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1.

Introduction

The development of differently structured nanosystems for targeted delivery of bioactive substances and drugs [1–
20] is currently receiving much attention. These systems can improve the drug action efficiency and selectivity, reduce
side effects and decrease the dose used. This refers, for example, to cytostatics [21–26], to other drugs and substances,
including those that work synergistically and are co-transported together [27–33]. It should be noted in general that the
number of reviews and original publications that consider certain aspects of formation and use of the nanostructured
targeted delivery systems is large globally and is constantly growing. In particular, Springer Publishing have released
a series of books that widely address these matters [34–37]. The present review considers the classification of the
organizational levels of the means of targeted drug delivery, including the nano-level, of passive and active methods
for implementing delivery processes, and raises some issues related to obtaining these means. The peculiarities of the
skin as a transport medium for nanoscale objects, the problems of physical chemistry and mathematical modeling of
transcutaneous drug transport, including electrophoretic delivery, are considered. The prospects for using the targeted
delivery systems are studied for developing such a class of compounds as polyoxometalates (POM), in particular,
molybdenum-containing ones, and their physicochemical properties and metabolic impacts are assessed.
2.
2.1.

Organizational levels of targeted drug delivery systems
Brief historical note, transition to nanosystems

In his review article [38], Allan S. Hoffman has distinguished three “eras” in the development of targeted drug
delivery systems, namely the “MACRO”, “MICRO” and “NANO” eras. In the “MACRO era” times, such controlled
release systems as patches, ophthalmic systems for antiglaucoma preparations, silicone-based devices containing contraceptive substances, and systems based on swelling polymer gels [38] were created. The “MICRO era” was characterized by the creation of systems with the sustained release of biodegradable microparticles and of the phase-separated
depots. The development of the biodegradable suture polymers was underway in the 1960s and 1970s, and in the 1970s
this technology was borrowed for targeted drug delivery and refined to make its clinical use possible in the 1980s. The
pioneering work of Langer and Folkman, who showed that proteins could be released from non-degradable polymer
matrices, has stimulated researchers to think about alternative ways of drug delivery by using biodegradable polymers [39].
The “NANO era” of targeted or site-controlled systems yielded three key technologies. The first concept is the
creation of drugs conjugated to polyethylene glycol (PEG) molecules. The second technology is the “active targeting”
of an antibody-conjugated drug to cellular receptors [38]. The third is the use of the “enhanced permeation and
retention effect”, the essence of which is in the entrapment of nano-sized carriers within a solid tumor due to the leaky
vasculature of a rapidly-growing tumor [40]. In this case, a nanoparticle can serve both as the directly acting agent
and as a nanocontainer (core), that is, a carrier for an active agent. In both cases, the development of nanopreparations
requires the solution of a number of issues, such as their stability in and safety for the body; delivery to pathological
structures, penetration into them and effective impact; as well as elimination from the body (utilization). When
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nanocontainers are used, such problems as the transferred agent protection from the destructive influence of the body
environment, and the active agent release under the specified conditions arise.
2.2.

Microencapsulation as a method preceding the nano-level

It follows from the above that there exist several organizational levels in targeted drug delivery in the body,
while the delivery systems can be divided into passive with spontaneous processes of transport and release of active
substances, and active (controlled) ones. Passive systems, in particular, protect drugs when administered orally, during
their passage through the acidic gastric milieu, and ensure their release in the alkaline environment of the intestine.
In this case, the dosed or prolonged release of the active component is possible, to which end various membranes or
shells from natural and synthetic materials that form capsules are used. Microencapsulation is one of the trends in the
organization of targeted effects of drugs on the body. As is stated above, the bioactive substances can be delivered
orally, as well as by introduction into the bloodstream transcutaneously and by other methods. The use of all these
delivery routes is usually associated with the creation of protective shells on the so-called nominal units of the delivered
drugs (a nominal unit is understood as a spatially separated complex structure (formation) that includes biologically
active molecules and/or protective polymer layers, the center of which is a POM particle). Polymeric films for microand nano-sized units, as well as the sorbed or chemically bound molecule protectors, serve as protective shells. To
regulate the transportation of bioactive substances, e.g., transcutaneously, a special environment with the drug nominal
units distributed in it is used. Ointment bases can serve as such an environment, for which hydrophobic, including
lipophilic, hydrophilic or diphilic materials are chosen. When choosing ointment bases, their compatibility with drugs
is necessary; in some cases, the problem of the ointment base component stability arises [41]. The effect of aprotic
dipolar solvents, such as dimethyl sulfoxide, which are universal solvents, on the transcutaneous penetration ability
and rate for a large number of substances is well known. Podands and cryptands, the so-called phase transfer catalysts,
can be used as the drug transporting molecules. Cryptands are macrocyclic complexones (crown polyesters), while
podands are their open-chain analogs [42].
In terms of structure, composition and protective shell, the drug delivery systems can be organized in various
ways. Liposomal or vesicular capsules, phospholipid-based structures, e.g., lecithin shells, transport units with shells
made of block copolymers or dendrimers, polyelectrolyte multilayer shells are considered promising. The simplest
unilamellar liposome is a close to spherical, hollow structure formed by a bilayer of phospholipid molecules. The characteristic size varies from tens of nanometers to tens of micrometers. Humanity has encountered liposome-containing
materials long before the formal discovery of these formations. For instance, the chicken egg-based colloidal systems,
which contain lecithin, may include some spherical vesicles [43]. The direct discovery of liposomes was preceded by
numerous studies. In particular, this is the work of T. N. Gobley, who studied the composition of a number of biological samples, such as chicken eggs, fish eggs, brain tissue of animals and humans, etc. and came to the discovery of
lecithin [44]. The chemical nature of lecithin was established by A. Strecker [45]. Liposomes as such were discovered
in the 1960s. When studying various blood components, in particular, peculiarities of the phospholipid dispersions
behavior A. Bangham et al. used the results of electron microscopy to discover that the resulting multilayer structures have obvious similarities with cell membranes [43, 46, 47]. Moreover, this group studied the permeability of the
obtained membrane structures and demonstrated that liposome membranes are poorly permeable for ions and large
molecules, but are permeable for water and low-molecular weight non-electrolytes [43, 48].
Today, several different liposome types are known. In terms of the number of layers, unilamellar, oligolamellar
and multilamellar liposomes are distinguished. In addition, there exist the so-called multi-vesicular liposomes that
differ from the multilamellar ones by consisting of smaller liposomes enclosed in a common shell instead of a series
of concentrically located layers. Unilamellar liposomes (vesicles) are subdivided into small (SUV) and large (LUV)
ones, with a characteristic size of 20–100 for the former, and from 100 nm to several micrometers for the latter. A
great multitude of techniques for their production have been developed. Most liposome production methods entail the
dissolution of cholesterol, lecithin and the useful “cargo” in an organic solvent, drying to obtain a thin film, and its
dispersal in an aqueous medium at a certain temperature to obtain a liposomal suspension [49].
The most common methods include the Bangham method, the reversed-phase evaporation method, and the solvent
injection method. According to the thin film hydration method (Bangham method) [50, 51], the first stage involves
lipid dissolution in an organic solvent, e.g., chloroform, ethanol, methanol, etc. Then, the solvent is evaporated, e.g.,
in a rotary evaporator, and a thin lipid film deposits on the vessel walls. The resulting film is dispersed in an aqueous
medium. The active substance is loaded into liposomes by the addition to the lipid film (for lipophilic substances),
or by the dissolving in the aqueous medium (for hydrophilic substances). This method has a relatively low loading
efficiency of 5–15% for hydrophilic preparations. According to the reversephase evaporation method, water or an
aqueous buffer solution is added to the lipids dissolved in an organic solvent. Then the organic solvent is evaporated
at a reduced pressure. This is the way of obtaining large unilamellar and oligolamellar liposomes [52,53]. The solvent
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dispersion method [50] is mainly used for obtaining unilamellar liposomes. A solution of lipids is prepared in an
organic solvent (e.g., in ethanol), and then the solution is quickly injected into the aqueous medium through a narrow
channel under pressure [54]. The majority of methods for producing liposomes yield a non-uniform size dispersion of
particles, while the Bangham method allows only the production of multilamellar vesicles. In order to reduce the size,
to obtain more uniform sizes, as well as to obtain unilamellar liposomes, additional processing is used, in particular,
ultrasonic dispersion and extrusion through a special membrane in a French press cell [55–58]. Among the advantages
of liposomal systems are the possibility of introducing poorly soluble, lipophilic preparations bound with nonpolar
tails of phospholipids forming a liposome; an increased penetrating capacity of drugs through cell membranes due to
the affinity of phospholipid membranes of liposomes for cell membranes, and an increased drug bioavailability; and
the possibility of extending the action of the rapidly metabolized drugs due to their sustained release. The possibilities
of using liposomal means of targeted delivery are reflected in publications of various kinds and different years, e.g.,
in [2, 4, 5, 59–68]. Among the noted disadvantages of liposomes are their active capture by macrophages, which limits
the possibility of drug delivery to a number of organs and tissues, and reduces the time of drug circulation in the body;
as well as the liposome membrane degradation caused by lipoproteins. By now, techniques have been developed to
circumvent some of the disadvantages of liposomes. Such techniques include the application of a layer of polyethylene
glycol (PEG) on the liposome surface [69].
2.3.

Nanostructured systems

Metallic and metal-containing nanoparticles form a large class of materials that differ in composition, size and
production methods. Some of them have already found their application in biomedicine, and many are considered
as promising materials. The presence of a metal core in nanocapsules can contribute to the activation of the drug
release due to the local exposure to laser radiation absorbed by the said core with the release of heat (photodynamic,
laser therapy). In some cases, the factor contributing to the release of the transported drug from the nanocapsules
may be the changing pH of the medium into which they find themselves. By their composition, the metal-containing
biomedical nanoparticles are usually divided into purely metallic, e.g., gold copper, silver, and nanoparticles with a
complex composition, for example, based on oxides of iron, copper, zinc, titanium, tungsten, on cerium and zirconium
dioxides, including those containing rare earth metals [70–86], etc.
There exist various methods for producing nanoparticles [78, 80, 87–102] and compositions on their basis. The
most common methods for producing nanoparticles include “soft chemistry” methods, including microreactor [98–
100] and hydrothermal [92–97] synthesis, and precipitation (sol-gel method) [87–91]. The methods that are also used
include the conductor electric explosion when a high-density current pulse [103–115] is passed through it; direct laser
ablation or ablation in a liquid medium [116–132]; methods of the Solution Combustion Synthesis group [133–139],
etc. Depending on the role played in biomedicine, the composites can contain both non-magnetic and magnetic
nanoparticles [140–162]. One of the trends in the biomedical use of nanoparticles for targeted drug delivery is the
creation of compositions where nanoparticles can be used both as a core for attaching the active component and
identification systems, and as active carriers. Another trend in nanoparticle application is the magnetic, photodynamic
hyperthermia [163–167] of tumors. Magnetic nanoparticles are often used in this case, when they accumulate in a
tumor and cause local overheating and destruction of the pathological formation under the influence of an external
alternating electromagnetic field. Another function performed by nanoparticles in biomedicine is the visualization of
normal and pathological processes, of pathological formations, and the use as biochemical and biophysical sensors.
Gold nanoparticles deserve special mention here, as in recent years they have been actively studied from the point
of view of their possible use in biomedical applications. In fact, the attempts to use colloidal gold as a medicine can be
found already in Arabic, Indian and Chinese sources dating back to the 5th – 4th centuries BC. Colloidal gold has not
been overlooked in the medieval Europe either. With varying degree of success, attempts had been made to use it for
treating a whole range of illnesses, from mental disorders to infectious diseases. In particular, the medical use of quinta
essentia auri was mentioned already by Paracelsus (Philippus Aureolus Theophrastus Bombast von Hohenheim) [153]
One of the medieval literary sources that has survived until today and describes the process of obtaining colloidal gold
and its medical application is a book by Dr. Francisci Antonii [168]. An important property of these nanoparticles is
the inherent phenomenon of surface plasmon resonance, the essence of which is in the resonant absorption of incident
radiation with a photon energy that corresponds to the energy of the surface plasmon. From the practical point of view,
important is the essential dependence of this resonant frequency on what is found on the surface of a gold nanoparticle.
Therefore, gold nanoparticles with the identifying molecules (e.g., antibodies) associated with their surface can serve
as biochemical sensors by changing the frequency of the absorbed radiation depending on the presence of specific
agents (e.g., antigens) in the analyzed medium.
Polymeric nanoparticles with the lipid (oily) core represent one of the subclasses of polymeric nanoparticles.
They consist of a lipid core surrounded by a polymeric wall. Such particles have an average size of about 200–300 nm
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with a narrow monomodal size distribution. The production of nanocapsules requires, in particular, such materials as
polyethers and polyacrylates which are used as polymers, as well as triglycerides, polyatomic alcohols and mineral
oils which are used as lipid cores [169]. One of the advantages of the oily-core nanocapsules, as compared to matrix
systems, is the large drug loading capacity, especially in the case when the lipophilic nucleus is a good solvent for
the loaded drug. Other advantages include the reduced effect of the drug explosive release, drug protection from
degradation and the reduction of its side effects. Production of such nanocapsules employs a wide range of oils,
including vegetable, mineral oils and individual compounds, such as ethyl oleate. In some cases, the oily core is
represented by an active ingredient.
The criteria used to select a material for the oily core include the presence or absence of toxicity, the ability to
decompose and/or dissolve the polymer, and the drug holding capacity [169]. Both synthetic and natural biodegradable
polymers, including dendrimers, serve as the material for the polymeric nanocapsule walls. Among the polymeric
materials are hydrophobic polyethers, such as poly(lactide) (PLA), poly(lactide-coglycolide) (PLGA) and poly(εcaprolactone) (PCL). Polymers have found wide application in targeted drug delivery due to their biocompatibility
and ability to decompose to non-toxic products [169–175]. In addition, the associated drug release kinetics can be
controlled by changing the polymer molecular weight. The kinetics of polyester decomposition in vitro and in vivo, as
well as their biological action have been amply studied. They demonstrate slow decomposition by a catalyst, which
can be a lipase that determines the lowest immunogenicity [169].
The next important aspect of nanocapsules creation is the surface functionalization. The techniques of surface
functionalization can be divided into two groups, namely the attachment of a ligand to a nanocapsule during its creation
or after it. In the first case, the polymer is chemically bound to the ligand, and this complex material is used as a raw
material for nanocapsules production. In the second case, nonfunctionalized nanocapsules are first created, and then
a ligand is attached to their polymer walls during a targeted physicochemical or chemical process. An example of the
first approach are nanocapsules covalently bound to polyethylene glycol, the polymer walls of which are made of the
diblock copolymer [176–183]. An example of the second approach is the introduction of entire antibodies and their
fragments into the surface of the finished nanocapsules [169, 184–186].
Inorganic materials based on layered silicates, titanium oxide, zeolites, functionalized fullerenes and carbon nanotubes are also considered as drug transporting nanoparticles. It has already been noted that the development and use
of such means of delivery is impossible without solving the problems of the further fate of sufficiently strong chemical
carriers and their behavior in the body after performing their basic functions.
The literature describes hybrid supramolecular structures based on nanocluster polyoxometalates (to be discussed
in more detail below) and organic molecules, namely polyelectrolytes. A technique of layer-by-layer synthesis of
hybrid nanoparticles based on a latex suspension consisting of spherical polystyrene acrylic acid particles with a
negative charge is presented in [187]. As polyelectrolytes, polyallylamine hydrochloride and poly(sodium 4-styrene
sulfonate) were used, carrying a positive and negative charge, respectively. The layers of polyelectrolytes alternated
with layers of Mo72 Fen−
30 , an iron-molybdenum nanocluster with a negative charge. At the last stage, with all the layers
formed, the polystyrene acrylic acid-based core was dissolved in tetrahydrofuran. A study of the obtained structures
by scanning electron microscopy showed that they have a spherical structure before and after dissolution of the latex
core [187]. It is supposed to use such systems as transport units delivered under the influence of a magnetic field, due
to the presence of a magnetic polyoxometallate component in them.
2.4.

Carbon-based nanostructured systems

Thanks to their unique properties, carbon-based nanostructured materials attract attention from the point of view
of their application in such industries as electronics, materials science, etc. Also, attempts are being made to find
application for carbon nanomaterials in nanobiology and nanomedicine for diagnosing pathological conditions and
targeted drug delivery. The matter is about three-dimensional (3D) carbon nanostructures (nanodiamonds, in particular), about two-dimensional (2D) structures (graphene), about one-dimensional (1D) structures (nanotubes), and also
about zero-dimensional (0D) ones, which include fullerenes and their derivatives. Fullerenes (buckyballs) [188–192]
are produced by carbon evaporation, e.g., in an electric arc between two graphite electrodes in helium or other inert
gases, or by laser ablation, etc. As a rule, regardless of the method, a mixture of several types of fullerenes is obtained, which is contaminated with graphite, unstructured and cluster inclusions of different composition. Therefore,
fullerenes require preliminary purification. Fullerenes can be functionalized by a wide range of molecules through
external functionalization (molecules association with the fullerene outer surface) and by metals through internal
functionalization (association to the inner surface during synthesis), as well as by replacing carbon atoms with heteroatoms. This aspect makes fullerenes promising candidates as means of targeted drug delivery. However, fullerenes
are hydrophobic, which limits the possibilities of their direct use in biomedicine [193] It is possible to obtain their
aqueous dispersions [194–200] and associates with organic compounds [200–205]. One of the ways of modifying
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the surface of fullerenes provides hydroxylated derivatives such as fullerenols [195, 200, 205, 206, 208]. The specific
functionalization of their surface is achieved through the use of amphiphilic polymers, amino acids, carboxylic acids,
and biologically active preparations that identify molecules [206, 207]. Fullerenes can be coated with biocompatible
materials (encapsulation), e.g., with polyvinylpyrrolidone while conjugates including cytostatic preparations and antibodies to the corresponding cell type, can be used for delivering chemotherapeutic drugs to tumor cells. The absorption
of such systems by cells can be realized through specific endocytosis. Another possible trend in the use of fullerenes
is the creation of bioactive [203, 204, 206, 208] or contrast materials for nuclear magnetic resonance imaging (MRI)
through internal functionalization by contrast agents, including Gd3+ , Sc3+ , Ho3+ , Tm2+ , Ga3+ and Tc2+ ions, with
isolation of unstable and potentially toxic contrast materials from the internal medium of the body [209–212]. A similar solution for creating contrast materials is proposed in [213] for Keplerates, the non-carbon analogs of fullerenes
which form ionic associates with cations of the above-mentioned metals.
Graphene [214–220], a single-layer (one atom thick) 2D nanostructure possesses high mechanical (high rigidity) and electric transport (high charge carrier mobility) properties, which have drawn attention to it as a material for
semiconductor electronics, creating batteries and fuel cells The use of graphene for biomedicine is studied [216, 218],
including targeted drug delivery in the form of nanographene oxide (NGO). The discovery and creation of methods
for producing carbon nanotubes (CNT) [221] is inextricably linked with the creation of fullerenes, since graphite
dispersion in an arc yields not only fullerene molecules, but also one-dimensional CNT structures representing one
or several rolled graphite layers [221–247]. The characteristic diameter of a CNT is from one to several nm, while
the length reaches tens of µm Among the CNT production methods [221–233] are pyrolytic synthesis, electric arc
discharge, chemical vapor deposition, and laser ablation. Targeted CNT synthesis employs d-metal-baseds catalysts [226, 227, 239] (copper, iron, nickel, cobalt, etc.). Most often, the distance between CNT layers is 0.34 nm,
which coincides with the distance between the layers in crystalline graphite. As a rule, both ends of a CNT have
hemispheres the so-called “caps”, which include pentagons in addition to hexagons, thus making them similar to a
half of the fullerene molecule [221, 224]. It is possible to open CNT ends by strong oxidizing agents such as nitric
and perchloric acids, or ozone, which open access for various substances to the internal cavity for creating transport systems [237–249]. Methods for CNT size “calibration”using ultracentrifugation, dialysis, and “cutting” them to
achieve the desired length have been developed. The synthesized CNTs also have foreign inclusions, including amorphous carbon, graphite and fullerenes. To remove impurities from CNT, technologies for their purification have been
developed [235, 236]. By analogy with fullerenes, CNT functionalization can be divided into external and internal.
In addition, the non-covalent and covalent types of functionalization are distinguished. Functionalization of the first
type is, e.g., CNT surface coating with surfactants, polymers, lipids, etc. The second type includes the reactions of
cycloaddition and oxidation under the influence of strong acids, which allow the CNT surface functionalization by
carboxyl groups.
The biomedical aspect of nanodiamond use can also be considered [250–260]. The nanodispersed diamonds (or
nanodiamonds) were obtained for the first time in in the USSR in the 1960s [261], but the widespread interest in the research of this material arose in the 1990s due to several factors. Among them are the appearance of relatively affordable
technologies for nanodiamond production, the use of nanodiamonds as quantum dots instead of toxic semiconductor
materials, the development of nanoscale magnetic sensors based on nanodiamonds and some others [254, 262]. The
methods of nanodiamond production, like those for producing a number of other superhard materials, are based on
the shock compression of the source material. As a rule, the blasting of an explosive creates a shock wave, which
makes it possible to achieve the pressure required for the nanodiamond crystal formation. Such synthesis conditions
are called dynamic. The chamber in which the shock wave is created can be filled with an inert gas or liquid as a
coolant hence, dry and wet synthesis methods exist, respectively. Both the explosive itself and graphite can serve
as sources of carbon for the synthesis of nanodiamonds. The characteristic size of diamond crystals obtained by the
above-described synthesis methods ranges from a few to tens of nm, and the crystals can also exist in the form of aggregates [264, 265] Methods for disaggregating the obtained material are available [266–269]. In addition to dynamic
synthesis, the research on the synthesis under static conditions is underway The composition of impurities in the case
with the detonation production method includes carbon in the form of graphite and non-combustible impurities (metals
and oxides) [254, 261]. The areas of nanodiamonds application are determined by their inherent outstanding qualities,
both characteristic of diamonds in general and specific to nanodiamonds. Such properties as exceptional hardness,
the Young’s modulus, specific optical properties, biocompatibility, chemical stability, and fluorescence ability make
nanodiamonds a promising material for biomedical applications [250–263]. Among the possible areas of biomedical
application is the use as a matrix for tissue engineering, creation of implants and, in particular, bioactive substances
targeted delivery [250, 251, 253, 255, 259]. The latter is possible due to the ability of many bioactive substances (proteins, antibodies, nucleic acids, drugs) to bind to the surface of nanodiamonds [253–256, 259, 260, 263]. The use of
nanodiamonds as a material for tissue engineering is possible due to their ability to bind to the cell surface, and in
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this context studies are being conducted on the use of nanodiamonds as a means of cell delivery for cell therapy, in
particular, for bone tissue regeneration [258, 270].
2.5.

Features of active drug delivery systems

Active methods of drug delivery to biological targets include, among others, the impact of physical factors on
the transported nominal units. These factors include, first of all, the magnetic and electric fields, which implies the
creation of a means of delivery with relevant physical properties. The creation of units transported under the influence
of a magnetic field is associated with the conjugation of bioactive substances and ferromagnetic particles at the nanoand micro levels. Associates may also include the above-mentioned protective shells in this case, too. The use of
the magnetic phase-based associates should ensure not only targeted drug delivery to the correct location in the body,
but also the subsequent safe removal of solid particles from it. This technique requires the use of magnetic fields of
sufficiently high intensity. As is noted above, magnetic particles can be used for magnetic hyperthermia simultaneously
with the delivery of drugs.
Electric field-assisted delivery (electrophoresis, iontophoresis) is acceptable for substances that form charged
units at the level of ions or colloidal particles. It is well known that a fairly wide range of bioactive substances and
drugs can be delivered to the body iontophoretically, including transcutaneous delivery. Such a delivery option significantly increases its efficiency and does not require the application of high intensity electric fields. Actually, the
effect of iontophoresis on the skin increases its permeability to bioactive substances. In a number of cases, iontophoresis can be carried out directly for the drugs that form ions and amphiphilic molecules in solutions. Such substances
include various groups of drugs transported either to the cathode or anode, namely antibiotics, vitamins, alkaloids,
anti-inflammatory, antihistaminic and cardiotropic agents, analgesics, hormonal preparations, etc. Iontophoretic delivery of bioactive formulations is also possible when they associate with electrically charged effective transport units.
Naturally, in this situation, it is advantageous to have a non-toxic transport units that can be easily removed from
the body after performing their function. These carriers include biodegradable ones (e.g., due to natural metabolic
processes), and biocompatible ones, especially those that have their own positive effects on the body. The considered options of iontophoretic drug delivery to the internal organs and lesion foci envisage their preliminary injection
(including intracavitary) and external electrodes imposition on the corresponding zone. In view of the above-said,
nanoscale systems have significant advantages.
3.

Features of skin as a transport medium; transcutaneous transport models

Skin is a very complex biological object that includes many heterogeneous layers that differ in mechanical and
physico-chemical properties. The aforementioned layers contain polar (water, inorganic salts), non-polar (lipids, etc.)
and amphiphilic (phospholipids, proteins) components. Skin consists of several types of cells which, in addition,
are found at different stages of development (keratinization). In addition skin also has pores, hair follicles, blood
vessels, and nerves [271–273]. The blood vessels in the skin are arranged as several plexuses found at different
depths. There are superficial and deep arterial plexuses and two superficial venous ones. The deep subcutaneous
arterial network is located at the subcutaneous fatty tissue and dermis boundary. The superficial (subpapillary) arterial
network is located at the base of the papillary layer. Blood is evacuated from the skin capillary network by the
papillary venous plexuses and the deep venous plexus, which is located between the dermis and hypodermic tissue
[271–275]. Depending on the nature of the transported substance (hydrophilic, lipophilic), different transfer paths
predominate. In particular, the question about the main route of substance transfer through the stratum corneum
remains controversial [276–278]. Besides, a number of factors, such as skin moisture, lesions, chemical effects, pH,
ultrasound, and electric field affect the parameters of transcutaneous transfer [279–287]. All this makes it quite difficult
to create an adequate model of transcutaneous substance transfer. Since a model is a simplified representation of a real
object, it is important to identify the most relevant skin properties from the point of view of transcutaneous substance
transfer. Skin models are conventionally divided into macroscopic and microscopic ones (Table 1). The macroscopic
models do not explicitly reflect the specificity of the skin microscopic structure, cell layers geometry, the presence and
size of pores, etc. The skin is regarded as a single or multilayer membrane, which is characterized by the corresponding
macroscopic parameters (diffusion coefficient, etc.). The microscopic models in turn provide a certain degree of
detail when they take into account the skin structure at the micro level (the scale of cell layers and individual cells).
Depending on the process type, the substance transfer models are divided into stationary and transitional ones. The
stationary models describe a steady process with unchanging concentration profiles of transported substances in the
skin, transcutaneous concentration gradients and other parameters of the simulated process. The transitional models
characterize the non-stationary processes. One-dimensional (1D), two-dimensional (2D) and three-dimensional (3D)
models of transcutaneous transport are distinguished. Their choice is mainly determined by such specific features of
the problem as the geometric dimensions of the substance source and, in the case of iontophoresis, of the electrodes,
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thickness and transverse dimensions of the skin, direction of concentration gradients and of the electric field. In
the case when the transverse dimensions of the substance source significantly exceed skin (membrane) thickness,
concentration and electric field gradients are directed perpendicular to the skin surface and all spatial parameters
depend only on the coordinate perpendicular to skin surface, the problem can be regarded as one-dimensional. In a
number of other cases, two-dimensional models are used, and in certain situations the use of three-dimensional models
can be justified. In addition, transcutaneous substance transfer can be enhanced by additional external influences
(iontophoresis, phonophoresis, etc.) [286, 287].
TABLE 1. Transcutaneous transfer models

3.1.

Account of skin structure

Macroscopic

Microscopic

Process type

Stationary

Transitional

Additional impacts

Passive transfer

Iontophoresis, phonophoresis, etc

Simplified models of passive transcutaneous transfer

In [288], passive transport models are considered as the most simple case of transcutaneous transport. Conventionally, the four most significant processes (Fig. 1) that determine passive transcutaneous substance transfer can be
named:
1. Molecular diffusion. The driving force of this process at a specified pressure and temperature is the difference
in chemical concentration gradient of the transported substance at the opposite skin boundaries.
2. Separation. According to the Nernst’s distribution law the dissolved substance distribution in two practically
immiscible phases reaches in some time a value that is characteristic for each dissolved substance and solvent.
3. Metabolism and phase transitions. Examples of such processes are the dissolution, evaporation, cell metabolism
and substance removal into the systemic circulation.
4. Adsorption and absorption. Many similar processes can occur in the skin. The binding of a number of substances with proteins (keratin, etc.) can serve as an example.
All the above processes follow the law of mass conservation, which is mathematically expressed by the following
equation:
∂C
+ divJ~ = π,
∂t
where C is the substance concentration t is time J is the substance flow and π is the sum of substance sources and
sinks.
Diffusion, the first process, is usually described by the first Fick’s equation, according to which a substance flow
is proportional to its concentration gradient.
J = −D∇C where C is the substance concentration, J is the substance flow, D is the coefficient of the given
substance diffusion in the given medium.
In a particular case when the area under consideration has no sources and sinks of the substance, i.e., when π = 0,
∂C
+ divJ~ = 0
∂t
and, therefore:
∂C
+ ∇ · [−D∇C] = 0.
∂t
The stationary regime can be achieved at constant conditions and only after some time, which is h2 /6D for the
diffusion through a homogeneous membrane, where h is the membrane thickness and D is the diffusion coefficient
[279, 287–292]. When several phases are available, as in the case with the transcutaneous substance transfer, the
second process, that is, separation should be taken into account. This process is characterized by equilibrium at the
boundary of two phases:
KA/B CB = CA where KA/B is the separation coefficient CA is the substance concentration at the A phase
boundary, and CB is the substance concentration at the B phase boundary.
Metabolism and removal from the system (the third process) are taken into account in term π. If only the processes
the rate of which linearly depends on the substance concentration π = q − kC occur in the system, then:
∂C
+ ∇ · [−D∇C] + kC = q,
∂t
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where k is the process rate constant, which characterizes the amount of substance removed from the system or added
into the system per unit of time, and the term q unites sources and sinks that do not depend on the substance concentration. Equations of this type form a system of equations for several substances undergoing mutual transformations.
If there are only two substances, then:
∂ 0
0 0
0 0
1 1
C + ∆ · [−DA
CA ] = −kA
C A + kA
CA ,
∂t A
∂ 1
1 1
0 0
1 1
C + ∆ · [−DA
CA ] = −kA
C A − kA
CA .
∂t A

(1)

F IG . 1. Diagram of the processes occurring in the skin during the transcutaneous drug administration (based on the diagram from [288])
0
In this case, both types of particles are transferred by diffusion, however diffusion coefficients are different: DA
1
0
1
and DA
. The constants kA
and kA
describe the transformations between the two components. This description of
0
1
the process is very similar to that of the fourth process, i.e., binding, if CA
and CA
denote concentrations of free and
1
bound substances, respectively. Usually the bound particles are believed to be immobile, that is, DA
= 0. It is a
reversible adsorption process, the equilibrium condition of which is specified as:
0 0
1 1
kA
CA = kA
CA .

(2)

The process is irreversible in the case when any of the constants becomes zero. It should be noted that the above
diagram is a simplified one
In order to obtain a linear system of equations, it is necessary to accept several more simplifications. In particular,
the role of the binding agent in the binding process is neglected. It is believed that the binding agent is present in
excess and its capacity is not limited. Equations (1) describe the general case of binding. In the case of slow binding,
0
1
the kA
and kA
constants are small and the binding can serve as a limiting stage of the transfer process. In the case of
fast binding, the rate constants are large, which makes it possible to further simplify the system. In this case, equations
(1) are replaced respectively by equation (2) and the following equation:



1
kA
∂
0
1 0
1 + 0 CA + ∇ · [−DA
CA ] = 0.
∂t
kA
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The description of the processes will not be complete without defining the initial and boundary conditions. Their
choice significantly depends on the particular situation. The most frequently accepted initial condition is the absence
of a substance in the membrane, i.e., C(0, x) = 0 for all x points within the membrane. The ideal sink condition
is represented as C(t, x) = Csink = 0 for any time instant t and for all points x that are in contact with the ideal
sink [277, 288, 293].

F IG . 2. Levels of detail in transcutaneous transfer models (based on the diagram from [288])
Different levels of skin description can be considered (Fig. 2).
1. Processes at the level of molecules (macromolecules) (1–10 nm), i.e. lipid bilayer level.
2. Processes at the subcellular (0.1 µm) or cellular (1–10 µm) level.
3. Processes at the membrane level (0.1–1 mm), i.e. analysis of the amount of substance that has reached a certain
depth in experiments with a diffusion cell.
4. Processes at the compartment/organism level, i.e. the amount of substance that has passed through the membrane in experiments with a diffusion cell or into the body in in vivo experiments. Skin layers, as well as the substance
source and sink that are seen as peculiar reservoirs are considered as compartments.
The models that describe the transfer process at the 3rd and 4th levels are called macroscopic. They describe the
substance source and the skin as a sequence of homogeneous membrane layers (e.g., the substance source/ epidermis/
dermis) through which diffusion occurs. The parameters used in such models are averaged for the corresponding
volume (layer, tissue, compartment). The description of the transfer process at the 1st and 2nd levels is done by
microscopic models [288].
Thus, it is possible to identify the main classification parameters for the transcutaneous substance transfer models
(Table 2). A separate subclass of macroscopic models is represented by pharmacokinetic (compartmental) models
[294–296]. The transported substance concentration within one compartment is considered to be uniform throughout
its volume. A simple 4 compartment pharmacokinetic model (Fig. 3) was considered as an example in [295] and
included the drug source (on the skin surface), the stratum corneum, the viable skin layers, and blood vessels. In this
case, each compartment is characterized by two parameters: the substance concentration and its volume. Each stage
of the transfer process is characterized by the corresponding first-order rate constant (k1 , k2 , k3 , k4 ).
TABLE 2. Main classification parameters for the transport models
Scale of detail

Macroscopic

Microscopic

Process type

Stationary (established)

Non-stationary (transition)

Dimension

1D

2D

Additional acting forces

Absent

Electrophoresis, phonophoresis, etc

3D

The k1 constant characterizes the drug absorption stage. It is supposed that its value is determined by diffusion
through the stratum corneum and the numerical estimate for k1 can be obtained from the relation DSC /h2SC , where
DSC is the coefficient of drug diffusion in the stratum corneum with hSC thickness. Experimentally, the value of the
k1 constant can be estimated in in vitro diffusion experiments on an isolated stratum corneum, including the use of
labeled molecules (radioactive, fluorescent labels). The rate constant k2 characterizes the drug penetration through
the skin layers following the stratum corneum, i.e., the viable epidermis layers that contain more water and the dermis
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F IG . 3. Compartments in a simple transcutaneous transfer pharmacokinetic model (based on the
diagram from [295])
upper part. Its value, by analogy with the k1 constant, is also associated with the diffusion coefficient related to
the square of the diffusion path length, that is DV ED /h2V ED , where DV ED is the diffusion coefficient in the viable
epidermis and dermis, and hV ED is the considered skin layer thickness The rate constant k3 is necessary for taking
the effect of accumulation in the epidermis into account; its values are essential for drugs with high lipophilicity
(greater affinity for the hydrophobic stratum corneum than for the deeper hydrophilic skin layers). In this model, the
drug concentration in the subcutaneous capillaries and the systemic circulation are considered to be the same, so the
rate constant k4 is actually the rate constant of the drug removal from the body. In this formulation, the problem is
described by a system of ordinary first order differential equations:
dC1
dt
dC2
dt
dC3
dt
dC4
dt

= −k1 C1 ,
V1
V3
k1 C1 − k2 C2 + k3 C3 ,
V2
V2
V2
=
k2 C2 − (k3 + k4 )C3 ,
V3
V3
=
k4 C3 ,
V4
=

where Vi and Ci are the ith compartment volume and drug concentration in it, respectively. The system can be solved
analytically; the concentrations in each compartment can be expressed as functions of time [294, 295].
3.2.

Improved models of transcutaneous transport

An example of a more complex approach is the hybrid diffusion/pharmacokinetic model suggested in [297] The
model diffusion medium is represented by two skin layers; in addition there are two separate areas (compartments)
described pharmacokinetically, i.e., the central and peripheral vessels. This model also takes into account binding
processes and drug metabolism in the skin. This model is schematically represented in Fig. 4. The introduced drug
concentration at the surface of the epidermis stratum corneum is considered constant.
Though the real skin structure is multi-layered, this model treats it as if it consists of two layers. Such a simplification is deemed acceptable, in particular, on the basis of the data presented in [295,296]. It can be then concluded that
the epidermis stratum corneum and viable epidermis differ significantly from each other in properties that determine
drug distribution. At the same time, the differences in drug distribution between the viable epidermis and dermis are
not significant. Thus, it is possible to distinguish two layers: the first includes the epidermis stratum corneum (SC),
the second includes the layers of viable epidermis and dermis (usually referred to as VS (from viable skin) or VED
(from viable epidermis + dermis). Let’s consider the processes taken into account in this model in more detail. The
introduced drug undergoes separation at the stratum corneum outer boundary and penetrates into it. It can also become partially bound in the stratum corneum. The binding process in the framework of this approach is described by
a double sorption model based on the Langmuir isotherm [298–301]. Furthermore, the drug undergoes separation at
the stratum corneum/viable skin boundary. Metabolic processes take place in the viable skin. The A → B → C transformation sequence is accepted in the considered model. As a rule, enzyme reactions follow the Michaelis-Menten
kinetics, and simple competitive inhibition is also taken into account. B and C metabolites produced in the viable skin
diffuse both into the receiving compartment (into the bloodstream) and back into the stratum corneum; this process
is described by the first Fick’s equation. In general, the rate of reverse diffusion back into the stratum corneum is
rather low due to the low diffusion coefficient in the stratum corneum. However, the reverse diffusion is still taken
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F IG . 4. Compartments in the hybrid diffusion/pharmacokinetic transcutaneous transfer model
(based on the diagram from [288])
into account, since it is the stratum corneum that largely determines the drug accumulation in the skin. The drugs that
have passed through the viable skin get into such compartments as the bloodstream and tissues. The considered model
uses two compartments, and the kinetics of drugs removal from the body is described by the first-order equations. The
mass balance of A, B and C metabolites in the skin is described by a system of differential equations:




pa
∂
∂Ca
Ma Ca
∂Ca
1+
=
D
−
,
(3)
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2
(1 + qa Ca )
∂t
∂x
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1+
b
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∂
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∂Cc

=
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+
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.
(5)
Ca
(1 + qc Cc )2
∂t
∂x
∂x
1+
Bb + C b
Ki
Here p and q are the binding rate constants from the double sorption model, C is the substance concentration in
the skin, t is time, x is the spatial coordinate, D is the diffusion coefficient, M and B are the Michaelis-Menten kinetic
parameters, and Ki is the inhibition constant.
Equations (3), (4) and (5) are applicable both to the stratum corneum (0 ≤ x ≤ h) without metabolism, and to the
viable skin (h < x ≤ H) without binding (p = q = 0). At a low substance A concentration, equations (3), (4) and (5)
can be reduced as follows:




pa
∂Ca
∂
∂Ca
1+
=
Da
− k1 C a ,
(1 + qa Ca )2
∂t
∂x
∂x




pb
∂Cb
∂
∂Cb
1+
=
D
+ k1 Ca − k2 Cb ,
b
(1 + qb Cb )2
∂t
∂x
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pc
∂Cc
∂
∂Cc
1+
=
Dc
+ k2 C b .
(1 + qc Cc )2
∂t
∂x
∂x
Here k are the enzymatic reaction rate constants in the viable skin.
In the general case, the diffusion coefficient is a function of the spatial coordinate (x), time (t) and concentration
(C) : D = f (x, t, C). However, this and most other models use the assumption that the diffusion characteristics of the
skin do not change during the experiment. Thus, the diffusion coefficient is a function of only the spatial coordinate:

 D
1i (0 ≤ x ≤ h; SC),
Di =
 D
(h < x ≤ H; V S).
2i
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In this case, the diffusion coefficient D should be considered as an effective value due to the heterogeneity of
the structure, especially of the stratum corneum. In the general case, the constants k1 and k2 of the A → B → C
enzymatic reactions rate depend on time, which can especially manifest itself in in vitro experiments. This dependence
may be associated with the processes of enzymes inactivation. In the considered model from [298], it is assumed that
the rate constant exponentially decreases with time:
ki = Zi exp(−Ai t),

i = 1, 2.

The rate of drug transfer through the skin can be expressed as:




dCi
dQ
= −Di
.
dt i
dx x=H
The amount of substance that has transited through a unit of skin area will be expressed as:


Zt 
Zt 
dCi
dQ
dt =
−Di
dt.
Qi =
dt i
dx x=H
0

0

In the two-compartment model (Fig. 4), the administered drug concentration in the blood plasma will be expressed for
the central vessels as:


d(XV1 )
dQ
=
Sa + k21 Y V2 − k12 XV1 − Ke XV1 ,
dt
dt
where X is the concentration in central vessels Y is the concentration in peripheral vessels V1 and V2 are concentrations in central and peripheral vessels, respectively Sa is the skin surface area through which the drug is administered.
For the peripheral compartment,
d(Y V2 )
= k12 XV1 − k21 Y V2 [297].
dt
The so-called QSPR (quantitative structure-permeation relationship) models are also worth mentioning. This
model class cannot be fully attributed to macroscopic or, moreover, to microscopic models. The essence of the QSPR
method is in predicting the kinetics of the transcutaneous transfer of a certain substance with a known molecular
structure. The prediction is based on statistical analysis of the experimentally determined kinetics parameters for a
number of other substances. To this end, large sets of experimental data are used, such as the Flynn’s dataset [302–304],
which includes data on the transcutaneous transport for 94 substances, and a number of other data sets [305–307]. In
recent years, this model class has received a new aid to development thanks to significant progress in the artificial
intelligence methods, in particular, in the widespread introduction of the artificial neural networks (ANN) into the
practice.
4.

Some features of biological target identification systems

The development of modern targeted drug delivery systems includes solving the problems of biochemical target
identification in the body. For instance, the so-called homing peptides [308, 309], which, while in the bloodstream and
capillaries, can selectively stick to the transformed (tumor) cell membranes. A similar property is demonstrated by
compounds of other classes, e.g., the water-soluble folic acid (B9 vitamin) and some other substances. At the same
time, the homing peptides can transport bioactive substances associated with them, or chemotherapy drugs. When
conjugation of homing peptides with quantum dots occurs, accumulation of the latter in the tumor region and its
luminescent diagnostics using primary IR radiation, as well as dynamic laser therapy become possible. There exists
a problem of quantum dot toxicity for the organism, in particular, of those based on nanoparticles of transition metal
chalcogenides. The protective shell function for toxic quantum dots with a transition layer between the chalcogenide
and peptide molecules can be performed by the above-mentioned biocompatible PEG polymer. The possibility of
targeted, homing peptide-assisted transport to and accumulation in the tumor area of magnetic particles, which further
exert therapeutic effect through hyperthermia, cannot be excluded. The presence of transport units that are mobile
in the electric field and carry drug molecules or ions does not exclude the combination of such units with homing
peptides, folic acid and other bioactive molecules with affinity to certain cell membranes. Potentially, it makes it
possible to create a drug, the transport units of which can be controlled by an electric field, as well as selectively
adhere to the transformed cells. The drugs (conjugates) that include folic acid can be absorbed together with their
contents by the cells through endocytosis.The so-called receptor-mediated endocytosis that employs various kinds of
protein vectors (hormones, enzymes, specific peptides, antibodies, glycoproteins, glycolipids, and viruses) occupies a
significant place in ongoing studies worldwide [310–323]. Drugs bind to protein vectors by molecular linkers. The
autologous blood cells, such as leukocytes and erythrocytes, are used as carriers for targeted delivery. The undoubted
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advantage of the carriers in the latter case is their complete biological compatibility, the body’s ability to utilize such
“containers”. Among the disadvantages is a relatively large volume of carriers that are not always able to penetrate
tissues to biological targets. In addition to the delivery of drugs to the cell surface, intracellular targeted drug transport
systems are being developed [324–328]. The matter is about an even more precise hitting the specified compartments
directly in cells of a certain type by the nominal transport units.
5.
5.1.

The possibilities of using nanocluster polyoxometalates for the bioactive substances delivery
The structure and properties of molybdenum-containing polyoxometalates

Molybdenum can form a large number of different compounds; it belongs to the structural elements for polyanions. The ability of oxygen-containing molybdenum compounds to condense and form nanocluster polyoxoanions is
due to its properties, such as the relatively large radius of Mo6+ cation (0.062 nm according to Pauling) [329], which
allows it to have a coordination number of 6 in oxygen-containing compounds, as well as 7 (pentagonal bipyramid of
oxygen atoms). For comparison, the Cr6+ cation with a radius of 0.052 nm [329] has a coordination number for oxygen
equal to 4. The second property that determines the ability of oxygen-containing molybdenum compounds to form
nanoclusters is that molybdenum is a good acceptor of oxygen electrons. The relatively simple oxygen-containing
molybdenum compounds are, for instance, MoO3 , Mo5 O14 , and Mo17 O47 . In the last two compounds, molybdenum
is simultaneously found in two oxidation states (5+ and 6+). The behavior of oxygen-containing molybdenum ions in
solution depends on the conditions: for example, molybdic acids with the general formula of Hx Moy(6y+2x)/2 ·H2 O
dissociate in an aqueous medium in different ways, depending on the medium’s acidity. In the case of acid-type dissociation, the end product is the molybdate ion. Polymerized and protonated molybdates can be regarded as intermediate
products. Since acid-type dissociation is a reversible process, molybdate acid solutions represent a complex system of
various molybdenum ionic species. The basic-type dissociation yields molybdenyl ions.
Polyoxometalates (POM) is a class of inorganic compounds that represent by themselves multicenter anionic
groups of transition metals, which also include oxygen atoms and, quite often, some other elements. POM nanoclusters are a vast array of complex compounds, the structural blocks of which are polyoxometallate molecules.
Molybdenum is one of the elements that can form POM nanoclusters, namely polyoxomolybdates. The initial components for polyoxoanion nanoclusters are molybdate or heptamolybdate ions. These compounds are considered
as promising materials in many scientific and applied fields, in particular, as catalysts for fine organic synthesis of
the so-called templates for creating composite structures. There are indications of the possibility of POM application in biomedicine. For instance, their anti-cancer activity was reported in [330, 331], especially for the compound
[NH3 Pri]6 [Mo7 O24 ]·3H2 O (isopropyl ammonium heptamolybdate, designated as PM-8) in the examples with breast
cancer, sarcoma and adenocarcinoma. PM-8 is water soluble; its structure is preserved in aqueous solutions at pH 5–7.
POM can be isolated in the form of metal-ammonium or organometallic salts. A study on mice with tumors showed
that some POM, such as PM-8, PM-17, PM-26 and PM-32, show anti-cancer activity against human cancer. It was also
reported that [NH4 ]6 [Mo7 O24 ]·4H2 O and K6 [Mo7 O24 ]·4H2 O were found to be effective, while [NH3 Pri]Cl ineffective against mouse sarcoma. A particularly noticeable suppressionn of the sarcoma growth was demonstrated by PM-8.
According to the results the polyoxoanionic structure of Mo7 O24 is crucial for the anticancer activity [331]. From the
point of view of biomedical application, the use of POM as part of complexes based on them seems to be promising.
Reference [332] describes the creation of a number of conjugates of biological substances and organic compounds with
a POM with the Anderson structure and the formula MnMo6 O18 [(OCH2 )3 CNH2 ]3−
2 , which has a proven antitumor
effect. Among the above-mentioned organic compounds are the cholic dehydrocholic and adipic acids; cholesterol,
and diacetone-D-galactose (pretreated with succinic anhydride to obtain derivatives containing the carboxylic group).
These substances are selected from the group of identifier molecules specific to certain tissues or cells. It was demonstrated in the paper that the correct choice of ligands can ensure a synergistic effect. Thus, the best result was achieved
when a POM cluster was conjugated with cholic and dehydrocholic acids. Such conjugates demonstrated an increased
antitumor activity and selectivity in comparison with the initial cluster and ligands [332–334].
Among the most interesting types of POM nanoclusters are the spherical polyoxomolybdates with a fullerene-like
structure, which are called Keplerates. These POM were discovered by the research group of Prof Achim Müller [335].
The first obtained POM nanocluster contains 132 molybdenum atoms (Mo132 ), of which 72 have an oxidation state of
6+, and 60 of 5+. Molybdenum oxygen polyhedra that form Keplerates are octahedral configurations and pentagonal
pyramids connected by edges and tops (Fig. 5) Such compounds are stabilized by ligands (in particular, acetate groups)
and water molecules. Compounds belonging to the class of Keplerate-type POM nanoclusters attract attention both by
the uniqueness of their structure and by the relative simplicity of their synthesis [336]. Their formation occurs through
self-assembly from the initial molybdenum compounds under the conditions of medium acidity regulation and in
presence of a specified amount of reducing agent. POM show stability in weakly acidic solutions, and can be isolated
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in crystalline or amorphized state. Due to the presence of an internal cavity and pores in the structure of Keplerates,
it is possible to introduce various substances inside them, both ions and molecules [337, 338], including bioactive
substances, which makes them promising in the context of creating nanocapsules for targeted drug delivery [339].
Fig. 5 shows structure of a POM with pentavalent molybdenum replaced by iron(III) ions in the initial Mo132 cluster.
The absence of toxic Mo(V) in its structure and its electron-transport properties [340] make this compound particularly
interesting. It has the following chemical formula: [Mo72 Fe30 O252 (CH3 COO)12 {Mo2 O7 (H2 O)}2 {H2 Mo2 O8 (H2 O)}
(H2 O)91 ] ∼150H2 O and its common abbreviation is Mo72 Fe30 [341]. In dilute aqueous solutions or at an increase in
the medium pH, the POM clusters decompose over time into simpler compounds [342, 343]. Mo72 Fe30 decomposes
into compounds that are relatively harmless to the body. Toxicity studies did not reveal any significant adverse effect
of Mo72 Fe30 on the animal subjects [344]. Studies of the acute and subacute effects of Mo72 Fe30 on the functional
status of such organs of experimental animals as the liver, kidneys, and pancreas, confirmed the absence of appreciable
negative effects [345, 346]. In addition, the available experimental data on the effects of Mo72 Fe30 on liver and blood
cells [347] suggest that this nanocluster does not cause the autoimmune reaction of lymphocytes to hepatocytes. POM
and products of their destruction showed no prolonged accumulation in the body.

F IG . 5. Schematic representation of the POM Mo72 Fe30 structure (adapted from [353])
The positions of some oxygen polyhedra belonging to iron ions are shown by arrows (such polyhedra are highlighted yellow in the electronic version of the paper) One of the above-mentioned octahedra is located directly in the
center of the structure.
In aqueous solutions Mo72 Fe30 is known to exhibit the properties of a weak acid, that is, it partially dissociates
to form negatively charged polyanions with the maximum charge of 22- [348]. Since the Mo72 Fe30 nanocluster
exists in solution in the ionized form, its movement can be controlled by means of an electric field, and therefore, its
introduction into the body by iontophoresis is possible. For instance, in vitro and in vivo experiments (on rats) have
demonstrated that Mo72 Fe30 is transferred through the skin under the action of an electric field of the corresponding
polarity more rapidly than during passive transfer [349–351]. The electrophoretic (iontophoretic) drug administration
method has several advantages compared with injection methods of administration, e.g., non-invasive nature of the
procedure, i.e., no disruption of the body’s natural barriers during the procedure; a possibility to have a predominantly
local impact, and to achieve a prolonged action due to the creation of a drug depot in tissues, etc. A weakness of
the method is the significantly limited rate of drug administration compared with the injection methods. The results
of studies on the possibility of using Mo72 Fe30 for transporting bioactive substances are given below. It should be
noted that the organic part of the molecules in the considered POM does not contain toxic components, while iron
and molybdenum are essential microelements that are necessary for the body as components of the vitamin-mineral
complexes involved in the blood production, enzymatic reactions and other important biological processes [352].
5.2.

Transport characteristics of polyoxometalates: modeling and experimental study

The first data on the transport properties of POM Mo72 Fe30 and Mo132 were obtained with regard to their pure
aqueous solutions, in particular, in the case of capillary electrophoresis. The diffusion coefficient for Mo132 and
Mo72 Fe30 ions in water was 1.8·10−7 cm2 /s (at a concentration of 4·10−4 mol/l) and 7.3·10−7 cm2 /s (10−5 mol/l), respectively [342, 354]. The magnitude of the electrical mobility of these ions was similar and amounted to
6.4·10−8 m2 /V·s. The reference [340] offers data on the specific and ionic conductivities of the considered POM
solutions; the values of ionic conductivity at infinite dilution for Mo72 Fe30 and Mo132 were 6 and 14 S·m2 mol−1 ,
respectively. The number of POM polyanion transfers in aqueous solutions is estimated at 10–20%. The obtained
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data showed ion mobility to be sufficient for transport purposes. This made it possible to proceed to the next stage of
research, i.e., the study of the POM transcutaneous electrical transport.
POM anions transcutaneous transport was modeled in vitro using native skin samples and also studied in vivo
[339, 349]. The obtained data made it possible to evaluate the diffusion coefficient for Mo72 Fe30 through the studied
membrane; the average value of which was 1.8±0.2·10−11 cm2 /s, and the calculated electrical mobility was found to
be 5.5·10−10 m2 /(V·s). Under the action of an electric field, the diffusion flux of Keplerate ions through the dermal
membrane increased, at least by an order of magnitude, and was quite acceptable for practical use. In contrast to the
above-described experiments, which showed the absence of long-term accumulation of POM in organs and tissues after
intravenous, intramuscular, or oral administration, transcutaneous transport experiments resulted in temporary drug
accumuation in the skin, which was confirmed by the analysis of skin thin sections obtained after POM electrophoresis
and sample freezing in liquid nitrogen [355]. The analysis (Fig. 6) was performed by the X-ray fluorescence method.
The content of iron, reflecting the concentration of POM after the electric transport of Mo72 Fe30 , was significantly
higher than in the intact sample. The POM content in the skin has its maximum, which confirms the possibility of
accumulation [351], localized in the region preceding the zone of the maximally dense capillary network (Fig. 6),
through which the enhanced POM outflow into the circulatory system is possible. The difference in absolute values of
POM concentration in two parallel experiments may be due to the individual characteristics of the biological objects,
i.e., of the native membranes taken for the experiments. The relatively low POM concentration in the skin’s upper
layers is determined by the fact that the epidermis that contains little water, does not accumulate, as a rule, the injected
substances that travel through its pores.

F IG . 6. The distribution of iron, a POM component, within skin depth [355]
After confirming the principal possibility to transport Keplerates electrophoretically through the isolated skin,
their diffusion was investigated in an in vivo experiment [349]. Of interest are the results indicating an increase in
the ability of POM to penetrate the skin during iontophoresis when they are components of some ointments used
to increase skin permeability. For instance, the content of POM components in the blood plasma increased about
three-fold 1 hour after the procedure that used a silicone-based ointment (gel), while the silicon-titanium-containing
glycerogel did not yield such an effect.
Experiments were conducted to select the parameters of iontophoretic procedures, and the current-voltage characteristic of the electrode system [355] (Fig. 7) was obtained, when lead or lead-tin alloy electrodes were separated
directly by the native skin membrane. Upon reaching the applied voltage of 4 V, the current reached its maximum
and then dropped due to the anodic passivation of the electrode material. That is why 4 V was chosen as the optimal
operating voltage. The study of polarization phenomena on the skin membrane has shown that they are capable of
reducing the effective value of the electric field acting on the transported ions. The potential difference was measured
in the original cell on different sides of the membrane using additional electrodes placed in close proximity to the
skin, with a voltage of 4 V applied to the working electrodes (Fig. 8). The cathode part of the cell was filled with the
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Mo72 Fe30 solution (0.5 g/l, or 2.68−5 M). In presence of pure water on the anode side of the membrane, polarization of the initial concentration occurred and counteracted the applied field, however it gradually decreased with the
penetration of a part of ions across the membrane. This case models electric transport into such media of the body
where the dissolved ions concentration is low. When the anode space of the cell contained cattle blood serum, then
such polarization did not occur initially due to the presence of ions with different signs in it, like in the electrolyte, but
increased as the electrophoresis proceeded, because POM anions are much less mobile than, e.g., metal cations found
in the serum. The local maximum on this curve may be due to the accumulation and release from the membrane of
a component of a complex system that contains biological materials. The obtained data can be used when modeling
processes and calculating the parameters of electrotransport in native membranes.

F IG . 7. Volt-ampere characteristic of the electrodes/skin membrane system [355]

F IG . 8. Skin membrane polarization with water or blood serum in the anode space, with the field
on and off [355]
The correctness of parameter choice for the iontophoretic effect was verified in [349] using the level of glucose
in the blood of animals as a non-specific indicator of a stressful situation. The level of glucose did not increase
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during iontophoresis in comparison with this indicator in intact animals (Table 3), which means that they did not
experience strong discomfort. The experiment did not detect significant changes in the indicators characterizing the
functional state of the heart, liver, kidneys and pancreas, which indicates the absence of a pronounced toxic effect
from this method of POM administration. The Mo72 Fe30 concentration in the iontophoretic solution was 1 mg/ml.
The molybdenum and iron content determined in plasma and skin are presented in Table 4. The introduction of POM
by iontophoresis contributed to an increase in the molybdenum content in the blood by almost 8 times, and by 4.2
times in the skin, thus indicating effectiveness of the technique and the possibility of POM transport into the body in
vivo.
TABLE 3. Animal blood plasma biochemical indicators 1 hour after a single iontophoretic introduction of the iron-molybdenum POM
Group of animals

Indicator

Intact

After iontophoresis

Glucose, mmol/l

6.9±0.1

6.7±1.0

AST, U/l

13.2±0.7

13.5±1.2

ALT, U/l

9.1±0.5

11.3±1.2

AST/ALT

1.46±0.10

1.22±0.18

Alkaline phosphatase, U/l

50.4±3.0

51.2±7.1

Alpha-amylase, mg/s·l

29.7±2.9

33.9±6.5

Total protein, g/l

72.0±2.7

71.4±1.5

Creatinine, µmol/l

65.8±6.2

57.3±1.2

AST – aspartate aminotransferase;
ALT - alanine aminotransferase

TABLE 4. Mo and Fe content in the skin and blood plasma before and after iontophoretic introduction of the iron-molybdenum POM

Group
1 – intact

Mo, µg/l

Fe, µg/l

Skin

Plasma

Skin

Plasma

2.3±1.0

11.6±2.9

30.0±0.1

73.3±0.1

2 – electrophoresis 9.7±1.*

89.3±0.3* 208.0±0.7*

53.5±0.3*

* – differences from the intact group are significant with the error probability P < 0.05
The in vivo experiments have shown the possibility of iontophoretic transfer of ionic Mo72 Fe30 associates with
lanthanum [350], when the positively recharged complexes moved to the cathode instead of anode. The observed
simultaneous increase in concentration in the skin of all three elements (iron, molybdenum, lanthanum) during the
transport from the anode to cathode is possible only if the associate is transferred as a whole. The absence of a
significant increase in the molybdenum and iron concentration in the muscle tissues immediately after iontophoresis,
as well as the oppositely directed change in the content of these elements in the deep muscles one hour after the
procedure, along with an increased content of lanthanum there, suggest that the transferred ion species dissociates
after passing through the skin barrier and its components get carried away by the bloodstream. In this case, the POMtransferred drug should be released in the area adjacent to the electrophoresis area. It is important to note that the
lanthanum/molybdenum mass ratio determined in the obtained keplerate-lanthanum associate, is about 0.8. The value
of this indicator in the skin of animals immediately after iontophoresis, taking into account the content of elements in
the skin of intact animals, is about 0.79, which almost coincides with the original value.
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The Mo72 Fe30 transfer through the skin was theoretically modeled in [351]. The basic initial data for modeling the
POM transfer process were taken from the results of experiments from [349] performed in the absence of a difference
in potentials and with the application of an electric field, which show an increase in the POM concentration during the
observation time (45 minutes). According to the data obtained without the electric field application, the coefficient of
the POM diffusion through the studied membrane was estimated by the formula:
∆m ∆x
·
,
D=
S · ∆t ∆c
where ∆x is the membrane thickness, ∆c is the difference in Keplerates (POM) concentrations in the upper and
lower solutions, and ∆t is time period. The time-averaged value of the coefficient of POM diffusion through the
skin membrane (1.77±0.20) 10−11 m2 /s was obtained and further used in numerical calculations using the proposed
model. Experiments involving the electric field action also made it possible to estimate the POM electric mobility.
A model of the POM transfer through the skin membrane as a porous medium was considered. The model of a
porous medium employed the expressions for the diffusion (D index) and external electric flows (E index), which take
into account their mutual influence:
∂ϕ
∂c(x)
∂ϕ
dc
− µc(x) , JE = −α
−γ
,
(6)
JD = −D
dx
∂x
∂x
∂x
where c(x) is the diffusing particles concentration ([c]=mol/m3 ), D is the free diffusion coefficient ([c]=mol/m3 ), α is
the unknown coefficient that further requires determination ([α]=A·m2 /mol), γ is the medium electrical conductivity
coefficient ([γ]=1/m·Ohm), µ = qi D/RT0 (the Nernst-Einstein relation), a quantity characterizing particle mobility
in an electric field ([µ]=A·m2 /J), R is the universal gas constant ([R]=J/K·mol), and T0 is the absolute temperature.
When deriving the equation and performing calculations, the dependence of the electrical conductivity (γ) on the POM
concentration (c) was taken into account. The experimental value of µ was 1.50·10−8 m2 /(V·s). It was established
that under the action of an electric field, the diffusion flux of POM ions through the skin membrane increased at least
by an order of magnitude, as is already indicated above. According to the Onsager’s principle of cross-coefficients
symmetry, α = µRT0 . Using the thermodynamic approach [356, 357], a differential equation was obtained for the
POM concentration in the membrane:
 2  
∂c
∂2c
c
∂c ∂ϕ
∂ϕ
∂γ
=D 2 +µ
+
.
(7)
∂t
∂x
∂x ∂x
RT0 ∂x
∂c
The derived equation shows that there is a weak spatial heterogeneity of the concentration gradient in relation
to the total POM concentration in the membrane. This one-dimensional diffusion equation was used in numerical
calculations, taking into account the initial and boundary conditions, as well as the dependence of the specific electrical
conductivity of the membrane on the concentration. This equation describes the POM diffusion, taking into account
the influence of the electric field ϕ. To solve the equation (7) numerically, the following basic assumptions were used.
The direct POM accumulation can occur only in the epidermis, since the dermis and papillary layer are permeated by a
large number of blood vessels that contribute to the spreading throughout the body of the particles, which have passed
through the upper layers of the skin. Therefore, the POM concentration at the lower boundary of the skin is c(l) = 0.
Due to the relative smallness of the diffusion coefficient, it can be assumed that the concentration of the POM solution
on the outer surface of the skin is constant (i.e., c(0)=const). The numerical calculation of equation (7) was performed
using the implicit difference schemes method widely used in various fields of science [358–362].
Thus, the transcutaneous POM transfer into the body was mathematically modeled. The experiments on the POM
iontophoretic transport into animals [350] have shown that the content of molybdenum after iontophoresis in the muscle tissue layers adjacent to the skin is significantly lower than in the skin. A Keplerate accumulation is formed in
the skin, while the POM that reached its inner boundary are intensively transported away via the bloodstream. A
mathematical model of the dependence of the POM concentration distribution within the skin layer on the time and
membrane thickness was used to perform numerical calculations for the conditions when a voltage of 4 V was applied,
and the distance between electrodes was 2 cm at T0 =300 K. The experimentally estimated values of the diffusion coefficient (D=1.77·10−11 m2 /s) and of mobility (µ=1.50.10−8 m2 /V· s) were used in this case. In equation (7), the term
with the derivative (∂γ/∂c), i.e., the dependence of the specific electrical conductivity on the concentration, remained
unknown; therefore, it was set empirically as a power function γ = acb . The values calculated for the constants a
and b were found to be 1.10−14 for a, and −2.2 for b. These parameters were determined taking into account the
experimental value of the coefficient of POM diffusion through the skin membrane. Based on the calculations using equation (7), POM concentration profiles in the skin after switching the electric field on were built (Fig. 9a). A
theoretical prediction showed that POM accumulation can occur near the upper boundary of the skin layer.
An increase in the POM concentration in the membrane (Fig. 9a) over time and its drop with the advance deeper
into the skin may be due to a strong POM outflow from the inner boundary (the anode space). In this case, a sharp

336

A. A. Ostroushko, I. D. Gagarin, I. G. Danilova, I. F. Gette

F IG . 9. a) POM concentration as a function of variable x (skin thickness), which varies within the
limits [0; l] (l is the skin layer thickness, l = 1 mm): curve 1 – 50 s; 2 – 150 s; 3 – 1800 s; b)
Dependence of the POM specific electrical conductivity on the concentration (c) in the membrane [351]
increase in the POM concentration in the upper layer of the membrane already at the initial moments of time, accompanied by a decrease in electrical conductivity to the minimum values (Fig. 9b), leads to the situation when further on
the penetration of POM into the membrane proceeds due to chemical diffusion, and this fact indicates the formation
of a POM depot in the membrane.
The concentration profiles helped to determine the coefficient of POM diffusion in the skin. By using the inclination angle tangent (tan α) for the dependence of ln(C) on x2 , the diffusion coefficient D was determined according to
the formula D = 1/(4t · tan α), where t is the current time, to which the spatial concentration profile taken for evaluation corresponds. The diffusion coefficient D value of 1.5·10−11 m2 /s obtained by numerical calculations is close
to the experimental D = 1.77 · 10−11 m2 /s, which proves the adequacy of the proposed mathematical model of POM
transport in a membrane. The calculated data correlated well with the experimental concentration profiles (Fig. 6)
of POM distribution within the skin thickness, which also confirmed the conclusions made. Thus, the possibility of
intensifying the process of iontophoretic transcutaneous POM transfer is shown by an increase in the transferred flux
by an order of magnitude compared with self-diffusion. In principle, this confirms the possibility of creating an effective system for the delivery by POM of the associated bioactive substances. The created model contains the empirical
dependence of the coefficient of POM specific electrical conductivity in the membrane on the concentration, which
allows the evaluation of the membrane electrical conductivity.
The use of the technique developed in [363] demonstrates the ability of POM to increase the permeability of
cell membranes for drugs, e.g., antifolate cytostatic agents. It is important for potential use in oncology and requires
further research [364,365]. To study the influence of Mo72 Fe30 on the transport of cytostatic into the cells, Drosophila
melanogaster flies were used at the pupa and larva early and late embryogenesis stages, and aminopterin was used as
a model drug, the increased effect of which in the presence of POM indicates the potential reduction of the therapeutic
doses to be used.
5.3.

POM-based transcutaneous transport of associates

Proceeding from the results of studies on the association of POM with bioactive substances and the possibility
of organic substances retention in the internal cavity and external sphere of POM [366], experiments were conducted
and demonstrated that it is promising to use the electrophoretic (iontophoretic) transcutaneous transport of the resulting associates (conjugates). The possibility of efficient transport of the bioactive substances with POM has been
experimentally confirmed [367]. The in vitro experiments showed the electric field-stimulated transfer of Mo72 Fe30 associated with thiamine chloride as a model substance. Also, the transcutaneous transfer of the POM-associated insulin
was demonstrated; moreover, insulin retained biological activity [367], as its concentration in the trans-membrane
space was measured by enzyme immunoassay.
The described experiments yielded an estimate of the effective coefficients of the conjugates diffusion concerning
thiamine and POM, which were 6.79·10−12 and 1.04·10−11 m2 /s, respectively. For pure POM, the values of D in
these conditions ranged from 1.02·10−11 to 2.14·10−11 m2 /s (the spread of D values may be due to the individual
characteristics of skin samples obtained from different animals). However, in general, the coefficient of Mo72 Fe30
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diffusion in the presence of thiamine chloride does not differ much from D of pure POM. To calculate the value of D,
some approximations were assumed for a single-layer homogeneous membrane. The electric field inside the membrane
was considered uniform. The potential difference applied to the electrodes and the distance between the contacts
allowed estimation of the field intensity. The diffusing particle concentration in the initial solution was considered
constant. The concentration in the trans-membrane solution was assumed to be zero. In such an approximation,
the process of electrodiffusion of the charged particles (in particular, of POM particles) obeys the Nernst–Planck
equation [351]. The Nernst-Planck equation was solved numerically.
The results of in vitro iontophoretic experiments that were performed at room temperature and involved Mo72 Fe30
associates with polyvinylpyrrolidone in a 160:1 molar ratio between the polymer monomolecular units number and
POM showed a possibility of their transport through the skin. Estimates of the increase in the concentration of associate
components (molybdenum and iron) in the anode space over time (the maximum duration of each experiment was
45 min) made possible the determination of the effective diffusion coefficient D for POM. The estimated diffusion
coefficient value was 7.34·10−13 m2 /s in the experiments The reduced mobility of associates in the skin as compared to
pure POM is due not only to the increase in the size of formations (aggregates). It may be assumed that it was mainly
caused by the fairly active interaction of the polymeric shell with the protein components contained in, e.g., cell
membranes, and, apparently, with the phospholipid part of these membranes with the outward-facing polar moieties.
Fairly strong interaction between polyvinylpyrrolidone and proteins was shown in particular in [368], and also there
were indications of the interaction of other water-soluble polymers with molecules in the media of the body [369]. On
the other hand, the formation of POM Mo72 Fe30 associates with polyvinylpyrrolidone is thermodynamically beneficial
[370], as is noted above. These two factors seem to contribute to the slowing down of the POM associate movement
in the skin and creation of a depot. In this relation it should be noted that a significant role in the transport and
conjugation properties of both nanoscale particles in general and POM in the body’s media is played by their ability
to form associates with proteins [371–377]. Proteins form a peculiar crown on the nanoscale particles, which largely
determine the behavior of the latter in the body, their interaction with albumins, globulins and other proteins in the
blood serum, in particular, POM stabilization [372].
6.

Conclusion

An analysis of the information available in the literature taking into account the historical aspect of the development of fundamental and applied research in the field of targeted drug delivery, permits one to draw the following
conclusions. The development of modern means of targeted delivery follows the way of creating hybrid nanocompositions, including those that contain organic and inorganic components. The hybrid systems can combine the functions
of diagnosis and treatment of the affected organs and tissues. They include components that serve to identify biological
targets, as well as to actively influence the affected areas due to the local release of drugs, or to photo- and magnetodynamic effects. Significant progress has been achieved in the use of such means of targeted delivery, including
liposomal methods. Attention is paid to exploring the possibility of expanding the practical application of the carbon
material-based therapeutic agents, such as buckyballs (fullerenes), graphene, carbon nanotubes, nanodiamonds, etc.
An important aspect of the research and practical implementation is the study of the properties of metal, oxide and
other inorganic nanosized particles, including those with magnetic, luminescent properties, which can have their own
bioactivity, as well as be used as part of diagnostics and photo- and magnetodynamic therapy methods. Technologies
for obtaining nanoscale particles with specified characteristics, adapted for the formation of nanocompositions, are being actively developed. The use of magnetic particles makes possible their delivery and localization under the action
of the corresponding fields, or magnetic hyperthermia. The systems of targeted delivery with the electrically charged
particles can be used for efficient transport, including transcutaneous, under the action of an electric field. The use
of nanocomposites in biomedicine is associated with the development of shells consisting, in particular, of polymeric
components (dendrimers, block copolymers, natural biocompatible polymers, proteins, lipids, etc.), as well as with the
inclusion of targeted delivery vectors, including intracellular (proteins, antibodies, nucleic acids, etc.). Much attention
is paid to the possibility of developing harmless biocompatible composite means of targeted delivery.
For the effective use of the above-mentioned means of transcutaneous drug transport, model representations have
been developed for predicting the delivery processes. Models for the means of transport for targeted delivery take into
account special properties of nanostructured objects and real skin as a transfer medium to a varying extent, which, in
one way or another, complicates the setting of boundary conditions and calculations using such models, but increases
reliability of calculations. The models of the means of targeted delivery transportation are continuously improving.
Nanocluster polyoxometalates, in particular those based on molybdenum compounds, possess properties that
make it possible to consider them among other means of targeted delivery. For instance, some polyoxometalates have
their own bioactivity, for example, their anticancer activity has been detected. On the other hand, there exist watersoluble polyoxometallates that are practically non-toxic to the body of warm-blooded animals and can form multiply
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charged anions that are able to associate with protein molecules, polymers and drugs. The model and experimental
studies have shown the possibility of effective transdermal iontophoretic transport of drugs as part of conjugates with
polyoxometalates. Such polyoxometalates include the iron-molybdenum compound Mo72 Fe30 with the keplerate type
structure, which has, among other things, an internal cavity and pores that link it to the environment. On the one
hand, this compound and its components do not accumulate in the body for a long time; while on the other hand,
Keplerates are capable of accumulating in the skin, which can be used for the prolonged drug action. In addition, this
polyoxometallate increases the cell membranes permeability for cytostatics (experiments were performed on insect
larvae), which, in principle, allows a reduction in the therapeutic dose of such drugs. It is of interest to further study
nanocluster polyoxomolybdates with keplerat-type structure as a basis for new promising systems for targeted delivery
of bioactive substances and actual therapeutic agents.
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[279] Schaefer H., Zesch A., Stüttgen G. Skin Permeability. Berlin, Heidelberg: Springer Berlin Heidelberg, 1982, 896 p.
[280] Kuznetsova E.G., Ryzhikova V.A., Salomatina L.A., Sevastianov V.I. Transdermal Drug Delivery and Methods to Enhance It. Russ. J.
Transplant. Artificial Organs, 2016, 18(2), P. 152–162.
[281] Asbrill C.S., El-Kattan A.F., Marchiniak B. Enchancement of transdermal drug delivery: chemical and physical approaches. Crit. Rev. Ther.
Drug Carrier Syst., 2000, 17(6), P. 612–658.
[282] Paudel K.S., Milewski M., Swadley C.L. Challenges and opportunities in dermal/transdermal delivery. Ther. Deliv., 2010, 1(1), P. 109–131.
[283] Hupfeld S., Gravem H. Transdermal therapeutic systems for drug administration. Tidsskr. Nor. Laegeforen, 2009, 129(6), P. 532–533.
[284] Sugino M., Todo H., Sugibayashi K. Skin permeation and transdermal delivery systems of drugs: history to overcome barrier function in the
stratum corneum. Yakugaku Zasshi, 2009, 129(12), P. 1453–1458.
[285] Heather Benson A.E. Transdermal Drug Delivery: Penetration Enhancement Techniques. Current Drug Deliv., 2005, 2, P. 23–33.
[286] Moskvin S.V., Minenkov A.A. The mechanism of transcutaneous drug transfer assisted by laserophoresis. Klin. Dermatol. Venerol., 2010, 5,
P. 78–83.
[287] Polat B.E., Figueroa P.L., Blankschtein D., Langer R. Transport Pathways and Enhancement Mechanisms within Localized and NonLocalized Transport Regions in Skin Treated with Low-Frequency Sonophoresis and Sodium Lauryl Sulfate. J. Pharm. Sci., 2011, 100(20),
P. 512–529.
[288] Naegel A., Heisig M., Wittum G. Detailed Modeling of Skin Penetration An Overview. Advanced Drug Delivery Reviews, 2013, 65(2),
P. 191–207.
[289] Guy R.H., Hadgraft J., Maibach H.I. A Pharmacokinetic Model for Percutaneous Absorption. International Journal of Pharmaceutics, 1982,
11(2), P. 119–129.
[290] Frasch H.F., Barbero A.M. Application of Numerical Methods for Diffusion-Based Modeling of Skin Permeation. Advanced Drug Delivery
Reviews, 2013, 65(20), P. 208–220.
[291] Mitragotri S., Anissimov Y.G., Bunge A.L., Frasch H.F., Guy R.H., Hadgraft J., Kasting G.B., Lane M.E., Roberts M.S. Mathematical
Models of Skin Permeability: An Overview. International Journal of Pharmaceutics, 2011, 418(1), P. 115–129.
[292] Anissimov Y.G., Roberts M.S. Diffusion Modeling of Percutaneous Absorption Kinetics. 1. Effects of Flow Rate, Receptor Sampling Rate,
and Viable Epidermal Resistance for a Constant Donor Concentration. Journal of Pharmaceutical Sciences, 1999, 88(11), P. 1201–1209.
[293] Lindstrom T.F., Ayres J.W. Diffusion Model for Drug Release from Suspensions II: Release to a Perfect Sink. Journal of pharmaceutical
sciences, 1977, 66(5), P. 662–668.
[294] Todo H., Oshizaka T., Kadhum W., Sugibayashi K. Mathematical Model to Predict Skin Concentration after Topical Application of Drugs.
Pharmaceutics, 2013, 5(4), P. 634–651.
[295] Guy R.H., Hadgraft J., Maibach H.I. A Pharmacokinetic Model for Percutaneous Absorption. International Journal of Pharmaceutics, 1982,
11(2), P. 119–129.
[296] Guy R.H., Hadgraft J. Transdermal Drug Delivery: A Simplified Pharmacokinetic Approach. Int. J. Pharm., 1985, 24(2–3), P. 267–274.
[297] Riegelman S. Pharmacokinetics; Pharmacokinetic Factors Affecting Epidermal Penetration and Percutaneous Absorption. Clinical Pharmacology & Therapeutics, 1974, 16(5, part 2), P. 873–883.
[298] Tojo K. Mathematical Modeling of Transdermal Drug Delivery. Journal of Chemical Engineering of Japan, 1987, 20(3), P. 300–308.
[299] Vieth W.R., Howell J.M., Hsieh J.H. Dual Sorption Theory. Journal of Membrane Science, 1976, 1, P. 177–220.
[300] Chandrasekaran S., Michaels A., Campbell P., Shaw J. Scopolamine Permation through Human Skin in Vitro. AIChE Journal, 1976, 22(5),
P. 828–832.
[301] Chandrasekaran S.K., Bayne W., Shaw J.E. Pharmacokinetics of Drug Permeation through Human Skin. Journal of pharmaceutical sciences,
1978, 67(10), P. 1370–1374.

The use of nanocluster polyoxometalates in the bioactive substance delivery systems

347

[302] Shen J., Kromidas L., Schultz T., Bhatia S. An in silico skin absorption model for fragrance materials. Food and Chemical Toxicology, 2014,
74, P. 164–176.
[303] Flynn G. Physiochemical Determinants of Skin Absorption. In Principles of route-to-route extrapolation for risk assessment / Ed. Gerrity
T.R., Henry C.J. New York: Elsevier, 1990, P. 93–127.
[304] Barratt M. Quantitative Structure-Activity Relationships for Skin Permeability. Toxicology in Vitro, 1995, 9(1), P. 27–37.
[305] Godin B., Touitou E. Transdermal Skin Delivery: Predictions for Humans from in Vivo, Ex Vivo and Animal Models. Advanced Drug
Delivery Reviews, 2007, 59(11), P. 1152–1161.
[306] Potts R.O., Guy R.H. Predicting Skin Permeability. Pharmaceutical Research, 1992, 9(5), P. 663–669.
[307] Geinoz S., Guy R.H., Testa B., Carrupt P.-A. Quantitative Structure-Permeation Relationships (QSPeRs) to Predict Skin Permeation: A
Critical Evaluation. Pharmaceutical Research, 2004, 21(1), P. 83–92.
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