Microwaves as a Skin Permeation

Enhancement Method

Hamid R. Moghimi and Azadeh Alinaghi

The skin provides a natural barrier against envi-
ronmental hazards, including permeation of
chemicals, and, therefore, many drugs cannot
permeate the skin in therapeutic amounts. To
overcome this problem, many strategies have
been developed over the years including appli-
cation of the so-called penetration enhancement
methods. These enhancement methods are clas-
sified as physical methods and chemical penetra-
tion enhancers (Williams and Barry 2004; Lu and
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Flynn 2009). The skin barrier mainly resides in its
superficial thin layer, the stratum corneum (SC).
The intercellular lamellar structure of the SC is
considered as the main pathway for permeation of
both hydrophilic and lipophilic drugs (Moghimi
et al. 1999) and also a target for most enhance-
ment methods. Besides acting on the stratum
corneum and intact viable epidermis, enhance-
ment methods are expected to affect permeation
of drugs through skin appendages as well, as was
shown by Moghimi et al. (2013) for increased
permeation of depilatory agents through hair shaft
by chemical penetration enhancers.

The development of new enhancement meth-
ods is not closed yet and new methods are being
introduced from time to time. This chapter intro-
duces microwaves as a potential physical percu-
taneous penetration enhancement method. In this
chapter, physics of microwaves, their biological
effects, their effects on biological barriers, and
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finally enhancement effects of microwaves on
different biological barriers, especially on the
skin in order to increase percutaneous absorption
of drugs, will be discussed.

10.2 Microwaves

10.2.1 Microwaves’ Physics
and Applications

Microwaves are part of electromagnetic spectrum
with frequencies ranging from 300 MHz to
300 GHz and wavelengths of 1 m to 1 mm
(Fig. 10.1). These waves are at higher frequency
end of radio waves (30 kHz-300 GHz) (Moulder
1998; Ku et al. 2002; Sorrentino and Bianchi.
2010; Mousa 2011). Therefore, radiofrequencies
used for mobile communication (450-2200 MHz)
are part of microwave range too (Mousa 2011).
However, it is worth to note that there is no spe-
cific phenomenon identifying a precise fre-
quency, and similarly, radiofrequency does not
correspond to a precise frequency range. But,
radiofrequency indicates all frequencies used in
radio technology (Sorrentino and Bianchi. 2010;
Mousa 2011). Therefore, microwaves are some-
times introduced as a separate band from radio-
frequency in the literature.

Humans have always been exposed to natural
electromagnetic radiations from different sources
such as sun and outer space and even earth (e.g.,
microwave emission from rocks during compres-
sion). Today, living systems are more than ever

Fig. 10.1 Location of
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exposed to this electromagnetic field due to rapid
technological progress (Marjanovi¢ et al. 2012).
Originally, microwaves were mainly used for
communication, as they are being used nowadays
in wireless communication technology such as
mobile phone and television. In 1950s, the use of
microwave energy to heat materials was discov-
ered, and since then, microwaves are being used
for their ability to heat materials as well. The
most common application of microwave heating
is the domestic microwave oven (Stuerga and
Loupy 2006). However, to avoid interference
with telecommunication and cellular phone fre-
quencies, heating devices must use industrial,
scientific, and medicinal frequencies (ISM), e.g.,
915 and 2450 MHz; domestic ovens and labora-
tory systems usually work at 2450 MHz
(Bradshaw et al. 1998). Microwaves have also
been studied for their therapeutic applications in
areas such as cardiology, surgery, ophthalmol-
ogy, cancer therapy, and imaging (Lin 2006; Xie
et al. 2006; Kurumi et al. 2007; Lammers et al.
2011; Toutouzas et al. 2012; Celik et al. 2013).
Microwaves provide some benefits over con-
ventional heating methods. As microwave energy
is absorbed by certain material, this technique
allows selective treatment of material during
heating process (e.g., in drying of pharmaceuti-
cals) and prevents heating of other ingredients
and containers. Uniformity of warming and
higher temperature control in microwave heating
prevent overheating of material and also decrease
solute migration during drying of pharmaceutical
solids (Aulton 2007). Other benefits of
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microwaves are rapid heating, penetration into
the core of material irrespective of thermal con-
ductivities, and higher thermal efficiency (Ku
et al. 2002; Aulton 2007). In medical treatments
such as microwave ablation, that is, tumor
destruction by heating with microwave frequen-
cies, microwaves offer many advantages over
other thermoablative technologies, including
higher intratumoral temperatures, larger tumor
ablation volumes, and faster ablation times.
Besides, microwave ablation does not require the
placement of grounding pads (Simon et al. 2005).

However, numerous reports have shown that
this nonionizing electromagnetic radiation can
act as a potential health hazard for living sys-
tems, as discussed later. These effects are pre-
sented at all levels of organism from subcellular
structures to organs and biological membranes,
including the skin barrier that is the subject of
the present chapter.

10.2.2 Interaction of Microwaves
and Matter

Microwaves are reflected by metallic objects,
absorbed by some dielectric materials, and trans-
mitted without significant absorption through
some other materials. Water, carbon, and foods
with high water content are good microwave
absorbers, whereas ceramics and most thermo-
plastic materials absorb microwaves only slightly
(Taylor and Meek 2005; Stuerga and Loupy 2006).

Electromagnetic waves are composed of dis-
crete units of energy called quanta or photons.
The energy of these photons (E), that is, a direct
function of the frequency of wave (f), can be
found from Planck’s equation (Eq. 10.1):

E=hf =hc/A (10.1)

where ¢ is the speed of light in vacuum, 4 is
Planck’s constant, and 4 is the wavelength.

The interaction of electromagnetic waves and
mater based on their energy radiated can be clas-
sified into nonionizing and ionizing. In this clas-
sification, microwaves are considered as
nonionizing radiation (Vorst et al. 2006), as dis-
cussed below.

There are a variety of charges associated with
mater: inner or core electrons tightly bound to the
nuclei, valence electrons, free or conduction elec-
trons, bound ions in crystals, and free ions in
electrolytes. The electromagnetic field can induce
oscillation of one or more types of mentioned
charges at a frequency close to the natural fre-
quency of the system. It is well known, e.g., that
y-ray or X-ray photons have energies suitable for
excitation of inner or core electrons and induce
ionization of atoms. The energy of photons by
UV radiation is sufficient to induce transition of
valence electrons of atoms. Electromagnetic
fields in the infrared range induce atomic vibra-
tion in molecules only, while microwave band
leads to rotation of polar molecules (Stuerga and
Loupy 2006; Vorst et al. 2006). The same interac-
tions are expected when human body is exposed
to electromagnetic fields.

10.2.3 Thermal and Non-thermal
Effects of Microwaves

Nonionizing radiations, including microwaves,
can produce thermal and non-thermal effects, dis-
tinguished by the relative size of wavelength ver-
sus medium. Heating is the major effect of
absorption of electromagnetic energy at frequen-
cies of 10 Hz-300 GHz that induces the motion of
charged particles and rotation of molecules, which
covers the whole range of microwave radiation
(300 MHz-300 GHz) (Challis 2005). If the tem-
perature increase is more than 1 °C, the effect is
considered a thermal effect. In such cases, radia-
tion energy and, particularly, specific absorption
rate (SAR) are high enough to heat the material
(including tissues). The thermal effects are related
to the heat generated by the absorption of micro-
wave energy by substances with suitable electronic
structure (such as small polar molecules and
water), characterized by permanent or induced
polarization (Foster and Glaser 2007). In these
cases, the electrons try to resonate according to the
radiation frequency, and the resulting molecular
frictions produce heat in the system (Aulton 2007).

Some radiations, including microwaves and
low-level radiofrequency radiation, can cause
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non-thermal effects, i.e., no obvious increase in
temperature (less than 1 °C), where the intensity
is not high enough to change the temperature sig-
nificantly. As discussed later, microwaves show
different effects on biological systems due to
their non-thermal effects, such as alteration of
conformation of macromolecules (like proteins
and enzymes), which is said to be due to direct
energy transfer from the electromagnetic field to
vibration modes of these molecules (Taylor 1981;
Porcelli et al. 1997; Laurence et al. 2000).
However, contradictory to thermal effects and
their hazards that are well documented, non-
thermal effects are not well understood and their
mechanisms are not fully explored. Non-thermal
effects can occur even at power exposure condi-
tions within the recommended safety standard
(ICNIRP 1996; Nageswari 2003).

10.3 Biological Effects
of Microwaves and Safety
Criteria

Microwaves affect biological systems mainly
through deposition of energy in the form of heat
(Foster and Glaser 2007). In addition to thermal
effects, a non-thermal mechanism does also exist.
Non-thermal effects are very important because
most common exposure is at low levels of radio-
frequency radiation, which induce non-thermal
effects (Repacholi 1998). Both effects will be
discussed here.

10.3.1 Thermal Effects of Microwaves
on Biological Systems

There are many investigations revealing that
increased temperature higher than 1-2 °C results
in several biological effects. Effects that have
been reported to be due to microwave thermal
effects are cataract formation and corneal lesion,
change in gonadal function, damage to hemato-
poietic and immune systems, suppression of
behavioral responses, and many other damages.
Different mechanisms are behind these effects
including damage to enzymes, proteins, lipids,

membrane disruption, and protein aggregation
(Daily et al. 1950, 1952; Stewart-DeHaan et al.
1983; Nageswari 2003; CSIRO 2013). Different
investigations have shown that increased tem-
perature can also affect barrier properties of bio-
logical membranes, which will be discussed in
details later.

The rate at which the electromagnetic energy
is absorbed by a tissue in the human body, and
therefore the possibility and intensity of radiation
thermal injuries, is quantified by specific absorp-
tion rate (SAR). SAR is the amount of energy
absorbed per unit mass of the tissue and depends
on intensity of the electromagnetic field, proper-
ties of the tissue, and distance from the electro-
magnetic source. SAR is expressed in watt per
kilogram (W kg™). Sensitivities of various tis-
sues are different, and usually they are greater
than 4 W kg~! (ICNIRP 1998). Most tissues need
to reach a particular temperature before thermal
injuries can occur (called critical temperature).
For example, critical lenticular temperature for
cataract is reported to be 41 °C, below which the
effect does not occur (Lipman et al. 1988). Other
factors, e.g., blood supply of the organ, can also
affect the intensity of the damage; lower blood
supply (e.g., in eyes) makes the tissues more ther-
mally vulnerable (Hyland 2000). Therefore, to
provide a large margin of safety, the standards for
SAR and intensity are set at 0.4 W kg~! and 50 W
m~2 for occupational exposure and 0.08 W kg
and 10 W m~ for public exposure (ANSI/IEEE
1992; ICNIRP 1998).

10.3.2 Non-thermal Effects
of Microwaves on Biological
Systems

Non-thermal biological effects of microwaves
are those that are not related to increased tem-
perature in the system and can occur even at
power exposure conditions within the recom-
mended safety standard (ICNIRP 1996), with no
obvious increase in body temperature (less than
1 °C). Human body can compensate for the extra
energy and keep the temperature down during
low-intensity radiation (Nageswari 2003).
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Many biological effects are attributed to
non-thermal effects of microwaves. Some of
well-known interferences are depression of
phagocytes (Mayers and Habeshaw 1973),
alteration of blood-brain barrier permeabil-
ity (Persson et al. 1997; Stam 2010), altera-
tion of cell viability (Ballardin et al. 2011),
deoxyribonucleic acid (DNA) damage (Lai and
Singh 1996; Diem et al. 2005), changes of the
activity of K* channels (Geletyuk et al. 1995),
alterations of membrane structure and func-
tion (Persson et al. 1992; Phelan et al. 1992,
1994), changes in permeability of liposomes
(Saalman et al. 1991; Ramundo-Orlando et al.
1994; Mady and Allam 2011), altered enzyme
activity (Byus et al. 1984; Allis and Sinha-
Robinson 1987; Vojisavljevic 2011), protein
structural modification (Porcelli et al. 1997,
Chinnadayyala et al. 2012), and enhancement
effect on skin penetration (Moghimi et al. 2010;
Wong and Khaizan 2013). However, in spite of
all of these reports and evidences, the existence
of non-thermal biological effects still looks
controversial and requires further investigation
(Marjanovi¢ et al. 2012).

The exact mechanism of interaction of micro-
waves at non-thermal levels with biological sys-
tems is not fully understood yet. In contrast to
thermal microwave effects in which SAR or
power density is the main factors, many other
parameters are important for non-thermal effects
(Belyaev et al. 2000, 2005). A resonance-like or
frequency-dependent interaction that has been
suggested by Frohlich (1988) might be used to
explain microwave non-thermal effects.
Accordingly, the living system might respond to
this radiation due to similarity of its oscillation
with biological endogenous rhythms and there-
fore causes oscillations of a section of mem-
brane, proteins, or DNA. Another suggested
mechanism is triggering of the heat shock or
activation of cellular stress response by altering
the conformation of proteins by a mechanism
other than heating (Daniells et al. 1998;
Laurence et al. 2000). Generation of reactive
oxygen species (ROS) is another suggested
mechanism. ROS have some beneficial effects
in cell signaling and cell proliferation. However,

when its production exceeds antioxidant defense
mechanism, ROS can lead to cellular damage
(Marjanovi¢ et al. 2012).

10.3.3 Effect of Microwave
on Biological Membranes

There are strong evidences showing that micro-
waves may alter structural and functional proper-
ties of biological membranes at subcellular level
to epithelia, from lipid bilayers to proteins and
ionic channels and pumps at different cells and
organs (e.g., see Brovkovich et al. 1991; Geletyuk
et al. 1995; Moghimi et al. 2010; Yu and Yao
2010; Wong and Khaizan 2013). Actually, cell
membranes are considered to be one of the major
targets for microwave radiation as these struc-
tures are theoretically considered to be sensible
to coherent excitations above 10° Hz (Frohlich
1988). In this section studies about the effects of
this nonionizing radiation on cells (as example
for simple cellular membranes) and blood—brain
barrier (as example for membranes with tight
junctions) will be discussed. The effects on skin
barrier will be provided in details in the next
section.

The effects of microwave radiation on differ-
ent properties related to cells and microorgan-
isms including, but not limited to, viability
(Atmaca et al. 1996), structural changes (Kim
et al. 2008), decontamination (Shamis et al.
2008), and permeability (the subject of present
work) have been investigated over the years,
among which, a few studies related to barrier
properties will be discussed here.

Fang et al. (2011) studied the effect of low-
dose microwave radiation (2.45 GHz, 1.5 W g™!)
on Aspergillus parasiticus to find that microwave
and conventional heating treatment both caused
increased cell membrane permeability, verified
by increase in Ca*?, protein, and DNA leakage.
However, the mechanisms of action of conven-
tional heating and microwaves were found to be
different, as discussed below. Conventional heat-
ing increased electrolyte leakage through loss of
enzyme activity within the cell membrane, while
microwave irradiation induced influx of Ca*?



166

H.R. Moghimi and A. Alinaghi

through increased membrane fluidity that opened
Ca*? channels. In agreement to this investigation,
Shamis et al. (2011) studied the effect of micro-
wave on E. coli at a frequency of 18 GHz and
showed that upon microwave treatment, E. coli
cells exhibited a cell morphology different from
that of cells treated with conventional heating
procedure. Moreover, confocal laser scanning
microscopy revealed that fluorescein isothiocya-
nate conjugated dextran was taken up by the
microwave-treated cells, suggesting that pores
had formed within the cell membrane.

Webber et al. (1980) showed in vitro ultra-
structural changes in mouse neuroblastoma cells
under exposure to microwave pulses at 2.7 GHz
and also conventional heating method. They
showed that cells remained viable and main-
tained normal architecture without any mem-
brane damage at low level of microwave radiation,
while very drastic damages occurred when cells
were exposed to an increased level of the radia-
tion. It was shown that at 3.9 KV cm™! microwave
for 60 s, the membrane was broken and the cell
became leaky due to large number of breaks in
the cell membrane. As similar changes were not
seen by heat alone, it was suggested that these
microwave effects may be non-thermal in nature
(Webber et al. 1980).

As an example for a more complex barrier, the
effects of microwaves on the blood—brain barrier
(BBB) are discussed here. The mammalian brain
is protected by the hydrophobic blood—brain bar-
rier, which prevents harmful substances from
reaching the brain tissue. This barrier consists of
vascular endothelial cells of the capillaries with
tight junctions between these cells (Nittby et al.
2009). It has been shown that microwave fre-
quencies (2.5-3.2 GHz) that increase brain tem-
perature to values above 40 °C can increase BBB
permeability. However, microwave irradiation
fails to open the BBB when brain temperature is
kept below 40 °C. These data suggest that hyper-
thermia is an effective mechanism for opening
the BBB (Sutton and Carroll 1979; Moriyama
et al. 1991). In this direction, neuronal albumin
uptake in the brain was shown to be dose depend-
ently related to brain temperature, once tempera-
ture increased up to 1 °C or more (Kiyatkin and

Sharma 2009). The permeability enhancement
effect is said to be dependent on the degree of
temperature rise, electromagnetic field SAR
(energy absorbed per unit mass), duration of
exposure, and the rate of heat distribution and
dissipation in the body (Stam 2010).

Besides the above-mentioned thermal effects,
several findings have also been reported on the
non-thermal effects of microwaves on permeabil-
ity of the blood—brain barrier. Increased leakage
of fluorescein after 30 min of pulsed and continu-
ous wave exposure (Frey et al. 1975) and passage
of mannitol, inulin and dextran at very low energy
levels have been reported (Oscar and Hawkins
1977). Tore and coworkers also showed albumin
extravasation in rats exposed for 2 h-900 MHz at
SAR values of 0.12, 0.5, and 2 W kg!, which are
expected to show non-thermal effects (Tore et al.
2001, 2002).

10.4 Enhancement Effects
of Microwaves Toward Skin
Permeation

To affect skin permeation, microwaves should
penetrate the skin barrier. There is no full investi-
gation available in terms of penetration depth of
microwaves into human body and tissues.
Radiofrequencies (including microwaves) may
be absorbed, reflected, or pass through the tis-
sues. The penetration depth depends on different
factors including radiation frequency and energy
absorption by tissue components. As microwaves
absorption in the body is mainly by water, tissues
with lower water content have significantly less
absorption and, therefore, allow deeper micro-
waves penetration (reviewed by Kitchen 2001).
The penetration depth depends on the radiation
frequency as well and increases with decreased
frequency (Kitchen 2001). The penetration depth
of microwaves into human body is reported to be
less than 1 mm for frequencies above 25 GHz
(Stewart et al. 2006). Tamyis et al. (2013) showed
that the penetration depth of microwaves in
human volunteers’ skin is less than 0.8 mm for
frequencies of higher than 30 GHz and reaches to
about 1 mm when the frequency is decreased to
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20 GHz. Microwaves can reach to deeper parts of
the skin and body at lower frequencies (Adair
2003; Khounsary 2013). As far as the skin barrier
is concerned, investigations have shown that
2.45 GHz microwaves affect transdermal perme-
ation of drugs, a good indication that microwaves
can penetrate and affect the skin barrier (Moghimi
et al. 2010; Wong and Khaizan 2013). Besides,
Wong and Khaizan (2013) showed that 2.45 GHz
microwaves affect Raman and FTIR spectra of
dermis, an indication that microwaves are able to
affect skin layers beyond the epidermis.

So far, the investigations on the effects of
microwaves on the skin have been limited mainly
to areas other than permeation studies, such as
heat shock protein changes in the skin as a result
of mobile signals (Sanchez et al. 2007), protein
expression in the human skin (Karinen et al.
2008), enhanced healing process of septic and
aseptic wounds in rabbits (Korpan et al. 1994),
and the treatment of the skin lesions caused by
Leishmania major (Eskandari et al. 2012).
However, surprisingly, there are only a small
number of studies reported on the effects of
microwaves on the skin permeation of drugs, as
discussed later.

It is well known to the experts of the area of
transdermal drug delivery that increased temper-
ature can increase percutaneous absorption of
most drugs. On the other hand, it has been shown
that microwaves produce both thermal and non-
thermal effects in the skin (Adair 2003; Stewart
et al. 2006) and that they can increase human skin
surface temperature (Walters et al. 2000). At very
high frequencies (higher than 10 GHz), there is
significant heating of the skin from even 10 mW
cm2, as all of the energy is absorbed in a small
region. These effects can be considered as indi-
rect indications for the ability of microwaves to
increase the percutaneous absorption of drug,
through their thermal effects.

The first investigation on the effects of micro-
waves on percutaneous absorption of drugs was
performed by our group (Moghimi et al. 2010).
This investigation employed nitrofurazone as the
model penetrant and microwaves at 2.45 GHz
and 3-120 W. The investigation revealed that
microwaves increase permeation of nitrofurazone

through their non-thermal effects in a time-
dependent and power-dependent manner
(Moghimi et al. 2010). Recently Wong and
Khaizan (2013) investigated the microwave-
induced transdermal drug permeation enhance-
ment and showed that under exposure of
microwaves at 2.45 GHz, skin permeation of sul-
phanilamide increases in a time-dependent man-
ner. Using these two studies and some other
related investigations, we try in the following
sections to elucidate the properties and mecha-
nism of microwave-induced enhancement toward
skin permeation of drugs.

10.4.1 Effects of Microwaves’
Intensity and Exposure Time
on Skin Barrier Performance

Table 10.1 provides the effects of different inten-
sities of microwaves (3—120 W) for two different
exposure times on the permeation of nitrofura-
zone through rat skin at 30 °C. The results indi-
cate that microwaves are able to improve
percutaneous absorption of nitrofurazone in a
power-dependent manner, in a way that by
increasing the power from 3 W to 120 W, the
enhancement ratio increases from 1.1 to 2.7
(Moghimi et al. 2010). These experiments were
performed at constant temperature and show that
microwaves can increase percutaneous absorp-
tion of drugs through its non-thermal effects.
These data are in agreement with Nakai et al.
(2002), who reported that microwaves increase
diffusion coefficient of CO, through cellulose
acetate membrane and that the enhancement
effects increase with the microwave intensity
increase for quantities of 100, 300, and
500 W. Wong and Khaizan (2013) also showed
that treatment of the skin by microwave at
2450 MHz increased permeation of sulphanil-
amide and that the enhancement effect was
increased significantly when the exposure time
was increased from 2.5 min to 5 min. In addition,
they showed that by increasing the duration of
exposure to values of higher than 5 min at the
same frequency, the skin color was changed from
whitish to brownish that revealed heat-burn
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Table 10.1 Effects of microwave power intensity on permeability coefficient (Kp) of nitrofurazone through rat skin

using two different time protocols

On/off =45 min/90 min On/off =90 min/45 min
Kp Kp
Power (W) (cmh™'x10% | Enhancement ratio® (cm h™'x 10%) Enhancement ratio®
0 (control) 8.0+1.31 8.0+1.31 -
3 8.8+0.92 1.1 10.1+1.52 1.3
15 10.0£2.29 1.3 11.9+£2.0 1.5
30 13.5+3.69 1.7 19.3+£2.28 2.4
60 17.9+3.09 2.4 21.0+£4.04 2.6
120 21.2+1.34 2.7 26.6+3.22 33

From Moghimi et al. (2010)
Data are mean+SD (n=4-5)
“Treated/control values

Table 10.2 Equal enhancement ratios of microwaves
toward skin permeation of nitrofurazone at equal energies
(power intensity x exposure time) for different exposure
times and microwave powers

Enhancement ratio
90-min 45-min
Microwave power X exposure | exposure | exposure
time =energy cycles cycles
15 Wx90 min= 1.7 1.5
30 Wx45 min=38.1 KJ
30 Wx90 min= 2.4 24
60 Wx45 min=16.2 KJ
60 W x90 min= 2.7 2.6
120 W x45 min=32.4 KJ

From Moghimi et al. (2010). See text and Table 10.1 for
more details

effects of microwave. The same burning effect
was reported by the same group for lower expo-
sure times (<5 min) when skin samples were
exposed to lower frequency of 915 MHz (Wong
and Khaizan 2013).

Moghimi et al. (2010) used two protocols of
90 and 45-min exposure times with resting inter-
vals of 45 and 90 min, respectively, at different
intensities of 15-120 W, and showed that equal
microwave energies (or power intensity X expo-
sure time) provide equal enhancement ratios for
permeation of nitrofurazone through rat skin,
irrespective of the delivery protocol (Table 10.2).
This shows that the amount of delivered energy
seems to be a key factor for the skin permeation
enhancement effect of microwaves. Such a
behavior allows alteration of the enhancement

ratio and, therefore, drug input rate, through
either adjustment of the exposure time or tuning
the intensity of the microwaves. Besides, both
above-mentioned protocols were of pulsatile
type, i.e., employed resting time intervals.
Therefore, these data show that, e.g., two sepa-
rate 45-min exposures with 90-min resting inter-
val equal one 90-min continuous exposure in
terms of absorption enhancement ability. This
might show that the enhancing effect of micro-
waves 1s cumulative, at least for the conditions
used in this investigation (Moghimi et al. 2010).
In this direction, it has been reported that damage
induced by electromagnetic radiation is cumula-
tive (Hardell and Sage 2008). Such a property
should be considered in design and application of
microwave devices to guarantee optimized drug
delivery and also guarantee safety of the patient.

10.4.2 Stratum Corneum Lipid
Disruption by Microwaves

Wong and Khaizan (2013) showed reduction of
hydrogen bonding in microwave-treated rat skin
by Fourier transform infrared spectroscopy
(FTIR) and concluded that microwaves interact
with keratin and/or polar moieties of lipid materi-
als in the stratum corneum. Moreover, analysis of
Raman spectra of the epidermal membrane by
the same group showed that the polar lipids con-
vert from ordered to disordered state. This alkyl
chain-packing fluidization was attributed to
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increased permeation of sulphanilamide through
microwave-treated abdominal rat skin (Wong and
Khaizan 2013).

Moghimi et al. (2010) came to the same con-
clusion through another approach as discussed
below. It has been shown that the enhancement
effect of some penetration enhancers is tempera-
ture dependent, indicating that the mechanism of
action of the enhancer and effects of thermal
energy on the barrier might be the same, as was
shown for the effects of cineole toward permeation
of 5-fluorouracil through stratum corneum model
lipid membranes (Moghimi et al. 1997). This
phenomenon was investigated for the effects of
microwaves on percutaneous absorption of drugs
as well. To perform this investigation, considering
the main transition temperature (7;,) of the skin
that is around 35-37 °C, the effects of 2.45 GHz
microwaves on the permeation of nitrofurazone

N
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0 25 30 35 40 45
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Fig. 10.2 Effects of temperature on enhancement ratios
of microwaves (2.45 GHz, 60 W) toward permeation of
nitrofurazone through rat skin, indicating a parabolic rela-
tionship between enhancement ratio and temperature
(Raw data from Moghimi et al. 2010). Enhancement
ratios are calculated as microwave-treated/untreated per-
meability coefficient for any given temperature

were investigated by Moghimi et al. (2010) at
four different temperatures of 25 and 30 °C
(below T,,), 37 °C (at T,,)), and 42 °C (above T,,).
Results (Fig. 10.2 and Table 10.3) showed that
while both microwave and temperature increase
the permeability coefficient of the penetrant
through rat skin, microwave enhancement ratios,
calculated as the microwave-treated/untreated
permeability coefficients at any given tempera-
ture, show a parabolic relationship with tempera-
ture, i.e., an increase in the enhancement ratio up
to 30 °C and decrease at higher temperatures
(Moghimi et al. 2010).

Moghimi and coworkers performed the above-
mentioned experiment at a controlled constant
temperature for each temperature point to avoid
thermal effects of microwaves. Therefore, the
observed parabolic relationship between micro-
wave enhancement effects and temperature
(Fig. 10.2 and Table 10.3) might show that non-
thermal effects of microwaves and heat obey a
same mechanism or share the same sites of action
for their permeation enhancement action. As a
result, when the barrier properties of the skin are
reduced by temperature, less room is left for
microwave effects. Such a parabolic relationship
between enhancement ability of chemical pene-
tration enhancers and temperature has also been
reported for permeation of 5-fluorouracil through
a lamellar lipid structure model of human stratum
corneum intercellular domain (Moghimi et al.
1997). On the other hand, it has been shown that
heating the human skin in the range of 25-80 °C
affects only the lipids, while proteins are affected
at temperatures above 100 °C (Al-Saidan et al.
1998). Therefore, the enhancement effects of

Table 10.3 Effects of temperature on the enhancement effect of microwaves (2.45 GHz, 60 W) toward permeation of

nitrofurazone through rat skin

Permeability coefficient
Temperature (emh™'x 10%) Enhancement ratio
(°C) Untreated Microwave (Microwave/untreated)
25 7.04+1.66 125+1.72 1.7
30 8.0+1.31 17.9+3.09 24
37 10.6+2.56 20.9+2.37 1.9
42 12.1+2.00 18.5+2.97 1.5

From Moghimi et al. (2010)
Data are mean+SD (n=4-5)
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Fig. 10.3 Enhancement effects of microwaves (MW)
and oleic acid (OA) toward permeation of nitrofurazone
through rat skin. Microwaves were used at 2.45 GHz

and 60 W at constant temperature (Raw data from
Alinaghi 2006)

temperature toward permeation of nitrofurazone
through rat skin might be attributed to the lipid
domain of the skin barrier, and, considering the
above-mentioned parabolic relationship and
related discussions, it was concluded that micro-
waves’ non-thermal effects arise mainly from
disruption of lamellar lipid structures of the stra-
tum corneum (Moghimi et al. 2010). In agree-
ment to this conclusion, Wong and Khaizan have
recently reported that while application of micro-
waves at 2450 MHz for 5 min was able to fluidize
the lipid structure of rat epidermis, the increase in
temperature at the same condition was negligible
(about 1 °C, from 30 to 31 °C), indicating that
microwave non-thermal effects are able to fluid-
ize stratum corneum lipid structure (Wong and
Khaizan 2013).

Our group has also investigated the effects of
coadministration of oleic acid (a lipid fluidizer)
and microwaves (at 2.45 GHz and 60 W) on the
permeation of nitrofurazone through rat skin
(Alinaghi 2006). Results showed that while the
enhancement ratios of oleic acid alone and micro-
waves alone were 2.7 and 2.2, respectively, the
enhancement ratio of the combination was around
2.9 (Fig. 10.3). These data indicate that micro-
waves had not been able to show a significant
enhancement effect in the presence of oleic acid
(Alinaghi 2006). Oleic acid is well known for its
fluidizing effect on stratum corneum lipids
(Williams and Barry 2004), and again these data
suggest that microwaves impose their effect
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mainly through fluidization of the stratum cor-
neum lipids (Alinaghi 2006). The slight increase
in enhancement by microwaves in oleic acid-
treated samples (from 2.7 to 2.9) might be due to
further fluidization of lipids by microwaves
(Alinaghi 2006). Another possibility is increased
permeation of oleic acid by microwaves as was
reported by Wong and Khaizan (2013) who
showed that treatment of rat skin by microwaves
(2.45 GHz for 5 min) increases oleic acid uptake
by epidermal membrane and that permeation of
sulfanilamide under combination of oleic acid
and microwaves is more than those of micro-
waves alone or oleic acid alone. Wong and
Khaizan (2013) also found that the effects of
oleic acid on epidermal membrane spectra, as
studied by Raman and FTIR spectroscopy meth-
ods, are similar to that of microwave treatment
(2.45 GHZ for 5 min).

As discussed above, microwaves are able to
affect the lipid bilayer structures of biological
membranes. Liposomes are good models for
mechanistic studies on biological lipid bilayers,
including the effects of microwaves. Gaber and
coworkers (2005) studied the effect of 900 MHz
microwave irradiation at 12 W kg=' SAR on the
bilayer permeability of liposomes (made from
egg phosphatidylcholine) using light-scattering
techniques. FTIR and nuclear magnetic reso-
nance (NMR) studies as well as optical anisot-
ropy measurements were employed to reveal
structural alterations in exposed vesicles. Results
showed conformational changes and disordering
in the hydrocarbon acyl chain of liposomal lipids.
Also a significant increase in leakage of lipo-
somes above their transition temperature upon
exposure to microwaves was observed. They
revealed that this could be attributed to a transient
pore formation in the liposomes lipid bilayers
(Gaber et al. 2005).

Beneduci et al. (2012) studied the effect
of microwaves at 53-58 GHz on dimy-
ristoylphosphatidylcholine multilamellar
liposomes using 2H-NMR and showed that
microwaves induced a reduction of water order-
ing at the membrane interface. Besides, they
found that microwaves shifted the ripple-to-fluid
transition temperature of the bilayers from 25 °C
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to 27 °C. This microwave-induced upward shift
of the transition temperature was attributed to the
non-thermal effects of microwave on the lamellar
lipid bilayers (Beneduci et al. 2012).

It is obvious from the above-mentioned argu-
ments that the intercellular lamellar lipid struc-
ture of the stratum corneum is an important target
for both thermal and non-thermal effects of
microwaves.

10.5 Conclusion and Future
Horizons

It is clear that microwaves are able to increase
percutaneous absorption of drugs through their
both thermal and non-thermal effects. The effec-
tiveness and enhancing capacity of this enhance-
ment method depend on exposure time, applied
power, and the used frequency. It is also clear that
microwaves impose their enhancement effects, at
least in part, through fluidization of the intercel-
lular lipids of the stratum corneum. Microwaves
can be considered as a potential physical enhance-
ment method for transdermal drug delivery.
Besides, as microwave generators are electronic
devices, they have the potential to be used for
programmed/bioresponsive drug delivery. This
technique is expected to open new horizons in the
field of transdermal drug delivery, alone or as a
combination with other enhancement methods
such as chemical penetration enhancers.

However, application of microwaves as a
percutaneous absorption enhancement method
is still in its infancy. Further investigations are
required for full analysis and mechanistic inves-
tigation of the effects of microwaves on the skin
barrier, including their effects on lipids, pro-
teins, and skin appendages. Also as microwaves
work at molecular levels, the effects of physico-
chemical properties of the penetrants also
deserve a full investigation. Finally, as micro-
waves can damage tissues in certain intensities
and frequencies, this enhancement method
should be investigated for optimized conditions
to prevent unnecessary damages to the skin or
other body organs.
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