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2.1 Introduction

Sonophoresis uses ultrasound as a physical
enhancer for systematic transdermal drug deliv-
ery (TDD). Historically, sonophoresis was first
reported in 1950s along with other therapeutic
ultrasound applications such as noninvasive sur-
gical treatment of neurological disorders includ-
ing Parkinson disease (Fry 1954; Fry et al. 1954,
1958). According to Fellinger and Schmidt,
hydrocortisone ointment applied with ultrasound
substantially improved the treatment of polyar-
thritis of the digital joints (Fellinger et al. 1954).
Griffin et al. had published a series of sonophore-
sis experimental results for various applications
(mostly pain-releasing application) of hydrocor-
tisone with the aid of ultrasound in the 1960s
(Griffin 1966; Griffin et al. 1967; Griffin and
Touchstone 1968). Later in the1980s, McElnay
et al. and Benson et al. showed that sonophoresis
could be used for the application of local anes-
thetics (McElnay et al. 1985, 1987; Benson et al.
1988, 1991). Although these early reports had
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shown the application possibilities of sonophore-
sis, the effect of sonophoresis was still smaller
than expected, and there was lack of rigorous
physical and engineering approaches to improve
sonophoresis in its early days.

Systemic research regarding the core parame-
ters in sonophoresis, such as frequency, intensity,
and duty cycles of the pulsed ultrasound, started
in the 1990s, and the reported therapeutic effi-
cacy of sonophoresis increased drastically during
this period. Bommannan et al. hypothesized ther-
mal effect of ultrasound would be the main
mechanism of sonophoresis and conducted the
experiments with 2-16 MHz ultrasound
(Bommannan et al. 1992a, b). As they expected,
2 MHz ultrasound did not significantly enhance
the amount of salicylic acid penetrated into pig
skin, while 10 MHz ultrasound increased the
delivery of salicylic acid fourfold with the same
used intensity of 0.2 W/cm? This frequency
dependency could be linked to the higher absorp-
tion of ultrasonic energy in tissue as the frequency
increases (Szabo 2004). On the other hand,
Tachibana et al. and Mitragotri et al. have demon-
strated that low-frequency ultrasound (~100 kHz)
is effective in transdermal delivery of various
therapeutic compounds (Tachibana and Tachibana
1991, 1993; Tachibana 1992; Mitragotri et al.
1995a, b, 1996).

Interestingly, low-frequency sonophoresis has
shown much higher increase of skin permeability
compared to that of sonophoresis with MHz
range ultrasound. In some cases, the amount of
transported permeants could be increased up to
3000 times with low-frequency sonophoresis
compared to control permeability without sono-
phoresis treatment (Mitragotri et al. 1996). These
intriguing reports brought worldwide attention to
low-frequency sonophoresis, and numerous
related studies have been conducted.

Sonophoresis has several characteristic proper-
ties compared to other physical TDD methods
such as iontophoresis, electroporation, and
microneedles. The first is that the electrical prop-
erties of the permeant are not significant factors in
sonophoresis. Stratum corneum (SC) is a stiff bar-
rier to foreign substances in general and charged
molecules experience more difficulty to cross SC

than neutral molecules, and therefore liposomes
have been studied to encapsulate charged drugs
(Cevc et al. 1995). However, sonophoresis can be
used for both hydrophilic and lipophilic perme-
ants effectively (Mitragotri et al. 1995a, b;
Boucaud et al. 2001; Smith 2007). The second
property is that sonophoresis can be a pretreat-
ment method or a simultaneous delivery method
with solutes. Even though Meidan et al. reported
that the effect of sonophoresis rapidly decreased
to normal with MHz range ultrasound (Meidan
et al. 1998), most of recent low-frequency sono-
phoresis studies showed that the increased skin
permeability sustains up to 48 h under certain
conditions such as occlusion (Mitragotri et al.
1995a, b; Le et al. 2000; Lavon and Kost 2004;
Gupta and Prausnitz 2009; Kim do et al. 2012).
The third property is that sonophoresis can be
combined with other physical TDD methods rela-
tively easily. The sustained skin permeability pro-
vides time window of additional TDD methods,
such as iontophoresis, electroporation, and chem-
ical penetration enhancers (Le et al. 2000; Gupta
and Prausnitz 2009; Kim do et al. 2012; Kost et al.
1996; Johnson et al. 1996; Mitragotri et al. 2000a;
Mitragotri 2000; Tezel et al. 2002a; Dahlan et al.
2009a; Schroeder et al. 2009). Additionally, ultra-
sound transducers, which are the source of
mechanical wave generation, can generally be
manufactured to be chemically and electrically
resistant in various shapes, so that simultaneous
application of other methods with sonophoresis
can also be achieved relatively easily (Maione
et al. 2002; Park et al. 2007; Fiorillo et al. 2012).
The last property characteristic for sonophoresis
is that frequency is a critical factor in sonophore-
sis. Low-frequency sonophoresis (~100 kHz)
induces a significant increase of the skin permea-
bility compared to higher-frequency (1-20 MHz)
sonophoresis (Mitragotri et al. 1995a, 1996;
Smith 2007; Mitragotri 2000; Mitragotri et al.
2000c; Tezel et al. 2001, 2002b; Terahara et al.
2002; Al-Bataineh et al. 2011). Due to this fact,
the main mechanism of sonophoresis is believed
to be cavitation.

In this chapter, we will focus on the mecha-
nisms which can explain the sonophoresis fea-
tures mentioned above. The effects of ultrasound
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in tissue can be classified into two categories:
thermal effects and nonthermal effects including
cavitation and acoustic streaming (Wang et al.
2005). Thermal and cavitational factors will be
discussed from the scientific viewpoint. In addi-
tion, the delivery pathway will be covered based
on the current research evidences. Various appli-
cations of sonophoresis with commercially avail-
able equipment and safety issue will follow at the
end of the chapter.

2.2  Mechanism of Sonophoresis

2.2.1 Thermal Effect

During sonication, ultrasound energy is par-
tially attenuated into the tissue. The energy
attenuation of ultrasound depends on absorption
and scattering in each tissue (Nyborg 2001).
Absorption of energy by tissue causes a local
temperature increase, which depends upon
ultrasound frequency, intensity, area of the
ultrasound beam, duration of exposure, and the
rate of heat removal from the target by blood
flow or conduction (Merritt et al. 1992). The
temperature increase in the skin may increase
the permeability coefficient due to an increase
of the diffusion coefficient. Merino et al.
reported enhanced transdermal permeability of
mannitol caused by this temperature increase
(Merino et al. 2003). The skin temperature was
increased for 20 °C with low-frequency ultra-
sound (20 kHz), and the transdermal mannitol
delivery determined using the glucose dehydro-
genase-NADPH coupled assay was enhanced
35-fold compared to that of passive control.
However, only 25% of this improvement in
transdermal mannitol delivery was attributed to
the increased temperature induced by ultra-
sound (Merino et al. 2003). This contradictory
experimental result indicates that thermal
energy alone may not play a significant role in
promoting TDD, even though the temperature
increase may affect the skin permeability. Skin
heating by ultrasound increases transdermal
transport by fluidizing SC lipids and/or increas-
ing convective flow (Wang et al. 2005).

2.2.2 Cavitation Effect

Cavitation is defined as the creation of a new
surface or expansion, contraction, and distor-
tion of preexisting gaseous bubbles in a liquid
medium (Leighton 1997). Acoustic cavitation
occurs due to the nucleation of small gaseous
cavities during the negative pressure cycles of
ultrasound, followed by the growth of these
bubbles throughout subsequent pressure cycles.
Since cavitation nuclei are random in size, type,
and shape in biological environments, cavita-
tion is a stochastic event. Cavitation can be fur-
ther classified into two categories according to
activity of gaseous bubbles related to the acous-
tic field, namely, stable cavitation and inertial
cavitation (Mitragotri et al. 1995a; Leighton
1997).

2.2.2.1 Stable Cavitation

Stable cavitation corresponds to a continuous
oscillation of bubbles about the equilibrium
radius in response to lower positive and negative
pressures in an acoustic field (less than ~1 MPa
with an inverse dependence on frequency)
(Carvell and Bigelow 2011). Oscillation of bub-
bles around asymmetric boundary conditions by
stable cavitation leads to microstreaming, which
can generate high-velocity gradients and hydro-
dynamic shear stresses (Mitragotri et al. 1996).
Microstreaming is the unidirectional flow of fluid
along cell membranes in response to bubble
dynamics in an acoustic field. The velocity of
local fluid is determined by acoustic properties
(acoustic attenuation, speed of sound) associated
with properties of the fluid such as viscosity and
density, as well as by the temporal average inten-
sity, frequency, transducer aperture, and pressure
amplitude (Nightingale et al. 1999). The velocity
of acoustic streaming decreases with increasing
fluid viscosity and increases with increasing
attenuation (Barnett et al. 1994). Collis et al.
studied several patterns of microstreaming,
showing that many microstreaming patterns are
possible around a microbubble on a surface. Each
microstreaming pattern also generated different
shear stresses with distributions of compression
and stretch in the vicinity of a bubble on a surface
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Fig. 2.1 Tllustration of the difference between uniform
shear and surface divergence. (a) Uniform, high-shear
stress, no divergence, and thus no stretch of the cell surface;
(b) high rate of positive divergence (as well as shear stress),

a

(Collis et al. 2010). The states of uniform shear
stress and two types of divergence are illustrated
in Fig. 2.1.

Bubbles can also grow slowly due to asymmet-
ric gas flow during stable cavitation, and this
interesting phenomenon is called rectified diffu-
sion. While a bubble is expanded in the ultrasound
field, the surface area and the internal volume of
the bubble increase, but thickness of bubble shell
decreases. Due to the increased volume, the inter-
nal gas density will decrease so that the dissolved
gas in surrounding liquid can flow into the bubble.
The opposite directional gas flow can happen dur-
ing the period of compressional ultrasound field.
However, the inflow and the outflow of gas are
asymmetric since the surface area and the gas
pressure gradient at each stage are different. In
other words, the surface area of bubble and the
gas pressure gradient are greatest at the peak of
expansion, so that gas inflow will be maximum.
But outflow will be much smaller due to the mini-
mized surface area and low gas pressure gradient
due to thickened bubble shell. Harvey et al. sug-
gested rectified diffusion during the study of the
formation of bubbles in animals, and Crum esti-
mated the minimally required external pressure to
be 0.01 MPa in water (Harvey et al. 1944; Crum
1984). Lavon et al. suggested that rectified diffu-
sion in intercellular lipid layers can be the main
mechanism of sonophoresis (Lavon et al. 2007).

2.2.2.2 Inertial Cavitation

Inertial cavitation corresponds to the violent
growth and collapse of bubbles that can occur
within a period of a single cycle or a few cycles,
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cell/cell membrane in stretch-activated state; (c¢) high rate
of negative divergence (as well as shear stress), cell/cell
membrane compressed together (This figure is reproduced
with permission from Collis et al. 2010)

depending on acoustic pressure as well as
frequency and size distribution of bubbles associ-
ated with resonant frequency (Mitragotri et al.
1996; Suslick 1989; Colussi et al. 1998). Apfel
and Holland derived a mechanical index (MI),
which represents the likelihood that inertial cavi-
tation will occur for medical ultrasound imaging
systems (Apfel et al. 1991). The organizations
such as the American Institute of Ultrasound in
Medicine  (AIUM), National  Electrical
Manufacturers Association (NEMA), and Food
and Drug Administration (FDA) have adopted an
MI, Weighted for the frequency response, of
Ly =P, [Mpa]//f, [MHz] (P, maximum
negative pressure, fy, frequency). The likelihood
of inertial cavitation increases with decreasing
frequency and lowering peak-negative pressure
(Meltzer 1996). For inertial cavitation, lower fre-
quencies give bubbles more time to grow in the
expansion cycle (the rapid expansion of gaseous
bubbles) and consequently produce more violent
collapse during the compression cycle (the col-
lapse of gaseous bubbles). Violent collapse of
cavitation bubbles might either generate shock
waves in the bulk of the liquid or a micro-jet
which is from the asymmetric collapse of bubbles
inducing fissures on membranes near a boundary.
Figure 2.2 schematically shows the shock wave
and micro-jet produced by inertial cavitation
events. A spherical collapse of a bubble yields
high-pressure cores that emit shock waves with
amplitudes exceeding 10 kbar (Pecha and Gompf
2000). The disruption of a target exposed to such
a pressure wave may occur through relative par-
ticle displacement, compressive failure, tensile
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Fig. 2.2 Three possible modes through which inertial
cavitation may enhance SC permeability: (a) spherical
collapse near the SC surface emits shock waves, (b)

stress, or shear strain (Lokhandwalla and
Sturtevant 2000). When a bubble collapses asym-
metrically near a boundary, it generally produces
a well-defined high-velocity micro-jet (Katz
1995; Popinet and Zaleski 2002). Micro-jet dis-
tortion of bubble collapse depends on the surface
of the bubble encounters. If the surface is larger
than the resonant size of the bubble (diameter of
1~100um at 20~500 kHz (Leighton 1997)), the
resulting collapse will be in micro-jet form (see
Fig. 2.2) (Tezel et al. 2003).

Shock waves generated by inertial cavitation
can cause structural alteration in the surrounding
corneocyte lipid interface regions. Because chan-
nels for diffusion could be newly formed between
keratinocyte-lipid interfaces, drugs can be deliv-
ered through these aqueous channels which are
formed within the disordered lipid bilayers of
SC. Furthermore, the impact pressure of the
micro-jet on the skin surface may enhance SC
permeability by disrupting SC lipid bilayers (Lee
etal. 1998). A micro-jet possessing a radius about
one-tenth of the maximum bubble diameter
impacts the SC surface without penetrating into
it. The impact pressure of the micro-jet on the
skin surface may enhance SC permeability by
disrupting SC lipid bilayers (Lee et al. 1998).
When combined, these factors such as shock

impact of an acoustic micro-jet on the SC surface, and
(¢) micro-jet physically penetrates into the SC (The figure
is reproduced with permission from Tezel et al. 2003)

waves and micro-jet lead to the disordering of the
lipid bilayers and formation of aqueous channels
in the skin through which drugs can permeate
(Bommannan et al. 1992a).

2.3  Penetration Pathways

Induced by Sonophoresis

Cavitation nuclei and air pockets can be formed
in the intracellular and/or intercellular structures
upon application of ultrasound. In addition, bub-
bles can be formed on the skin and in the cou-
pling medium on the skin surface. All of these
bubbles can be a source of the local inertial and
stable cavitation under an ultrasonic field.

2.3.1 Pathways Through Hair

Follicles

In addition to the transcellular and intercellular
pathways, hair follicle brought attention in TDD
as a possible pathway. Although the area occu-
pied by hair follicles is only 0.1 % or less of the
total skin surface, the hair follicles appear to play
a critical role in passive drug diffusion
(Scheuplein et al. 1969; Scheuplein 1967).
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However, Sarheed and Frum reported that when
the hydrocortisone was passively absorbed into
the skin, 46 % of absorption involved the drug
penetrating into the follicles; however, as the
duration of sonication increased, the follicular
contribution fell to zero even though total tran-
sepidermal flux dramatically increased (Sarheed
and Frum 2012). Hence, hair follicles may not be
the main pathway in sonophoresis.

2.3.2 Penetration Pathways
Through the Stratum
Corneum

If we rule out hair follicles as a penetration path-
way, there are two other possible pathways: the
intercellular route and the transcellular route (see
Fig. 2.3). Hydrophilic substances can easily dif-
fuse into the corneocytes and permeate the skin

Intercellular pathway

Transcellular pathway

through the transcellular route; however, SC lipid
bilayers act as the main barrier for the permeation
of these substances (Mitragotri et al. 1995b;
Boucaud et al. 2001; Smith 2007; Tezel et al.
2002b; Crum 1984; Tezel et al. 2003). Alvarez-
Romadn et al. have shown that sonophoresis leads
to lipid extraction in the SC, i.e., they found that
approximately 30 % of lipid can be removed dur-
ing sonophoresis (Alvarez-Roman et al. 2003).
Under this assumption, a number of aqueous
porous membrane models were suggested and
modified to explain the intercellular pathway
(Edwards and Langer 1994; Mitragotri 2001;
Tezel et al. 2003; Mitragotri and Kost 2004;
Paliwal et al. 2006; Polat et al. 2011a, b). Based
on these models, Tezel et al. (2003) implied that
the increase of porosity of the SC, leading to an
enhanced skin permeability, is also responsible
for the penetration enhancement induced by
sonophoresis. Lavon et al. suggested that the

Ordered lipid
bilayers

Fig. 2.3 Schematic
illustrating representation
of the transport penetration
pathways during

(a) passive transport and
(b) low-frequency
sonophoresis (The figure

is reproduced with
permission from Mitragotri
et al. 1996)

Disordered lipid

Corneocytes bilayers

Cavitation
bubble
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growth of bubble due to rectified diffusion can be
the reason of increased porosity (Lavon et al.
2007). Several researchers also paid attention to
the heterogeneous nature of the skin where sono-
phoresis was applied uniformly (Kushner et al.
2008a; Polat et al. 2011a). The spots which are
called localized transport regions (LTRs) can be
observed on the completion of sonophoresis, and
LTRs are believed to be the localized channel
opening of a tortuous intercellular route.

In summary, some researchers claim that sta-
ble cavitation inside the epidermis may cause the
growth of lacuna and create larger space to be
transport channels (Paliwal et al. 2006). Other
researchers believe that multiple events of inertial
cavitation on the surface of the skin and inside the
epidermis lead to the formation of shock waves,
which then microscopically disrupt the lipid
bilayers and eventually create pathways through
the tortuous intercellular lipid layers with causing
significant structural changes in the epidermis.

2.3.3 Transcellular Pathways

Micro-jet can be formed on the epidermis sur-
face. Micro-jets can be strong enough to create
pits on aluminum surface and biological tissue.
Lee et al. have observed 1-2 pm size pits on the
epidermis on the completion of sonophoresis
lasting for 5 min (Lee et al. 2010). Based on the
visualized evidence and the micro-jet idea, a
direct channel formation through transcellular
region can be hypothesized. Cavitation on the
skin surface is critical in this hypothesis, and the
other research results support that transient cavi-
tation outside the skin is the key mechanism
responsible for LFS-induced skin permeabiliza-
tion (Tang et al. 2002; Wolloch and Kost 2010)
and the observation of LTRs can be also coped
with this hypothesis as well.

Based on the evidence, both intercellular path-
way and transcellular pathway appear to be plau-
sible, but the major transport pathway is through
the intercellular lipid domains. Further research
will be required to clarify the main penetration
pathways during sonophoresis-induced TDD.

2.4  Synergistic Effect

of Low-Frequency
Sonophoresis and Other
Enhancers for Transdermal

Drug Delivery

Previous studies have demonstrated that
sonophoresis may act synergistically with other
penetration enhancement methods on transder-
mal drug delivery (Mitragotri and Kost 2004).
Low-frequency sonophoresis acts synergistically
with various chemical penetration enhancers.
Mitragotri et al. (Mitragotri et al. 2000a) reported
that sodium lauryl sulfate enhanced skin perme-
ability to mannitol synergistically in combination
with ultrasound. Johnson et al. (Johnson et al.
1996) reported that combined application of lin-
oleic acid and ethanol with ultrasound increased
corticosteroid flux by up to 13,000-fold com-
pared with passive flux, which was higher than
that induced by each treatment alone. The pro-
posed mechanism for these synergistic effects of
ultrasound and chemical penetration enhancers
on TDD is that the cavitation produced by ultra-
sound may induce mixing and dispersion of the
chemical enhancer with SC lipids (Johnson et al.
1996). In addition, ultrasound combined with
iontophoresis has been shown to have synergistic
effect on enhancing heparin flux though the skin
(Le et al. 2000). The possible mechanism for the
synergistic effect of ultrasound and iontophoresis
for transdermal drug delivery includes the
decrease of skin’s impedance and size selectivity
of the skin due to ultrasound-induced structural
changes in the skin (Le et al. 2000). Ultrasound
has been demonstrated to have synergistic effect
for transdermal drug delivery when combined
with electroporation. Kost et al. (1996) has
reported that simultaneous application of ultra-
sound and electroporation enhanced transdermal
delivery of two molecules, calcein and sulforho-
damine. The possible mechanism for this syner-
gistic effect of ultrasound and electroporation on
transdermal drug delivery might be reduced skin
impedance, enhanced convection, and reduced
size selectivity of the skin (Le et al. 2000; Kost
et al. 1996).
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2.5 Factors Affecting Drug
Delivery by Low-Frequency

Sonophoresis

As indicated in the section regarding to the mech-
anism, cavitation appears to be the main mecha-
nism in sonophoresis. Accordingly, the factors
facilitating cavitation will be the key factors
affecting drug delivery. The first factor is the ratio
of frequency and peak rare-fractional pressure
(also called peak-negative pressure) as explained
in mechanical index (MI). Since low-frequency
and high rare-fractional pressure increase MI, the
inertial cavitation is more likely to occur at low-
frequency sonophoresis. When the frequency is
low enough, the given acoustic field can be
assumed to be a quasi-static field. If small bub-
bles can rapidly grow and collapse with exposure
to quasi-static rare-fractional pressure, these bub-
ble activities can be related to inertia cavitation or
asymmetric bubble collapse. Low-frequency
sonophoresis has thus been the topic of extensive
research over the last 20 years. The effects of
low-frequency sonophoresis have been studied
by Mitragotri et al. (Mitragotri et al. 1995a, 1996)
to enhance the transport of various low-molecular
weight drugs (including aldosterone, corticoste-
rone, estradiol, histamine, mannitol, salicylic
acid, and sucrose) as well as high-molecular
weight drugs (such as heparin and insulin). They
also found that the enhancement ratio induced by
low-frequency sonophoresis (20 kHz) is 1000-
fold higher than that induced by therapeutic
sonophoresis (1-3 MHz). The results of several
studies suggest that the greater efficiency of low-
frequency sonophoresis compared with high-fre-
quency sonophoresis originates from the
increased incidence of cavitation events
(Mitragotri et al. 1996; Tezel et al. 2001). The
distance between the surface of transducer and
the skin surface was also mentioned as a factor
influencing the TDD by ultrasound in some arti-
cles (Terahara et al. 2002). However, the peak-
negative pressure decreases as the distance
increases, and hence the possibility of cavitation
decreases accordingly. More importantly, the
occurring level of cavitation could be the second
factor influencing the efficacy of the TDD by

ultrasound, since cavitation bubbles nucleating
and collapsing on the SC surface are likely to
make a significant contribution to permeabiliza-
tion of the SC due to their proximity (Tang et al.
2002; Tezel et al. 2003). Tezel et al. (2003) sug-
gested that only cavitation which occurs within
50 pm from the skin surface could effectively
increase skin permeability. The third and the
fourth factor affecting the efficacy of the TDD by
ultrasound are the viscosity and the composition
of the gas and liquid phases of drug where per-
meants are dissolved. In viscous medium, higher
pressure is required to cause inertial cavitation
since the viscous medium absolves mechanical
energy by damping (Tang et al. 2002; Popinet
and Zaleski 2002). On the other hand, solute
highly saturated with gas can experience cavita-
tion with small ultrasonic perturbation since
small gas bubbles can act as cavitation nuclei
(Ueda et al. 2009). In recent studies, Park et al.
utilized even the ultrasound contrast agents,
which are engineered microbubbles of a certain
size distribution, to increase cavitation induction
(Park et al. 2010; Polat et al. 2011b). Further
studies will be needed to draw a definite conclu-
sion regarding this factor (Cagnie et al. 2003;
Sarheed and Abdul Rasool 2011; Herwadkar
et al. 2012).

2.6 Therapeutic Application

of Sonophoresis

Various applications of sonophoresis in TDD are
summarized in Table 2.1.

Since the initial treatment of polyarthritis using
transdermal delivery of hydrocortisone ointment
in the 1950s, the transdermal delivery of thera-
peutic drugs such as fentanyl, caffeine, heparin,
ketoprofen, and insulin has been a major concern
for clinical treatment. Boucaud et al. evaluated the
effects of sonophoresis at 20 kHz with 2.5 W/cm?
on transdermal transport of fentanyl and caffeine
across both hairless rat and human skin (Boucaud
et al. 2001). Fentanyl is generally used to relieve
pain for surgery or for cancer patients, while caf-
feine is the most common stimulant used in the
treatment of lipodystrophy (Dias et al. 1999; Paix
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et al. 1995). The results showed that sonophoresis
enhanced the TDD of both fentanyl (about 35-fold
greater than controls without sonophoresis) and
caffeine (about fourfold greater than controls
without sonophoresis) across human and hairless
rat skin. In general, heparin, which is the most
commonly used anticoagulant, is administered by
intravenous or subcutaneous injections for the
treatment of venous thromboembolism. Mitragotri
et al. performed in vitro experiments with sono-
phoresis of 20 kHz with 7 W/cm? (Isspy) to deliver
unfractionated heparin or low-molecular weight
heparin (LMWH) across the skin (Mitragotri
2001). Biologic activity of transdermally delivered
heparin was measured using activated clotting
time assays and an antifactor Xa (aXa) chromo-
genic substrate assay. Transdermally delivered
LMWH resulted in sustained aXa levels in the
blood. This result was in strong contrast to subcu-
taneous or intravenous injections of LMWH,
which resulted in only temporary elevations of
aXa level. Mitragotri et al. proposed that patients
might use a product based on this technology
throughout the day to provide sustained levels of
heparin concentration in the blood. The dose of
heparin may be controlled through skin permea-
bility, skin area, or LMWH concentration in the
reservoir of the patch system used with sonopho-
resis. Ketoprofen is a nonsteroidal anti-
inflammatory drug predominantly used in the
treatment of rheumatoid arthritis and osteoarthri-
tis (Cagnie et al. 2003). It is also used to relieve
minor aches and menstrual pain (Maestrelli et al.
2006). Herwadkar et al. tested the effect of sono-
phoresis at 20 kHz with 6.9 W/cm? for delivery of
ketoprofen into and across the skin (Herwadkar
et al. 2012). In vitro experiments were performed
on excised hairless rat skin over a period of 24 h
using Franz diffusion cells. Sonophoresis signifi-
cantly enhanced the permeation of ketoprofen
from 74.87 +5.27 pg/cm? (for passive delivery) to
491.37+48.78 pg/cm?. Further, drug levels in
skin layers increased from 34.69 +7.25 pg follow-
ing passive permeation to 212.62+45.69 ng fol-
lowing sonophoresis. These results show that
sonophoresis of 20 kHz is an effective active
enhancement technique enhancing transdermal
and topical delivery of ketoprofen.

Among the therapeutic drugs used in TDD,
noninvasive transdermal delivery of insulin has
received great attention due to the increasing
incidence of diabetes, which is one of the most
costly diseases that occur in all populations and
age groups (Olefsky 2001). Management of dia-
betes often requires painful repetitive insulin sub-
cutaneous injections up to three or four times
each day (Park et al. 2007). Noninvasive insulin
delivery through the skin would be therefore
advantageous. Numerous studies of insulin deliv-
ery through the skin have been performed by
many researchers (Tachibana 1992; Mitragotri
et al. 1995b; Park et al. 2007; Smith et al. 2003;
Lee et al. 2005; Al-Bataineh et al. 2012). The fea-
sibility of using sonophoresis in insulin delivery
in vitro across human skin has been evaluated by
Smith et al. (Smith et al. 2003). They carried out
experiments with two types of lightweight cym-
bal transducer arrays, i.e., a stack array with an
intensity (Isprp) of 15.4+0.6 mW/cm? and a stan-
dard array with an intensity (Igprp) oOf
173.7+1.2 mW/cm? at 20 kHz, to improve the
transport of insulin. Compared with passive
transport method (in passive transmission, the
skin surface was placed facing toward the com-
partment which was filled with a 50 U/mL insulin
diluted with saline without ultrasound exposure
over an exposure period of 1 h) (4.1+£0.5U), the
stack and standard ultrasound array facilitated a
greater than fourfold (20.3+9.3U) and sevenfold
(45.9£12.90) increase, respectively, in the non-
invasive transdermal transport of Humulin® R
insulin (Eli Lilly and Co., Indianapolis, IN).
Compared to the control without sonophoresis,
the standard array provided a fourfold increase in
the sonophoresis-facilitated transdermal delivery
of insulin. Regarding combined use of sonopho-
resis and iontophoresis, ultrasound reduces the
duration and intensity of iontophoresis required
to anesthetize the skin when using lidocaine
hydrochloride. Ultrasound treatment of the skin
followed by iontophoresis was more effective
than only iontophoresis with regard to intensity
of pain relief. Injection of a lidocaine hydrochlo-
ride can cause pain and tissue damage. Also its
application in children is not recommended.
The enhancement of transdermal permeation of
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lidocaine hydrochloride using ultrasound and
iontophoresis is effective and safe in surface
anesthesia.

2.6.1 Noninvasive Transdermal

Monitoring

Another interesting application of sonophoresis in
clinic is for noninvasive transdermal monitoring.
Sonophoresis can enhance the skin permeability
so that sufficient quantities of analyte, such as
glucose, can be obtained for detection (Oliver
et al. 2008; Ferrante doAmaral and Wolf 2008).
Because traditional glucose meters for measure-
ment of glucose level require frequent painful fin-
ger punctures to obtain samples several times a
day, the development of rapid, convenient, nonin-
vasive, painless methods for measuring glucose
level was required. Indeed, Mitragotri et al.
reported a potential method for noninvasive diag-
nostics based on ultrasonic skin permeabilization
and subsequent extraction of interstitial fluid
(ISF) across the skin, in which serum and ISF
concentrations of various analytes can be mea-
sured (Mitragotri et al. 2000b). Glucose concen-
tration in the extracted fluid correlated well with
blood concentration of glucose over a rage of
50-250 mg/dl. The results demonstrated that
sonophoresis can enhance skin permeability to
obtain sufficient quantities of the analyte for the
detection of the concentration of target molecules
by application of vacuum for a short period.

2.6.2 Sonophoresis
in Transcutaneous
Immunization and Gene
Therapy

Currently, the delivery of vaccines mostly relays
on the needle-based methods. The biggest con-
cern in needle vaccination is the potential reuse
of needles and syringes causing a large number
of HIV and hepatitis B virus cases (Kane et al.
1999), as well as the pain associated with the use
of syringes. As an alternative, sonophoresis was
proposed and has been researched recently. Tezel

et al. used low-frequency sonophoresis at 20 kHz
as a pretreatment prior to the application of teta-
nus toxin (TT) with sodium lauryl sulfate (SLS)
added phosphate-buffered saline (Tezel et al.
2005). Approximately 10 pg of TT was perme-
ated through the epidermis and induced the acti-
vation of Langerhans cells (LCs), which are
highly potent immune cells replete within the
epidermis (Babiuk et al. 2000). More recently,
Dahlan et al. have reported a successful immuni-
zation by sonophoresis even without the aid of a
chemical penetration enhancer (Dahlan et al.
2009b).

Another possible application for sonophoresis
is in topical gene therapy. Gene therapy is a ther-
apeutic method for correcting defective genes
that are responsible for a certain disease, by
replacing an abnormal disease-causing gene with
a normal gene. For the purpose of targeting and
protecting the genes, carrier molecules are used,
and they are called vectors. Accordingly, gene
vectors are relatively large-sized macromole-
cules, and hence topical delivery becomes diffi-
cult. Tezel et al. have shown the possibility of
deoxyribonucleic acid (DNA) delivery through
porcine skin in vitro (Tezel et al. 2004).
Ultrasound sonication of 2.4 W/cm? at 20 kHz
frequency for 10 min induced 4.5 x 107 cm/h
permeability compared to nearly undetectable
values when using nontreated skin. However,
topical delivery of gene using sonophoresis is
still in its early stage for giving conclusions, and
hence further studies are required.

2.6.3 SafetylIssues and Commercial
Devices

Ultrasound is generally accepted as a safe clini-
cal method in both diagnostics and therapeutics
as far as the system output is within IEC 60601
standard limit (IEC Standard 2009). Results from
researches related to the bioeffect of sonophore-
sis to tissue also indicate similar results. Early
reports of Singer et al. warned the possibility of
skin burns at high intensity; however, IEC stan-
dard for safety regarding the intensity of thera-
peutic sonophoresis seems to be too high (Singer
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et al. 1998). In a more recent study investigating
the bioeffect of sonophoresis, Marunai et al.
applied ultrasound in the range from 1.57 to
3.5 W/cm? intensity, at 35 kHz on the human skin
(Maruani et al. 2012). The results showed that
minor erythema could be occasionally observed,
which disappeared within 24 h. Accordingly,
sonophoresis is approved for human use by US
Food and Drug Administration (FDA) SonoPrep®
(Echo Therapeutics, Franklin, MA, USA) and is
currently approved by US FDA as a sonophoresis
specialized device for TDD (Polat et al. 2011b).
However, the marketing of this device seems to
be discontinued due to unknown reasons (Kalluri
and Banga 2011).

Conclusion

In conclusion, sonophoresis, especially low-
frequency (20-100 kHz) ultrasound, has been
used in a wide range of therapeutic and indus-
trial applications. Sonophoresis represents a
safe and effective method for TDD; however,
there exists gaps between the medical and
industrial standards for ultrasound exposure.
Therefore, optimized studies would be needed
in the future to determine the safety standards
for ultrasound exposure to tissues for various
purposes.
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