satisfactory in all animals and, therefore statistically significant 

results were not obtained. Preliminary histopathological results showed more 

necrotic areas and thinner overgrown tumor layer when mice were treated with the 

encapsulated drug. 

Wan et al. [83] evaluated the in vitro efficacy of including the antitumor drug VB 

in LN. As in the preceding study, these authors also aimed to protect LN from 

macrophage uptake, and so they decided to cover the LN surface with PEG. The 

increment in PEG percentage on the surface of the LN increases its hydrophilicity, 

thus avoiding macrophage uptake. In vitro efficacy in MCF-7 cells of 

nanoencapsulated VB was enhanced about 6.5 fold compared to the free drug.  

Another approach in breast cancer therapy is the use of hormonal therapy. Most 

breast cancers need estrogen to grow, and estrogen-receptor antagonists are 

therefore used to block the receptor and hamper cancer development. Tamoxifen 

citrate (TC) is a nonsteroidal estrogen antagonist commonly used after mastectomy 

or in early breast cancer stages. One study from Reddy et al. [91] incorporated TC in 

LN to evaluate the in vivo pharmacokinetics of the encapsulated drug in rats. They 

showed that nanoencapsulation of the drug produced higher plasma concentrations 

of TC and slower clearance, thus demonstrating again the potential use of LN as a 

secure and efficient drug delivery system in breast cancer. 

Tumor targeting improvement through functionalized LN has been demonstrated 

in a wide variety of studies. In the last few years, many studies have focused on the 

treatment of breast cancer with lipid nanocarriers possessing active targeting. 

Goutayer et al. [75] investigated the in vivo distribution of LN and the effect of 
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functionalizing them in their biodistribution. They targeted the nanoparticles to αvβ3 

integrins, over-expressed on angiogenic vessels and tumor tissues, achieving longer 

nanoparticle plasma circulation time. Nanoparticles were accumulated mainly in 

tumor tissue followed by uterus, ovarian and adrenal glands. Tumor targeting was 

achieved in the case of a cell line over-expressing the target: in this case, 

functionalized nanoparticles accumulate in tumor tissue in a higher rate than non-

targeted LN. Another study conducted by Jain et al. [58], in which LN were labeled 

with mannose, affirmed that functionalized lipid nanocarriers are more effective than 

free drug in inhibiting proliferation in breast cancer cells. Besides, in vivo 

bioavailability and tumor accumulation were enhanced when using LN, especially 

when they were coupled with mannose. Tf mediated LN has also been utilized to 

target antitumor drugs at breast cancer cells [65]. In this study, curcumin efficacy in 

MCF-7 cells was enhanced due to the use of functionalized nanoparticles. Curcumin 

is a physically labile antitumor drug that presents a low bioavailability profile. LN 

were effective in protecting the drug from degradation. Non-targeted LN were also 

effective but at a lower rate than Tf mediated LN. 

5-FU is one of the most commonly used drugs in the treatment of breast cancer 

due to its effectiveness against several solid tumors; however, it presents serious 

drawbacks due to a lack of specificity for tumor cells [95]. Jain et al. [68] studied the 

possible advantages of using LN to target the drug towards the tumor tissue while 

avoiding its toxic effects. This also included the targeting of the LN with ferritin. In 

vitro results demonstrated that ferritin mediated LN containing 5-FU were 

internalized at a significant rate by breast cancer cells (MDA-MB-468) through a 

saturable mechanism. Furthermore, drug half-life in plasma was significantly 

enhanced when the drug was encapsulated in nanoparticles. 5-FU accumulates in the 

tumor 7.7 times more than drug included in non-targeted LN or free drug.  

6.2.4 Brain cancer 

Nowadays brain diseases remain one of the most challenging pathologies to 

treat. Many circumstances make treatment of cerebral tumors particularly 

complicated. They are in many cases inoperable due to their location, and the BBB 

prevents drugs from crossing into the brain. BBB consists of physical (tight junctions) 
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and metabolic (enzymes) barriers, which hamper the passing of drugs and toxins 

from circulation blood to the extracellular fluid of the brain. Lastly, the broad 

heterogeneity of brain malignancies makes the individual response to the treatment 

very unpredictable. Brain tumors are associated with high mortality rates despite 

their low incidence compared to other tumors. The pharmacology of brain cancer is 

always difficult but LN have provided a new insight in its treatment alternatives [10, 

59, 78, 96-98].  

Several active and passive strategies have been used to enhance targeting of LN 

at the CNS. The inclusion of certain tensioactive agents has been demonstrated to be 

an effectively passive targeting strategy to bypass the BBB. Tensioactives such as 

Tween 80 enhance the binding of plasma proteins, with specificity for the BBB, to the 

LN surface [99]. Moreover, Tween 80 temporarily inhibits the MDR effect mediated 

by P-gp protein avoiding drug efflux [10]. Estella-Hermoso de Mendoza et al. 

investigated the in vitro efficacy and in vivo biodistribution of edelfosine-LN. 

Edelfosine is an antitumor drug with in vitro activity against several cancer cells [5, 

10, 100, 101]. This study demonstrated that LN are able to inhibit P-gp in vitro and 

that they can thus revert the C6 cell line resistance to the free drug. Moreover, 

biodistribution studies showed drug accumulation in brain tissue after oral 

administration of the nanoencapsulated drug.  

Active targeting to the brain was also carried out by Agarwal et al. [78]. In this 

study they conjugated DOX LN with CBSA. They based their strategy on previous 

studies that demonstrated that CBSA promotes transport of nanoparticles across the 

BBB [76, 77]. The results of the study showed that CBSA conjugated LN provided 

slower drug release rates than empty-LN; this effect is commonly seen in lipid 

nanocarriers with attached ligands on their surface, which might happen because 

these added molecules act as extra barriers. Drug targeting was successfully achieved 

in vitro and in vivo through intravenous administration. CBSA conjugated-LN were 

able to target DOX to the CNS improving its brain concentration and avoiding side 

effects in healthy tissues. Kuo and Liang [59, 97] also applied active targeting 

attaching anti-EGFR to the nanoparticle surface, and since EGFR is normally 

expressed in glioma, the attachment of an antibody against this receptor can 

certainly improve drug efficacy. These authors have published two studies in which 
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they encapsulate DOX and carmustine into EGFR-targeted LN. Both studies evaluated 

the in vitro efficacy on U87MG cells, and showed that the efficacy of chemotherapy 

was enhanced as a result of the EGFR targeting. 

6.2.5 Ovarian cancer 

According to the American Cancer Society [102], ovarian cancer accounts for 

about 3% of all cancers in women and causes more deaths than any other cancer of 

the female reproductive system. It mainly affects older women, half of the diagnosed 

women being older than 60 years. As in other tumors, surgical removal of the tumor 

is the first option. Nevertheless, chemotherapy and radiotherapy must be 

administered in many cases if the main tumor cannot be removed or it has 

metastasized to other parts of the body. Chemotherapy in ovarian cancer is usually 

administered in combination therapy using a platinum compound, such as cisplatin 

or carboplatin, and a taxane, such as paclitaxel (Taxol®) or docetaxel (Taxotere®). 

Encapsulating, for example, docetaxel, into LN increased their efficacy compared to 

the commercial formulation (Taxotere®) [92]. 

Many researchers are investigating new drug delivery systems that may 

overcome MDR to common chemotherapy drugs. Among these new strategies, LN 

have been successfully evaluated in ovarian cancer [62, 70, 92, 103-105].  

As we have seen before, MDR can be overcome by using LN that include specific 

surfactants in their formulation. On this basis, one study developed by Dong et al. 

[62] confirmed that polyoxyethylene 20-stearyl ether (Brij 78) can also inhibit P-gp 

efflux pump and, consequently, increase not only drug internalization but also drug 

retention inside the cells. The study, which consists of LN containing DOX and 

paclitaxel, showed that both, blank-LN and LN containing the antitumor drugs were 

able to inhibit the P-gp mechanism in P-gp over-expressing human ovarian carcinoma 

cell line NCI/ADR-RES. This inhibition is followed by a transitory ATP depletion, which 

induces mitochondria stress and swelling as a desperate mechanism to obtain energy 

and supply ATP depletion. This study proves that LN containing certain tensioactive 

agents have an effect on the MDR mechanism that helps to achieve higher 

intracellular drug accumulation. In fact, the addition of free DOX after treating the 
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cells with non-loaded LN produced an in vitro cytotoxic effect similar to the drug 

loaded nanocarriers, probably due to the transitory P-gp inhibition.  

6.2.6 Hematological cancer 

Blood cancer includes leukemia, lymphoma and myeloma. Leukemia develops in 

the bone marrow and affects white blood cells; it has different subtypes depending 

on its speed of development and the subtype of white cells involved. Childhood 

leukemia is the most common cancer in children. Lymphoma is a blood cancer that 

appears as a solid tumor and is commonly located in the lymph nodes. It causes the 

production of abnormal lymphocytes. There are two types of lymphoma: non-

Hodgkin (more common) and Hodgkin. Non-Hodgkin lymphoma is the most common 

blood cancer in teenagers and young people. Myeloma affects the plasma cells on 

the blood unbalancing the immune system. Myeloma mainly occurs in people over 

the age of 40.  

As has been mentioned before, lymphomas develop in lymph nodes, and so LN 

might be an appropriate tool to fight this cancer. Several studies support the theory 

that LN are absorbed by a lymphatic route after oral administration [8, 20, 61, 106]. 

LN can passively target lymph nodes by concentrating unmetabolized drug at the 

cancer origin. So far, the only study of orally administered LN to treat hematological 

cancers was performed by Estella-Hermoso de Mendoza et al. [9]. In this work, very 

promising results were obtained after the oral administration of edelfosine loaded LN 

to mantle cell lymphoma bearing mice. These authors proved that the administration 

of drug loaded LN every four days was as effective as the daily free drug in decreasing 

tumor growth. Moreover, while the daily administration of the free drug was able to 

reduce the metastases by a half, the administration of drug loaded LN orally every 

four days completely eradicated the metastatization process. This study offers new 

hopes in orally administered chemotherapy to treat this kind of cancer. 

In another study Reddy et al. [107] demonstrated that LN containing etoposide 

were more effective than the free drug after intraperitoneal administration in 

Dalton’s lymphoma ascites bearing mice. Controlled release of etoposide in this kind 

of intraperitoneal tumors is essential due to the necessity of prolonged exposure to 

the drug to obtain a cytotoxic effect. LN remains in the peritoneal cavity after 
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intraperitoneal administration, providing sustained release of the drug and thus 

increasing its antitumor efficacy. Antitumor drug encapsulation into LN has been 

carried out by several authors for treating hematological tumors [9, 66, 108, 109]. 

Idarubicin and DOX were encapsulated into LN by Ma et al. [108] in order to avoid P-

gp mediated MDR in leukemia patients and subsequent disease relapses. The results 

of the study showed that idarubicin inclusion into LN did not increase its efficacy. This 

could be explained because idarubicin uptake rate is much higher than its P-gp 

mediated efflux because of its lipophilic properties. DOX-LN were, in contrast, more 

effective than the free drug, probably due to the P-gp inhibition mechanism 

mediated by the surfactants (Brij 78 and Vitamin E TPGS) included in the formulation. 

Gene therapy has also been combined with LN in the treatment of leukemia 

leading to protection from serum nucleases, longer blood circulation and increased 

tumor concentration of oligodeoxyribonucleotides [109]. In addition, the coupling of 

these LN with Tf improves its targeting to leukemia cells over-expressing Tf-receptor. 

Moreover, targeting can be enhanced with a pretreatment with defeoxamine, a 

clinically used iron chelator which is known to up-regulate Tf-receptor expression in 

cells. 

6.2.7 Other cancer types 

Many other studies have been performed in relation to other cancer types such 

as prostate, tongue, hepatocellular cancer, melanoma and sarcoma [57, 62, 63, 74, 

92, 110-113]. In these studies, antitumor drugs and genetic material are 

encapsulated into LN.  

As in other approaches, genetic material is protected from plasma nuclease 

degradation and LN show higher in vitro transfection efficiency than commercially 

available gene carriers [110, 111]. Besides, an in vivo study carried out by Bauman et 

al. [110] with oligonucleotides that down-regulate Bcl-x (an anti-apoptotic member 

of the Bcl-2 family) demonstrated that they are able to induce splicing modification in 

tumor cells. 

Radiotherapy has also been combined with nanotechnology in the treatment of 

head and neck cancers. Some studies show that β-emitting radionuclides that are 
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included in LN better accumulate and localize radiation in the tumor, sparing healthy 

tissues after intratumor administration [112]. 

LN are also a good strategy for topical oral delivery of poorly water soluble drugs 

used in oral cancer chemoprevention strategy [113]. Moreover, LN can reach 

connective tissue and, therefore, they could be used for systemic therapeutics 

through the oral mucosa. It is remarkable that this study also showed that LN must 

be in a high concentration in the treatment site to avoid MDR efflux; at a low 

concentration they conjugate with glutathione and are effluxed by cell proteins.  

The taxanes, including paclitaxel and docetaxel, have broad activity and are 

extensively used in clinical practice in the treatment of cancer. As explained before, 

several authors have vehiculized them into LN to treat ovarian and colorectal cancer; 

however, prostate, hepatocellular or sarcoma, among others, have also been 

investigated [57, 62, 63, 92]. As major antitumor drugs, taxanes comprise severe side 

effects because of their poor targeting and high toxicity; moreover, they exhibit poor 

water solubility. The studies mentioned above demonstrated that, in all cases, 

encapsulated drug effects were more potent and toxic effects were avoided due to a 

lower accumulation in healthy tissues. 

7. Biodegradation, safety and toxicity aspects 

Over the past years, the development of lipid drug delivery systems has entailed 

a wide range of tasks such as the development of nanosystems that are suitable to 

specific applications, the type of release kinetics (pulsatile, fast, slow) and proof of 

efficacy. Furthermore, it is very important to prove the systems’ safety, which implies 

at least two major entities: the biocompatibility of the delivery system and the safety 

of the systemically distributed drug [114]. The control of the systemic drug 

distribution can be a relatively simple matter of engineering release kinetics so that 

blood levels are lower. Being in the solid state, the lipid components of LN will be 

degraded more slowly providing a longer lasting exposure to the immune system. 

Degradation can be slowed down even more when using sterically stabilizing 

surfactants that hinder the anchoring of enzyme complexes. Reducing 

biocompatibility problems can be much harder, involving drug-tissue interactions and 
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material properties that are still not well understood. However, LN are biocompatible 

and biodegradable and have been used for controlled drug delivery and specific 

targeting. Furthermore, in terms of safety issues, one clear advantage of the use of 

LN as drug carrier systems is the fact that the matrix is composed of physiological 

components, that is, excipients with generally recognized as safe (GRAS) status for 

oral, topical and intravenous administration [5, 29, 101, 115, 116], which decreases 

the possible cytotoxicity. LN have been already tested as site-specific carriers mainly 

for drugs that present a relatively fast metabolism and are quickly cleared from the 

blood, that is, peptides and proteins [117, 119]. LN are generally well tolerated, and 

as stated above they are mainly formulated using biocompatible or physiological 

compounds that can be included in different metabolic pathways after degradation 

[120, 121].  

The biodegradation velocity of nanoparticles affects their toxicological 

acceptance (e.g. concentration of degradation products). As a result, many studies 

have been focused on the toxicology of LN, including genotoxicity and cytotoxicity 

studies [122]. It was observed that these effects usually occur at rather high 

concentrations, but the effects that happen at lower concentrations, without 

necessarily causing cell death, also should be taken into consideration..  

8. Concluding remarks  

LN have been shown to be effective carriers in cancer. The inclusion of anticancer 

drugs in LN improves drug efficacy and decreases side effects. Among all the 

advantages that these carriers offer, it is noteworthy that they protect labile drugs 

from degradation or rapid RES clearance. This is particularly relevant in the case of 

gene therapy or in antitumor drugs that have short plasma half-lives. Besides, they 

not only decrease toxicity but they also generally provide longer circulation times and 

higher concentration of the drug in tumor tissue. This proved efficacy is mainly based 

on passive and active targeting. Apart from these general considerations, LN present 

some particularly relevant advantages. First of all, they can be administered orally 

avoiding the tedious intravenous route in chemotherapy. When administered by this 

route, they are mainly absorbed via the lymphatic system, thus opening a new 

window in treatment of cancer metastases and lymphomas. Secondly, they can be 
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targeted to the brain due to its capacity to cross the BBB when specific tensioactive 

(Tween 80, Brij 78) compounds are used in the formulation. In vitro studies have 

demonstrated that these molecules inhibit MDR by inhibiting P-gp efflux pump. LN 

can easily be scaled up, even obtaining improved results over those produced in the 

laboratory.  

9. Expert opinion 

Nowadays, LN are widely being investigated in the field of pharmaceutical 

technology. LN formulations are based on traditional emulsion techniques and a 

broad spectrum of manufacturing methods are currently available. Production 

methods for LN have been widely modified since their invention by Speiser [14] in 

the 1980s. Most of these methods are based on the HPH and warm microemulsion 

technique developed respectively by Müller and Lucks [17] and Gasco [19] in the 

1990s. The investigations carried out in this field have led to improved nanoparticles 

due to the avoidance of degradation of thermolabille compounds, non-energy 

consuming methods, reproducibility, and low surfactant concentrations, among 

other factors. Most of them can be easily scaled up, HPH-based procedures being the 

most suitable for this purpose, as homogenizers have been used for a long time in 

the pharmaceutical industry. Indeed, nanoparticles produced on a large scale have 

been seen to present better size quality [29]. Regarding safety issues, LN present the 

advantage of being composed by GRAS lipids for oral, topical and intravenous 

administration. Therefore, LN matrix composition would not be potentially toxic 

unless large non-ionic surfactant or organic solvent quantities are used in the 

formulation. Several in vivo studies demonstrate that the intravenous administration 

of LN lower than 5 µm does not produce macroscopic toxicity [57, 58, 75, 110]. 

Besides, in vitro toxicity experiments have shown that LN do not affect Caco-2 cell 

viability [123], which makes this system suitable for oral administration. However, 

regardless of the potential safety of these nanosystems, further research is necessary 

in order to elucidate nanoparticle behavior after in vivo administration, emphasizing 

the study of LN barrier crossing (e.g. intestinal barrier or BBB) and cell interaction. 

The knowledge of this basis would enable us to anticipate possible toxic effects.  
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The antitumor activity of these nanosystems loaded with antitumor drugs has 

been widely demonstrated since their discovery. Studies carried out in the last five 

years show that antitumor drug toxicity is dramatically reduced when the drug is 

encapsulated into LN [63, 92, 124]. Besides, LN provide higher bioavailability rates 

and prolonged plasma circulation times, thus improving drug efficacy [10, 58, 78, 

125]. The advantages of LN over the administration of free drugs can be mainly 

explained by the passive and active targeting of the tumor tissue, mediated by the 

lipid vehicle. Another important improvement in these systems is that when some 

tensioactive molecules are used in the formulation, LN are able to overcome MDR 

[10, 62]. This benefit is due to the ability of LN to inhibit P-gp protein, which mediates 

the efflux of antitumor drugs from the cell and thus enhances intracellular drug 

concentration. Targeting anticancer drugs at the tumor avoids severe chemotherapy 

side-effects. Although most studies in cancer treatment with LN are based on 

intravenous route, some authors have considered the oral route [9, 10], which is 

better tolerated in terms of patient welfare. These studies suggest that LN are 

absorbed via the lymphatic system after oral administration, achieving high drug 

concentration in lymph nodes. This fact might be very relevant in the avoidance of 

metastases and in lymphoma treatment. Bearing in mind the benefits of orally 

administrated LN, current research efforts should be focused on this route. Further 

studies are required in order to fully characterize their lymphatic absoption. Besides, 

intracellular uptake and interactions between cells and LN must be evaluated with 

the aim of clarifying the biodegradation, safety and toxicity aspects of these vehicles. 

Despite the need for further research concerning these aspects of the field, and 

considering all the reviewed studies, in our opinion LN should provide more secure 

and effective antitumor treatments in the near future. 

10. Article highlights 

 Lipid nanoparticles (LN) have been widely studied since their discovery in the 

80’s. The broad spectrum of fabrication methods and targeting strategies 

have improved nanoparticles efficacy in tumor treatment.  
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 Their composition based on generally recognized as safe (GRAS) lipids for 

oral administration, guarantees less potential toxicity than other 

nanovehicles and their scaling-up is currently feasible.  

 LN reduce drug toxicity and enhance antitumor activity mainly due to: i) 

passive and active targeting and ii) multi-drug resistance MDR overcoming (P-

glycoprotein (P-gp) inhibition). 

 Current investigations suggest two relevant advantages of LN in cancer 

treatment: i) the oral administration and further absorption through the 

lymphatic system and ii) BBB penetration due to certain formulation 

components.  
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Abstract 

Although current therapies have improved leukemia survival rates, adverse drug 

effects and relapse are frequent. Encapsulation of edelfosine (ET) in lipid 

nanoparticles (LN) improves its oral bioavailability and decreases its toxicity. Here we 

evaluated the efficacy of ET-LN in myeloid leukemia cell lines. Drug-loaded LN were 

as effective as free ET in sensitive leukemia cell lines. Moreover, the encapsulated 

drug overcame the resistance of the K562 cell line to the drug. LN containing ET 

might be used as a promising drug delivery system in leukemia due to their capacity 

to overcome the in vivo pitfalls of the free drug and their efficacy in vitro in leukemia 

cell lines. 
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1. Introduction 

Cancer is one of the leading causes of death worldwide, and the World Health 

Organization (WHO) estimates that it will cause 13.1 million deaths in 2030 [1]. 

Among all cancer types, leukemia represents 3% of total cancer cases [2]. Acute 

myeloid leukemia (AML) is a heterogeneous clonal disease that disrupts normal 

hematopoiesis. Leukemic cells are characterized by a block in differentiation and 

apoptosis, together with an enhanced proliferation. Despite progressive advances in 

our understanding of the molecular biology of AML, patient outcomes are still very 

poor. Complete remission occurs in up to half of these patients; however, relapse is 

generally expected and prognosis is dismal [3]. Therefore, it is necessary to develop 

more effective treatment strategies to improve the survival of these patients [4]. 

Among these new therapies, treatment with ether lipids has emerged as a potential 

alternative to the current ones. Edelfosine (ET) (1-O-octadecyl-2-O-methyl-sn-

glycero-3-phosphocholine) is the prototype of a promising class of anticancer drugs 

known as synthetic alkyl-lysophospholipids (ALPs), which selectively target tumor 

cells sparing healthy ones [5]. ET is active against several tumor cell lines [5-7]. The 

exact mechanism of action of ET still remains to be fully elucidated, but it has been 

proved that it accumulates in membrane lipid rafts by recruiting and promoting 

clustering of Fas/CD95 receptors [6,8-10]. Moreover, other apoptotic mechanisms 

involving mitochondria and endoplasmic reticulum have also been hypothesized [11]. 

Previous studies have demonstrated that ET induces a rapid apoptotic response in 

leukemia cells [6]; nevertheless, Tidwell et al. showed that the cell line K562, 

established from a patient with chronic myeloid leukemia in blast crisis (CML-BC), 

presents resistance to the action of the drug [12]. Another work by Tsutsumi et al. 

demonstrated that ET was internalized at a slower rate in ET resistant cells (K562) 

than in ET sensitive cells (HL-60) [13]. 

Regardless of promising in vitro results, ET presents some drawbacks when it is 

administered in vivo, such as gastrointestinal and hemolytic toxicity and low oral 

bioavailability [6,14]. These in vivo disadvantages led to the vehiculization of the drug 

using nanotechnology [15]. This technology has been widely used in an attempt to 
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improve the therapeutic index of drugs by improving their bioavailability, lowering 

toxic effects and achieving targeted localization [16]. Among the nanoparticulate 

systems, lipid nanoparticles (LN) are colloidal carriers that can be produced by an 

organic solvent free method. Furthermore, these systems have been able to avoid 

the in vivo drawbacks of ET, diminishing its side effects and increasing its oral 

bioavailability [17]. Taking this into consideration, the aim of this research was to 

evaluate the in vitro intracellular uptake and efficacy of drug-loaded LN after 

administration to sensitive and resistant cell lines. 

2. Material and methods 

2.1 Chemicals 

ET was purchased from APOINTECH (Salamanca, Spain). Precirol® ATO 5 was a 

gift from Gattefossé (France). Tween® 80 was purchased from Roig Pharma 

(Barcelona, Spain). Chloroform was from Panreac (Madrid, Spain), formic acid 99% 

for mass spectroscopy was obtained from Fluka (Barcelona, Spain), and methanol 

was purchased from Merck (Barcelona, Spain). All solvents employed for the 

chromatographic analysis were of analytical grade; all other chemicals were of 

reagent grade and used without further purification. Amicon Ultra-15 10,000 MWCO 

centrifugal filter devices were purchased from Millipore (Cork, Ireland). Bovine serum 

albumin (BSA), trehalose, propidium iodide (PI), RNase, paraformaldehyde and nile 

red (NR) were acquired from Sigma (Barcelona, Spain). RPMI 1640 and DMEM cell 

culture media, heat-inactivated fetal bovine serum (FBS) and penicillin/streptomycin 

antibiotics were purchased from Life Technologies, Invitrogen (Barcelona, Spain). 

DAPI was obtained from Invitrogen (Madrid, Spain). Fluorescence mounting medium 

was obtained from Dako (Barcelona, Spain). 

2.2 Preparation and characterization of LN loaded with ET 

LN were prepared by the hot homogenization method consisting of high shear 

homogenization and ultrasonication [18]. ET (15 mg) and Precirol® (300 mg) were 
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melted at approximately 5ºC above the melting point of the lipid (60ºC). A 2% 

Tween® 80 aqueous solution (10 mL) previously heated at the same temperature was 

added and dispersed in the molten lipid with the help of a Microson™ ultrasonic cell 

disruptor (NY, USA) for 1 min at an effective power of 10W. The preformed emulsion 

was then homogenized with an Ultraturrax® (IKA-Werke, Germany) for 1 min at 

24,000 rpm and sonicated again with a Microson™ ultrasonic cell disruptor (NY, USA) 

for 1 min at 10W. The emulsion was removed from heat and placed in an ice bath to 

obtain LN by lipid solidification. In order to remove the excess of surfactant and non-

incorporated drug, the LN suspension was centrifuged using Amicon® Ultra-15 10,000 

MWCO filters at 4500 × g for 30 min and washed twice with distilled water. 

Afterwards, 10% (w/v) trehalose was added as cryoprotectant agent to the LN 

suspension, which was then kept at -80ºC and freeze-dried to obtain a 

nanoparticulate powder.  

Particle size and polydispersity index (PDI) were evaluated by photon correlation 

spectroscopy (PCS) using a Zetasizer Nano (Malvern Instruments, UK). Each 

formulation was diluted 30-fold in distilled water in order to avoid multiscattering 

events. The measurements were carried out three times. Surface charge was 

measured using the same Zetasizer Nano equipment combined with laser Doppler 

velocimetry. For the ET loading determination, 5 mg of nanoparticles were dissolved 

in 1 ml of chloroform and mixed with 4 ml of methanol. The mixture was vortexed for 

1 min and then centrifuged at 20,000 × g for 10 min. The supernatant was analyzed 

by a previously validated ultra-high-performance liquid chromatography tandem 

mass spectrometry (UHPLC-MS/MS) method [19]. 

2.3 Morphology of ET LN 

Morphology of ET LN was observed by transmission electron microscopy (Philips 

CM120 TEM). Briefly, 5 µL of the sample were put on carbon film supported by a 

copper grid previously submitted to glow discharge and blotted with filter paper to 

obtain a thin liquid film on the grid. The sample-loaded grid was stained with uranyl 

acetate for 60 seconds and blotted with filter paper afterwards. The images were 

recorded with a digital camera (Morada, Olympus).  
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2.4 Cell culture  

Four AML cell lines (HL-60, HEL, OCI-AML-2 and MOLM-13) and one CML-BC cell 

line (K562) were used in this study. HL-60, HEL, MOLM-13 and K562 cell lines were 

grown in RPMI 1640 culture medium supplemented with 10% FBS, 100 units/mL 

penicillin and 100 μg/mL streptomycin at 37ºC in humidified 95% air and 5% CO2. 

OCI-AML2 was grown in DMEM culture medium supplemented with 10% FBS, 100 

units/mL penicillin and 100μg/mL streptomycin at 37ºC in humidified 95% air and 5% 

CO2.  

2.5 Cell proliferation and viability assays 

Cell proliferation and viability were assessed by MTS, included in the CellTiter 96® 

Aqueous One Solution Cell Proliferation Assay (Promega, Madrid, Spain). Cells were 

treated with culture medium containing various concentrations of free ET, empty 

nanoparticles (blank-LN) or drug-loaded LN and seeded (100 µL, 4•104 cells per well) 

in 96-well culture plates. Plates were incubated at 37ºC in 5% CO2. After different 

incubation times (0, 24, 48 and 72 hours), MTS reagent solution was added to culture 

plate (20 μL in each well), the mixture was incubated for 2 hours and the formazan 

production was measured by a microplate spectrophotometer (Labsystems, Helsinki, 

Finland) at 490 nm with a reference wavelength of 690 nm.  

2.6 Apoptosis and cell cycle assays  

Apoptosis Staining with Annexin-V-Fluos Kit (Roche, Madrid, Spain) was used for 

these experiments. Cells were treated with culture medium containing various 

concentrations of free-ET, blank-LN or drug-loaded LN and seeded in 12-well culture 

plates (4 mL, 1.6•106 cells per well).  

Quantification of apoptotic cells after each treatment was performed by flow 

cytometry using Annexin-V-FLUOS Staining Kit® following the manufacturer’s 

instructions. Cells were harvested (500 μL), centrifuged at 200 × g for 5 min at 20ºC 

and washed with PBS. Afterwards, they were suspended in 100 μL of Annexin-V-
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FLUOS labeling solution. This solution was incubated for 15 min at room 

temperature, 300 μL of the incubation buffer were added to each cytometer tube 

after the incubation time and samples were analyzed on a FacsCalibur flow 

cytometer (Becton Dickinson, NJ, USA).  

For the cell cycle analysis, cells were harvested (500 μL), centrifuged at 200 × g 

for 5 min at 20°C and washed twice with PBS. Cells were then treated with ice-cold 

ethanol 70% in order to fix them and permeabilize their membrane; samples were 

then washed with PBS and suspended in a mixture of 445 μL of PBS, 50 μL of PI and 5 

μL of RNase per sample. Finally, cells were incubated in darkness for 1 hour and 

analyzed by flow cytometry.  

2.7 LN uptake 

NR-loaded LN were formulated by adding the fluorochrome (0.34% w/w) to the 

lipid phase (method described in section 2.2). HL-60 and K562 cells were treated with 

culture medium containing various concentrations of free-ET, blank-LN or NR-LN and 

seeded in 24-well culture plates (500 µL, 3•105 cells per well). After different 

incubation times, cells were collected by centrifugation, washed twice with PBS and 

analyzed in a flow cytometer. For the microscopy studies, cells were fixed with p-

formaldehide 4% (300 µl, 5 min). They were then stained with DAPI for 5 min. 

Samples were then placed on 24-well plates with a cover glass on the surface of the 

wells. Cells were adhered to the surface of the cover glass by centrifugation of the 

plate at 260 × g for 5 min. Finally, cover glasses were extracted and placed on 

microscope slides with fluorescence mounting media. Samples were examined on a 

fluorescence microscope (Zeiss, 120 Libra). 

2.8 Caspase-3/8/9 detection  

Caspase 9 and 3 activities were detected by CaspGlowTM Red Active Caspase-9 

Staining Kit and CaspGlowTM Fluorescein Active Caspase-3 Staining Kit, respectively 

(BD Biosciences, Madrid, Spain). Caspase 8 activity was detected by cleaved Caspase-

8 (Asp 391) (18C8) (Cell Signaling, Barcelona, Spain). HL-60 and K562 cells were 
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treated with culture medium containing various concentrations of free-ET, blank-LN 

or drug-loaded LN and seeded in 24-well culture plates (500 µL, 5•105 cells per well). 

After different incubation times, cells were incubated with the antibody (caspase-

3/9) provided in the kits following the manufacturer’s instructions. For the caspase-8 

assay, cells were fixed with p-formaldehyde, permeabilized with methanol (90%) and 

washed twice with a solution of BSA (0.5%). Antibody was then added and incubated 

for 1 hour at room temperature. Samples were then washed twice with incubation 

buffer and analyzed by flow cytometry. 

2.9 Statistical analysis 

Each experiment was repeated three times (n = 3) and the average of the three 

values was used for statistical calculations. Each experimental value was expressed as 

mean ± standard deviation (SD). Statistical analyses were performed using GraphPad 

Prism 5. Groups that are significantly different from control are indicated in the 

figures as *p < 0.05, **p < 0.01 and ***p < 0.001. 

3. Results and discussion 

Nanotechnology applications in medicine have improved the therapeutic efficacy 

of many anticancer drugs [16]. The encapsulation of the ether lipid ET into LN has led 

to a reduction of its in vivo toxicity and to an increase in its oral bioavailability [17]. 

These promising in vivo results, along with the great efficacy of the free drug shown 

in vitro in myeloid leukemia [5], opened up the possibility of applying this 

formulation to this disease. This study aimed to investigate the in vitro antitumor 

effect of ET in LN versus the free drug in myeloid leukemia cells (HL-60, HEL, OCI-

AML-2, MOLM-13 and K562).  

3.1 LN containing ET: physicochemical characterization. 

The average size was close to 100 nm, suitable for oral administration with a PDI 

index less than 0.3 in all cases, suggesting homogenous distribution of the 

nanoparticulate suspension (Table 1). Blank-LN presented a size 20 nm over drug-
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loaded LN. This difference may be attributed to the tensoactive properties of the 

drug given by its amphiphilic nature. LN charge was negative and enough to maintain 

nanoparticle stability [20].  

 

Table 1. Physicochemical characteristics of the developed LN (mean ± SD) 

Formulation Size (nm) PDI 
ζ-potential 
(mV) 

EE (%) 

Drug 
loading 
(µg drug/mg 
formulation) 

Blank-LN 123.80 ± 9.02 0.260 ± 0.015 -28.1 ± 2.4 -- -- 

Drug-loaded 
LN 

104.83 ± 3.40 0.248 ± 0.006 -26.5 ± 5.6 75.75 ± 10.26 13.02 ± 0.99 

NR-LN 117.53 ± 1.58 0.246 ± 0.010 -21.5 ± 0.4 -- -- 

Drug-loaded 
NR-LN 

103.27 ± 1.65 0.260 ± 0.010 -14.9 ± 0.5 91.86 ± 9.11 11.87 ± 1.52 

 

 

 

Figure 1. TEM images of blank-LN (a) and Drug-loaded LN (b). 

 

TEM images (Fig. 1) confirmed the size of LN previously measured by PCS. The LN 

obtained showed good encapsulation efficiency of 75%, presenting a drug loading of 

13 µg ET per mg of formulation. 
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3.2 ET antitumor effect in sensitive cell lines is preserved when using 

encapsulated drug, while drug activity in the resistant cell line is enhanced 

when it is included in LN. 

Previous in vitro studies have shown that leukemia cells have different 

sensitivities to the antitumor action of ET [5]. Hence, we aimed to classify the cell 

lines used in this work into sensitive and resistant cells, in order to reveal the 

advantage of encapsulating the drug. MTS proliferation assay was used to obtain the 

IC50 of free and encapsulated drug in the different leukemia cells. Comparison of IC50 

values of free ET and drug-containing LN (Table 2) led to the classification of the cell 

lines in two groups based on their sensitivity to the free drug: sensitive cell lines (HL-

60, OCI-AML-2, MOLM-13 and HEL) and resistant (K562). HL-60, MOLM-13, HEL and 

OCI-AML-2 showed similar low IC50 values that were, in all cases, less than 5 µM 

when treated with free drug, OCI-AML-2 being the most sensitive to the action of the 

free drug with an IC50 of 0.64 µM. LN were more efficient in OCI-AML-2 and MOLM-

13 and less efficient in HL-60 and HEL. Nevertheless, IC50 values of nanoencapsulated 

drug were less than 9 µM in all sensitive cell lines.  

 

Table 2. IC50 values of leukemia cell lines alter 72 h of incubation with free-ET and Drug-loaded LN. 

Cell type Cell name Free-ET (µM) Loaded LN (µM) 

Human acute myeloid leukemia HL-60 3.48 8.64 

Human acute myeloid leukemia OCI-AML-2 0.64 0.22 

Human acute myeloid leukemia MOLM-13 3.64 3.41 

Human erythroleukemia HEL 4.42 7.96 

Human chronic myeloid leukemia K562 57.70 20 

 

To further clarifyied theseis results, Figure 2 shows dose-responses curves of ET 

and ET-LN of in MOLM-13, selected as representative sensitive cell lines, and in K-562 

resistant cell line. As it can be seen, the dose- response curves for the sensitive cell 

line isare similar showing similarcomparable IC50 values for ET and ET-LN. In contrast 

for to the resistant sensitive cell lines, ET-LN were able to produce a pronounced cell 

growth inhibition in the resistant K562 cell line compared to free ET. Indeed, the IC50 
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of ET in this cell line, was 20 µM for the drug-loaded LN compared to 57.50 µM of 

the free ET (Figure 2 and Table 2). 

 

 

Figure 2. Dose- reponse  curve in sensitive (MOLM-13) and resistant (K-562) cells at 72 hours of 
incubation with different doses of free ET or drug-loaded LN. 

 

Cell proliferation was measured by MTS reagent, which is bioreduced by 

metabolically active cells. Proliferation studies were carried out in all the cell lines at 

different drug concentrations over a period of 72 h. The efficacy of drug-loaded LN in 

inhibiting cell growth was similar to the free drug in sensitive cell lines (HL-60, 

MOLM-13, OCI-AML-2 and HEL). Both treatments showed fast and potent inhibition 

of cell proliferation, achieving in some cases a complete inhibition of cell viability 

after 72 hours of incubation. In these cell lines, free and drug-loaded LN were 

effective at the lowest dose (5 µg/ml, 9.5 µM) used in the study. The initial effect of 

the free drug is faster in sensitive cell lines probably due to the time needed by the 

encapsulated drug to be internalized and released into the cell; indeed, the 

antitumor effect is similar at the end of the treatment with both treatments. In 

resistant cell line K562, free ET showed a slight inhibition effect, whereas 

encapsulated drug was able to inhibit proliferation from the first 24 hours of 

incubation at a LN dose equivalent to 10 µg/ml (19 µM) of free drug. This overcoming 

of resistance might be related to an increased ET concentration inside the cell after 

LN uptake; it also could be associated with an enhanced apoptotic mechanism due to 

the different intracellular localization of the drug. These results prove that 
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encapsulating the drug in LN does not affect drug activity in sensitive leukemia cells; 

moreover, nanoencapsulated ET was able to overcome the resistance to the free 

drug in the case of resistant cells.  

Cytotoxicity of LN containing ET versus the free drug was analyzed by flow 

cytometry. Viable, early apoptotic, late apoptotic and necrotic cells can be 

distinguished by flow cytometric analysis using dual staining with annexin V-FITC and 

PI dyes. Viable cells are negative for both stains; early apoptotic cells bind annexin 

due to the expression of phosphatidylserine in the outer-leaflet of cell membrane 

and late apoptotic cells bind both stains because PI only binds DNA when the cell 

membrane losses its integrity. Our data showed that ET induced cell death in a dose- 

and time-dependent manner. As in proliferation studies, free ET was able to induce 

apoptosis earlier than the encapsulated drug in sensitive cell lines; Fig. 3 shows the 

induction of apoptosis by the different treatments in OCIAML-2 cells after 24 and 72 

hours of incubation. However, the percentages of apoptotic cells produced by both 

treatments were equivalent after 72 hours of incubation, being the percentage of 

viable cells in OCI-AML-2 less than 10 % (Fig. 3).  

 

 

Figure 3. Apoptosis induced in OCI-AML-2 (sensitive cells) by the different treatments (9.5 µM of ET) 
after 24 h and 72 h of incubation. **p < 0.01; ***p < 0.001 vs. control by two-way ANOVA (Bonferroni 
post-test). 
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Figure 4. Apoptosis induced in sensitive cell lines by the different treatments (19 µM of ET) after 72 h 
of incubation. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control by two-way ANOVA (Bonferroni post-
test). 

 

 

Figure 5. Flow cytometry graphs of apoptosis induced in HL-60 and K562 cells after 72 hours of 
incubation with medium, blank-LN, free ET and drug-loaded LN at a dose equivalent to 19 µM (HL-60) 
and 28.6 µM (K562) of free ET.  *p < 0.05; **p < 0.01; ***p < 0.001 vs. control by two-way ANOVA 
(Bonferroni post-test). 

 

Figure 4 shows the percentage of apoptotic cells in sensitive cells after 72 hours 

of incubation with both treatments (free and nanoencapsulated drug); these results 
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prove that encapsulating the drug in LN does not affect its apoptotic effect. In K562 

cells, free ET did not show any apoptotic effect; in contrast, drug-loaded LN were 

able to diminish the number of living cells at a dose equivalent to 15 µg/ml (28.6 µM) 

of ET. Figure 5 shows that drug-loaded LN were able to decrease significantly the 

percentage of viable cells with respect to the untreated cells after 72 hours of 

incubation with the treatment. 

The cell cycle is a tightly regulated process in normal cells and cancer is closely 

related to cell cycle abnormalities. Cell cycle steps are deregulated due to mutations 

in proto-oncogenes and tumor suppressor genes [21]. In cancer cells, cell cycle 

checkpoints are altered and cells undergo uncontrolled growth. Many antitumor 

drugs act at this level inducing cell arrest and preventing cell division. As a result, cell 

cycle analysis was performed to examine whether the inhibition of cell proliferation 

and apoptosis induction involved cell cycle changes. The results obtained are in 

accordance with previous studies that affirm that ET inhibits cell division leading to 

the accumulation of cells into G2/M [22]. ET induces a G2/M cell cycle arrest increase 

percentage of dead cells in sensitive cells (Fig. 6).  

 

Figure 6. (A) Free and nanoencapsulated drug effect in cell cycle distribution in sensitive (HEL) and 
resistant (K562) cells after 24 (A) and 72 (B) hours of incubation. Cells were treated with medium, 
blank-LN, free ET and drug-loaded LN at a dose equivalent to 9.5 µM of ET (HEL) and 28.6 µM of ET 
(K562). *p < 0.05; **p < 0.01; ***p < 0.001 vs. control by two-way ANOVA (Bonferroni post-test). 

 

As it was observed in apoptosis studies, free drug effect was faster but both 

treatments achieved similar death rates at the end of the treatment in sensitive cells 

(Fig. 7). The analysis of K562 cell cycle revealed that, again, drug-loaded LN were 
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effective inducing cell cycle arrest in G2/M phase (Fig. 6). Free-ET also induces this 

phase arrest; however, cell cycle arrest might not be enough to induce apoptosis and 

cell cycle analysis also shows that only loaded LN increase the percentage of cells in 

Sub G1 peak (dead cells) in resistant cells. This led to the conclusion that only the 

encapsulated drug is able to trigger the whole machinery of apoptotic mechanisms in 

resistant cells. 

 

 

Figure 7. Analysis of cell cycle distribution in sensitive cell lines by the different treatments (at a dose 
corresponding to 19 µM of ET) after 72 h of incubation. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control 
by two-way ANOVA (Bonferroni post-test) 

 

3.3 NR-LN are internalized quickly and in a time-dependent manner in sensitive 

and resistant cell lines. 

In contrast to free ET, which interacts with the cell membrane and accumulates 

in lipid rafts [23], LN require endocytosis to release the drug inside the cell [24]. This 

process might change the antitumor activity of the drug because ET LN might target 

the drug to a different intracellular localization. ET cell entry occurs through 

membrane lipid rafts [23]; however, drug-loaded LN might have a different 
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intracellular localization after nanoparticle entry. Nanoparticle uptake by leukemia 

cells was studied incorporating a lipophilic fluorochrome into the LN. NR was added 

to the lipid phase and LN were formulated following the same method as for ET-

loaded LN. NR-LN showed similar size, PDI and charge to drug-loaded LN. Drug-

loaded NR-LN were also formulated confirming that NR does not affect ET 

encapsulation. However, drug-loaded NR-LN charge was -14.9 mV and, therefore, 

blank-LN were used to study nanoparticle internalization on the basis of their 

similarity to the original formulation (Table 1). To evaluate LN uptake, HL-60 

(sensitive) and K562 (resistant) cells were incubated with NR-LN for different times. 

The NR-LN internalization was analyzed by fluorescence microscopy and flow 

cytometry (Fig. 8 and 9).  

 

 

Figure 8. (A) Fluorescence images of HL-60 cells cultured with NR-LN for different incubation times. (B) 
Flow cytometry graph corresponding to NR-LN uptake by HL-60 cells after 3 hours of incubation with 
NR-LN. (C) Flow cytometry analysis of NR-LN uptake within the time (3 hours) after incubation of HL-
60 cells with NR-LN. 

 

The data reported here show that LN were internalized into leukemia cancer cells 

very rapidly and in a time-dependent manner in both cell lines. This internalization 

might be independent of cell sensitivity to the free drug since it is incorporated in the 

LN. This could mean that, in contrast to free ET [13], encapsulated drug might easily 
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be incorporated into K562 cells enhancing its intracellular concentration, which could 

trigger a major response to the drug. Interestingly, Fig. 8 shows how LN accumulate 

in the cell membrane after one hour of incubation indicating a strong interaction 

between the particles and cells. Furthermore, red fluorescence was all over the 

cytoplasm avoiding the nucleus at later incubation times. Unfortunately, the 

extended diffusion of the fluorochrome avoided the colocalization inside the 

cytoplasm with different organelle labels, thus hampering the determination of the 

exact localization the nanoparticles inside the cell. These results are consistent with 

previous uptake studies of LN by Teskac and Kristl [25] that show the rapid 

internalization and diffuse localization of LN containing 6-coumarin dye in 

keratinocytes. Nanoparticle uptake was quantified by flow cytometry to obtain a 

quantitative analysis of NR-LN internalization. The results showed accordance with 

fluorescence microscopy studies. Nanoparticles were internalized in a time-

dependent manner achieving 70% of cells containing fluorescent nanoparticles after 

3 hours of incubation (Fig. 8). This internalization pattern was also observed in 

resistant cells (Fig. 9) confirming the microscopy results. 

 

Figure 9. (A) Fluorescence images of K562 cells cultured with NR-LN for different incubation times. (B) 
Flow cytometry graph corresponding to NR-LN uptake by K562 cells within the time (3 h). 
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3.4 Free and encapsulated ET induce Caspases-3, 8 and 9 only in sensitive cells.  

The exact mechanism of action of ET still remains remains to be fully elucidated; 

however, it has been seen that there are many different mechanisms implicated. 

Intrinsic and extrinsic apoptotic signaling pathways are considered the major 

programmed mechanisms of cell death. Both processes are mediated by cysteine 

proteases named caspases. The intrinsic apoptosis pathway is mediated by 

mitochondria, and caspase-9 is considered the predominant initiator caspase. The 

extrinsic pathway is triggered from the cell membrane and it is mediated by death 

receptors, such as Fas/CD95 receptor. In this case, signaling cascade is mainly 

initiated by caspase-8 cleavage. Both apoptotic mechanisms converge in the 

induction of caspases-3/7 [26].  

 

 

Figure 10. Caspase-9, 8 and 3 activation in HL-60 (sensitive) and K562 (resistant) cells by flow 
cytometry. Cells were untreated (control), treated with free ET (Free-ET) or drug-loaded LN (Loaded-
LN) with a dose equivalent to 19 µgM free ET and analyzed after 72 hours of incubation. 

Recent studies suggest that ET mainly accumulates in membrane lipid rafts and 

triggers the extrinsic apoptotic pathway throughout Fas/CD95 death receptor 
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[9,10,23,27]. However, this mechanism might be diminished in the case of 

encapsulated drug, as it could be directed to different cell targets once inside the 

cell, promoting other drug actions and therefore overcoming resistance to the drug. 

In fact, it has also been described that ET also triggers the intrinsic apoptotic signaling 

pathway [23,28]. Besides, there are more mechanisms implicated such as 

endoplasmic reticulum stress and the production of reactive oxygen species [29,30]. 

To gain further insight into mechanisms for apoptosis induction, HL-60 and K562 

cells were incubated with free and drug-loaded LN and samples were analyzed after 

different incubation times by flow cytometry to detect activated caspases. Free ET 

and LN containing the drug induced the cleavage of caspase-8 and 9 and, 

subsequently, also induced caspase-3 in HL-60 cells (Fig. 10). This caspase induction 

in sensitive leukemia cells occurs with free and encapsulated drug but it is faster 

when cells are treated with free ET. Caspase induction was time-dependent 

becoming more pronounced after 72 hours of incubation. However, no caspase 

induction was observed in K562 cells regardless of the treatment. Bearing in mind 

that drug-loaded LN induce apoptosis mediated death as was demonstrated by flow 

cytometry analysis; these data suggest the existence of caspase independent 

apoptosis pathways triggered by encapsulated ET. In fact, other mechanisms such as 

oxygen reactive species production have already been described as ET antitumor 

mechanism [29,30]. Drug-loaded LN might be able to overcome the resistance of 

K562 cells to the entrance of the free drug. This increased influx of drug into the cell 

increases its apoptotic mechanism overcoming drug resistance. Among the apoptotic 

mechanisms that might be involved in the loaded LN effect, we have demonstrated 

that encapsulated drug triggers a G2/M peak arrest in cell cycle. Although free-ET 

also induces a cell cycle arrest, this effect is not able to induce apoptosis by itself. 

Therefore, loaded LN might be able to induce multiple apoptotic mechanisms that 

finally overcome free drug resistance.  

4. Conclusions 

The present research allows us to conclude that LN are potential vehicles of ET in 

myeloid leukemia. LN are internalized in sensitive and resistant leukemia cells 
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possibly overcoming the difficulties of the free ET in being internalized in K562 cells. 

LN preserve the potent apoptotic effect that free ET has in sensitive leukemia cells by 

means of caspase activation. Nanoparticles could be triggering other pathways of 

programmed cell death that appear to be independent from caspase activation in 

edelfosine-resistance cells. 
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Abstract 

The anti-tumor ether lipid edelfosine is the prototype of a novel generation of 

promising anticancer drugs that has been shown as an effective anti-tumor agent in 

numerous malignancies. However, several cancer types display resistance to 

different antitumor compounds due to multi-drug resistance (MDR). Thus, MDR is a 

major drawback in anticancer therapy.  

In that sense, the leukemic cell line K-562 shows resistance to edelfosine due to 

MDR. This resistance can be overcome by the use of nanotechnology. The present 

paper describes the rate and mechanism of internalization of free and nano-

encapsulated edelfosine. The molecular mechanisms underlying cell death is 

described in the present paper by characterization of several molecules implied in 

the apoptotic and autophagic pathways (PARP, LC3IIB, Caspases-3, -9 and -7) and its 

pattern of expression is compared with the cell induction in a cell line HL-60 sensitive 

to edelfosine.  

Our results showed different internalization patterns in HL-60 and K-562 cells. 

Clathrin and lipid rafts mediated endocytosis were observable in edelfosine uptake 

whereas these mechanisms were not visible in the uptake of lipid nanoparticles 

which might suffer phagocytosis and macropinocytosis. Both treatments endorsed 

caspase-mediated apoptosis in HL-60 cells, whereas this cell death mechanism was 

not noticeable in K-562 cells. Moreover, an important increase in autophagic vesicles 

was visible in K-562 cells, so this mechanism might be implicated in overcoming K-

562’s resistance to edelfosine by using lipid nanoparticles. 
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1. Introduction 

Therapeutic systems based on the nanometric scale, known as nanomedicines, 

are currently at the cutting edge of drug development. Among all nanomedicines, 

lipid nanoparticles (LN) have been shown to be effective vehicles for overcoming 

MDR in cancer cells [1]. Edelfosine (ET) is an antitumor drug of the alkylphospholipid 

(ALP) family with proven antitumor efficacy [2, 3]. Previous studies developed by our 

research group have shown that LN containing ET (ET-LN) are as effective as free drug 

and prevent severe side-effects of ET such as hemolysis and gastrointestinal toxicity 

[4, 5]. Furthermore, ET-LN are able to overcome MDR in leukemia [4] and breast 

cancer cells [6]. These results might be explained by the different mechanisms of 

entry by which the free and the encapsulated drug enter the cell. Different 

mechanisms of drug incorporation could influence/boost the intracellular 

concentration of ET or might change its intracellular trafficking, promoting different 

death mechanisms. Despite the increase in research in the field of LN, the uptake 

mechanism of these nanosystems by cells is not clear, although it seems to be 

dependent on the nanoparticle material and the cell type [7].  

LN may interact with the plasmatic membrane and be internalized into the cell 

being delivered to different intracellular compartments. The uptake mechanism 

might entail a location of the nanoparticles different from that of the free drug. 

Mammalian cells accomplish different uptake pathways that promote the delivery of 

the cargos into different subcellular compartments. Nanoparticles might enter the 

cell either by endocytosis or, to a lesser extent, by passive transport [8, 9]. Endocytic 

pathways are typically classified into two subtypes: phagocytosis and pinocytosis. 

Phagocytosis is characteristic of specialized cells (with Fc receptors and complement 

receptors) such as macrophages, monocytes, neutrophils and dendritic cells, whereas 

pinocytosis occurs in all kind of mammalian cells.  

ET uptake by cancer cells has been shown to be dependent on the cell type [10]. 

Raft-mediated endocytosis seems to be the major entry mechanism in leukemia cells 

whereas an energy-dependent mechanism involving a lipid transporter/translocase 

(flippase) has been found in carcinoma cells [11-13]. Flippases are membrane 
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proteins that translocate phospholipids from one leaflet of the bilayer to the 

opposing one in order to assure the assembly and maintenance of the lipid bilayer 

structure of cellular membranes [14]. Phospholipid flip-flop in plasmatic membrane 

of eukaryotic cells is highly regulated and energy-dependent. Lipid translocation from 

the outer to inner membrane leaflet promotes endocytic vesicle formation and 

accelerates endocytosis by stabilization of the vesicles with coating proteins such as 

clathrin CDE [14]. 

The uptake mechanism of a toxic compound into a cell would influence the 

pathway of cell demise. In general, cell death can be achieved by different 

intracellular mechanisms (apoptosis, necrosis, autophagic cell death). Thus, the 

diverse cell death mechanisms can be distinguished according to their morphological 

and molecular features [15, 16]. 

Several studies have described apoptosis induction in response to drug-loaded 

nanoparticles in cancer cell lines [4, 6, 17], pointing towards the potential of lipid 

nanoparticles as anticancer agents [1]. On the other hand, autophagy and autophagic 

cell death are reported to be induced as a response to different classes of 

nanoparticles such as quantum dots, gold nanoparticles, and iron oxide nanoparticles 

[18-21]. However, the role of LN in autophagic cell death induction remains unclear.  

It has been previously demonstrated that ET-LN induces greater cell death than 

the free drug in several leukemic cell lines, overcoming the resistance of K-562 to ET 

[4]. Besides, previous flow cytometry studies revealed cell death induction in 

response to the ET-LN treatment that was caused by apoptosis activation in the 

sensitive cell line HL-60 but not in K-562 [4].  

For these reasons, this study was focused on the uptake mechanisms of ET and 

ET-LN in HL-60 and K-562 leukemia cells. In addition, the molecular mechanisms 

implicated in cell death upon internalization of both the drug and the ET-LN in the 

cells was examined. 
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2. Material and methods 

2.1 Chemicals 

ET was purchased from APOINTECH (Salamanca, Spain). Precirol® ATO 5 was a 

gift from Gattefossé (France). Tween® 80 was purchased from Roig Pharma 

(Barcelona, Spain). Chloroform was from Panreac (Madrid, Spain), formic acid 99% 

for mass spectroscopy was obtained from Fluka (Barcelona, Spain), and methanol 

was purchased from Merck (Barcelona, Spain). Ultra-purified water was used 

throughout and all solvents employed for the chromatographic analysis were of 

analytical grade; all other chemicals were of reagent grade and used without further 

purification. Amicon Ultra-15 10,000 MWCO centrifugal filter devices were purchased 

from Millipore (Cork, Ireland). RPMI 1640 culture media, Heat-inactivated Fetal 

Bovine Serum (FBS), Glutamax, MEM Non-Essential Amino Acids and 

Penicillin/Streptomycin antibiotics were purchased from Life Technologies, 

(Barcelona, Spain). M-PER Mammalian Protein Extraction Reagent was purchased 

from Thermo Fisher Scientific (Madrid, Spain). Protease inhibitor cocktail was from 

Roche (Madrid, Spain). Genistein was purchased from LC Laboratories 

(Massachusetts, USA). Chlorpromazine, Methyl-β-cyclodextrin, Triton-X-100, DTT and 

Phosphate-buffered saline (PBS; 10 mM phosphate, 0.9% NaCl) were obtained from 

Sigma Aldrich Quimica (Madrid, Spain). The antibodies anti-PARP1 (9542), anti-

caspase-3 (9662), anti-caspase-7 (9492), anti-caspase-9 (9508), and anti-LC3 I/II 

(4108) were purchased from Cell Signaling (Izasa, Barcelona, Spain), and anti-β-actin 

antibody was from Sigma Aldrich (Madrid, Spain).  

2.2 Preparation and characterization of lipid nanoparticles 

LN were prepared by the hot homogenization method consisting of high shear 

homogenization and ultrasonication [5]. ET (30 mg) and Precirol® (300 mg) were 

melted at approximately 5ºC above the melting point of the lipid (60ºC). A 2% 

Tween® 80 aqueous solution (10 mL) previously heated at the same temperature was 

added and dispersed in the molten lipid with the help of a Microson™ ultrasonic cell 
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disruptor (NY, USA) and an Ultraturrax® (IKA-Werke, Germany). The emulsion was 

removed from heat and placed in an ice bath to obtain LN by lipid solidification. 

Then, the LN suspension was centrifuged and washed twice with distilled water. 

Afterwards, 150 % (w/w of lipid weight) trehalose was added as cryoprotectant agent 

to the LN suspension, which was then kept at -80ºC and freeze-dried to obtain a 

nanoparticulate powder. Particle size and polydispersity index (PDI) were evaluated 

by photon correlation spectroscopy (PCS) using a Zetasizer Nano (Malvern 

Instruments, UK). Surface charge was measured using the same Zetasizer Nano 

equipment combined with laser Doppler velocimetry. ET loading determination was 

carried out after ET extraction from LN by a previously validated ultra-high-

performance liquid chromatography tandem mass spectrometry (UHPLC-MS/MS) 

method [22]. 

2.3 Cell culture 

Human cell lines HL-60 and K-562 (American Type Culture Collection, Manassas, 

VA, USA) were cultured at 5 x 105 cells/ml in RPMI supplemented with 20% (v/v) FBS, 

100 units/mL penicillin and 100 µg/mL streptomycin at 37ºC in a humidified 

incubator supplemented with 5% carbon dioxide. Cells were split 1:3-1:5 every 3-4 

days.  

2.4 Study of endocytic pathways in leukemia cells 

2.4.1 Quantification of internalized ET by UPLC-MS/MS 

HL-60 and K-562 cells were incubated with the different treatments: i) free ET; ii) 

ET-LN at a dose equivalent to 5 µg/ml (9.55 µM) of the free drug. For the study of the 

involvement of energy in the endocytosis, cells were incubated for 3 h at 37ºC or at 

4ºC. For the inhibition of the internalization pathways, cells were pre-incubated with 

medium (control), Genistein (200 µM, 120 minutes), Methyl-β-cyclodextrin (5 mM, 

60 minutes) and Chlorpromazine (30 µM, 60 minutes). Afterwards, cells were washed 

three times with PBS, treatments were added and cells were incubated for 5 h. Next, 

cells were harvested, washed three times with PBS and lysed. The total amount of 
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proteins per sample was quantified using the Bradford assay and internalized ET was 

quantified by UPLC-MS/MS [22]. 

2.4.2 Visualization of endocytosis vesicles by transmission electron microscope 

(TEM)  

HL-60 and K-562 cells were treated with culture medium containing i) free ET; ii) 

ET-LN at a dose equivalent to 10 µg/ml (19.1 µM) of the free drug and seeded in flask 

(500 µL, 5*105 cells per sample). After different incubation times (30 min. and 4 h.), 

cells were harvested and washed twice with PBS. Afterwards, cells were analyzed by 

a Zeiss EM10CR transmission electron microscope (TEM) following the method 

described elsewhere [23]. 

2.5 Study of cell death mechanisms 

In brief, 4 X 106 cells were grown in the presence of ET, non-loaded LN (Blank-LN) 

and ET-LN in 25 cm2 culture flasks at 37ºC. According to the IC50 of both cell lines 

determined in our previous studies [4], 5 and 10 µg/mL (9.55 and 19.1 µM) of ET or 

equivalent concentrations of Blank-LN and ET-LN were selected for HL-60 and K-562 

respectively. Afterwards, cells were collected to perform Western blot analysis.  

Cells treated only with culture medium served as negative control for the 

experiment and cultures grown with EBSS starving medium and normal culture 

medium containing 1 µM of staurosporine served as positive controls for autophagy 

and apoptosis experiments respectively.  

2.5.1 Western Blot Analysis 

Cells were collected by centrifugation at 1500 rpm for 5 min, and were washed in 

PBS followed by detergent lysis (1% TRITON X-100, 1mM DTT), containing protease 

inhibitor cocktail. Protein concentration was determined by BRADFORD protein assay 

(Bio-Rad, Madrid, Spain).  

Equal protein amounts of each sample were resolved in 15% SDS polyacylamide 

gel for LC3 I/II detection, and 12% SDS polyacrylamide gel for the detection of the 
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rest of proteins studied. Afterwards proteins were transferred to polyvinylidene 

difluoride membranes, washed with Tris buffered saline containing Tween (TBST) and 

blocked 1 h at RT with TBST containing 5% nonfat dry milk (TBSTM). Eventually, 

proteins of interest were detected by incubating overnight at 4ºC overnight in TBSTM 

with the following primary antibody dilutions: anti-PARP1 (1:2000), anti-caspase-3 

(1:2000), anti-caspase-7 (1:5000), caspase-9 (1:5000), and LC3 I/II (1:5000); as loading 

control, membranes were then incubated with anti-β-actin antibody (1:10000). 

Afterward, membranes were incubated with the corresponding anti-mouse or anti-

rabbit secondary antibody (Sigma Aldrich, Madrid, Spain) in a 1:5000 dilution for 1 h 

at room temperature. Proteins were visualized by using enhanced 

chemiluminescence detection reagents (Amersham Biosciences, Barcelona, Spain). 

Band intensities were detected and quantified using a GE Healthcare ImageQuant 

ECL system with IQuant Capture ECL software (GE Healthcare, Madrid, Spain). 

Experiments were performed in triplicate 

For apoptosis detection, cells were collected at 24, 48 and 72 h after adding 

treatments and for autophagy detection, immunoblot of LC3 I/II was performed in 

samples of 24 and 48 h. LC3 I refers to the unconjugated form of LC3 protein and LC3 

II is the form of the protein which is present in autophagosomal membranes. Both 

forms differ in molecular weight (14 and 12 KDa for LC3 I and LC3 II respectively), 

which allows their detection by western blot. Besides, LC3 II is rapidly degraded by 

lysosomal activity in autophagosomes. Thus lysosome degradation was blocked by 

adding 40mM of the lysosomotropic chemical NH4Cl, a V-ATPase-independent 

neutralyzer of lysosomal pH to the culture medium 4 h before cells were collected 

[24, 25].  

LC3 protein conversion was used as a marker of autophagy induction [26]. 

Autophagy was measured by LC3 immunoblotting and quantification of LC3 II/LC3 I 

ratio as previously described [27].  
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2.6 Statistical analysis 

Data are presented as a mean of three or more independent experiments, with 

error bars indicating the standard deviation. Statistical comparisons were performed 

by analysis of variance, and further post-hoc testing was conducted using the 

statistical software GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA). 

Groups that are significantly different from control are indicated in the figures as *p < 

0.05, **p < 0.01; ***p < 0.001. 

3. Results and discussion 

3.1 Lipid Nanoparticles characterization 

The hot homogenization method consisting of high shear homogenization and 

ultrasonication provided LN with a size of 127.89 ± 9.95 nm and negative surface 

charge (-28.42 ± 1.39). ET-LN loading was 22.677 ± 2.262 µg ET/mg. 

3.2 Uptake of ET and ET-LN, an energy-dependent mechanism? 

Phospholipids can be internalized in the cells by a passive transport consisting of 

a spontaneous or a facilitated (mediated by flippase) trans-bilayer movement from 

the outer to the inner leaflet of the cell membrane or by an active transport 

mediated either by a translocator protein (ATP-dependent flippase), or via an 

endocytic mechanism [10]. These mechanisms seem to be present in cell lines to a 

greater or lesser extent depending on the cell type. To assess the importance of 

endocytosis in ET and ET-LN uptake, leukemic cells were incubated with both 

treatments at 4ºC and at 37ºC. Results showed that ET and ET-LN uptake was energy-

dependent and, therefore, it was inhibited at 4ºC (Fig. 1). 

Comparing ET uptake in both cells, Fig. 1 shows that ET was internalized in a 

higher quantity (1.9 times higher) in HL-60 leukemia cells than in K-562 cells in 

normal culture conditions (37ºC). Results confirmed that an energy-dependent 

mechanism was involved in this uptake; in fact, ET uptake was decreased when cells 
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were incubated under 4ºC in both cell lines. Conversely, low temperature did not 

entirely prevent ET internalization, suggesting the implication of an energy-

independent mechanism (passive transport) that seemed to be independent on the 

cell line as there were no significant differences in ET uptake in both cells lines at 4ºC. 

These results demonstrated that there might be a similar passive entry of ET in both 

cell lines and that, therefore, the differences in ET internalization in HL-60 and K-562 

cells were due to the entry of the drug into the cells by an energy-dependent 

mechanism that predominate in HL-60 leukemia cells.  

 

 

Figure 5. Graphic representation of edelfosine (ET) and lipid nanoparticles containing ET (ET-LN) 
internalization in HL-60 and K-562 cells after 3 h of incubation under different temperatures (4ºC and 
37ºC). Values are means of triplicates ± SD. *P < 0.05; **P < 0.01; ***P < 0.001. One-way ANOVA 
(Bonferroni post-test). 

 

LN internalization also seemed to involve passive and active (endocytosis) 

transport [7]. Results showed a higher internalization of drug (statistically significant 

in case of HL-60 cells) when cells were incubated at 37ºC. Besides, ET-LN were also 

incorporated at a similar rate by both cell lines at 4ºC. Previous studies have 

described the internalization of nanoparticles from 4 to 600 nm by passive 

membrane penetration in red blood cells [8, 28]. Although large nanoparticles may 

produce local membrane deformation with subsequent hemolysis, Zhao et al.[28] 
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showed that nanoparticles of 100 nm do not disturb the erythrocyte cell membrane. 

As the diameter of ET-was around 100 nm, this uptake mechanism should be further 

studied, since to our knowledge, there are no studies referring to LN passive 

transport in cells. The results obtained also indicated that encapsulating the drug in 

LN did not enhance its internalization in comparison to the free drug in both 

leukemia cell lines. Encapsulated ET was internalized to a lesser extent by HL-60 cells 

than free drug whereas it did not show differences with respect to the free drug in K-

562 cells. Besides, ET-LN were incorporated at similar rates by both cell lines.  

3.3 Effect of endocytosis inhibitors in ET and ET-LN uptake 

ET uptake mechanisms seem to be dependent on the cell line. Lipid raft 

internalization is common in leukemic cells whereas spontaneous flipping (at a minor 

rate) or an energy-dependent mechanism which involves a lipid 

transporter/translocase (flippase) is found in other cancer cells [10]. In this sense, 

recent studies carried out by Rui Chen et al. [13] reported the involvement of the 

transmembrane protein subunit CD50a (TMEM30a) in the endocytosis of ET in 

mammalian cells. They demonstrated that ET endocytosis is an energy-dependent 

process mediated by TMEM30a in complex with a transmembrane phospholipid 

flippase (P4-ATPase). 

To obtain deeper insights into the mechanisms implied in ET and ET-LN uptake, 

cells were pre-incubated with different endocytosis inhibitors: chlorpromazine, 

methyl betha cyclodextrin (MβCD) and genistein. Afterwards, cells were grown in 

medium containing either the free or nanoencapsulated drug (5 µg/ml; 9.55 µM) and 

internalized drug was quantified and normalized with respect to the total amount of 

protein.  

Fig. 2 shows the results of the internalization of ET and ET-LN after pre-

incubation of the cells with the inhibitors. Concerning the ET uptake, the 

internalization of the free drug in HL-60 cells was reduced by pre-incubating the cells 

with MβCD and Chlorpromazine suggesting an implication of lipid rafts and clathrin-

mediated endocytosis respectively. These results were in agreement with previous 
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studies that refer to an accumulation of ET in lipid rafts in lymphoma and multiple 

myeloma cells and subsequent endocytosis [29-31]. Clathrin-mediated endocytosis of 

ET has also been described in lymphoma and epidermal carcinoma cells [12]. 

Although other authors have reported a passive uptake mechanism (not affected by 

endocytosis inhibitors) of ET in HL-60 cells [32], the present study showed a minor 

involvement of this ATP-independent entry of ET in HL-60 cells (Fig. 1). This energy-

independent uptake might be mediated by ATP-independent flippases that non-

specifically flip-flop phospholipids across the plasmatic membrane [14, 33]. 

 

 

Figure 2. Uptake of edelfosine (ET) and lipid nanoparticles containing edelfosine (ET-LN) in HL-60 and 
K-562 cells after pre-incubation of the cells with different endocytosis inhibitors for 5 h. Values are 
means of triplicates ± SEM. ***P < 0.001. One-way ANOVA (Bonferroni post-test). 

 

Regarding ET-resistant cell line K-562, the inhibition of endocytosis mechanisms 

induced a slight but not significant decrease in ET internalization suggesting a minor 

role of CME and lipid rafts endocytosis in this cell line. Therefore, ET uptake 

mechanisms such as spontaneous flipping from the outer to the inner leaflet [10] 

might be responsible for the free drug uptake in K-562 resistant cells. 
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Blocking CvME with genistein did not induce significant differences in free or 

encapsulated ET internalization in any of the two cell lines. Moreover, endocytosis 

inhibitors did not have any apparent effect in the internalization of ET-LN. Even 

though endocytosis of LN by caveolin [34] and clathrin [35] have been reported by 

other authors, we did not detect LN internalization via these routes in the present 

study. In case of these cells, absence of CvME endocytosis might be due to a lack of 

caveolae protein in the plasmatic membrane of these cells, since, as stated by some 

authors, the expression and/or distribution of this protein might be dependent on 

the activation and/or maturation state of immune cells [36]. The caveolae-mediated 

pathway should, therefore, not be discarded in other cancer cells. 

 

 

Figure 3. TEM images of HL-60 and K-562 cells after incubation with ET-LN. Control cells (upper and 
lower left) exhibited characteristic ultrastructural morphology of a control cell. N: nucleus; RER: rough 
endoplasmic reticulum; M: mitochondria; R: ribosomes and polyribosomes. Phagocytic like structures 
(arrows; A, A1, A2; B, B1, B2) were visible. 

On the other hand, Guilleron et al [35] have recently showed that LN can be 

internalized via CME followed by macropinocytosis, suggesting that macropinocytosis 
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could be the major endocytic process involved in LN uptake, once it is activated after 

LN uptake by CME. Although we did not observe a CME of LN in this study, Guilleron 

et al. stated that the implication of CME in LN endocytosis accounted for less than 1% 

of total endocytic nanoparticles. Therefore, CME might be also occurring in our 

experiments even though it was not possible to detect it. Macropinocytosis might be, 

therefore, the major endocytosis mechanism involved in ET-LN internalization. 

Nevertheless, phagocytosis might be also a reliable endocytic mechanism in these 

cells; indeed, HL-60 and K-562 are reported to express Fc receptors (FcR) [37], a 

heterogeneous group of cell membrane receptors involved in phagocytosis due to its 

binding to immunoglobulins (Ig). In addition, LN could be opsonized by several 

opsonic factors such as IgG [38] and, therefore, ET-LN might be being phagocytized 

by HL-60 cells. This phagocytic activity might be more remarked in case of HL-60 cells 

due to their neutrophilic origin [39]. Nevertheless, it might be also feasible in K-562 

cells; indeed, this cell line is characterized by their multipotential profile and their 

capacity to spontaneously differentiate into recognizable progenitors of the 

erythrocytic, granulocytic and monocytic series [40].  In this regard, TEM images 

showed phagocytic like structures filled with 100 nm spherical nanoparticles in HL-60 

cells (Fig. 3). Similar structures were observed in K-562 cells (Fig. 3).    

3.4 K-562 from HL-60 exhibit different molecular mechanisms that contribute to 

cell death in response to ET and ET-LN treatments 

As has been previously described by flow cytometry studies, both K-562 and HL-

60 cell lines presented massive cell demise when grown in presence of ET-LN, and 

therefore the viability of cells was significantly reduced. In the case of the ET-

sensitive HL-60 cell line, comparable levels of cell death were induced with the 

nanoencapsulated and the free drug. However, the IC50 of K-562 cell line was 

considerably reduced with the treatment with encapsulated drug, inhibiting its 

proliferation from the first 24 h of incubation at a ET-LN dose equivalent to 10 µg/ml 

of free drug [4]. This reversion of resistance to ET in K-562 could be attributed to an 

increased intracellular ET concentration after nanoparticle uptake or to an enhanced 

cell death mechanism due to the different intracellular localization of the drug. 
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Higher intracellular accumulation of the drug with the ET-LN was discarded on the 

basis of the above results and different sensitivity to the treatments might thus 

depend on the death mechanisms triggered by the two treatments.  

To gain further insights into mechanisms for apoptosis induction, caspase 

activation was studied at protein level in both cell lines. Thus, cells were grown in 

medium containing ET or ET-LN (5 and 10 µg/mL of ET or equivalent concentrations 

of Blank-LN and ET-LN for HL-60 and K-562 respectively) at several time points and 

proteins were subsequently obtained from cell lysates. Western blots were 

performed to detect effector caspase activation, which would entail apoptosis 

induction. One of the first identified substrates of caspases, PARP1 was also 

inspected. The processing of both effector caspases -7 and -3 and its substrate, 

PARP1 were detected in ET- and ET-LN-treated HL-60 cells (Fig. 4), thereby indicating 

the same apoptotic cell induction of both treatment groups. These results might be 

explained due to the fact that HL-60 is ET-sensitive. Besides, the encapsulated drug 

might be rapidly internalized in HL-60 and released into the cell. Due to its sensitivity, 

low concentrations of ET might be enough to induce apoptosis. The abovementioned 

uptake studies indicate that ET may be internalized by other mechanisms apart from 

lipid rafts and that those mechanisms may be different from those involved in the 

uptake of ET-LN. Among all these internalization pathways, the diffusion facilitated 

could be considerable due to its capacity of delivering ET directly in the cytoplasm 

avoiding lysosomes.  

On the other hand, K-562 did not display caspase-mediated apoptosis when 

treated with either ET or drug-loaded LN, as processed forms of inductor caspase-9 

and effector caspases-3 and -7 were not detected in protein extracts (Fig. 4). 

The K-562 cell line was derived from a CML blast crisis patient [41] and therefore 

it presents several characteristics of this stage of the disease, such as 

hyperproliferation and apoptosis resistance. For this reason, the resistance of K-562 

to apoptosis induction has been extensively reported [42-45]. This resistance may be 

attributed to Bcr-Abl expression. Besides, low ganglioside levels in cell membrane 

and ERK/MAPK overactivation among others may have an important role in the 
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resistance of this cell line [46, 47]. These molecular particularities would explain the 

absence of caspase-mediated cell death in K-562 in response to the treatments. 

 

 

Figure 4. Characterization of caspase activation status of HL-60 and K-562 after incubation with 
medium, free edelfosine (ET) and drug-loaded LN (ET-LN) at a dose equivalent of 5 and 10 µg/mL of ET 
respectively. Caspase activation was inspected by western blot. Protein extracts of cells grown in 
starvation EBSS medium (Starv 3h), Staurosporine (STS), untreated control cells (C) and unloaded 
nanoparticles (Blank-LN) were included as controls. 

 

The abovementioned results indicate that HL-60 cell line induced caspase-

mediated cell death in response to free and nanoencapsulated ET treatments 

whereas K-562 exhibited an enhanced resistance in inducing the processing and 

activation of pro-caspases and therefore in inducing apoptosis via caspase activation. 

These findings confirm our previous observations using flow cytometry that showed 

absence of caspase activation in K-562 cells after treatment with either ET or ET-LN 

[4]. Therefore, mechanisms different from caspase activation may have a role in cell 

induction in the K-562 cell line. 
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3.5 Increase of autophagy-associated LC3 II protein in response to ET and ET-LN 

treatments 

We have previously hypothesized that this different induction of cell death by ET-

LN might be related to a distinct entry route of the drug into the cell when it is 

encapsulated [4], causing a different intracellular location of ET. In the above uptake 

studies we showed that ET endocytosis in K-562 cells was low, suggesting the major 

implication of passive flip-flop of ET in these cells. This uptake would promote direct 

delivery of the drug in the cytoplasm, whereas we hypothesize that the encapsulated 

ET intracellular traffic might be mediated by macropinosomes and phagosomes. 

Then, vesicles might directly fuse with lysosomes or be engulfed by into double-

membrane vesicles called autophagosomes which will later fuse with lysosomes. In 

addition, the aforementioned absence of caspase activation would indicate that K-

562 cells might undergo a caspase-independent cell death mechanism. Hence, 

autophagic cell death could have a role in the cell demise induced by ET-LN in K-562 

cells. To gain a better insight, LC3 I and LC3 II protein levels were inspected via 

western blot and subsequent band quantification. LC3 is an ubiquitin-like protein that 

can be detected unconjugated (LC3 I) or associated with autophagosomal 

membranes (LC3 II). Thus, LC3 II levels are augmented during autophagy. Accordingly, 

an increase in the ratio of LC3 II to LC3 I reflects the accumulation of autophagic 

vesicles in cells, and therefore autophagy induction. For that reason, the status of 

autophagy was inspected in order to detect an increase in LC3 II/LC3 I ratio (Fig. 5). In 

both cell lines, the ratio increased in all the groups after 24 h of treatment. This could 

be explained as a response to cell stress produced for the change of the culture 

conditions (that is, the presence of the nanoparticles or the free drug in the cellular 

media) [48]. At 48 h after treatment, the Blank-LN control group was found to have 

similar expression levels to the untreated control whereas those of the treated cells 

rose. This increase reached statistical significance at 48 h in K-562 cells, indicating an 

increase of LC3 II compared to LC3 I in nanoparticle-treated cells, which in turn 

entails a higher presence of autophagosomes in treated cells [4]. 
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Figure 5. LC3 protein expression in HL-60 and K-562 cells after 24 and 48 h of treatment with 
edelfosine (ET) and lipid nanoparticles containing edelfosine (ET-LN) at a dose equivalent of 5 and 10 
µg/mL of ET respectively. LC3I and LC3II were detected by western blot. Protein extracts of cells 
grown in starvation EBSS medium (Starv 3h), Staurosporine (STS), untreated control cells (C) and 
unloaded nanoparticles (Blank-LN) were included as controls. Graphs depict the fold increase of LC3 
II/LC3 I ratio relative to untreated control cells. Values are means of triplicates ± SEM. **P<0.01 vs. 
Blank-LN control by one-way ANOVA (Bonferroni post-test). 

 

Hence, both K-562 ET and ET-LN-treated cells presented high levels of LC3 II/LC3 I 

at 48 h, although cultures treated with encapsulated drug underwent a strong cell 

death induction not detected with the free drug.  

On the other hand, ET-LN would alter the autophagic machinery in cells (Fig. 6). 

Ma et al.[51] reported that gold nanoparticles induced an accumulation of 

autophagic vacuoles through lysosomal impairment. The authors described that 

autophagosome accumulation was induced by a blockage of the autophagic flux 

rather than induction of autophagy. Such an effect would also explain the results 

observed with K-562. Such interference with lysosomal function might also 

eventually lead to cell death. 
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In addition, many efforts are being made to further understand the crosstalk 

between necrosis, autophagy and apoptosis [52, 53]. For this reason, the novel 

autophagic induction described in the present study in response to ET-LN treatment 

could induce a caspase-independent cell death mechanism (i.e caspase independent 

apoptosis or necrosis). To our knowledge this study represents the first report of the 

possible role of autophagy in the cellular response to LN. In that sense, more 

experiments (i.e microscopy studies with LC3-GFP transfectants or characterization of 

the cell death response to ET and ET-LN in presence of autophagic flux inhibitors) 

should be performed in order to ascertain the role of the observed autophagic 

induction in cell death.  

 

Figure 6. Graphic representation mechanisms that main explain the increase of LC3 II/LC3 I ratio and 
therefore, the autophagic flux in K-562 cells. Both the free drug (ET) and the encapsulated drug (ET-
LN) would induce autophagy in response to the cytotoxic agent ET. However, as LN may be 
incorporated by transport mechanisms different from those for ET, it may induce toxic effects in 
unknown organelles that together with autophagy would lead eventually to cell death. On the other 
hand, ET-LN may induce an accumulation of autophagic vacuoles through blockage of the autophagic 
flux thereby triggering cell death. Such an effect would also explain the results observed. 

 

4. Conclusions 

The data presented above provide evidence that ET and ET-LN intracellular 

incorporation is prompted by different uptake mechanisms. Endocytic and facilitated 
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diffusion appear to be major uptake mechanisms in free drug uptake; whereas, in 

case of ET-LN, passive diffusion, phagocytosis and macropinocytosis are the most 

likely uptake mechanism. LN do not enhance the intracellular concentration of the 

drug in both leukemic cell lines despite the different uptake mechanism of ET-LN. 

Besides, both treatments activate caspase-mediated cell death in the ET-sensitive cell 

line HL-60, conversely in K-562 caspases were not activated. Moreover, an important 

increase of lipidated LC3 II was detected after both treatments, pointing towards an 

increase of autophagic vesicles in K-562 cells. Importantly, as ET-LN overcome the 

resistance of K-562 cells, autophagic cell death could be involved in the cell demise 

process caused by the toxic effects of ET when it is incorporated in the nanoparticles 

at a subcellular location different from the free drug.  
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Abstract 

Nanotechnology is providing a new therapeutic paradigm by enhancing drug 

efficacy and preventing side-effects. Edelfosine is a synthetic ether lipid analogue of 

platelet activating factor with high antitumor activity. The encapsulation of this 

potent antitumor drug in lipid nanoparticles increases its oral bioavailability; 

moreover, it prevents the hemolytic and gastrointestinal side-effects of the free drug. 

The literature points towards lymphatic absorption of lipid nanoparticles after oral 

administration, and previous in vitro and in vivo studies stress the protection against 

toxicity that these nanosystems provide. The present study is intended to assess the 

permeability of lipid nanoparticles across the intestinal barrier. Caco-2 monoculture 

and Caco-2/Raji co-culture were used as in vitro models of enterocytes and Microfold 

cells respectively. Results showed that free drug is internalized and possibly 

metabolized in enterocytes. These results do not correlate with those observed in 

vivo when edelfosine-lipid nanoparticles were administered orally in mice, which 

suggests that the microfold model is not a good model to study the absorption of 

edelfosine-lipid nanoparticles across the intestinal barrier in vitro. 

 





CHAPTER 4. IN VITRO INTESTINAL CO-CULTURE CELL MODEL TO EVALUATE INTESTINAL ABSORPTION OF 
EDELFOSINE LIPID NANOPARTICLES 

133 

1. Introduction 

Edelfosine (ET) is a synthetic ether lipid analogue of platelet activating factor 

(PAF) with proved in vitro and in vivo antitumor activity [1]. However, it presents 

some drawbacks such as hemolysis after intravenous administration and 

gastrointestinal toxicity and poor bioavailability after oral administration [2]. These 

drawbacks can be overcome through nanotechnology [3]. Lipid nanoparticles (LN) 

prevent ET toxicity [4] and improve its oral bioavailability [2]. Moreover, they can be 

formulated by an organic solvent free method using biodegradable lipids [5]. Due to 

their physicochemical characteristics, LN containing ET (ET-LN) can be administered 

orally, intravenously and intraperitoneally [3]. Bearing in mind the importance of 

oncological patient well-being, the possibility of administering therapy by oral route 

is a challenge. Several in vivo studies report accumulation of the drug in the lymph 

nodes, endorsing lymphatic intestinal absorption after LN oral administration [3]. In 

order to obtain further insight into the evaluation of drug absorption in the 

gastrointestinal tract, several in vitro models have been developed since the 1980s 

[6]. Among all these models, Caco-2 monoculture is one of the most commonly used 

due to its ability to simulate the intestinal epithelium. The human epithelial 

colorectal adenocarcinoma cell line Caco-2 differentiates to enterocyte-like cells 

under specific culture conditions [6]. In addition, the hypothesis of lymphatic oral 

absorption of LN has promoted the development of intestinal in vitro models that 

simulate microfold cells (M cells) of Peyer`s patches in the intestinal follicle-

associated epithelium (FAE). M cells specialize in transporting soluble 

macromolecules, small particles and entire microorganisms from the intestinal lumen 

to the immune system. These cells have unique morphological features including the 

presence of a reduced glycocalyx, irregular brush border and reduced microvilli [7]. 

Previous authors have developed numerous strategies to obtain M-cell like in vitro 

models [8-12]. This work includes the development of an in vitro model of M cells 

based on the strategy of co-cultivating Caco-2 cells with Raji cells (B lymphocytes 

derived from Burkitt cell lymhoma) [9]. ET and ET-LN transport across mono and co-

culture models are evaluated in the present study.  
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2. Material and methods 

2.1 Materials 

ET was purchased from APOINTECH (Salamanca, Spain). Precirol® ATO 5 was a 

gift from Gattefossé (France). Tween® 80 was purchased from Roig Pharma 

(Barcelona, Spain). Chloroform was obtained from Panreac (Madrid, Spain), formic 

acid 99% for mass spectroscopy was obtained from Fluka (Barcelona, Spain), and 

methanol was purchased from Merck (Barcelona, Spain). All solvents employed for 

the chromatographic analysis were of analytical grade; all other chemicals were 

reagent grade and used without further purification. Amicon Ultra-15 10,000 MWCO 

centrifugal filter devices and Millicell Cell Culture Inserts were purchased from 

Millipore (Cork, Ireland). RPMI 1640 and MEM cell culture media, Heat-inactivated 

Fetal Bovine Serum (FBS), Glutamax, MEM Non-Essential Amino Acids, 

Penicillin/Streptomycin antibiotics, ZO-1 Monoclonal Antibody, Villin-1 Polyclonal 

Antibody, Alexa Fluor®594 Goat Anti-Rabbit IgG (H+L), Topro-3 Iodide and CellTrace 

CFSE Cell Proliferation Kit were purchased from Life Technologies, (Barcelona, Spain). 

DAPI was obtained from Invitrogen (Madrid, Spain). Fluorescence mounting medium 

was obtained from Dako (Barcelona, Spain). SIGMAFAST™ p-Nitrophenyl phosphate 

Tablets, rhodamine 123 and fluorescein sodium were obtained by Sigma Aldrich 

Química S.A. (Madrid, Spain). M-PER Mammalian Protein Extraction Reagent and 

Silicone tubing were purchased from Thermo Fisher Scientific (Madrid, Spain). 

2.2 Preparation and characterization of lipid nanoparticles 

LN were prepared by the hot homogenization method consisting of high shear 

homogenization and ultrasonication [13]. ET (30 mg) and Precirol® (300 mg) were 

melted at approximately 5ºC above the melting point of the lipid (60ºC). A 2% 

Tween® 80 aqueous solution (10 mL) previously heated at the same temperature was 

added and dispersed in the molten lipid with the help of a Microson™ ultrasonic cell 

disruptor (NY, USA) for 1 min at an effective power of 10W. The preformed emulsion 

was then homogenized with an Ultraturrax® (IKA-Werke, Germany) for 1 min at 
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24,000 rpm and sonicated again with a Microson™ ultrasonic cell disruptor (NY, USA) 

for 1 min at 10W. The emulsion was removed from heat and placed in an ice bath to 

obtain LN by lipid solidification. Then, the LN suspension was centrifuged using 

Amicon® Ultra-15 10,000 MWCO filters at 4500 × g for 30 min and washed twice with 

distilled water. Afterwards, 150 % (w/w of lipid weight) trehalose was added as 

cryoprotectant agent to the LN suspension, which was then kept at -80ºC and freeze-

dried to obtain a nanoparticulate powder. Particle size and polydispersity index (PDI) 

were evaluated by photon correlation spectroscopy (PCS) using a Zetasizer Nano 

(Malvern Instruments, UK). The measurements were carried out three times. Surface 

charge was measured using the same Zetasizer Nano equipment combined with laser 

Doppler velocimetry. For the ET loading determination, 5 mg of nanoparticles were 

dissolved in 1 ml of chloroform and mixed with 4 ml of methanol. The mixture was 

vortexed for 1 min and then centrifuged at 20,000 × g for 10 min. The supernatant 

was analyzed by a previously validated ultra-high-performance liquid 

chromatography tandem mass spectrometry (UHPLC-MS/MS) method [14]. 

ET-LN morphology was evaluated by transmission electron microscopy (TEM). 

Images were taken on a FEI Tecnai T20 microscope at INA-LMA(Zaragoza). To prepare 

ET-LN samples for TEM observation, lyophilized NPs were dispersed in milli-Q water. 

After 30 s in an ultrasonic bath, a drop of this suspension was applied to a copper 

grid (200 mesh) coated with carbon film, and allowed to dry in air. The microscope 

was operated at 80 kV to preserve the ET-LN morphology and diminish radiation 

damage. 

2.3 Cell culture 

Caco-2 cells were culture in MEM supplemented with 20% (v/v) fetal bovine 

serum, 1% v/v non-essential aminoacids and 1% (v/v) Glutamax at 37ºC under a 5% 

CO2 water saturated atmosphere. Cells were harvested with trypsin/EDTA every 3-4 

days and subcultured at 12 x 103 cells/cm2. Raji cells were cultured at 0.5 x 106 

cells/ml in RPMI supplemented with 20% (v/v) fetal bovine serum, and 1% (v/v) 

penicillin and streptomycin, at 37ºC in a humid atmosphere with 5% CO2. Cells were 

split 1:3-1:5 every 3-4 days.  



ALQUIL-LYSOPHOSPHOLIPIDS AND CANCER: DEVELOPMENT OF LIPID NANOPARTICLES FOR ORAL 
ADMINISTRATION AND PRECLINICAL STUDIES 

136 

2.4 Enterocyte and M-cell like: in vitro models of gastrointestinal barrier 

2.4.1 Development 

In vitro models were developed following a previous experiment by des Rieux et 

al. [9]. The human colon adenocarcinoma cell line Caco-2 cells were seeded at a 

density of 9 x 104 cells on the apical chamber of Transwell inserts (3-mm pore PET 

Transwell filters; 12-well) in MEM supplemented with 20% (v/v) fetal bovine serum, 

1% v/v non-essential aminoacids, 1% (v/v) Glutamax and 1% penicillin and 

streptomycin. Cultures were maintained at 37ºC, 5% CO2 for up to 21 days. The 

medium was replaced every 2-3 days (0.5 ml in the apical compartment and 1.5 ml in 

the basolateral compartment). In case of the M-cell in vitro model, inserts were 

inverted after 14 days of culture and a piece of silicon (12.8 mm diameter) was 

placed on the basolateral side of each insert. The silicon piece was filled with a 

suspension of 5 x 105 Raji cells in 1 ml of supplemented MEM. Co-culture was 

maintained for 4 days. Afterwards, Raji cells and silicon tubes were removed and 

inserts were placed in their original orientation. Transport experiments in both 

models were performed after 21 days of Caco-2 seeding.  

2.4.2 Assessment of cell monolayer integrity 

Cell monolayer integrity was assessed in both models by measurement of trans-

epithelial electrical resistance (TEER) [15]. Prior to measuring TEER, culture media 

was replaced by MEM without supplements. Inserts were placed at room 

temperature for 15 minutes and TEER was measured with a Millicell ERS-2 

Voltohmmeter (Merck Millipore, Germany). The resistance is expressed as Ω/cm2. 

Cell monolayer confluence was analyzed weekly. TEER measurement was also used 

to assess cell monolayer integrity during permeation experiments. 

2.4.3 Characterization of the in vitro intestinal models 

a. Inmunofluorescence 

After 21 days of culture, cell monolayers were washed carefully with PBS, fixed 

with 4% paraformaldehyde (w/v) and permeabilized with Triton X-100 0.5 % (v/v). 
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Monolayers were blocked with a 1% BSA solution in TBS. Then cells were incubated 

with Anti-ZO-1 Alexa Fluor 488 (1:100) and Anti-villin (1:100) antibodies in TBS 1%BSA 

o.n. Later, cells labelled with Villin antibody were incubated with Alexa Fluor®594 

Goat Anti-Rabbit IgG (H+L) (1:500). Samples were stained with Topro-3 Iodide or Dapi 

and visualized under fluorescence and confocal microscopy.  

b. Carboxyfluorescein succinimidyl ester (CFSE) labeling 

Raji cells were incubated with CellTrace CFSE for 15 minutes at 37 ºC (10 µM for 

flow cytometry and 25 µM for fluorescence microscopy). Afterwards, cells were 

incubated in culture media for 30 minutes and washed twice with PBS. Three days 

later, Caco-2 monolayers were co-cultured with the stained Raji cells as described 

above (section 2.4.1). After 21 days, cells monolayers were observed under 

fluorescence and confocal microscopy. Cells were fixed with 4% paraformaldehyde 

and nuclei were stained with Topro-3 Iodide or Dapi. In addition, the presence of Raji 

cells in the culture was quantified by flow cytometry.  

c. P-Nitrophenyl Phosphate (PNPP) Activity  

After 21 days of incubation, cells were carefully washed with PBS 0.05% Tween 

20 and incubated with 500 µl of PNPP substrate for 30 minutes and protected from 

light. Afterwards, the supernatant was collected and absorbance was measured by a 

microplate spectrophotometer (Labsystems, Helsinki, Finland) at 405 nm. 

2.4.4 Transport studies 

TEER was measured before and after the experiments. Only cell monolayers with 

TEER values over 250 Ω were used. All transport studies were conducted under 

agitation at 37ºC in transport medium (MEM without supplements). Total 

experiment volumes were 0.5 ml in the apical compartment and 0.6 ml in the 

basolateral compartment. The different treatments were added to the donor 

compartments: Free ET (ET) and LN containing ET (ET-LN) at a final dose equivalent to 

30 µg/ml of free drug. ET transport was studied from the apical compartment to the 

basolateral compartment (A→B) and vice versa (B→A). Fluorescein and rhodamine 

123 were used as control substances in the transport experiments. Low permeable 
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substance fluorescein free acid was added to the apical compartment at a final 

concentration of 100 µg/ml. The p-glycoprotein substrate rhodamine 123 was added 

to the apical compartment (A→B) and to the basolateral compartment (B→A) at a 

concentration of 5 µg/ml. The experiment lasted 2 hours and donor samples were 

collected at the beginning and at the end of the experiment. Samples were analyzed 

using UHPLC-MS/MS (ET and ET-LN) and fluorescence spectrometry (fluorescein and 

rhodamine). The permeability (apparent permeability coefficient; Papp) was calculated 

according to the following equation [16]: 

Papp= dQ/dt*1/A*C0 [cm/s] 

‘dQ/dt’ is the rate of appearance of drugs on the acceptor compartment 

(µmol/s); C0 is the initial drug concentration on the donor side (mM); ‘A’ is the 

surface area of the monolayer (cm2).  

2.5 Statistical analysis 

Data analysis and graphic presentations were done using Prism version 5.00 

software for Windows (GraphPad Software, San Diego, CA). Data are presented as a 

mean of three or more independent experiments, with error bars indicating the 

standard deviation. The statistical significance level was defined as a P value of <0.05.  

3. Results and discussion 

3.1 Lipid nanoparticle formulation 

The hot homogenization method consisting of high shear homogenization and 

ultrasonication provided LN with a size of 127.89 ± 9.95 nm suitable for oral, 

intravenous and intraperitoneal administration [3]. LN charge was negative and 

enough to maintain formulation stability (-28.42 ± 1.39). This method of LN 

formulation has been previously developed and used by our research group [13, 17, 

18]. The formulation used in this study was slightly modified in order to increase drug 

loading capacity. ET-LN loading was 22.677 ± 2.262 µg ET/mg formulation. In 

comparison to LN prepared in the above-mentioned previous studies, increasing the 



CHAPTER 4. IN VITRO INTESTINAL CO-CULTURE CELL MODEL TO EVALUATE INTESTINAL ABSORPTION OF 
EDELFOSINE LIPID NANOPARTICLES 

139 

amount of drug that was initially added to the nanoparticles (from 15 to 30 mg) 

allowed us to obtain a higher loading capacity (from 13 µg ET/mg formulation to 

22.677 µg ET/mg of formulation). Despite the increase in drug loading capacity, ET-LN 

maintained their homogeneous morphology and round shape as is shown in TEM 

images (Fig. 1).  

 

 

Figure 1. TEM images of LN containing edelfosine at different magnifications. ET-LN nanoparticles are 
not aggregated, which is in agreement with the polydispersity index obtained by PCS characterization.  

 

3.2 Transport experiments 

Several adapted in vitro models based on colorectal adenocarcinoma Caco-2 cells 

have been developed in the last decade to test drug permeability across the 

intestinal barrier [8, 9, 16, 19]. Among all these models, Caco-2 monoculture and co-

culture of Caco-2 cells with Burkitt lymphoma B cells (Raji cells) are being widely used 

to simulate enterocytes and intestinal M cells respectively. As many researchers have 

reported significant accumulation of LN in the lymphatic system after oral 

administration [3], M-cell in vitro models have been developed in order to assess the 

absorption of these nano-systems by this route and compare it with the absorption 

by enterocytes (mono-culture of Caco-2 cells).  
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3.2.1 In vitro models of intestinal barrier: characterization 

a. Cell monolayer integrity 

Caco-2 monoculture and Caco-2/Raji co-culture presented similar TEER values 

after 21 days of culture (Fig. 2). As previously described, TEER values decreased after 

the co-culture with Raji cells for four days [9]. However, our results showed that, 

after removing Raji cells from the culture, TEER values recovered and achieved the 

monoculture values at day 21 (Fig. 2). Caco-2 monoculture and Caco-2/Raji co-culture 

showed TEER values of 480.2 ± 11.56 Ω/cm2 and 502.8 ± 23.50 Ω/cm2 respectively 

with no statistically significant differences between them. All monolayers reached 

TEER values above 200 Ω/cm2 at the time of the transport experiment, indicating the 

formation of a cell monolayer with maintenance of tight junction integrity [16].  

 

Figure 2. TEER values of Caco-2 monoculture and Caco-2/Raji co-culture after 21 days of incubation 
(Ω/cm2). Monoculture of Caco-2 and co-culture with Raji cells did not show differences in TEER 
values.  

b. Immunofluorescence characterization 

 The formation of a monolayer containing cells phenotypically similar to 

enterocytes and M cells was monitored by immunofluorescence. Tight junctions 

were labeled with ZO-1 antibody [20]. ZO-1 is a protein that is present in the 

cytoplasmic membrane of cells with tight intercellular junctions. Both intestinal 

models showed the presence of this protein (Fig. 3). However, Caco-2 monoculture 

presented a more homogenous and structured monolayer architecture than Caco-

2/Raji co-culture, indicating the formation of M-cells (Fig. 3).  
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Figure 3. Confocal images of Caco-2 monoculture (left) and Caco-2/Raji co-culture (right) stained with 
ZO-1 antibody. 

 

Presence of villin, a component of brush border assembly, was also assessed in 

both cultures. M cells are characterized by an irregular brush border and reduced 

microvilli to facilitate contact with particles and microorganisms [7]. Conversely, villin 

is present in M cells but its distribution is different, being located mainly in the 

cytoplasmic region [11, 21]. Such expression patterns were reproduced in our 

experiments (Fig. 3).  

 

Figure 4. Confocal images of Caco-2 monoculture (left) and Caco-2/Raji co-culture (right) stained with 
Villin antibody (red) and Topro-3 Iodide (blue). Caco-2 monoculture showed a homogeneous layer of 
villin on the cell surface whereas it was partially distributed in the cell surface of the co-culture model. 

 

Fig. 4 shows that Caco-2 monocultures presented a homogenous layer of villin on 

the surface of the cells, indicating the development of a brush border typically 
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present in enterocytes. Villin was also visible in Caco-2/Raji co-cultures but with a 

different distribution pattern; in this culture, some cells expressed villin in their 

surface but the protein did not cover the cell monolayer. The imperfect layer of villin 

indicates the differentiation of some Caco-2 cells into M-like cells with their typical 

reduced brush border. 

c. Alkaline phosphatase activity 

Alkaline phosphatase (AP) is an enzyme that is present in the brush border of the 

enterocytes. A lower activity of this enzyme in the co-culture model might be related 

to microvilli degeneration due to the differentiation of Caco-2 cells into M-like cells 

[19]. Fig. 5 shows that AP activity was significantly reduced in the co-culture model 

with respect to the Caco-2 monoculture model. However, there was also a significant 

decrease in alkaline phosphatase activity when the Caco-2 monoculture model is 

culture-inverted during the same days as the co-culture model. Other studies 

demonstrate that AP activity is reduced in the co-culture models but they compare it 

with the AP monoculture activity [19].  

 

Figure 5. Alkaline phosphatase activity in Caco-2 monoculture, Caco-2 monoculture (inverted) and 
Caco-2/Raji co-culture. Both inverted monoculture and co-culture produced a decrease in alkaline 
phosphatase activity of the cells with respect to the conventional monoculture of Caco-2. *p<0.05; 
**p<0.01; ***p<0.001 vs. control by two-way ANOVA (Dunnet post-test). 
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d. Localization and quantification of Raji cells in Caco-2/Raji co-culture (CFSE 

labeling) 

In order to localize Raji cells, we stained them with carboxyfluorescein diacetate 

succinimidyl ester (CFSE). This reagent passively diffuses into cells and turns into a 

fluorescent compound that is retained in the cell [22]. The developed model of co-

culture is based on the direct contact of Raji cells with Caco-2 cells. At day 14, inserts 

were inverted and Raji cells were placed in the basolateral side of the membrane. 

Most authors support the need for direct contact between both cell lines in order to 

obtain a more reliable M-cell model [9, 11]. In the inverted culture model, Raji cells 

are expected to migrate through the pores of the insert membrane and, therefore, to 

be incorporated into the Caco-2 cell monolayer. Presence of Raji cells within the 

monolayer was visualized by fluorescence microscopy and quantified by flow 

cytometry.  

 

Figure 6. Confocal images (upper and lower left) and fluorescence microscopy image (right) of Caco-
2/Raji co-culture. Raji cells were stained with CFSE prior to incubation with Caco-2 cells. Raji cells were 
detectable below the inserts. 

 

The percentage of Raji cells in the culture assessed with flow cytometry was 

about 27 % of all cells; these data were consistent with the results published by Rieux 

et al. [9], who obtained a percentage between 17 and 30% of total number of cells. 

Confocal images showed presence of CFSE labeled cells below the inserts (Fig. 6). Raji 

cells were not detected within the monolayer by fluorescence microscopy and the 
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total proportion of fluorescent cells observable by fluorescence microscopy appeared 

to be lower than 30%. This discrepancy might be explained due to the higher 

sensitivity of flow cytometry technique. Besides, Raji cells integrated into the cell 

monolayer might display lower fluorescence intensity, only detectable by flow 

cytometry. In conclusion, enterocyte and M-cell like in vitro culture models were 

successfully developed in our laboratory [9]. 

3.3 Transport studies 

Transport studies were performed in order to compare the transport of free drug and 

LN containing ET in the Caco-2 monoculture and Caco-2/Raji co-culture. Integrity of 

the cell monolayer was evaluated by measuring TEER values before and after 

transport experiments. TEER values showed that LN did not alter tight junctions; in 

contrast, ET produced a significant decrease of the TEER if it is incubated for four 

hours.  

 

Figure 7. Fold increase/decrease in TEER value of Caco-2 monolayer (left) and Caco-2/Raji co-culture 
(right) after 2 hours of incubation with the different treatments. Free drug was the only treatment 
that produced a slight decrease in TEER values. 

 

Fig. 7 shows the changes in TEER values after two hours of incubation with the 

different treatments. As can be observed, free ET was the only treatment that 

produced a decrease in the transepithelial resistance.  Our results led us to conclude 

that transport experiments could not last for more than two hours due to the high 

disruption of the cell culture, measurable by the TEER value, which was caused by the 

free drug. Although LN were not harmful for the insert cultures over longer times, 
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transport experiments were performed up to 2 hours in order to compare ET and 

ET-LN transport in both in vitro models. 

Rhodamine 123 and fluorescein were used as controls for the transport study. 

Rhodamine is a P-glycoprotein (P-gp) substrate, a multidrug efflux transporter that 

avoids the absorption of potentially risk molecules in the intestine [23]. As ET is also a 

P-gp substrate [17], rhodamine 123 was used to assess the P-gp function in Caco-2 in 

vitro intestinal model in order to further evaluate P-gp efflux transporter. Rhodamine 

123 transport is performed by paracellular transport from the apical side while it is 

internalized by the transcellular route and eluded to the apical side by the P-gp in 

case of secretory transport [24]. Fluorescein is transported via paracellular route and 

is a common marker used in transport studies to assess the integrity of the tight 

junctions. Due to its size, fluorescein presents very low permeability in Caco-2 

monolayers because of the presence of tight junctions. Table 1 shows the apparent 

permeabilities (Papp) of both markers in the intestinal models studied.  Papp 

coefficients showed differences between the two culture models in case of secretory 

transport of rhodamine (from the basal to the apical compartment).  

Table 1. Apparent permeability coefficient (Papp x 10-6 (cm/s) of fluorescein and rhodamine in Caco-2 
and Caco-2/Raji B cultures **p < 0.01; ***p < 0.001 vs. corresponding control group by two-way 
ANOVA (Bonferroni post-test). 

 Caco-2 monoculture Caco-2/Raji B co-culture 

Fluorescein 5.25 ± 0.10 6.05 ± 4.38 

Rhoamine 123 (Apical) 2.59 ± 0.26 9.04 ± 3.49 

Rhodamine 123 (Basal) 29.93 ± 2.15      *** 19.83±  0.53     ** 

 

As has been previously explained, the transport of both substances across Caco-2 

monolayer occurs via the paracellular route, which is consistent with the low Papp 

absorptive coefficients of fluorescein and rhodamine. It means that tight junctions 

between cells prevented the crossing of these molecules. Regarding the differences 

in rhodamine transport in each culture, rhodamine secretory transport (from the 

basolateral to the apical side) was about 11.5 (Caco-2 monoculture) and 2.2 (Caco-

2/Raji B co-culture) times higher than absorptive transport. This difference in 
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transport rates has been previously described by other authors [24]. The 

difference in rhodamine secretory transport was clearer in the case of the 

monoculture due to the larger presence of enterocyte-like cells which express the P-

gp transporter. 

LN have been shown to increase the oral bioavailability of many different drugs 

including ET [3], and therefore many researchers have shown an interest in in vitro 

models of the intestinal barrier that make it easier to assess the absorption of these 

nanosystems at the intestinal level [10, 25]. Roger et al. [25] studied the permeability 

of Paclitaxel across Caco-2 monolayers, concluding that LN were able to increase 

drug uptake up to 3.5 times. Beloqui et al. [10] also conclude that LN enhance the 

absorption of saquinavir; however, they report a lower drug permeability of LN 

across Caco-2/Raji B co-culture than in the enterocyte-like model.  With these 

premises we expected to observe increased permeability of ET-LN compared to the 

free ET in the Caco-2 in vitro intestinal model. Fig. 8 shows the amount of drug after 

the experiment in each compartment (apical and basolateral sides and cells) at the 

end of the experiment (2 hours).  

 

Figure 8. Edelfosine (% of initial drug quantity on the donor compartment) present in the donor, 
acceptor and cell samples at the end of the transport experiment (2 hours of incubation) in Caco-2 
monoculture (left) and Caco-2 co-culture (right). Free drug was not detectable in the basolateral 
chamber. It can also be observed that ET is internalized more rapidly than ET-LN in both culture 
models. 

As can be observed, there was no ET in the basolateral side. This drawback did 

not allow us to calculate Paap of each treatment. Considering that only part of the ET 
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quantity that decreases from the apical compartment is quantified inside the cells, ET 

might suffer some metabolic process inside Caco-2 cells. ET is a synthetic PAF analog 

which contains a methyl group, attached by an ether linkage, at the sn-2 position. 

This change in the molecule is related to a longer in vivo half-life because it prevents 

the degradation by the Phospholipase A2 (PLA2). However, ET is susceptible of being 

degraded by three pathways: i) cleavage of the alkyl group by glyceryl-ether 

monooxygenase (GEMO), ii) hydrolysis by Phospholipase C (PLC), and iii) 

Phospholipase D (PLD) hydrolysis [26]. Nowadays, ET degradation by GEMO has been 

discarded [26]. Wilcox et al [27] showed that ET is metabolized in MDCK, K-562 and 

HL-60 cells at very slow rates; however, hepatocytes metabolize up to half the 

administered ET after 24 hours of incubation [28]. In conclusion, as has been 

demonstrated in hepatocytes, ET might be absorbed and metabolized in enterocytes. 

This process could be one of the causes of its poor oral bioavailability [2], and so the 

fate of ET in enterocytes should be further studied. 

Nevertheless, in spite of being unable to calculate Papp`s coefficients, we were 

able to compare the internalization rates of ET and ET-LN in both in vitro intestinal 

models. ET was internalized into the cells very quickly in both culture models; 

besides, its internalization was higher from the apical than from the basolateral side. 

This might be explained by the lipid nature of ET; actually, hydrophobic compounds 

are taken up more efficiently by Caco-2 cells than hydrophilic molecules [10, 29]. This 

could mean that the concentration of ET used in the transport studies is high enough 

to saturate the P-gp efflux system. This saturation process, dependent on the drug 

concentration, has been previously demonstrated with other drugs [30]. Besides, the 

apical enterocyte membrane is enriched with lipid rafts, microdomains enriched with 

cholesterol and glycolipids [31, 32] where ET accumulates in cells [33]. This high 

proportion of lipid rafts in the apical enterocyte membrane might also induce high 

absorption of the drug by the cells. Comparing both models, ET was internalized at a 

higher rate in both in vitro models: in fact, 76% and 90.96% of LN remained in the 

apical side of Caco-2 monoculture and Caco-2/Raji co-culture respectively at the end 

of the transport experiment. These results are in agreement with results obtained by 

Roger et al. [25] who did not observe an increment in LN transport in the Caco-2/Raji 
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B model in comparison with Caco-2 monoculture model. Taking into consideration 

that previous in vivo studies show an accumulation of drugs in the lymphatic system 

after their oral administration in LN [3], Caco-2/Raji co-culture might be not 

comparable to Peyer's patch follicle-associated epithelium (FAE) in the intestine. In 

this sense, the importance of three dimensional models for the development of more 

realistic intestinal models has been pointed out [16].  

4. Conclusions 

ET is internalized at a higher rate in its free form in both in vitro intestinal models 

(Caco-2 and Caco-2/Raji). In fact, about 76% and 90% of the initial LN quantity 

remains in the donor compartment in Caco-2 monoculture and Caco-2/Raji co-

culture respectively after 2 hours of incubation These results do not correlate with 

those observed in vivo when edelfosine-lipid nanoparticles were administered orally 

in mice, which suggests that the microfold model is not a good model to study the 

absorption of edelfosine-lipid nanoparticles across the intestinal barrier in vitro. 

Indeed, our results suggest that ET might suffer some metabolic process upon being 

internalized in Caco-2 and Caco-2/Raji intestinal models. The absence of drug in the 

acceptor compartment and its poor oral bioavailability might be explained by a 

similar metabolic process in enterocytes. Finally, the rapid ET internalization in the 

culture monolayers (about 80% of the initial ET in two hours) might be related to the 

hydrophilic nature of the drug, the elevated presence of lipid rafts in the apical 

surface of enterocytes and the saturation of the P-gp transporter.  
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Abstract  

Despite the large number of studies regarding the use of lipid nanoparticles as 

vehicles for drug administration, toxicity studies are very limited. The lipid 

nanoparticles used in the present paper are made of lipids recognized as safe by the 

Food and Drug Administration (FDA) and, therefore, these systems are generally 

considered as nontoxic vehicles. Nevertheless, the particular physicochemical 

characteristics of these systems, due to their nanometric scale, might cause 

interactions with the biological systems and lead to undesirable effects. Hence, 

toxicity studies are needed in order to ensure the safety of these nanomedicines. 

Edelfosine, an alkyl-lysophospholipid antitumor drug with severe side-effects, has 

previously been encapsulated into lipid nanoparticles with the purpose of improving 

their toxicity profile. In the present study we investigated the in vivo toxicity of free 

edelfosine, lipid nanoparticles and lipid nanoparticles loaded with edelfosine in mice 

after oral administration. Our results showed that oral administration of the free 

drug at 4 times higher than the therapeutic dose caused the death of the animals 

within 72 hours. Moreover, histopathology revealed gastrointestinal toxicity and an 

immunosuppressive effect. In contrast, lipid nanoparticles were completely safe and 

showed a protective effect against edelfosine toxicity even at the higher dose. Lipid 

nanoparticles are, therefore, a safe vehicle for the administration of edelfosine by 

the oral route. The nanosystems developed could be further used for the 

administration of other drugs. 
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1. Introduction 

Lipid nanoparticles (LN) were developed in the late 1980s, and since then they 

have become a cornerstone in the nanomedicine field [1]. Several studies confirm 

the advantages of using LN to encapsulate antitumor drugs, demonstrating several 

benefits over the administration of the free drugs in terms of bioavailability and 

pharmacokinetic profiles [2]. Edelfosine (ET) is a member of a family of drugs known 

as alkyl lysophospholipids (ALPs). ET has proved antitumor effects in vitro and in vivo; 

nevertheless, its poor oral bioavailability and severe side effects prevent therapeutic 

use of ET in clinical practice [3-5]. To overcome these drawbacks, Estella et al. [6] 

developed nanoparticles containing edelfosine (ET-LN) which showed improved 

bioavailability and pharmacokinetic profiles and enhanced antitumor efficacy 

compared to the free drug [7, 8].  

Despite the large number of LN formulations existing in the literature, few 

toxicity studies have been carried out [9-14]. The anticipated biocompatibility of 

these nanosystems due to their lipid composition may explain the lack of toxicity 

studies. However, the interaction of nanoparticles with biological systems might 

trigger biological effects that are not observed with traditional drugs. In this paper, 

we evaluate the in vivo toxicity profile of free ET, LN and ET-LN after their oral 

administration in mice. 

2. Material and methods 

2.1 Materials 

ET was purchased from APOINTECH (Salamanca, Spain). Precirol® ATO 5 was a 

gift from Gattefossé (France). Tween® 80 was purchased from Roig Pharma 

(Barcelona, Spain). Chloroform was obtained from Panreac (Madrid, Spain), formic 

acid 99% for mass spectroscopy was obtained from Fluka (Barcelona, Spain), and 

methanol was purchased from Merck (Barcelona, Spain). All solvents employed for 

the chromatographic analysis were of analytical grade; all other chemicals were 
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reagent grade and used without further purification. Amicon Ultra-15 10,000 MWCO 

centrifugal filter devices were purchased from Millipore (Cork, Ireland).  

2.2 Preparation of LN 

LN were prepared by the hot homogenization method consisting of high shear 

homogenization and ultrasonication [6]. Briefly, ET (30 mg) and Precirol® (300 mg) 

were place in a vial and heated at 5ºC above the lipid melting point. Then, an 

aqueous solution of Tween 80 (2%), previously heated at the same temperature, was 

poured onto the lipid phase. Emulsion was formed and homogeneized by a 

Microson™ ultrasonic cell disruptor (NY, USA) and an Ultraturrax® (IKA-Werke, 

Germany). The emulsion was removed from heat and placed in an ice bath to obtain 

LN by lipid solidification. Afterwards, 150 % (w/w of lipid weight) trehalose was 

added as cryoprotectant agent to the LN suspension, which was then kept at -80ºC 

and freeze-dried to obtain a nanoparticulate powder. Particle size and polydispersity 

index (PDI) were evaluated by photon correlation spectroscopy (PCS) using a 

Zetasizer Nano (Malvern Instruments, UK). The measurements were carried out three 

times. Surface charge was measured using the same Zetasizer Nano equipment 

combined with laser Doppler velocimetry. ET loading was analyzed by a previously 

validated ultra-high-performance liquid chromatography tandem mass spectrometry 

(UHPLC-MS/MS) method [15]. 

2.3 In vivo toxicity studies 

2.3.1 Animal handling 

BALB/c mice of each sex (20-22 g) were obtained from Harlan Interfauna Ibérica 

(Barcelona, Spain). Animals were housed at room temperature under a 12-h 

light/dark cycle with water and food provided ad libitum. The experimental protocol 

was revised and approved by the Animal Experimentation Ethics Committee of the 

University of Navarra (protocol number CEEA: 054-13). 
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2.3.2 Experimental design  

Mice were divided into 7 groups (n=20; 10 females and 10 males). Two different 

doses were used in the study: the therapeutic dose (equivalent to 30 mg/kg of ET) 

and a dose 4 times higher (equivalent to 120 mg ET/kg of body weight). The higher 

dose was the maximum feasible dose (MFD) for adequate nanoparticle resuspension. 

Animals received for 1 month (i) ET (30 mg/kg); ii) ET (120 mg/kg); iii) ET-LN (30 

mg/kg), iv) ET-LN (120 mg/kg); (v) Blank-LN (30 mg/kg); (vi) Blank-LN (120 mg/kg) (vii) 

physiological serum. All treatments were administered orally. ET was administered 

daily while ET-LN and Blank-LN were administered every three days. Physiological 

serum was administered daily to the control group.  

2.3.3 Evaluation of the treatments regarding animal health and survival 

Cage-side clinical observations were performed daily on all animals; an additional 

afternoon check was performed daily for dead or moribund animals. Body weights 

were recorded at study day 0, weekly during the study, and at schedule necropsy. 

Food and water consumption was assessed on a daily basis and expressed as grams 

per mice per day. At the end of the experiment, blood samples were collected from 

the eye vein for biochemical and hematological assays. Biochemical parameters, 

aspartate aminotransferase (AST), alanine aminotransferase (ALT), albumin (ALB), 

creatinine (CREA) and blood urea nitrogen (BUN), were inspected in serum sample by 

using a Roche semiautomatic analyzer (Hitachi 911). The hemogram, red blood cells 

(RBC), white blood cells (WBC), hemoglobin (HGB), hematocrit (HCT) and platelets 

(PLT), were investigated by using a Roche hematology analyzer (Sysmex XT1800i). 

Finally, all surviving test and control animals were euthanized with CO2 in an 

appropriate chamber. External appearance, internal organs and tissues were 

observed macroscopically. Organs were weighed using an electronic balance Mettler 

FX-300i. Relative organ weights were calculated from the body weight on the day of 

gross pathology. The organs (stomach, intestines, spleen, liver, kidneys, lung, heart 

and brain) were carefully removed and fixed with 10% formalin for histological 

studies. 
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2.4 Statistical analysis 

Statistical analysis was performed with the SPSS v15.0 program (IBM, Spain). The 

statistical significance level was defined as a P value of <0.05.  

3. Results and discussion 

3.1 Lipid nanoparticle formulation 

The use of a hot homogenization method developed previously [6] provided LN 

with a size of 127.89 ± 9.95 nm suitable for oral administration [1]. LN charge was 

negative and enough to maintain formulation stability (-28.42 ± 1.39).  

3.2 In vivo toxicity studies   

3.2.1 Clinical signs and mortality 

After administration of ET at the higher dose, all mice died in the first 72 hours. 

Moreover, half of the animals were found dead in the first 24 hours after the first 

administration. Animals presented anorexia, diarrhea and action retardation. In 

contrast, no mice treated with the lower dose of free drug died during the 

experiment. Additionally, Blank-LN and ET-LN did not induce animals’ death at any of 

the administered doses and animals’ behavior and general physical appearance was 

normal during the course of the experiment.  

3.2.2 Body weight gain, food and water consumption 

Body weight gain, food and water consumption were similar to the control group 

in all the animal groups (data not shown). These results were not applied to the 

animals treated with ET at the higher dose. These animals presented severe anorexia 

and died within the first 72 hours after the first administration.  
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3.2.3 Biochemistry, hematology and histopathology (organ appearances and 

coefficients) 

Animals treated with ET at the higher dose were found dead or sacrificed (due to 

their moribund appearance) in the first 72 hours of the experiment. Necropsy of 

these animals showed gastrointestinal tract obstruction with accumulation of food in 

the stomach, swelling, fluid accumulation and thickness of the stomach and intestine 

walls (Fig. 1). Histopathology revealed degeneration, necrosis and peeling of 

superficial cells in the stomach and the small intestine (Fig. 2). These findings were 

accompanied by moderate inflammatory infiltration of the lamina propia of the 

intestinal mucosa, which suggest an irritant effect of ET at the higher dose over the 

gastric and duodenal mucosa. In addition, the treatment produced a clear lymphoid 

depletion with size decrease, disorganization and loss of the general structure of the 

lymphoid tissue of Peyer`s patches, mesenteric lymph nodes and spleen (Fig. 3). 

 

 

Figure 1. Stomach and small intestine. Paraffin embedded tissues stained with hematoxylin and eosin; 
X200 (stomach/free-ET; X400). ET (120 mg/kg) caused gastrointestinal toxicity with degeneration, 
necrosis and peeling of the stomach and intestine walls. 

 

The rest of the animals were sacrificed 30 days from the beginning of the 

experiment. None of the animals presented any macroscopic organ changes with 

respect to the control group. 
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Figure 2. Stomach and small intestine. Paraffin embedded tissues stained with hematoxylin and eosin; 
X200 (stomach/free-ET; X400). ET (120 mg/kg) caused gastrointestinal toxicity with degeneration, 
necrosis and peeling of the stomach and intestine walls.7 

 

 

Figure 3. Peyers`patches and mesenteric lymph nodes. Paraffin embedded tissues stained with 
hematoxylin and eosin; X200. ET (120 mg/kg) had an immunosuppressant effect characterized by size 
decrease, disorganization and loss of the general structure of the lymphoid tissue of Peyer´s patches, 
mesenteric lymph nodes and spleen. 

 

Organ coefficients (Table 1) showed some slight differences especially in the 

group of animals treated with the higher dose of ET-LN; Biochemical and 

hematological parameters (Table 2) also showed some variations with respect to the 

control group. Nevertheless, none of these observations followed any specific 

pattern. Moreover, they were not related to any histologic pathology and therefore 
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they should be considered common variations in the blood parameters present in 

the murine species. 

Table 1. Organ coefficients of treated mice (Mean ± S.D., n=5)
a
. *p < 0.05;**p < 0.01; ***p < 0.001 vs. 

corresponding control group by Wilcoxon–Mann–Whitney statistical test. 

Sex Treatment Dose (µg/kg) Heart Spleen  Liver Kidneys 

Male Saline  0.70 ± 0.11 0.32 ± 0.05 5.10 ± 0.17 0.90 ± 0.02 

 BLANK-LN 30 0.78 ± 0.12 0.27 ± 0.07 5.31 ± 0.49 0.83 ± 0.09 

  120 0.74 ± 0.16 0.25 ± 0.02* 4.98 ± 0.46 0.69 ± 0.09** 

 ET 30 0.73 ± 0.12 0.29 ± 0.10 5.12 ± 0.38 0.87 ± 0.02 

  120 † † † † 

 ET-LN 30 0.65 ± 0.11 0.49 ± 0.20 5.12 ± 0.30 0.77 ± 0.08 

  120 0.70 ± 0.23 0.28 ± 0.05 5.36 ± 0.28 0.91 ± 0.03 

Female Saline  0.63 ± 0.08 0.37 ±0.03 4.96 ± 0.26 0.75 ±0.02 

 BLANK-LN 30 0.67 ± 0.15 0.34 ± 0.07 5.32 ± 0.06 0.81 ± 0.01 

  120 0.67 ± 0.08 0.54 ± 0.29 5.30 ± 0.42 0.80 ± 0.03 

 ET 30 0.70 ± 0.16 0.36 ± 0.66 5.24 ± 0.37 0.75 ± 0.01 

  120 † † † † 

 ET-LN 30 0.98 ± 0.13* 0.33 ± 0.14 5.55 ± 0.32* 0.80 ± 0.15 

  120 0.72 ± 0.08 0.48 ± 0.79* 5.36 ± 0.23* 0.80 ± 0.02 

 a: Values expressed as g tissue/g body weight x 100 

 

These results are in agreement with previous findings that demonstrate that LN 

provide a potent protective effect against drug toxicity [9, 11]. Edelfosine 

gastrointestinal toxicity has been previously reported as the main toxic effect of 

edelfosine administered by the oral route [16]; however, these studies report a DL50 

of 250 mg/kg of body weight in mice, and the present study showed that the dose of 

120 mg/kg was lethal for half of the animals in the first 24 hours after the first oral 

administration. Nevertheless, the results obtained are in agreement with previous in 

vivo toxicity studies that describe a lack of toxicity on doses below 40 mg/kg of body 

weight [16, 17]. On the other hand, to our knowledge, this is the first time that an 

immunosuppressant effect has been observed after oral administration of ET. In fact, 

previous studies proved that ET does not induce bone marrow toxicity [16]. 

Myelotoxicity was not observed in the present work either (blood cell counts were 

normal in mice treated with ET at 120 mg/kg). The immunosuppressant effect seems 

to be caused by direct action of the drug in the lymph nodes and the lymphatic 

nodules (Peyers´patches and spleen).  Besides, both side effects were only 

observable after the administration of the free drug at the higher dose. In conclusion, 

ET is lethal by the oral route at doses 4-times superior to the therapeutic dose (30 
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mg/kg). It causes severe gastrointestinal irritation and immunodepression. On the 

other hand, it is safe at a therapeutic dose. Furthermore, ET-LN are safe at both 

doses, evidencing the protective effect that LN provides over the administration of 

the free-drug. On the other hand, no toxic effects were detected after the oral 

administration of blank-LN. LN are, therefore a safe vehicle for the administration of 

drugs by the oral route. 

 

Table 2. Biochemical and hematological parameters of treated mice ((Mean ± S.D., n=5). *p < 0.05;**p 
< 0.01; ***p < 0.001 vs. corresponding control group by Wilcoxon–Mann–Whitney statistical test. 

Sex Treatment 
Dose 

(mg/kg) 

AST  

(U/L) 

 ALT 

 (U/L) 

 ALB 

 (g/dL) 

 CREA 

 (mg/dL) 

 Urea 

 (mg/dL) 

Male Saline  74.80 ± 16.75 69.60 ± 18.73 3.39 ± 1.13 0.07 ± 0.02 77.40 ± 10.40 

 BLANK-LN 30 141.00 ± 129.39 71.00 ± 51.97 2.91 ± 0.75 0.12 ± 0.01* 74.67 ± 9.07 

  120 214.50 ± 185.73* 106.00 ± 83.76 4.05 ± 0.30 0.12 ± 0.01* 59.75 ± 18.59 

 ET 30 116.40 ± 19.63* 91.60 ± 45.93 2.48 ± 1.67 0.09 ± 0.01 70.80 ± 20.89 

  120 † † † † † 

 ET-LN 30 161.25 ± 78.46* 149.75 ± 96.80 4.09 ± 0.55 0.13 ± 0.04* 70.25 ± 18.39 

  120 84.40 ± 54.85 26.40 ± 7.40** 2.45 ± 1.62 0.14 ± 0.04* 69.60 ± 19.51 

Female Saline  131.00 ± 37.56 57.80 ± 13.86 2.79 ± 1.65 0.10 ± 0.23 68.20 ± 1.79 

 BLANK-LN 30 78.75 ± 21.33* 46.00 ± 6.98 3.55 ± 1.562 0.14 ± 0.01 69.50 ± 9.43 

  120 91.00 ± 24.90* 53.00 ± 13.51 3.67 ± 1.65 0.09 ± 0.01 60.60 ± 3.97* 

 ET 30 145.00 ± 106.54 54.00 ± 23.89 2.79 ± 1.86 0.13 ± 0.12 66.00 ± 7.16 

  120 † † † † † 

 ET-LN 30 99.60 ± 46.01 39.80 ± 12.64 3.60 ± 1.50 0.13 ± 0.02* 58.60 ± 10.36 

  120 266.60 ± 54.10** 95.00 ± 39.48 3.50 ± 1.75 0.10 ± 0.02 75.80 ± 22.92 

Sex Treatment 
Dose 

(mg/kg) 

AST  

(U/L) 

 ALT 

 (U/L) 

 ALB 

 (g/dL) 

 CREA 

 (mg/dL) 

 Urea 

 (mg/dL) 

Male Saline  10.90 ± 0.30 3.67 ± 2.22 16.08 ± 0.50 47.02 ± 1.00 745.00 ± 257.52 

 BLANK-LN 30 10.84 ± 0.12 2.26 ± 0.80 15.92 ± 0.16 47.60 ± 0.31 720.60 ± 30.92 

  120 10.54 ± 0.54 1.85 ± 0.41 15.38 ± 0.78 47.10 ± 2.23 739.60 ± 67.51 

 ET 30 9.75 ± 2.21 1.85 ± 0.70 14.20 ± 3.20 42.24 ± 8.82 755.40 ± 117.49 

  120 12.23 ± 0.27 4.26 ± 0.10 18.40 ± 0.56 49.85 ± 1.77 553.00 ± 16.971 

 ET-LN 30 10.72 ± 0.42 2.16 ± 0.76 16.04 ± 0.67 46.58 ± 2.13 921.60 ± 67.80* 

  120 10.96 ± 0.31 3.52 ± 1.01 16.18 ± 0.34 46.68 ± 1.20 901.60 ± 74.63 

Female Saline  10.89 ± 0.16 7.25 ± 1.03 16.34 ± 0.17 46.92 ± 0.99 859.40 ± 8.65 

 BLANK-LN 30 10.78 ± 0.35 4.65 ± 1.22* 16.20 ± 0.59 46.54 ± 1.13 788.00 ± 49.73** 

  120 10.82 ± 0.55 5.91 ± 3.84 15.76 ± 1.15 46.86 ± 3.78 807.60 ± 180.28 

 ET 30 10.79 ± 0.24 3.54 ± 0.55** 16.04 ± 0.29 45.74 ± 1.10 888.20 ± 78.00 

  120 11.90 ± 2.23 10.85 ±15.82 18.96 ± 2.95* 50.52 ± 6.33 586.50 ± 150.69 

 ET-LN 30 10.29 ± 0.25** 2.60 ± 0.62** 15.54 ± 0.48* 44.36 ± 1.35* 875.00 ± 70.24 

  120 10.55 ± 0.25 4.39 ± 0.81** 15.86 ± 0.23** 45.36 ± 0.57* 1058.40 ± 72.84** 
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4. Conclusions 

In vivo toxicity studies demonstrate that LN provide a protective effect against 

toxicity of the free drug. LN protect recipients from the severe acute toxicity of the 

higher dose of ET which induced the death of the animals within the first 72 hours of 

the experiment. Besides, ET at the higher dose provoked gastrointestinal toxicity and 

triggered an immunosuppressive effect. Free drug (30 mg/kg), blank-LN and ET-LN 

(30 and 120 mg/kg) did not induce any side-effects. Besides, blank-LN showed no 

toxicity effects at any of the administered doses. These results show that ET-LN do 

not present toxicity effects in vivo and, therefore, they might be used safely by the 

oral route. 
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Abstract 

Acute lymphoblastic leukemia (ALL) is an aggressive blood cancer with high 

frequency or relapse in adults; current treatments still present side-effects and thus 

novel treatments are required. In these regard, many authors support the 

advantages of nanomedicines in cancer therapy. Previous studies state the efficacy of 

lipid nanoparticles containing an antitumor drug known as edelfosine (ET-LN) in 

leukemia cells. Edelfosine (ET) is a potent antitumor agent but it provokes severe side 

effects that have limited its use in clinical practice. For this reason, ET-LN are 

advantageous as they protect from ET side-effects. Moreover, they allow oral 

administration of antitumor agents, thus increasing their bioavailability. This study 

was aimed to evaluate the efficacy of ET-LN in a xenogeneic mouse model of human 

acute lymphoblastic leukemia. This in vivo model allows blood, spleen and bone 

marrow engraftment. However, it was carried out in a specific immunosuppressed 

strain of mice that are not likely to absorb LN delivered orally. Considering this, 

biodistribution studies were performed in order to select a suitable route of 

administration in these mice. ET-LN were labeled with Technetium-99m (99mTc) and 

administered by the oral, intravenous (i.v.) and intraperitoneal (i.p.) route in mice. 

ET-LN were successfully labeled and results led us to select the i.p. route due to the 

lower accumulation in reticulo-endothelial system (RES) organs and its capacity to 

maintain sustained levels of drug in the blood. However, efficacy studies exhibited a 

problem of overdosing. Animals were administered a dose that is consider safe given 

orally but that was toxic by the i.p. route. Therefore, although the efficacy study has 

to be optimized, preliminary results were encouraging as both ET and ET-LN were 

able to decrease the percentage of human leukemia cells in mice with respect to the 

control group. 
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1. Introduction 

Acute lymphoblastic leukemia (ALL), also known as acute lymphocytic leukemia, 

is an aggressive blood cancer characterized by an excessive production by the bone 

marrow of abnormal lymphoblasts, B lymphocytes or T lymphocytes. Leukemia may 

cause infection, anemia, and easy bleeding due to the quick blood invasion. The 

cancer can also spread to lymph nodes, liver, spleen and to the central nervous 

system (brain and spinal cord); without treatment it usually progresses quickly. This 

disease can affect either children or adults and it is the most common cancer in 

children [1]. Prognosis and survival depend on several factors: i) age; ii) CNS 

involvement; iii) cellular morphology and iv) chromosomal abnormalities. Treatment 

is divided into different phases: i) remission induction; ii) CNS prophylaxis and iv) 

post-remission; and includes chemotherapy, biological treatments, targeted therapy, 

radiation and stem cell transplant. Almost 80 % of children diagnosed with ALL are 

cured with modern risk-adapted therapies. However, more than 60 % of adult 

patients will eventually relapse and most of them will succumb to their disease [2]. 

As a result, new therapies are required and, among all these, the use of nanotherapy 

such as lipid nanoparticles (LN) provides benefits in the treatment of the disease [3]. 

LN have been widely used to encapsulate antitumor drugs and, among all these 

formulations, LN containing edelfosine (ET-LN) have shown improved bioavailability 

and pharmacokinetics profile,  high antitumor efficacy and decreased toxicity in 

comparison to the free drug [4-6]. ET and ET-LN have proven in vitro and in vivo 

efficacy against several kinds of cancer and both treatments are effective in blood 

cancers [4, 7-9]. Despite the effectiveness of ET in some of these studies, as has been 

mentioned above, LN provide multiple advantages over it and allow for a more 

effective and safe therapy [3]. Considering this background, this study aim to take a 

step forward evaluating the efficacy of ET nanosystems in a xenogeneic mouse model 

of human acute lymphoblastic leukemia. This model is developed by injecting 

intravenously human leukemia cells in immune-deficient mice and allowing blood, 

spleen and bome marrow engraftment [2]. Previous efficacy studies include 

xenograft models [9] and therefore, the use of this model is advantageous due to its 
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similarities to the real disease. ET-LN have been administered orally in previous 

studies [4, 5]. This administration responds to an accurate oral bioavailability that 

arranges for less future patient discomfort and, thus, subsequent improvement in 

therapy compliance. However, this pre-clinical leukemia model did not allow oral 

administration of the drug. The literature points towards lymphatic absorption of LN 

mediated by Peyer´s patches in the gut [10]. The development of the disease model 

involves the use of a specific strain of immune-deficient mice named BALB/cA-RAG2-

/-γc-/-. The absence of the ɣ-channel in these animals prevents IL-7 production and 

this cytokine seems to be related to a deficient development of the Peyer`s patches 

of the gut [11-15]. Therefore, in order to ensure an efficient absorption of the drug, 

oral route was discarded. In this regard, as previous biodistribution data only refers 

to oral and intravenous administration of ET-LN [4, 5] and there are no data 

regarding intraperitoneal administration of these nanosystems, an additional 

objective of this work to characterized the intraperitoneal biodistribution of the 

particles labeled with a radioactive tracer (technetium-99m, 99mTc). As it was the 

first time that ET-LN were radio-labeled, oral and intravenous routes were also 

examined.  

2. Material and methods 

2.1 Material 

ET was purchased from APOINTECH (Salamanca, Spain). Precirol® ATO 5 was a 

gift from Gattefossé (France). Tween® 80 was purchased from Roig Pharma 

(Barcelona, Spain). Chloroform was from Panreac (Madrid, Spain), formic acid 99 % 

for mass spectroscopy was obtained from Fluka (Barcelona, Spain), and methanol 

was purchased from Merck (Barcelona, Spain). All solvents employed for the 

chromatographic analysis were of analytical grade; all other chemicals were of 

reagent grade and used without further purification. Amicon Ultra-15 10,000 MWCO 

centrifugal filter devices were purchased from Millipore (Cork, Ireland).  
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2.2 Preparation of lipid nanoparticles 

LN were prepared by the hot homogenization method consisting of high shear 

homogenization and ultrasonication [6]. ET (30 mg) and the lipid (Precirol® ATO 5 , 

300 mg) were heated 5ºC above the lipid melting point. Then, an aqueous solution of 

Tween 80 (2 %), previously heated at the same temperature, was poured onto the 

lipid phase and the mixture was dispersed and  homogeneized by a Microson™ 

ultrasonic cell disruptor (NY, USA) and an Ultraturrax® (IKA-Werke, Germany). 

Afterwards, 150 % (w/w of lipid weight) of trehalose was used as cryoprotectant 

agent to the LN suspension, which was then kept at -80ºC and freeze-dried to obtain 

a nanoparticulate powder. Particle size and polydispersity index (PDI) were evaluated 

by photon correlation spectroscopy (PCS) using a Zetasizer Nano (Malvern 

Instruments, UK). Surface charge was measured using the same Zetasizer Nano 

equipment combined with laser Doppler velocimetry. For the ET loading 

determination, the formulation was analyzed by a previously validated ultra-high-

performance liquid chromatography tandem mass spectrometry (UHPLC-MS/MS) 

method [16]. 

2.3 Radiolabeling of lipid nanoparticles 

99mTechnetium, in the form of Na99mTcO4 in 0.9% NaCl, was eluted from a 

commercial 99Mo-99mTc generator (Mallinckrodt Medical B.V.).  

2.3.1 Intravenous administration 

The nanoparticles were radiolabeled with 99mTc by direct labeling method using 

SnCl2 as reducing agent. 30 μL of an acidic, aqueous solution containing SnCl2 (10 mg 

dissolved in 500 μL HCl 37 %, diluted to 10 mL, 1mg/mL) was added to 100 μL 

pertechnetate eluate (99mTcO4
-). The pH was adjusted to the range of 6-7 with an 

aqueous solution of NaHCO3 0.5M (~22 μL). 20 µl of aliquot containing 30 mg/ml of 

LN were added and the mixture was shaken horizontally at RT for 30 min.  
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2.3.2 Intraperitoneal/oral administration 

The nanoparticles were radiolabeled with 99mTc by direct labeling method using 

SnCl2 as reducing agent. 30 μL of an acidic, aqueous solution containing SnCl2 (10 mg 

dissolved in 500 μL HCl 37 %, diluted to 10 mL, 1mg/mL) was added to 100 μL 

pertechnetate eluate (99m TcO4-). The pH is adjusted to the range of 6-7 with an 

aqueous solution of NaHCO3 0.5M (~22 μL). 50 μl of an aliquot containing 540 mg of 

LN/ml were added and the mixture was shaken horizontally at RT for 30 min.  

2.4 Radioanalysis 

Quality control of radiolabeling was performed using acetone and a mixture of 

pyridine: acetic acid: water (3:5:1.5) as mobile phases and ITLC-SA sheets as 

stationary phase. Using acetone as mobile phase, free pertechnetate is expected to 

migrate to the front, while radiolabeled LN and potentially formed 

reduced/hydrolyzed 99mTc (99mTcO2) are expected to remain at the spot. Using the 

pyridine: acetic acid: water mixture all radiolabeled forms are expected to migrate to 

the front, except large radiocolloids, consisting primarily of 99mTcO2, which are 

expected to remain at the spot. 

2.4.1 Labeling stability 

Stability of the radiolabeled nanoparticles was assessed in the reaction mixture, 

in serum and in simulated gastric and intestinal medium. Radioanalysis was 

performed using acetone and a mixture of pyridine: acetic acid: water (3:5:1.5) as 

mobile phases and ITLC-SA sheets (a layer chromatography medium with salicylic 

acid) as stationary phase.  

2.4.2 Stability in serum 

For the serum study, 20 μL of the radiolabeled-LN were challenged against 180 

μL of serum at 37ºC for 1, 2 and 4 hours.  
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2.4.3 Stability in gastric medium and in intestinal medium 

Stability in gastric and intestinal medium was assessed by incubating 50 µl of 

radiolabeled-LN with 450 µl of simulated gastric medium (0.1M HCl in PBS; pH= 1.5) 

or intestinal medium (0.05M Potassium phosphate monobasic in water; pH=6.8)at 

37ºC for 1, 2 and 4 hours.  

2.5 Imaging and biodistribution studies 

Female normal Swiss and SCID mice (average weight of 20–25 g) of the same 

colony and age (approximately 6 weeks) were purchased from the Breeding Facilities 

of NCSR ‘Demokritos’ 

2.5.1 Oral administration 

Mice (n=1) received one single oral dose of labeled-LN (200 µl; 1350 mg ET-

LN/Kg; 320 µCi) or of free pertechnetate (320 µCi). Afterwards, PET images were 

captured at different time points after administration (1.5, 3 and 5.5 hours post-

administration). Mice were fixed on animal fixing tray board and imaging was 

performed with Single Photon Emission Computed Tomography (SPECT) gamma 

camera.  

2.5.2 Intravenous administration (i.v.) 

Mice (n=1) received one single i.v. dose of labeled-LN (100 µl; 30 mg ET-LN/Kg; 

320 µCi). Afterwards, PET images were captured at different time points after 

administration (1, 4 and 24 hours post-administration). Mice were fixed on animal 

fixing tray board and imaging was performed with Single Photon Emission Computed 

Tomography (SPECT) gamma camera. For the biodistribution studies, Mice (n=3; 3 

groups) received one single i.v. dose of labeled-LN (100 µl; 30 mg ET/Kg). Then, 

animals were sacrificed at 6, 24 and 48 hours post-administration. Organs were 

extracted and weighed and radioactivity measurements were conducted in an 

automated well-typed γ-counter (NaI(Tl) crystal Canberra-Packard,auto-gamma 5000 
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series model) calibrated for 99mTc. Radioactivity was interpreted as percentage of 

injected dose (% ID) per gram of organ/tissue. 

2.5.3 Intraperitoneal administration (i.p.) 

Mice (n=1) received one single ip dose of labeled-LN (200 µl; 1350 mg ET-LN/Kg; 

320 µCi). Afterwards, PET images were captured at different time points after 

administration (2 and 4 hours post-administration). Mice were fixed on animal fixing 

tray board and imaging was performed with Single Photon Emission Computed 

Tomography (SPECT) gamma camera. For the biodistribution studies, Mice (n=3) 

received one single i.p. dose of labeled-LN (100 µl; 30 mg ET/Kg). Then, animals were 

sacrificed at 6, 24 and 48 hours post-administration. Organs were extracted, weighed 

and radioactivity measurements were conducted in an automated well-typed γ-

counter NaI (Tl) crystal (Packard). Radioactivity was interpreted as % of injected dose 

(% ID) per gram of organ/tissue. 

2.6 Efficacy in human acute lymphoblastic leukemia 

2.6.1 In vitro efficacy of ET in acute lymphoblastic leukemia  

a. Human samples and cell lines 

Two ALL-derived cell lines NALM-20 and MOLT-4 were purchased from the DSMZ 

(German Collection of Microorganisms and Cell Cultures). Cell lines were maintained 

in culture in RPMI 1640 medium supplemented with 10 % fetal bovine serum and 

with 1% penicillin-streptomicin and 2% HEPES (Gibco-BRL) at 37ºC in a humid 

atmosphere containing 5% CO2. To generate the mouse model, bone marrow or 

peripheral blood mononuclear cells (CEMO-1, LAL-CUN-2) were obtained at diagnosis 

from patients with ALL after signed informed consent, obtained from the patient or 

the patient’s guardians, in accordance with the Declaration of Helsinki. 

b. Proliferation assay 

MOLT-4 and NALM-20 (acute lymphoblastic leukemia) cells were seeded at a 

density of 4*105 cells/well in 96-well-plates. CEMO-1 AND LAL-CUN-2 were seeded at 
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1 x 106 cells/ml. Then, treatments (ET) was added at different concentrations from 0 

to 50 µg/ml. Plates were incubated at 37ºC in 5 % CO2 for 72 hours. Finally, 20 µl of 

CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega, Madrid, Spain) 

were added to each well. The mixture was incubated for 1 hours and the formazan 

production was measured by a microplate spectrophotometer (Labsystems, Helsinki, 

Finland) at 490 nm with a reference wavelength of 690 nm. 

CEMO-1 AND LAL-CUN-2 (cells from the Universidad de Navarra clinic) were 

seeded at 1 x 106 cells/ml. Then, treatments (ET) were added at different 

concentrations from 0 to 50 µg/ml. Plates were incubated at 37ºC in 5 % CO2 for 72 

hours. Finally, 20 µl of CellTiter 96® Aqueous One Solution Cell Proliferation Assay 

(Promega, Madrid, Spain) were added to each well. The mixture was incubated for 4 

hours and the formazan production was measured by a microplate 

spectrophotometer (Labsystems, Helsinki, Finland) at 490 nm with a reference 

wavelength of 690 nm. 

2.6.2 In vivo efficacy of ET and ET-LN in a xenogeneic mouse model of human 

acute lymphoblastic leukemia 

a. Development of an xenogeneic mouse model of human acute lymphoblastic 

leukemia 

All animal studies had previous approval from the Animal Care and Ethics 

Committee of the University of Navarra. Animals were housed at room temperature 

under a 12-h light/dark cycle with water and food provided ad libitum. Experiments 

that used patient samples were approved by the Human Research Ethics Committees 

of University of Navarra. ALL-T human xenograft model was developed following a 

protocol developed by Vilas-Zornoza et al. [2]. Briefly, 10x106 human primary cells 

diluted in 100 μl of saline solution in the tail vein of 6-week old female BALB/cA-

RAG2-/-γc-/- mice. After primary engraftment in mice, human blasts from mice 

spleen were isolated (>97 % of human blasts) by Ficoll-Paque plus (GE healthcare) 

and transplanted into the tail vein of new BALB/cA-RAG2-/-γc-/- mice. 
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b. Treatment  

Mice were divided in 4 treatment groups (n=3 in each group): i) Control (saline); 

ii) Blank-LN; iii) ET; iv) ET-LN. Treatments were administered daily by i.p. route at a 

dose corresponding to 30 mg ET/kg of weight. Clinical symptoms were observed 

daily. At day 10, blood samples were collected in EDTA surface-coated tubes and 

animals were sacrificed by cervical dislocation.  

c. FACS analysis 

100 μl of collected peripheral blood were labeled for 15 minutes with the 

following antibodies: rat anti-mouse CD45-PE (BD pharmingen), mouse anti-human 

CD5-APC (BD pharmingen) mouse anti-human CD45-PerCP (BD pharmingen), mouse 

anti-human CD22-PE (BD pharmingen) followed by 10 minutes incubation with 2 ml 

of FACS lyses solution (1:10)(Becton Dickinson). Cells were washed with saline 

solution and centrifuged at 600 x g. for 7 minutes. The supernatant was decanted 

and cells were fixed in 400 μl of 4 % paraformaldehide. The analysis was done with 

FACSCalibur cytometer and Paint-A- Gate software (Bencton Dickinson). 

3. Results and discussion 

3.1 Lipid Nanoparticles characterization 

ET-LN were prepared by the hot homogenization method consisting of high shear 

homogenization and ultrasonication [6]. This technique yielded LN with a size of 

127.89 ± 9.95 nm and negative surface charge (-28.42 ± 1.39). ET-LN loading was 

22.677 ± 2.262 µg ET/mg. 

3.2 Radiolabeling of lipid nanoparticles 

ET-LN were radiolabeled with 99mTc yielding high labeling efficiency (>97 %) and 

with minimal amounts of pertechnetate and/or radiocolloids formed during both 

labeling procedures (oral; i.p.; i.v.). Stability in the reaction mixture after 2.5 hours of 

preparation was evaluated. Results showed that the sample remained intact with 
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only 3.0 percent of colloids. These results confirm the feasibility of using 99mTc to 

effectively label LN as has been previously stated by other authors [17]. 

3.3 Stability of radiolabeling in media 

3.3.1 Serum 

The technetium was not dissociated; no re-oxidation to pertechnetate took place 

after 4 hours of incubation with serum. However, stability studies showed that larger 

radiocomplexes are formed as shown by the pyridine: acetic acid: water mixture 

quality control. This might be caused due to the interaction with serum proteins. 

After 30 minutes of incubation only 7.8 % of the radiolabeled-LN remained intact. 

This percentage was maintained also after 2 and 4 hours of incubation with serum. 

These results might promote higher uptake by reticulo-endothelial system (RES) 

organs due to a larger nanoparticle size [18].  

3.3.2 Gastric Medium and intestinal medium 

The technetium was not dissociated; no reoxidation to pertechnetate took place 

after 4 hours of incubation with gastric medium. Nevertheless larger radiocomplexes 

are formed as shown by the pyridine: acetic acid: water mixture quality control. After 

1 hour of incubation only 12.6 % of the radiolabeled-LN remained intact. This 

percentage was lower after 4 hours (7.3 %) of incubation. The formation of large 

radiocomplexes might influence oral absorption of the complexes because it is 

believed that nanoparticles smaller than 300 nm are better absorbed by the oral 

route [18]. 

Concerning the intestinal medium, the technetium was not dissociated; no 

reoxidation to pertechetate took place after 4 hours of incubation with gastric 

medium. However larger radiocomplexes were formed as shown by the pyridine: 

acetic acid: water mixture quality control. After 1 hour of incubation only 9.5 % of the 

radiolabeled-LN remained intact. This percentage was similar after 4 hours of 

incubation. The formation of larger radiocomplexes in gastric and intestinal media 
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might be caused by the coagulation of labeled LN or by the formation of 

reduced/hydrolyzed 99mTcO2. 

3.4 Oral administration of free pertechnetate radiolabeled-LN 

The results showed that free pertechnetate 99mTcO4- was absorbed in the 

stomach after its oral administration and it was concentrated in thyroid area, lungs, 

stomach and bladder (Figure 1: A-B). In contrast, labeled ET-LN were not distributed 

through the body after oral administration (Figure 1:C-D). In fact, after 7 hours post-

administration, the radioactive signal was still concentrated in the intestines and 

stomach indicating that radiolabeled ET-LN were not absorbed. 

 

 

Figure 1. A-B: dynamic 2 minute images of mice after oral administration of free pertechnetate TcO4- 
(320 μCi) 12 min. post administration (A) and 190 min. post-administration (B).  C-D: dynamic 2 
minute images of mice after oral administration of radiolabeled-LN  (320 μCi) 145 min. post 
administration (C) and 181 min. post-administration (D). Brain area is not noticeable since its area is 
overlaid by the corresponding thyroid area.  

 

These results do not correlate with previous biodistribution results that show 

oral ET absorption when it is encapsulated into LN [5]. Nevertheless, the observed 

gastrointestinal accumulation of radiolabeled-LN might be due to large radio-

complexes formation in acid media (as it has been mentioned in the stability section). 
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As intestinal absorption requires nanoparticles sizes below 300 nm, radio-complexes 

would not be absorbed and, therefore, accumulated in the gastrointestinal tract. In 

view of these results, this technique did not seem to be adequate to observe oral 

trafficking of LN. Thus, in view of these results, further biodistribution studies were 

not performed. 

3.5 Intravenous administration of radiolabeled-LN 

Results of biodistribution after i.v. administration are consistent with LN 

physicochemical characteristics. Figure 2. and Table 1 show that LN were mainly 

accumulated in liver, lungs, spleen and kidneys/bladder.  

 

Figure 2. Dynamic 2 minute images of mice after intravenous administration of radiolabeled-LN (320 
μCi) 10 min. (A) and 24 hours (B) post administration and concentration of radioactive signal in 
various organs 10-45 min. post-administration (C).   

 

RES clearance is associated to nanoparticles with sizes larger than 200 nm [18]; 

ET-LN have a size around 120 nm and, thus, large radiocomplexes might be uptaken 

by the kupffer cells in the lymphatic organs such as spleen and liver. The splenic 

uptake of radiolabeled ET-LN was high initially (22.13 % ID at 3 h), but decreased with 

time whereas % ID in liver and lungs was maintained or even increased after 24 and 

48 hours. Besides, very low uptake by thyroid and stomach (99mTc usually 

accumulates in these organs [19]), indicating that technetium remained associated to 

the nanoparticles. Estella et al. [4] not only described a similar pattern of distribution 

but also stated an ET-LN accumulation in stomach, intestine and kidneys. They 



ALQUIL-LYSOPHOSPHOLIPIDS AND CANCER: DEVELOPMENT OF LIPID NANOPARTICLES FOR ORAL 
ADMINISTRATION AND PRECLINICAL STUDIES 

184 

explained these accumulations in elimination organs as a result of sacrificing the mice 

9 days post-administration. As our experiments lasted only for 48 hours, due to 

99mTc half-life, both studies are not comparable. 

3.6 Intraperitoneal administration of radiolabeled-LN 

Radiolabeled ET-LN were more widely distributed than in case of i.v. route. 

Radioactive signal was accumulated in stomach, pancreas, intestines, spleen and 

bladder/kidneys (Fig. 3 and Table 1). The radioactive signal in these organs was 

almost null at 24 and 48 hours post administration except on kidneys where the 

signal was maintained for 48 hours. In view of these results, we can conclude that 

biodistribution of radiolabeled ET-LN after i.v. route differs from the i.v. route. In 

general, after i.p. administration, labeled ET-LN are more widely distributed 

throughout the different organs avoiding the high accumulation of nanoparticles in 

liver, lungs and spleen after i.v. administration. These data are in agreement with 

previous studies regarding 99mTc labeled LN biodistribution after i.p. and 

intravenous injection [17]. The intestines and stomach radioactive signal might be 

explained by the direct delivery of the radiolabeled nanoparticles in the peritoneum.  

 

 

Figure 3. Dynamic 2 minute images of mice after intraperitoneal administration of radiolabeled-LN 
(320 μCi) 120 min. (A) and 284 min. (B) post administration and concentration of radioactive signal in 
various organs 118-178 min. post-administration (C).   
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Table 1. Biodistribution of radiolabelled-LN in mice (6, 24 and 48 hours post administration) after 
intravenous (IV) and intraperitoneal (IP) administration. (Percent of injected dose per gm of 
organ/tissue ± SD) The animals were intravenously (IV) or intraperitoneally (IP) administered with 
radiolabeled ET-LN and were sacrificed at 6 h, 24 and 48 h post-injection. Radioactivity was counted in 
each organ and expressed as percent of injected dose per gm of organ/tissue. Each value is the mean 
± SD of 3 mice. 

 6 h  24 h  48 h 

 IV IP  IV IP  IV IP 

Blood 1,02 ± 1.05 0,18 ± 0.11   0,39 ± 0.04 0.15 ± 0.01  0.37 ± 0.06 0.19 ± 0.06 

Liver 22,15 ± 2.58 0,61 ± 0.92  28,54 ± 2.50 0.07 ± 0.02  27.06 ± 4.9 0.10 ± 0.04 

Heart 0,25 ± 0.01 0,06 ± 0.02  0,31 ± 0.18 0.05 ± 0.02  0.30 ± 0.05 0.10 ± 0.03 

Kidneys 1,97 ± 0.06 0,72 ± 0.44  1,89 ± 0.12 0.64 ± 0.13  1.79 ± 0.24 0.74 ± 0.19 

Stomach 1,22 ± 1.12 2,89 ± 2.86  0,68 ± 0.17 0.17 ± 0.06  0.70 ± 0.15 0.27 ± 0.07 

Intestines 0,50 ± 0.27 1,19 ± 0.86  0,33 ± 0.11 0.11 ± 0.05  0.32 ± 0.17 0.10 ± 0.03 

Spleen 22,13 ± 5.42 0,79 ± 1.29  13,53 ± 3.76  0.03 ± 0.01  7.93 ± 0.96 0.09 ± 0.02 

Muscles 0,17 ± 0.08 0,32 ± 0.39  0,10 ± 0.05 0.07 ± 0.05  0.14 ± 0.08 0.29 ± 0.32 

Lungs 8,60 ± 1.39 0,24 ± 0.28  5,95 ± 2.17 0.09 ± 0.02  8.48 ± 5.24 0.10 ± 0.03 

Bones 0,63 ± 0.12 0,13 ± 0.05  0,49 ± 0.12  0.10 ± 0.02  0.44 ± 0.14 0.16 ± 0.06 

Pancreas 0,27 ± 0.21 1,90 ± 3.14  0,09 ± 0.03 0.05 ± 0.02   0.12 ± 0.03 0.09 ± 0.04 

Thyroid 0,14 ± 0.02 0,15 ± 0.14   0,14 ± 0.01  0.07 ± 0.02  0.15 ± 0.02 0.06 ± 0.01 

Brain 0,03 ± 0.00 0,04 ± 0.03  0,04 ± 0.03 0.01 ± 0.01  0.03 ± 0.00 0.02 ± 0.01 

 

Results of biodistribution after i.p. administration showed that the total measured 

radioactivity in the organs/tissues was lower than after i.v. administration (Table 1). 

Since the initial amount of radioactivity administered in both routes was the same; 

this lower amount of total radioactivity might be explained by a faster elimination of 

the 99mTC or by an accumulation of the radiolabeled ET-LN in organs/tissues different 

from those that were analysed in the study.  Radioactive signal in kidneys was 

maintained after 24 and 48 hours (suggesting sustained elimination of labeled ET-LN, 

and was lower after i.p. administration than after i.v. administration; thus, faster 

elimination of labeled ET-LN after i.p. administration does not seem to be a likely 

phenomenon. Therefore, the remaining radioactivity might be located in other 

organs/tissues such as peritoneal adipose tissue or lymph nodes (radioactivity in this 

tissue was not measured). In this regard, previous studies [17] refer to biphasic 

absorption of LN labeled with 99mTc in blood after i.p. administration due to an initial 

faster distribution followed by a slow disposition from the peritoneum. This pattern 

was also observed in this study; blood concentration of 99mTc decreased within time 
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after i.v. administration whereas it was constant after i.p. administration. These 

blood and kidney results might support the hypothesis of a depot compartment from 

which labeled ET-LN are released to the blood in a sustained manner. Considering 

these results, i.p. route seems to be an adequate route of administration in the 

leukemia model developed in the present study. It might provide lower accumulation 

of the LN in RES organs and more constant blood ET-LN levels. 

3.7 Efficacy in human acute lymphoblastic leukemia 

The efficacy of ET-LN was evaluated in a in a xenogeneic mouse model of human 

acute lymphoblastic leukemia in mice. Previously, ET efficacy was assessed in vitro in 

commercial leukemia cells as in leukemia cells obtained from patients in order to 

evaluate the sensitivity of these cells to the free drug.  

3.7.1 In vitro proliferation 

ET antitumor effect was evaluated by measuring the IC50 of the drug in leukemia 

cells by means of cells proliferation activity measured by MTS® assay. Cells (NALM-

20, MOLT-4, CEMO-1 and LAL-CUN-2) were incubated with increasing concentrations 

of ET and proliferation activity was measured after 72 hours of incubation.  ET 

antitumor efficacy was expressed based on the IC50 of the drug in the different cells. 

As it can be observed in Fig. 4, leukemia cell lines obtained from patients (CEMO-1 

and LAL-CUN-2) showed slightly higher IC50 values than DSMZ cells (NALM-20 and 

MOLT-4). Nevertheless, all the cell lines exhibited IC50 values between 3 and 7.5 µg 

ET/ml (5.73 and 14.32 µM). Comparing these results with previous work by our 

research group [7], we can conclude that all the tested cell lines showed sensitivity to 

the effect of the free drug. In view of these results, we could assume good antitumor 

activity of both free drug (ET) and LN containing edelfosine (ET-LN), in the in vivo 

mouse model of acute lymphoblastic leukemia.  
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Figure 4. IC50 values of ET after treatment of different leukemia cell lines with increasing 
concentrations of ET 

 

3.7.2 In vivo efficacy of ET and ET-LN in a xenogeneic mouse model of human 

acute lymphoblastic leukemia 

Animals were administered a daily i.p. dose of Blank-LN, ET or ET-LN equivalent 

to 30 mg ET/kg of animal weight. Previous studies revealed by our work 

demonstrated that this is a non-toxic dose in case of oral administration. These data 

and the fact that this animal model of leukemia is very aggressive led us to 

administer the same dose intraperitoneally. Although LN present the great advantage 

of possible oral administration over other chemotherapeutic agents [3], we decided 

to administer the treatment i.p. This decision was based on the special immunologic 

characteristics of the mice that are used to develop the disease model. The gamma 

chain, supressed in BALB/cA-RAG2-/-γc-/- mice is essential in IL-7 production [12, 14]. 

This cytokine seems to be directly related to the formation of Peyer´s patches [11, 

13]. In consequence, these mice would not absorb ET-LN orally because it is believed 

that these nanosystems are mainly absorbed by the lymph system in the intestine. In 

this regard, although the oral route was preferable, it was decided to administer the 

treatments intraperitoneally in order to assure therapeutic drug concentrations. 

Intraperitoneal route was thought to be more suitable than i.v. based on above 
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mentioned biodistribution studies.  Unfortunately, i.p. administration seemed to 

have a lower toxicity threshold. Animals treated with ET and ET-LN showed severe 

toxicity symptoms and were sacrificed 10 days after the induction of the disease. ET 

provoke loose of weight, gastrointestinal symptoms (diahorrea) and anorexia. 

Animals treated with ET-LN presented similar symptoms. Moreover, 3 animals 

treated with ET and 4 animals treated with ET-LN died during the experiment. 

Necropsy of animals showed evidence of excessive LN dosing. Animals treated with 

Blank-LN presented severe ascites indicating liver disease; white patches of LN were 

observable in the whole abdominal cavity; besides, spleen weight was higher than 

control animals ratifying the biodistribution results that showed accumulation of 

these nanosystems in liver and spleen. ET-LN also provoked this pathological sign but 

in a minor degree. Bearing all these data in mind, the first conclusion of this pilot 

experiment is that dose regimen should be review in order to be adjusted to the 

therapeutic window of the free and nanoencapsulated drug. Nevertheless, blood 

samples were taken after animals sacrifice at day 10. Then, blood was stained with 

antibodies against human and mouse cells in order to detect percentage of human 

cells (LAL-T cells) in mice blood and infer a possible antileukemic activity of the 

treatments. These results showed a low percentage of human leukemic cells 

engraftment due to the early stage of the disease.  ET-LN treatment showed 0.1 % of 

human cells in contrast to 1.12 % in the control group. ET was also efficient (0.303 %) 

which is consistent with the proven efficacy in other in vivo models of blood cancer 

[9]. Surprisingly, Blank-LN also produced a decrease in human cells engraftment in 

blood (0.47 %). These data might be explained by the toxicity of the overdosed 

system which seems to be accumulated in liver and spleen inducing cell toxicity 

death. However these results are not concluding because the percentage of human 

blasts in mouse blood is maintained at a very low quantity for some days after 

disease induction and it begins to grow exponentially reaching quantities superior to 

40 % after 19 days [2]. In view of these results, an optimized ET-LN dose regimen 

might probably lead to optimal antitumor efficacy. 
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4. Conclusions 

ET-LN were successfully radiolabeled (>97%) with minimal amounts of 

pertechnetate and/or radiocolloids formed in both labeling procedures (oral/i.p. and 

i.v.). In addition, the technetium was not dissociated; no reoxidation to pertechetate 

took place after 4 hours of incubation with serum, gastric or intestinal media; 

however large radiocomplexes are formed after incubation with all the different 

media. This could be the cause of absence of oral absorption of radiolabeled ET-LN. 

Intravenous administrations led to a quick biodistribution of the labeled ET-LN with a 

major accumulation of the nanosystems in the RES organs such as liver, spleen and 

lungs. In contrast, the i.p. route showed very slow biodistribution with the peculiarity 

of avoidance of accumulation of the nanoparticles in RES organs. Besides, the lower 

total quantity of radioactivity signal in comparison to i.v. administration suggested 

accumulation of the radiolabeled ET-LN in other tissues different from those that 

were analyzed in the study. In fact, the sustained radioactive signal in blood and 

kidneys suggests biphasic absorption of the radiolabeled ET-LN which in turn, might 

provide a controlled release of the drug over time. In vitro efficacy studies 

demonstrated that cells were sensitive to the action of the free drug. However, in 

vivo efficacy studies revealed an overdose and therefore, this study could be 

considered only a proof of concept. Nevertheless, both treatments, ET and ET-LN 

showed a slight decrease in human leukemia cells engraftment in the blood. 
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GENERAL DISCUSSION 

According to the World Health Organization, cancer is one of the leading causes 

of death worldwide, and cancer deaths are projected to continue rising to over 13.1 

million in 2030. Among all cancer types, leukemia represents 3% of all cancer cases 

[1]. Leukemia is a cancer of the blood caused by the rapid production of abnormal 

white blood cells. These abnormal white blood cells are not able to fight infection 

and impair the ability of the bone marrow to produce red blood cells and platelets. 

Leukemia can be classified into acute or chronic. Chronic leukemia is developed over 

many years whereas acute leukemia develops in a very short time and can be lethal 

in a few weeks if left untreated. Leukemia is also classified into lymphocytic or 

myelogenous. Lymphocytic leukemia refers to abnormal cell growth in the marrow 

cells that become lymphocytes, whereas in myelogenous leukemia, abnormal cell 

growth occurs in the marrow cells that mature into red blood cells, white blood cells, 

and platelets. There are four broad classifications of leukemia: i) Acute lymphocytic 

leukemia (ALL); ii) Acute myeloid leukemia (AML); iii) Chronic lymphocytic leukemia 

(CLL) and iv) Chronic myelogenous leukemia (CML). Leukemia occurs in both adults 

and children, being ALL the most common form of childhood leukemia and AML the 

second one. The two most prevalent adult leukemias are AML and CLL [2]. Current 

leukemia treatment involves chemotherapy, biological therapy, targeted therapy, 

radiation and stem cell transplant. These treatments are generally associated to 

severe side-effects and, despite their effectiveness in children, relapse is frequent in 

adults [3].  

Edelfosine (ET-18-OCH3; ET) is the prototype of a family of antitumor drugs 

known as alkyl-lysophospholipids (ALPs). These antineoplastic agents were 

synthetized in the late 60s as metabolically stable analogues of 

lysophosphatidylcholine (LysoPC). Edelfosine structure was obtained by replacing the 

ester bond in LysoPC by an ether linkage and by adding another ether-linked methyl 

group at the C2 position [4]. The resulting molecule has demonstrated potent 

antitumor effects against several cancer types [5-7]. Moreover, it presents a great 
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advantage over the classic antitumor drugs because ET is selectively incorporated 

into tumor cells sparing healthy ones [8]. This selectivity seems to be related to the 

fact that ET targets lipid rafts of the cell membrane and the plasmatic membrane of 

cancer cells are enriched in cholesterol. However, the use of ET in clinic remains 

limited. In fact, it is only used to purge the bone marrow in acute leukemia 

transplantation [4]. This upsetting preclinical-clinical translation responds to ET side-

effects, such as gastrointestinal toxicity and haemolytic toxicity [4, 9, 10].  

Nanotechnology is aimed to work in the submicron size world and it is applied to 

many different work fields. Due to similitude in scale to biologic molecules, 

nanotechnology has achieved great success in the medicine field where it is known as 

“nanomedicine” and it is applied to the diagnosis and treatment of diseases. 

Nanomedicine is the daily basis of current pharmaceutical technology research and it 

comprises a wide number of vehicles such as liposomes, lipid nanoparticles (LN), 

polymeric nanoparticles, carbon nanotubes and fibre scaffolds, among others. Some 

of them are being studied in clinical trials or have been already approved by the FDA 

for their use in humans [11]. Among all nanomedicines, LN have been widely 

proposed as useful vehicles in cancer research [12]. LN were developed in the 1980s 

as an alternative vehicle to traditional liposomes [13]. LN are colloidal carriers 

composed by lipids that are solid at room and body temperature. These nanosystems 

have been widely used in cancer due to their benefits in therapy; they provide 

protection against drug toxic effects and better bioavailability profiles. Moreover, 

most of these LN are suitable for oral delivery of drugs, which turns into a clear 

benefit on the patient wellbeing [12]. In view of this background, our group 

previously synthesized and patented LN containing ET (ET-LN) [14] in order to 

overcome ET drawbacks through nanotechnology. ET-LN demonstrated improved 

oral bioavailability, decreased side-effects and showed high efficacy in animal models 

of glioma and lymphoma [15, 16].  

Herein, based on the potent benefits of ET-LN in cancer treatment and on 

previous works showing  ET effectiveness in leukemia [8], the present work 

hypothesized that ET-LN might be an effective therapy in leukemia. These 
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nanosystems could provide better efficacy and higher security profiles in the 

treatment of this blood cancer. 

This general hypothesis comprised different partial objectives. The first objective 

was to evaluate the efficacy of free and nanoencapsulated ET after administration to 

sensitive and resistant leukemia cell lines. Secondly, we aimed to evaluate the uptake 

mechanisms of ET and ET-LN in leukemia cells as well as the molecular mechanisms 

implicated in cell death upon internalization of both the free and nanoencapsulated 

drug. The third objective of this work was to assess the permeability of LN across the 

intestinal barrier in in vitro models of enterocytes and Microfold cells. Next, we 

evaluated the in vivo oral toxicity profile of the drug unloaded nanosystem, the free 

drug and the ET-LN and the last objective was to study the biodistribution of ET-LN 

the therapeutic efficacy of the developed nanosystems in a xenogeneic mouse model 

of human lymphoblastic leukemia.  

Previous studies demonstrated the efficacy of ET in leukemia [8, 17-20]. These 

studies stated that some leukemia cells are resistant to the antitumor action of ET 

[20]. Antitumor cell resistance to ALPs has been attributed to many causes, such as a 

lower entrance of drug into the cells [21] and/or different contributions to pro and 

antiapoptotic mediators [7, 20, 22]. Within this basis, we hypothesized that ET-LN 

might overcome the resistance of leukemic cells to edelfosine by means of increasing 

intracellular drug content or promoting a different intracellular delivery of the drug 

and, hence, inducing different apoptotic mechanism. The in vitro studies in leukemia 

cells included four AML cell lines (HL-60, HEL, OCI-AML-2 and MOLM-13) and one 

CML-BC cell line (K-562). Results of these studies are presented in Chapters 1 and 2 of 

the manuscript. These cells presented different sensitivity to the action of the free 

drug. In high sensitive cells, ET-LN were as effective as the free drug inducing cell 

death and, therefore, we can conclude that the antitumor effect of the drug is not 

affected by its encapsulation into LN. Interestingly, ET-LN were able to overcome 

drug resistance in case of cells that did not respond to the antitumor action of the 

free ET. These results led us to conclude that the overcoming of drug resistance 

might occur by an enhanced intracellular drug content mediated by the 

vehiculization of the ET or by the triggering of different mechanisms of action by the 
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free and the nanoencapsulated drug. In these sense, uptake studies in HL-60 

(sensitive) and K-562 (resistant) cells were performed. Internalization studies of 

nanocarriers can follow different established strategies. The present work involves in 

first place, the use of Nile Red, a lipophilic fluorochrome, which is encapsulated into 

LN and, as a second strategy, the direct quantification of the internalized drug. The 

obtained results demonstrated that LN containing Nile Red followed a similar pattern 

of internalization in both cell lines. However, these studies offer very few information 

as it is not possible to compare this data with the internalization of the free drug. 

Therefore, further uptake studies developed in Chapter 2 were much more 

informative. In this chapter, the quantity of drug that was internalized in the cells 

was determined by UHPLC-MS/MS. These studies confirmed that LN were 

internalized in similar rates in both cell lines as it had been seen in Chapter 1. 

However, it could be also demonstrated that the use of LN did not enhance 

intracellular drug concentration of the drug in these cells. Therefore, we could 

conclude that overcoming of the resistance that K-562 cells present to free ET is not 

related to a higher intracellular content of drug when it is encapsulated into LN. 

These studies also revealed the involvement of different mechanism of entry in the 

cell when ET was nanoencapsulated. In sensitive cells (HL-60) free drug was 

internalized by clathrin and lipid rafts mediated endocytosis as well as by passive and 

facilitated diffusion, whereas in resistant cells (K-562) passive and facilitated diffusion 

seemed to be more predominant. In contrast, ET-LN uptake was not affected by 

endocytosis inhibitors, thus pointing towards the involvement of macropinocytosis, 

phagocytosis and passive diffusion as likely LN uptake mechanisms. The different 

mechanism of entry of ET and ET-LN in the cell might imply a different intracellular 

delivery location of the drug for both treatments. Furthermore, this different 

intracellular location might trigger different cell death mechanisms. In this regard, 

Chapters 1 and 2 describe these studies showing that ET and ET-LN promoted similar 

caspase-mediated apoptosis cell death in sensitive HL-60 cells, whereas the induction 

of this cell death mechanism was not observed in resistant K-562 cells. These results 

suggested the involvement of caspase independent apoptosis in K-562 cell death. 

Considering this, autophagy induction by both treatments was also evaluated. 

Interestingly, results showed that both treatments, ET and ET-LN, endorsed a high 
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induction of autophagic vesicles. As the induction of autophagy was demonstrated 

for both treatments, it is not possible to directly correlate K-562 sensitivity to ET-LN 

with autophagy cell death. Nevertheless, the present study only evaluated the 

forming of autophagic vacuoles (demonstrated by the recruitment of LC3 II) and 

these autophagosomes are part of a natural protective process in cells that, only in 

some occasions, impair cells coping with the stress due to accumulation of 

autophagic vacuoles and drive cells to death. Nevertheless, more experiments (i.e 

microscopy studies with LC3-GFP transfectants or characterization of the cell death 

response to ET and ET-LN in presence of autophagic flux inhibitors) should be 

performed in order to ascertain the role of the observed autophagic induction in cell 

death.  

Taking into account the confirmed efficacy of ET-LN in leukemia cells in vitro, 

these nanosystems seemed to be a promising therapeutic alternative in leukemia; 

nonetheless, these results had to be confirmed by in vivo experiments. In vivo 

studies, however, imply a more complex system and many factors should be taking 

into consideration before efficacy studies. In this sense, route of administration, 

pharmacokinetics and biodistribution or toxicity are relevant aspects that should be 

studied in order to obtain optimal efficacy results with low toxicity effects. Therefore, 

as these nanosystems are designed for oral delivery, the next step on this work 

aimed to evaluate the intestinal absorption of ET and ET-LN after oral administration. 

This work (described in Chapter 3) involved the development of two in vitro intestinal 

models. When cultured under specific conditions, the human Caco-2 cell line 

simulates the enterocytes in the intestine [23]. Besides, a co-culture with Raji cells 

promotes the differentiation of Caco-2 cells into M cells [24]. These models are 

widely used because they promote cell polarization and differentiation and allow the 

quantification of the drug that is translocated from the apical to the basal face of the 

cells [25]. Although previous pharmacokinetics and biodistribution studies developed 

in our research group have already demonstrated the high oral bioavailability of ET-

LN by the oral route [15], these studies were conducted in order to demonstrate the 

different absorption of free and nanoencapsulated ET at the intestinal level. 

Surprisingly, these results evidenced a likely metabolic process of ET in enterocytes. 
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The metabolization of ET by other cells is described in the literature [26] but, to our 

knowledge, this is the first time that it is suggested in enterocytes. This metabolic 

process might be involved in the low oral bioavailability of ET [15]. In case of ET-LN, 

this effect was not observed which means that ET might be protected from this 

metabolic process when it is encapsulated into LN. Besides, the developed Caco-

2/Raji co-culture model did not show translocation of ET-LN from the apical to the 

basal compartment. These results are in disagreement with the high bioavailability of 

the nanoencapsulated drug after its oral administration [15]. At this point, these 

results could be explained as the limitations of in vitro experiments to describe in 

vivo behaviours of drugs. In fact, a minimal amount of drug is necessary in order to 

further detect the molecule by the analysing method and this might limit the lapse 

time of the experiment due to possible toxicity. In the present study, this required 

quantity of edelfosine was toxic for the cells if the experiment lasted for more than 

two hours and, consequently, all the experiments lasted two hours which could be 

limiting the LN translocation across the cells. On the other hand, several studies 

confirm a lymphatic absorption of LN [12], which would be simulated with the Caco-

2/Raji in vitro model due to its capacity to mimic M cells in the Peyer´s patches of the 

intestine. Conversely, LN translocation was not visible either in this model. Other 

authors also refer a lack of transport increase in Caco-2/Raji co-cultures in 

comparison to Caco-2 monoculture [27]. Therefore, this in vitro model might be not 

simulating the complexity of these lymphatic regions of the intestine and more 

accurate models should be established. In this sense, some authors point towards 

the development of three-dimensional in vitro models [28].  

Afterwards, and bearing in mind the poor safety of antitumor drugs, we aimed to 

confirm the benefits that LN might provide in the toxicological profile of ET. In this 

sense, Chapter 4 of the manuscript aimed to evaluate the in vivo toxicological profile 

by the oral route of the empty vehicle, the free ET and the ET-LN. Toxicological 

studies regarding the use of LN are very limited in the literature. Although LN are 

made by biodegradable lipids approved by the FDA, these lipids are approved for 

their use as excipients in classic pharmaceutical forms. In this regard, the use of these 

lipids to produce vehicles in the nanometric scale would completely change their 
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safety profile due to the specific interactions of LN with biological systems. Results 

confirm that LN provide a protective effect against toxicity of the free drug, as LN 

prevented from the severe acute toxicity of higher dose of ET which induced the 

death of the animals within the first 72 hours of the experiment. Besides, ET at the 

higher dose caused gastrointestinal toxicity and triggered an immunosuppressive 

effect.  Free drug (30 mg/kg), blank-LN and ET-LN (30 and 120 mg/kg) did not induce 

any side-effects. These results were very interesting because they demonstrate not 

only that ET-LN are safe even at high doses but also that LN are a safe vehicle to 

administer other antitumor agents by the oral route.  

Finally, a preliminary efficacy study was performed in a xenogeneic mouse model 

of human acute lymphoblastic leukemia [3]. This model was chosen based on its 

similarities with a real leukemia due to its capacity of blood, spleen and bone marrow 

engraftment. As it has been mentioned before, LN were design to be orally 

administered due to the benefits of this route for patients, the optimal oral 

bioavailability of ET-LN and the demonstrated safety of these systems by this 

administration route. However, the genetic characteristics of the mice in which the in 

vivo leukemia model was developed prevented oral administration. Mice employed 

to develop the disease present a genetic abnormality that produces abnormal 

development of the Peyer’s patches in the gut [29-33]. As it is generally recognised 

that orally administered LN are absorbed via lymphatic system, this abnormality 

might influence ET-LN absorption and, therefore, might affect ET-LN efficacy. Taking 

this into consideration, alternative routes of administration were studied by 

evaluating the in vivo distribution of ET-LN labelled with 99mTc. Results of this work 

are described in Chapter 5. Radiolabeling studies led to the conclusion that 

intraperitoneal (i.p.) route might be more adequate to administer ET-LN due to an 

apparent capability of providing a sustained release of drug to the blood owing to an 

accumulation of the drug in a depot compartment. Besides, in comparison to the 

intravenous route, i.p. administration provided less accumulation of the drug in the 

RES organs, such as liver, spleen and lungs. In addition, it is remarkable that this 

labelling technique seems to be inadequate to study LN trafficking through the 

intestinal tract, as technetium labelled-LN tended to aggregate in contact with gastric 
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medium and, thus they might reach sizes larger than 300 nm which is the maximum 

size to ensure intestinal absorption [34]. In fact, radiolabeled ET-LN were mainly 

retained in the stomach and intestine, whereas previous studies state an 

improvement of ET absorption after oral administration when it is vehiculized in LN 

[15]. 

Therefore, efficacy studies were performed by i.p. route. Animals were 

administered a dose that is considered safe by the oral route; however, 

unfortunately, animals treated with ET, and ET-LN showed severe toxicity signs. In 

consequence, animals were sacrificed before the end of the experiment and, 

therefore, results from efficacy studies were not concluding. Nevertheless, efficacy 

studies were encouraging as both ET and ET-LN were able to decrease percentage of 

human leukemia cells in mice with respect to control group. This experiment should 

be optimized in terms of ET-dosing to confirm preliminary results.  

To conclude, the general hypothesis of the work has been confirmed as in vitro 

results in leukemia cells showed similar o greater efficacy of the ET-LN over the free 

drug. Besides, even in the case of similar efficacy, LN would offer advantages over the 

free drug in terms of protection against ET toxicity. Regarding this subject, toxicity 

studies demonstrated that LN are a safe vehicle by the oral route and might be 

advantageous in encapsulating not only ET but other antitumor agents. Finally, in 

vivo efficacy studies should be optimized with the aim of confirming preliminary 

obtained results. 
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CONCLUSIONS 

1. Edelfosine lipid nanoparticles previously developed in our research group 

and optimized in the present work preserved the potent apoptotic effect that 

free edelfosine has in sensitive leukemia cells. These nanosystems are 

internalized in sensitive and resistant leukemia cells. Edelfosine lipid 

nanoparticles were able to induce cell death of resistant leukemia cells 

whereas the free drug was practically devoid of efficacy. 

2. Edelfosine and edelfosine lipid nanoparticles intracellular incorporation was 

prompted by different uptake mechanisms. Facilitated and simple diffusion 

appeared to be major uptake mechanisms in free drug uptake in HL-60 cells 

(sensitive) and K-562 cells (resistant) while endocytosis was also visible in HL-

60 cells (sensitive). In case of encapsulated edelfosine, passive diffusion, 

phagocytosis and macropinocytosis were the most likely uptake mechanisms. 

Lipid nanoparticles did not enhance the intracellular concentration of the 

drug in comparison to free drug. 

3.  Both treatments activated caspase-mediated cell death in the edelfosine 

sensitive cell line HL-60, whereas the absence of activation of this route in K-

562 was confirmed. Moreover, an important increase of lipidated LC3 II was 

detected after both treatments, pointing towards an increase of autophagic 

vesicles in K-562 cells. Importantly, as edelfosine lipid nanoparticles 

overcomed the resistance of K-562 cells, autophagic cell death could be 

involved in the cell demise process caused by the toxic effects of edelfosine 

when it is incorporated in the nanoparticles to a subcellular location different 

from the free drug.  

4. Edelfosine was internalized at a higher rate in its free form in both in vitro 

intestinal models (Caco-2 and Caco-2/Raji). This rapid drug internalization in 

the culture monolayers might be related to the lipidic nature of the drug, the 

elevated presence of lipid rafts in the apical surface of enterocytes and the 

saturation of the P-gp transporter. In addition, results suggested that 
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edelfosine might suffer some metabolic process upon being internalized in 

Caco-2 and Caco-2/Raji intestinal models. Edelfosine lipid nanoparticles were 

not translocated from luminal to basolateral side in any of the studied in vitro 

models. Bearing in mind that previous studies have demonstrated high oral 

bioavailability of the drug after oral administration in lipid nanoparticles, the 

results suggest that the microfold model is not a good model to study the 

absorption of these nanosystems across the intestinal barrier in vitro; thus 

more complex models should be developed.  

5. Lipid nanoparticles showed a protective effect against the free drug toxicity. 

Edelfosine presented gastrointestinal toxicity and triggered an 

immunosuppressive effect at the higher dose whereas no toxic effect was 

observed with the encapsulated drug or the empty vehicle. The results of the 

in vivo toxicity study confirmed that lipid nanoparticles are a safe vehicle for 

the administration of antitumor drugs by the oral route. 

6. Edelfosine lipid nanoparticles were successfully radiolabeled 99mTc. 

Moreover, the technetium was not dissociated. Radiolabeled nanoparticles 

were stable after incubation with serum, gastric or intestinal media; however 

large radiocomplexes were formed after incubation with all the different 

media. This undesirable event might alter nanoparticles biodistribution; 

indeed this might be the cause of impaired oral absorption. Intravenous 

administrations lead to accumulation of the lipid nanoparticles in the 

reticuloendothelial system organs such as liver, spleen and lungs. In contrast, 

intraperitoneal route showed a wider biodistribution with a lower 

accumulation in organs of the reticuloendothelial system. Besides, sustained 

blood and kidneys radioactive signal for 48 hours suggested the presence of a 

biphasic biodistribution due to an accumulation on the labelled nanosystems 

in a depot compartment.  

7. Biodistribution studies led us to choose the intraperitoneal route for the 

administration of edelfosine lipid nanoparticles in the efficacy studies. The 

administered dose of edelfosine, although safe by the oral route, resulted to 

be toxic when administered intraperitoneally. Both treatments, edelfosine 
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and edelfosine lipid nanoparticles showed a slight decrease in human leukemia 

cells engraftment in the blood. Although this experiment requires optimization of 

the dose regime, preliminary results were favourable.  

 





 

 

CONCLUSIONES 

1. Las nanopartículas lipídicas, que contienen el antitumoral edelfosina, 

desarrolladas por nuestro grupo de investigación y que han sido optimizadas 

en el presente trabajo, mostraron un efecto antitumoral similar al que 

produce el fármaco libre en líneas de leucemia sensibles a la acción del 

mismo. Además, estas nanopartículas fueron capaces de inducir la muerte 

celular en una línea de leucemia resistente a la acción del fármaco libre. 

2. Se encontró que la internalización de la edelfosina libre y nanoencapsulada  

era mediada por mecanismos diferentes. El fármaco libre se internaliza 

principalmente por difusión simple y difusión facilitada en las líneas de 

leucemia HL-60 (sensible a la edelfosina) y K-562 (resistente a la acción del 

fármaco). En el caso de la línea sensible a la edelfosina también se observó 

internalización de fármaco libre mediada por endocitosis, mientras que la 

internalización de las nanopartículas se producía por difusión pasiva, 

micropinocitosis y fagocitosis. 

3. Ambos tratamientos (edelfosina y nanopartículas lipídicas de edelfosina) 

indujeron la apoptosis mediada por caspasas en la línea celular sensible al 

fármaco libre (HL-60); sin embargo, esta vía no se activó con ninguno de los 

tratamientos en la línea celular resistente a edelfosina (K-562). Además, 

ambos tratamientos mostraron un importante incremento de la proteína LC3 

II en la línea K-562, lo que se traduce en una acumulación de autofagosomas, 

que en el caso del tratamiento con nanopartículas podría desencadenar la 

muerte celular por autofagia.  

4. La edelfosina libre se internaliza en mayor proporción que las nanopartículas 

en los modelos intestinales in vitro (Caco-2 y Caco-2/Raji). Asimismo, los 

resultados sugieren que el fármaco libre podría ser metabolizado tras su 

internalización en las células intestinales. Además, no se observó 

translocación de nanopartículas a la cara basal de los cultivos lo que sugiere 
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5. que el modelo de Caco-2/Raji no es adecuado para estudiar la permeabilidad 

de las nanopartículas de edelfosina in vitro.  

6. En un modelo murino, las nanopartículas lipídicas de edelfosina mostraron 

un efecto protector frente a la toxicidad producida por el fármaco libre. La 

edelfosina libre provocó toxicidad gastrointestinal así como un efecto 

inmunosupresor. Dichos efectos no se observaron ni con el vehículo vacío ni 

con las nanopartículas de edelfosina. Los resultados del estudio de toxicidad 

in vivo demostraron que las nanopartículas lipídicas desarrolladas son un 

vehículo seguro para la administración de fármacos antitumorales por vía 

oral. 

7. Las nanopartículas de edelfosina fueron marcadas satisfactoriamente con 

99mTc. El marcaje permaneció estable durante la incubación con suero y 

medios gástrico e intestinal. Sin embargo, la incubación con dichos medios 

produjo la formación de radiocomplejos de mayor tamaño lo que impidió la 

absorción de las nanopartículas por vía oral. La administración por vía 

intraperitoneal mostró una biodistribución amplia y niveles sostenidos de 

radioactividad en sangre.  

8. Los resultados de biodistribución permitieron seleccionar la vía 

intraperitoneal para los estudios de eficacia. Sin embargo, a pesar de que la 

dosis administrada es segura por vía oral, ésta resultó ser excesiva para la vía 

intraperitoneal. Los resultados preliminares apuntan hacia un posible efecto 

beneficioso del fármaco aunque la dosis de edelfosina debe ser optimizada. 
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