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Drug Delivery
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Abstract

The authors of this chapter point out that, although liposomal vesicles are widely
used in cancer drug delivery systems, their limitations are also known. Therefore,
more recently, new developments in modifications of liposomes have rapidly
appeared to improve their parameters, including the maintenance of drugs in their
structure, accumulation in target sites, and the active mechanism of drug release.
Research on the effectiveness of existing liposomal carriers through their functional-
ization, allowed to propose a promising candidate for multifunctional nanoplatform
based on liposomes and magnetic nanoparticles called magnetoliposomes. The pres-
ence of magnetic nanoparticles makes it possible to magnetically direct the liposomal
carrier to the specific site, and appropriate magnetic field parameters can lead to
controlled disintegration of the vesicle and release of the drug. The increasing variety
of suggested platforms constantly provides new variants in the structure and mecha-
nism of drug release, which enable the adjustment of the carrier’s characteristics to
the specific needs of cancer therapy.

Keywords: magnetoliposomes, drug delivery, controlled release, magnetic
nanoparticles, magnetotherapy

1. Introduction

Cancer remains still a major problem worldwide, leading to many deaths. There
are many available anticancer drugs that effectively work against tumors, but their
dose in anticancer therapies is limited due to numerous side effects [1]. Currently,
carriers known as drug delivery systems (DDS) are used to limit the administration of
conventional drugs and improve the safety of pharmacological treatment of patients.
According to the DDS definition, these are preparations that enable the controlled
introduction and distribution of the drug in the organism [2]. The functionality
and effectiveness of DDS consist of the stages related to the structure, that is, the
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synthesis enabling to obtain specific physicochemical properties of the carrier, the
method of immobilizing the drug inside the structure, administration, delivery, and
release of the content at a specific place and time [3].

Drug delivery systems allow for better use of anticancer compounds and greater
control of the drug while it is circulating in the bloodstream, thereby significantly
reducing drug’s side effects on healthy tissues. The advantage of such systems
over the original form of drugs improves bioavailability and systemic clearance by
achieving the optimal concentration of the drug in the target tissue. Additionally,
entrapment of drugs in the form of carriers may solve problems with their stability
and solubility [4-6].

2. Drug delivery systems

Drug carriers are widely researched and used due to the wide variety of
materials from which they can be proposed. Initially, the main challenge for
DDS was to reduce the side effects of strong cytostatics that, in free form in the
bloodstream, induced cytotoxic damage to healthy tissues, as well as in the target
sites. Anthracyclines are the primary chemotherapy drugs used in breast cancer.
Doxorubicin (DOX) is one example of an effective anticancer drug with adverse
effects on many organs. The greatest clinical problem with the use of conventional
anthracyclines is cardiovascular complications, which mainly concern patients
with significant risk factors for the development of heart failure [7-9]. Pegylated
liposomal doxorubicin under the name Doxil® is a commercially used form of an
enclosed drug and was the first liposomal formulation approved by the US Food and
Drug Administration (FDA) [10].

2.1Liposomes

Due to their structure and pharmacokinetics, liposomes are widely used as car-
riers for anticancer drugs and are particularly advantageous due to the possibility
of encapsulating both hydrophilic and hydrophobic drugs [11]. Selective action of
liposomes within the tumor can be achieved by passive accumulation associated with
the enhanced permeability and retention (EPR) effect [12, 13]. Their phospholipid
structure also allows for the slow release of the active substance. Studies of liposomal
doxorubicin indicate the lack of initial high peak plasma concentrations of doxo-
rubicin, while the actual peak concentration of the cardiotoxic metabolite occurs
later and is lower compared to the conventional form [14, 15]. The encapsulation
of doxorubicin in liposomes makes it practically impossible to penetrate the wall of
properly functioning capillaries in healthy tissues [16, 17]. Research confirms that
drug encapsulation causes significantly fewer cardiovascular complications than the
conventional form [18].

Nevertheless, with the current advancement of research, liposomal vesicles
are insufficient as an independent carrier due to slow action, susceptibility to
phagocytosis, and insufficient drug release at the tumor site. Significant efforts in
designing and developing novel drug delivery systems for targeted cancer chemo-
therapy remain a significant challenge. The main direction is to improve the drug
delivery system, which includes two main approaches. The first concerns active
approach, which is targeted guidance of the drug carrier to the target site. The
second is passive approach, in which passive accumulation of liposomes by the EPR
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Name of product Name of drug Cancer type Main Refs
composition
DaunoXome® Daunorubicin AIDS-related Kaposi’s DSPC:Chol [26]
sarcoma
Doxil® Doxorubicin Ovarian, breast, Kaposi’s HSPC:Chol: [10,27]
sarcoma MPEG-DSPE
DepoCyt® Cytarabine Acute leukemia, meningeal DOPC:DPPG: [28]
lymphoma Chol:triolein
Myocet® Doxorubicin Metastatic breast, ovarian, EPC:Chol [15, 29]
multiple myeloma, Kaposi’s
sarcoma
Mepact® Mifamurtide Osteosarcoma, bone DOPS:POPC [30]
Marqibo® Vincristine Acute lymphoblastic SM:Chol [31, 32]
leukemia
Lipoplatin™ Cisplatin Pancreatic, lung DPPG:PC: MPEG- [33]
DSPE: Chol
Onivyde™ Irinotecan Pancreatic DSPC:MPEG- [34]
DSPE:Chol
ThermoDox® Doxorubicin Liver, breast DPPC:MSPC: [35]
MPEG-DSPE
Visudyne® Verteporfin Choroidal EPG:DMPC [36]
neovascularisation

Abbreviations: distearoylphosphatidylcholine (DSPC); hydrogenated soy phosphatidylcholine (HSPC); methoxy
polyethylene glycol (MPEG); distearoyl-sn-glycero-phosphoethanolamine (DSPE); dioleoylphosphatidylcholine
(DOPC); dipalmitoylphosphatidylglycerol (DPPG); egg phosphatidylcholine (EPC); dioleoylphosphatidylserine
(DOPS); palmitoyloleoylphosphatidylcholine (POPC); sphingomyelin (SM); phosphatidylcholine (PC);
dipalmitoylphosphatidylcholine (DPPC); 1-myristoyl-2-stearoyl-sn-glycero-3-phosphocholine (MSPC); egg
phosphatidylglycerol (EPG); dimyristoyl phosphatidylcholine (DMPC).

Table 1.
Summary of the commercial liposomal products.

effect is insufficient to ensure proper targeting due to imprecise and slow distribu-
tion. Moreover, not all tumors exhibit vascular porosity and a high degree of tumor
vascularization [19-21]. Given the stability of the liposomal formulation, slow action
prevents complete drug delivery and creates the need to optimize active targeting by
functionalization with various targeting ligands, such as proteins, peptides, nucleic
acids, or small molecules. The targeting strategy involving mainly ligand-coupled
liposomes is based on obtaining tumor-specific targeting through the interaction
between the ligand and the receptor overexpressed in cancer cells [22-25]. The
potential of liposomes for such modifications has led to various patents, which are
listed in Table 1.

A second approach to increase the efficiency of drug delivery using conventional
liposomes is to induce a controlled release of the drug at a specific location and time
using an internally or externally guided mechanism. The capsule disintegration
mechanism is initiated by stimuli and is strictly dependent on the lipids building lipo-
somal carriers. Thus, controlled leakage of drugs at the target site can be caused by
specific external stimuli applied to specific liposomes sensitive to ultrasound, light,
and temperature or by the use of specific biological features in tumor microenviron-
ment such as low pH, enzymes, redox potential and hypoxia [37, 38].
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3. Magnetoliposomes

In recent years, increasing attention has been paid to the application of an external
magnetic field in directing the drug carriers to the target tissue with subsequent
stimulated drug release from the carriers in this tissue. The great potential in this
regard has led to the connection of liposomes with magnetic nanoparticles (MNP)
forming nanostructures called magnetoliposomes (MLP). Their size ranges from 100
to 150 nm, but the final size depends on the method of liposome synthesis [39]. The
potential applications of these relatively new carriers are increasingly recognized as
providing significant biomedical possibilities both in the diagnosis and treatment of
cancer and in monitoring the effectiveness of the therapy. The presence of magnetic
nanoparticles enables magnetic targeting based on the selective guidance of the MLP
to the target site and maintenance of the drug in the diseased tissue by applying a
permanent magnet there. In addition, an alternating magnetic field (AMF) can be
used as an exogenous stimulus to trigger a controlled drug release due to carrier
degradation. Hereby, magnetoliposomes are an area of strong interest and research
for the development and creation of new multifunctional magnetic nanomaterials
with complex functions in drug delivery systems. This literature review is devoted to
issues related to the types and methods of obtaining magnetoliposomes, and the next
section is devoted to the advances and recent achievements in the field of controlled-
release drug delivery with the use of magnetoliposomes [40, 41].

3.1 Types of magnetoliposomes

The magnetic properties of MLP allow magnetic targeting with a permanent
magnet. For nanoparticles to meet specific properties and show a specific suscep-
tibility to MF, it is important, however, that they have a strong magnetic moment
randomly oriented at room temperature in the absence of the external magnetic field.
This means using MNP, which are superparamagnetic, makes them prone to strong
magnetization. When the magnetic field is applied, nanoparticles orient themselves
towards the field but do not maintain permanent magnetization in the absence of
MF. This behavior is due to the small size of nanoparticles, up to 10 nm, where these
nanoparticles are single-domain with a single magnetic moment. In such a system,
interactions between particles are weak, therefore, after removing the magnetic field,
nanoparticles can return to the state of disorder. MNP also have other interesting
features regarding their ability to modify the surface and create unique structures tai-
lored to the variability of the magnetic field strength, which determines the specific
mechanism of drug release from the carrier [42, 43].

Magnetic nanoparticles can be arranged differently in the structure of liposomes
depending on the nature of their surface. Magnetoliposomes can be formed using
three different approaches: encapsulation of hydrophilic nanoparticles in the aqueous
core of liposomes, incorporation of hydrophobic nanoparticles into a phospholipid
bilayer, and binding magnetic nanoparticles to the surface of liposomes (Figure 1).
The above-mentioned designs should be selected according to the application, as
each has its own advantages and disadvantages. For example, the presence of both
nanoparticles and drug inside liposomes reduces the drug loading capacity of such
carriers. However, this is the most well-known method due to the ease of incorpora-
tion of nanoparticles. In turn, the deposition of nanoparticles in the membrane poses
some limitations concerning the capacity and size of the bilayer. Its thickness varies
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Figure 1.

Sc%ematic representation of the main types of magnetoliposome structure related to the distribution of magnetic
nanoparticles: encapsulation of hydrophilic nanoparticles in the aqueous cove of the liposomes (A); incorporation
of hydrophobic nanoparticles in the phospholipid bilayer (B); and bonding of magnetic nanoparticles on the
surface of liposomes (C).

around 6 nm, so only suitably small and well-separated nanoparticles are introduced.
Under the influence of the presence of nanoparticles, the bilayer convexes and
becomes stiffer. Regardless of the point of introduction, it is necessary to coat the
nanoparticles to prevent their aggregation and to improve the efficiency of incor-
poration into liposomes. MNP are most often coated with citric acid as hydrophilic
introduced inside liposomes or with oleic acid, oleylamine as hydrophobic in the
phospholipid bilayer [44, 45].

3.2 Methods of magnetoliposomes preparation

The preparation of magnetoliposomes is divided into two separate steps, involving
the initial synthesis of magnetic nanoparticles and the subsequent combination with
lipids in the proper synthesis of magnetoliposomes [46].

3.2.1 Synthesis of magnetic nanoparticles

The methods of producing nanoparticles can be divided into bottom-up
methods, consisting in building a nanometric structure from individual atoms or
molecules, and top-down methods, consisting in grinding a micrometric structure
to the nanometric scale. To obtain metal nanoparticles with high stability and high
chemical purity, as well as of the desired sizes, bottom-up methods are used, includ-
ing chemical strategies, such as co-precipitation, thermal decomposition, sol-gel,
hydrothermal and solvothermal methods, and the synthesis of microemulsions
[47, 48]. Co-precipitation is the most common method because it is characterized by
simplicity, high efficiency, and low cost. Undoubtedly, its advantage is also the pos-
sibility of producing nanoparticles of different chemical compositions and control-
ling the size of the obtained nanoparticles, which determines the achievement of the
desired superparamagnetic properties. The morphology of nanoparticles and their
stability can be controlled by selecting appropriate synthesis parameters, such as
metal salt concentration, stabilizer concentration, and the molar ratio of the reducer
and metal salt. For example, by increasing the molar ratio of salt to the reductant,
it is possible to create many nuclei and, as a result, to obtain small, monodisperse
nanoparticles [49].
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Iron oxide-based nanoparticles are a class of great biomedical importance due
to their good magnetic properties, stability, biocompatibility, and the possibility of
chemical modification [50]. These nanoparticles are most often obtained by the afore-
mentioned co-precipitation method, which consists of the co-precipitation of a stoi-
chiometric mixture of iron and ferrous salts in an aqueous medium and the absence
of oxygen. Carefully planned synthesis procedures (water-phase co-precipitation
and thermal decomposition from organic precursors) will yield iron-based magnetic
nanoparticles with controlled sizes and surface properties suitable for later use as a
“vector” to guide drug-loaded magnetoliposomes in an external magnetic field and
initiate drug release in an alternating magnetic field [51]. For example, various ferrite
nanoparticles were synthesized by co-precipitation, including ferrites doped with
manganese, calcium, magnesium, and nickel [52]. The previously prepared magnetic
nanoparticles are supplied with lipids during liposome synthesis and, depending on
the surface nature, hydrophilic or hydrophobic, are incorporated into the interior or
bilayers of magnetoliposomes, respectively [53].

3.2.2 Synthesis of liposomes and magnetic liposomes

Magnetoliposomes are created during the synthesis of liposomes, which are
modified with magnetic nanoparticles by administering them together with a lipid
mixture. The choice of the method of liposome preparation depends on the method
of using the obtained vesicles. The simplest and most used technique is the hydration
of a thin lipid/nanoparticle film. In this process, lipids and MNP are first dissolved
in a volatile organic solvent and a thin layer is formed at the bottom of the container
after the solvent is evaporated under nitrogen. The sample is then rehydrated with
a phosphate buffer. Using this method, a heterogeneous suspension of multilayer
magnetoliposomes with a diameter of 0.1 pm to 10 pm is obtained. However, the main
disadvantage of this synthesis is the low encapsulation efficiency of hydrophilic drugs
(5-20%) [54, 55]. Next method of magnetic liposome preparation includes, among
others, evaporation using the reverse phase technique, in which a mixture consisting
of two phases: lipids and nanoparticles are dissolved in an organic solvent and a buf-
fer is subjected to short sonication. The solvent is then removed under low pressure
to form a sticky gel. The final step of the procedure, involving the removal of residual
solvent on a rotary evaporator under reduced pressure, produces bubbles with a
large size distribution. They are characterized by a high encapsulation efficiency of
up to 65% in a solution with low ionic strength. The disadvantage of the method,
however, is that the entrapped drug dissolved in the buffer contacts the organic phase.
Additionally, intensive sonication may damage the structure of the closed substance
[56]. Another method of magnetoliposomes preparation is the rapid injection of
lipids with magnetic nanoparticles dissolved in ethanol into the aqueous solution.
This procedure results in a heterogeneous suspension of vesicles with a diameter of
30 to 110 nm. The obtained magnetic liposome suspension is diluted and may contain
traces of ethanol [55, 57]. In turn, the freeze-thaw technique allows one to obtain
small single-layer magnetoliposomes. After sonication, they are quickly frozen in
liquid nitrogen and slowly thawed in water, as a result of this process liposomes fuse
and are characterized by a loading efficiency of 20-30% [57]. Similar to the ethanol
injection described above, an ether solution or ether/methanol solution of lipids and
MNP can be slowly injected into the buffer at elevated temperature under reduced
pressure. A heterogeneous suspension of magnetoliposomes with a diameter of 70
to 190 nm is formed. As with the reverse phase evaporation technique, the enclosed
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drug is exposed to phase mixing with an organic solvent at high temperatures [56, 57].
Some of the above MLP preparation techniques result in multilayer and single-layer
vesicles with a large size distribution. Due to the efficient permeability of small car-
riers to tumor cells, homogeneous vesicles in the range of 100-200 nm are preferred.
In order to homogenize the obtained heterogeneous mixture, MLP extrusion through
polycarbonate membrane filters with a defined pore diameter is used. As a result,
the obtained phospholipid vesicles are characterized by a small size distribution.
Additionally, this method is fast, cheap, and allows obtaining even small, unilamellar
liposomes of 100 nm in size. The breaking down of the vesicles into smaller structures
can also be obtained by the action of ultrasound, which can complement the above
techniques to increase the effectiveness of MLP preparation [55].

The discussed methods assume the closure of compounds during the synthesis
of magnetoliposomes. In this case, we can talk about the so-called passive loading.
However, some compounds have ionizable groups that exhibit hydrophobic and
hydrophilic properties depending on the pH of the solution and may not be efficiently
encapsulated in liposomes due to their diffusion through the phospholipid membrane.
In such a case, they can be encapsulated in liposomes with high efficiency, even above
90%, after the formation of the liposomes using the active loading technique. In this
method, liposomes are prepared with their internal pH suitable for ionizing the drug,
which in this non-ionized form can passively diffuse through the lipid membrane
from the external solution into the liposomes. As a result, the drug after penetration
into the liposome becomes ionized and is no longer able to re-diffuse through the
phospholipid bilayer [58, 59].

3.3 Mechanisms of drug release from magnetoliposomes

So far, in the chapter, we discussed the methodology of magnetoliposomes and
their modification to obtain an effective magnetic field-assisted drug delivery system.
In addition to the selective action of the constant magnetic field, enabling the effi-
cient accumulation of carriers within the tumor tissue, it is possible to obtain, on-
demand, the release of drugs enclosed in the carriers. Then, an alternating magnetic
field is used which, by changing the behavior of nanoparticles, initiates the degrada-
tion of the carrier and the outflow of the drug. The susceptibility of nanoparticles to
AMF results from their superparamagnetic behavior, for which the physicochemical
properties of these nanomaterials and strict control of parameters during synthesis
are responsible. Only superparamagnetic nanoparticles are capable of efficient, local
release of the drug from the carriers. How the degradation of the magnetoliposomes
takes place depends on the parameters of the magnetic field, where special attention
is focused on the use of low or high frequency [60].

3.3.1 Magnetic hyperthermia

In magnetic hyperthermia, the exposure of magnetic nanoparticles to the mag-
netic field will result in their magnetization, and the supplied amount of magnetic
field energy will be converted into heat. In the case of single-domain, superpara-
magnetic iron oxide nanoparticles (SPION), relaxation losses related to the rotation
of the magnetic moment inside the nanoparticle (Nelson) and a lesser extent to the
physical rotation of the entire nanoparticle (Brown) may cause local heating of the
magnetoliposomes. Taking into account the short relaxation time, an alternating
high-frequency magnetic field (AMF-HF), 50-400 kHz, is used [61]. In this case,
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the heat released under the influence of nanoparticles placed in a magnetic field is a
factor that initiates the degradation of the liposomal carrier. Liposomes are character-
ized by a phase transition temperature that keeps the drug inside the structure. When
these liposomes are loaded with magnetic nanoparticles and drugs, an interesting
drug delivery system can be created. The energy supplied from the magnetic system
in the form of heat, after exceeding the threshold value Tm, causes a phase transition
in the phospholipid bilayer. This magnetocaloric effect enables the activation of drug
release from MLP in the presence of AMF by locally increasing the temperature in
the membrane and inducing changes in liposome permeability, which changes with
increasing temperature. Under these conditions, the order of phospholipid molecules
changes, which results in destabilization and an increase in the fluidity of the mem-
brane. Leaks, that appear as a result of such changes, allow dissolved drugs to pass
through the membrane. The packing of lipids depends on the degree of saturation of
fatty acid residues and the number of carbon atoms that build them, which translates
into different Tm values of individual lipids. Therefore, when designing carriers,
thermosensitive lipids are selected that are able to release the drug even with a slight
increase in temperature. Magnetic nanoparticles can be used to generate both mild
hyperthermia (42-46°C) and high-temperature hyperthermia (> 46°C). However,
even under milder conditions of temperature increase, neoplastic tissues are exposed
to it, because they are more sensitive to higher temperatures than normal cells, and
as aresult, local hypoxia and acidification of the tumor occur, and eventually apop-
tosis. Higher temperature hyperthermia causes immediate tissue necrosis through
dehydration, protein denaturation, and damage to cell membranes (thermal ablation)
and is rarely used due to its negative impact on the viability of healthy cells. The
undoubted advantage of using magnetic hyperthermia among magnetoliposomes is
the possibility of inducing heat only in a strictly defined volume, in which magnetic
nanoparticles are located. However, it should be noted that a living organism cannot
be exposed to an alternating magnetic field of any high-intensity H and frequency f,
because eddy currents can be induced in it, leading to heating of the whole body or a
significant part of it. Therefore, in treatments with the use of AMF, these values are
strictly limited to the safe range, in accordance with the Brezovich criterion, which
requires Hf < 4.85 x 10° Am™' s [62-64].

3.3.2 Mechanical degradation

An alternative, relatively new approach to activating drug release from
magnetoliposomes in the presence of AMF is the degradation of the carrier by mechan-
ical means. This manner of controlled drug release is effected by using a low-frequency
alternating magnetic field (AMF-LF). Under the influence of a low-frequency < 50 Hz,
the movements of the superparamagnetic magnetic nanoparticles become dominant,
which leads to the mechanical disruption of the lipid bilayer of the vesicles and the
release of the drug from the liposomes. Currently, there is growing interest in research
on the controlled release of a drug from magnetic carriers under the influence of
AMF-LF. The disintegration process takes place without sudden increases in tem-
perature and without magnetically induced eddy currents, preventing damage and
reducing the viability of healthy cells surrounding the tumor. A significant advantage
of this mechanism over magnetic hyperthermia is also a significant reduction in the
parameters of the magnetic field, which in this case are within the acceptable ranges of
conventional magnetotherapy, and therefore can be considered a safe dose [37, 65].
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The above reasons prompted us to develop a selective delivery of doxorubicin

to cancer cells supported by a low-frequency magnetic field with the use of magn-
etoliposomes as drug carriers [66]. To the best of our knowledge, the magnetolipo-
some design we propose has been optimized and adapted to a specific application.
Moreover, the physicochemical characteristics of the carrier met the criteria for drug
delivery systems, which are discussed in more detail in our article. The main research
object was the use of magnetomechanical activation for controlled drug release,
which we reported for the first time in 2016 by Joniec et al., see [67]. For further
purposes and biological studies, degradation of the carrier under unheated conditions
was desirable to avoid synergistic cytotoxic effects caused by released doxorubicin
and elevated temperature. The selection of lipids took into account the possibility of
obtaining MLP with appropriate physicochemical properties and good stability in the
conditions of cell culture, as well as different conditions in the tumor environment.
We used passive loading of the drug into the aqueous phase of the liposome, which
compared to active loading has a lower efficiency of drug encapsulation. Thus, in
order to increase this final efficiency, we synthesized hydrophobic SPION. As a result,
during the incorporation into liposomes, they locate in the hydrophobic phospholipid
bilayer, leaving a free internal space for the drug. Moreover, such separation may
prevent interaction between the vibrating SPION and the drug. For loaded to the
interior of the liposome bilayer, their magnetic movement, limited only to the mem-
brane, may facilitate the degradation of the carrier and thus increase the drug release
efficiency. We have successfully tested the in vitro effect of magnetoliposomes loaded
with doxorubicin as a potent cytostatic drug, on a cancerous human breast cell line.
The obtained nanocarriers were susceptible to an alternating magnetic field in low
frequency, released a significant amount of drug, and caused a highly efficient reduc-
tion in the viability of cancerous cells in comparison to control without exposure to
this magnetic field (Figure 2).

Vibrations of magnetic Degradation of magnetoliposomes
nanoparticles and release of doxorubicin

Alternating Magnetic Field A A [ no AMF-LF
1mT, 50 Hz

doxorubicin release[%]
cell viability [%]

time [min] 0 0.0025 0.01
cone. of MLP with DOX [mg mL 1]

Breast tumor

Figure 2.

Schematic illustration showing the research concept of magnetoliposomes as magnetically assisted drug
nanocarviers.
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4. Advances in anticancer drug delivery system using magnetoliposomes

In recent years, the worldwide progress in research has been significant and has
led to new advances in the field of controlled-release drug delivery using magneto-
liposomes. Modifications in the design of carrier structures tended to create mul-
tifunctional platforms to improve parameters, including drug maintenance, target
accumulation, and active drug release mechanism. Several innovative solutions from
the last 3 years are presented below.

The research presented in the article by Cintra et al. in 2022, see [68] demonstrates
the antitumor properties of magnetoliposomes that have been functionalized with a
selective ligand to actively target the tumor. Folic acid was used to modify the surface
of magnetoliposomes. The potential effect of drug accumulation into neoplastic cells
is related to the overexpression of folic acid receptors by some neoplasms, including
ovarian cancer [69]. The release of the drug from MLP took place with the participa-
tion of heat released by an alternating magnetic field under magnetic hyperthermia.

Another example of the use of magnetoliposomes and magnetic hyperthermia was
the study by Riberio et al. in 2020, see [70]. In this example, an interesting approach
was the multi-drug loading into magnetoliposomes. Magnetic nanoparticles, gem-
citabine, and paclitaxel were encapsulated in thermosensitive liposomes with high
efficiency and showed equally efficient drug release from preparations exposed to
AMF-HF. In addition, the separated and combined cytotoxic effects of loaded mag-
netoliposomes and magnetic hyperthermia on breast cancer cells were investigated.
Based on the presented work, the authors stated that drug-loaded magnetoliposomes
may have the potential for combination therapy, including hyperthermia and con-
trolled release of chemotherapeutic drugs.

The development of stimulus-sensitive DDS is a current area of cancer therapy
research by Riberio et al., see [71]. The authors have developed magnetic liposomes
adequate for temperature and pH-triggered anticancer drug release in the tumor
environment in conjunction with magnetic hyperthermia. Two new anticancer thi-
enopyridine derivatives have been successfully enclosed in magnetoliposomes and the
results have confirmed the efficiency of drug delivery by loaded nanocarriers under
various pH and temperature conditions.

Departing from the use of AMF-HF and magnetic hyperthermia to release encap-
sulated compounds on demand, Trilli et al., see [72] proposed magnetoliposomes
sensitive to low-intensity magnetic fields. The use of low-intensity pulsed electromag-
netic fields (PEMF) provided magnetomechanical activation and efficient content
release. In particular, the authors devoted attention to investigating the effect of
bilayer packing on the ability of MLP with oleic acid-coated MNP enclosed in a bilayer
to respond to PEMF application. For this purpose, magnetoliposomes with different
lipid composition and the degree of order of the phospholipid bilayer were compared.
The effectiveness of the magnetic triggering was greatest with highly ordered bilayers
that are unable to suppress the disturbance caused by MNP movement.

5. Conclusion

In summary, the growing variety of proposed platforms constantly provides new
variants in the structure and mechanism of drug release, which enable the adaptation
of the carrier to the specific needs of the therapy. The number of literature reports
on the development of new multifunctional drug carriers is constantly growing.
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However, due to the development of more precise anticancer therapies, increasingly
advanced solutions are being sought. Nanotechnology can offer many opportunities,
progress in this field is constantly developing methods of producing and studying
magnetoliposomes.
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