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Transdermal drug delivery offers an attractive alternative to the conventional drug delivery methods of oral ad-
ministration and injections. However, the stratum corneum serves as a barrier that limits the penetration of sub-
stances to the skin. Application of ultrasound (US) irradiation to the skin increases its permeability (sonophoresis)
and enables the delivery of various substances into and through the skin.
This review presents the main findings in the field of sonophoresis in transdermal drug delivery as well as trans-
dermalmonitoring and themathematicalmodels associatedwith thisfield. Particular attention is paid to the pro-
posed enhancement mechanisms and future trends in the fields of cutaneous vaccination and gene therapy.
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1. Introduction

Effective therapeutic outcome requires not only proper drug selec-
tion but also an effective drug delivery system. The human skin is a read-
ily accessible surface for drug delivery. Transdermal drug delivery—the
delivery of drugs across the skin and into systemic circulation—is dis-
tinct from topical drug administration, which targets local areas. Trans-
dermal drug delivery offers several important advantages over more
traditional dosage forms such as oral delivery and injections, including
elimination of first pass metabolism and minimization of pain. The
steady permeation of a drug across the skin allows for long-lasting and
more consistent serum drug levels, often a goal of therapy [1]. (See
Table 1.)

In spite of major research and development efforts in transdermal
systems and themany advantages of the transdermal route, lowperme-
ability of the human skin remains a major hurdle that limits the use-
fulness of the transdermal delivery approach. It is well accepted that
the stratum corneum (SC), the uppermost layer of the skin, is the
major rate-limiting barrier to molecular diffusion through the mam-
malian epidermis. Due to the fact that most drugs do not permeate
the skin in therapeutic quantities, chemical and physical approaches
have been examined to transiently lower the SC barrier properties
and enhance transdermal transport. Illustrating the problem is the fact
that as of today, drugs that are administered across the skin are of
lowmolecularmass (b500 Da) and very lipophilic in nature at low dos-
ages [1]. Hydrophilic solutes generally exhibit poor skin permeability
(10−7–10−8 cm/s), about one or more orders of magnitude lower
than hydrophobic solutes [2].

For protein and peptide drugs, the transdermal route has the poten-
tial of being an extremely efficient delivery domain. Topical application
avoids the effects of both gastric degradation and hepatic first-pass
metabolism; it presents a large surface area for absorption (approxi-
mately 2 m2) and has relatively low proteolytic activity. The skin is un-
doubtedly one of the most easily accessible organs of the body. Of
course, as mentioned above, the molecular size of the transported
agents precludes their passive delivery through skin at effective thera-
peutic concentrations.

The chemical approach using chemical penetration enhancers
(CPEs) for enhancement of transdermal mass transport has long been
used, especially in cosmetics. CPEs are divided into chemical groups
such as: sulfoxides, pyrrolidones, fatty acids, alcohols, surfactants,
metabolic interventions, and the only specifically designed material
designated to enhance transdermal mass transport, Azone. Most CPEs
enhance transdermal mass transport by interacting with the intercellu-
lar lipid domain of the SC. Althoughmany chemicals have been evaluat-
ed as CPEs in human or animal skins, to-date nonehas proven to be ideal
because of suspected pharmacological activity or unresolved safety is-
sues [3].
Table 1
Absorption coefficients (α) at 1 MHz Ultrasound for various organs
[28].

Material α (dB/cm)

Blood 0.18
Lung 40
Liver 0.9
Brain 0.85
Kidney 1.0
Spinal cord 1.0
Lens of eye 2.0
Skull bone 20
Fat 0.6
Muscle (across fibers) 3.3
Muscle (along fibers) 1.2
Water 0.0022
Several physical approaches for skin penetration enhancement, such
as stripping of the SC, micro-needles, heating, iontophoresis, electropo-
ration, and ultrasound have also been evaluated [4].

1.1. Micro-needles

Micro-needles are designed to create a physical pathway through
the upper epidermis to increase skin permeability. They are applied to
the skin surface and pierce the outer epidermis layer (which contains
no nerves) deep enough to increase skin permeability and allow drug
delivery, but superficially enough not to cause any pain through the sen-
sory receptors of the dermis. For example, individual silicon needles
150 μm in length and 80 μm in base diameter are fabricated onto arrays
of 3 × 3 mm (approximately 400 needles), or needles with hollow cen-
ters, each containing a bore of 5–70 μm throughwhich drugs can be ad-
ministered [5].

1.2. Laser cell-ablation

Laser cell-ablation to remove the SC barrier by controlled ablation
has also been investigated as a means of enhancing topical drug deliv-
ery. Laser such as erbium – yttrium-aluminum-garnet (YAG) – was
found to increase skin permeability. The molecular size, lipophilicity,
and sequence of the peptides were found to play important roles in
modulating the delivery enhancement. In an in vivo study, mouse skin
was treatedwith laser followed by skin vaccinationwith a lysozyme an-
tigen. It was demonstrated that laser treatment with no adjuvant or
penetration enhancer enhanced the production of antibodies in the
serum 3-fold [6].

1.3. Radio-frequency (RF) cell-ablation

Radio-frequency (RF) cell-ablation is performed by placing an array
of microelectrodes on a body area (i.e., skin) and passing an alternating
electrical current at a frequency of 100–500 kHz (radio frequency)
through the area. The ions in the cells adjacent to the microelectrodes
vibrate as they try to follow the change in electrical current direction.
These vibrations generate heat, which causeswater evaporation, cell ab-
lation, and possibly damage of deeper skin layers. RFmicro-channels are
created by placing a closely spaced array of tiny electrodes with very
precise dimensions against the skin. The alternating electrical current
is transferred through each of the microelectrodes, ablates the cells un-
derneath each electrode, and forms microscopic passages in the SC and
in the outer dermis [7,8].

1.4. Iontophoresis (IP)

The iontophoretic method is based on the repulsion forces of same
charges. It involves the application of small electric current (up to
0.5 mA/cm2) to a drug reservoir wetting the surface of the skin, with
the same charged electrode as the solute of interest. This produces
repulsion that effectively drives the solute molecules across the SC to-
wards the opposite electrode, which is placed elsewhere on the body
[9]. Iontophoresis can enhance the penetration of uncharged molecules
into the skin as well. When an electric field is applied to a solution
consisting of charged ions, the charged ions are forced tomove in the di-
rection of the field. Due to viscous forces the entire solution undergoes a
convective flow that carries non-charged particles as well. This process
is referred to as electro-osmosis [10].

1.5. Electroporation

Electroporation, originally used to transfect cells with macromole-
cules such as DNA, involves the application of a pulsating electrical
field at high voltage (N50 V, typically 1–100ms) to the skin. This causes
the formation of transient aqueous pores in the SC, through which
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molecular transport is attainable. Electroporation leads to enhanced
skin permeability, mainly attributed to electrophoretic movement and
diffusion through the newly created aqueous pathways [11]. Although
electroporation involves the application of an electric field similar to
that of iontophoresis, the enhanced transports in these procedures are
based on a different principle. While iontophoresis directly acts on the
drug molecule to propel it into the skin, electroporation acts mainly
on the skin to increase its permeability [12].

1.6. Electroporation

Ultrasound, phonophoresis, or sonophoresis is defined as the trans-
port of drugs through the skin and into the soft tissue during or follow-
ing the influence of an ultrasonic perturbation. In this review we
present sonophoresis experimental results, clinical studies, and theoret-
ical models associated with novel conceptual insights [13–15]. Ultra-
sound frequencies used in medicine can vary from 20 kHz to 16 MHz
[16]. Lower and medium range ultrasound frequencies (20–200 kHz
and 0.2–1 MHz, respectively) are predominantly used for sonophoresis
purposes due to their relatively higher cavitational effects (more detail
in Section 2). Traditionally, higher ultrasound frequencies are also
used for imaging, physiotherapy, and for gallstone and kidney stone
pulverization.

2. Biological effects of ultrasound

Ultrasound has long been used for medical purposes in a wide range
of frequencies. Examples include: ultrasonic tomography and imaging,
and the detection of abnormalities by utilizing a pulsed echo (wave-
length of approximately 10−4m) [17]. The use of ultrasound (specifical-
ly HIFU) is gaining rapid clinical acceptance as a treatment modality
enabling non-invasive tissue heating and ablation in numerous applica-
tions in radiation therapy such as tumor therapy lithotripsy, ultrasound-
assisted lipoplasty, and ultrasonic surgical instruments [18]. Ultrasound
has also been used to enhance uptake of drugs, proteins, DNA/RNA, and
other compounds into cells and tissues [19–22].

Assessing the biological effects of ultrasound on tissues and cells has
been investigated thoroughly. It has been commonly believed for de-
cades that ultrasound effects on tissues and cells are mainly through
three mechanisms: cavitational (mainly inertial cavitation), thermal
and acoustic streaming [23]. Recently Krasovitski et al. [24] proposed
a new, non-thermal and non-cavitational mechanism for ultrasound
effects on biological tissues. Ultrasound can also induce other effects in
liquids that researchers should take into account, specifically sono-
chemistry [25].

2.1. Thermal effects

Ultrasound can increase insonated medium's temperature by the
absorption of the sound waves. Obviously, the higher is the medium's
absorption coefficient, the higher the increase in temperature and
thus in thermal effect. For example, the bone is an organ that possesses
high ultrasound absorption coefficients while the muscle tissue has a
low absorption coefficient [26]. This is why using ultrasound on the
brain still presents a great challenge. The increase in the medium's
temperature upon ultrasound exposure at a given frequency varies
directly with ultrasound intensity and exposure time. The absorption
coefficient of a material/organ increases directly with ultrasound fre-
quency, resulting in a greater temperature increase for the same inten-
sity. For example, liver absorption coefficient, which at 0.5 MHz equals
0.01 neper/cm, becomes 0.24 neper/cm at 7 MHz [27].

2.2. Cavitational effects

Cavitationmay be defined as the formation of bubbles in an insonated
medium. These bubbles are formed mainly due to ultrasound-induced
pressure changes in the medium. Cavitation is divided into two catego-
ries: inertial and stable. In inertial cavitation the bubble grows rapidly
and then collapses when it reaches a certain diameter (depending
mainly on the ultrasound frequency). On the other hand, stable cavita-
tion concerns stably oscillating bubbles in the ultrasound field. The
bubble collapse results in extreme conditions in its vicinity, due to
sonochemical reactions. These conditions reach temperatures of above
5000 K [29] and pressures of about 300 bar [30]. The bubble collapse in-
duces shock waves that may cause structural shifts to the surrounding
tissues by micro-jets, resulting from non-symmetrical bubble collapse
that induces convection. Cavitation does not occur at all intensities;
threshold intensity is needed. Once the intensity threshold is surpassed,
the higher the intensity the greater the cavitational effect. The intensity
threshold for cavitation increaseswith increasing ultrasound frequency,
ambient pressure, medium viscosity, surface tension, and ion con-
centration. On the other hand, cavitation threshold intensity decreases
with increasing medium temperature and gas content [26]. Thus,
increased cavitational effect may be achieved by using low-frequency
ultrasound and gassy fluids, and when surfactants are added to the
medium.

Cavitation effectsmay also be increased by usingultrasound contrast
agents (UCA, also used for ultrasound imaging). Park et al. found that
when adding 0.1% UCA Definity® to the insonatedmedium (ultrasound
frequency of 1 MHz) for the delivery of glycerol across porcine skin, the
enhancement effect increased from3-fold to 5-fold compared to passive
diffusion [31] for ultrasound and UCA + ultrasound, respectively. Park
et al. also demonstrated that this combination can be used in vivo in a
rat model using higher ultrasound frequencies but for 30 min rather
than to 60 min for the in vitro system [32], for enhancing the mass
transport of molecular masses of 4, 20, and 150 kDa.

Polat et al. [33], in their review, suggest different cavitational mech-
anism effects on skin depending on ultrasound frequency. The authors
also emphasize that this difference has not been accounted for in
many cases, resulting in wrong analysis of the results. They argue that
at low frequency ultrasound (20–100 kHz) cavitational bubbles are cre-
ated near the skin, while at high frequency ultrasound (N0.7 MHz) the
cavitational bubbles are created within the skin (due to smaller reso-
nant bubble diameter) inside inherent cavities such as hair follicle
shafts, and sweat glands. The relation between bubble radius size and
ultrasound frequency may be calculated by the Plesset and Prosperetti
equation [34] both of which can be reduced to Eq. (1) (when inserting
the properties of the medium and gas content):

Rb ¼ α
f
; ð1Þ

where Rb is the bubble radius, α is a constant depending on medium
properties and gas content (for an air-water system α is 3–4 m/s),
and f is the ultrasound frequency (in Hz) [35]. For example, bubble radi-
us reduces from 150 μm to 2.7 μm for frequencies of 20 kHz and 1.1
MHz, respectively. However, experimental results show that bubble
size is not univalent andmay vary; moreover, the measured mean bub-
ble size is lower than the calculated value from theory (i.e., experimen-
tal radius of 3.2 μm compared to 8.5 μm theoretical result at 355 kHz
[36]). This information should be taken into account in sonophoresis
mechanism studies when cavities are known-to-exist.

2.3. Acoustic streaming effects

Acoustic streaming is the development of unidirectional flow cur-
rents in a fluid generated by sound waves. Ultrasound reflections and
other distortions that occur during wave propagations are the main
cause of acoustic streaming. Acoustic streaming may also be enhanced
by the oscillations of the cavitational bubbles. Adjacent tissue structures
might be affected by the shear stresses developed by streaming veloci-
ties. Acoustic streaming might play a significant role when themedium
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has an acoustic impedance that differs from that of its surroundings. To
date, the potential clinical value of acoustic streaming has only been
minimally explored. Some researchers distinguish between “bulk-
streaming” and “micro-streaming” in terms of their intensity, implying
that micro-streaming is more powerful than bulk-streaming. Bulk-
streaming is the movement of the insonated fluid in a single direction
(as the ultrasound wave), whereas micro-streaming forms from an os-
cillating source inducing swirls of flow. Since micro-streaming is more
powerful it is argued that it is the only type of acoustic streaming pow-
erful enough to indeed alter membrane permeability and stimulate cell
activity [37].

2.4. Bilayer sonophore effect

The BLS model suggested by Krasovitski et al. [24] accounts for
observed non-thermal ultrasound effects at intensities below the
cavitational threshold [38–40], but the authors indicate that the model
may also explain cavitational effects. More importantly, this model sug-
gests a different mechanism for the increased permeability induced by
ultrasound that until recently was explained solely by extracellular cav-
itation. Traditionally, these effectswere attributedmainly tomechanical
effects associated with cavitation and micro-streaming. Their model is
based on the direct effect of ultrasonic pressure waves on bilayer
membranes. The acoustic pressure oscillates between compression
(positive) and rarefaction (negative) values. At the negative pressure
phase, the space between the two membrane leaflets increases (push-
ing away the surrounding medium) and decreases at the positive pres-
sure phase. As a result, the continuity of the membrane is transiently
interrupted and pores are created through which substances are
transported across the membrane. For a full description of the model
and its assumptions see [24].

2.5. Effect on skin

Various researches have reported histological studies of insonated
skin [41–44] under various ultrasound conditions to assess the ultra-
sound effect on living skin cells. Sekkat et al. [41] evaluated the SC bar-
rier function of the porcine ear during its progressive removal by
adhesive tape stripping, in terms of biophysical parameters such as dif-
fusivity, permeability, and the product of ionic partition coefficient and
mobility determined by a trans-epidermal water loss technique (TEWL)
and skin impedance measurements. They found that TEWL increased
slowly at first and then rapidlywith progressive SC removal. In contrast,
low-frequency skin impedance decreased with SC stripping. They com-
pared their results with previously published results for human in vivo
skin studies and showed that porcine ear skin in vitro can be used as a
valid model for humans [41].

Histological studies of hairless rat skin exposed to therapeutic ultra-
soundwere performed by Levy et al. [45] inwhich they reported that ap-
plication of ultrasound (1 MHz, 2 W/cm2) induced no damage to rat's
skin. Similar results were observed by Tachibana [46] on insonated rabbit
skin. Tachibana [46] also reported no damage to the skin upon low-
frequency ultrasound application (105 kHz, 5000Pa pressure amplitude).
Mitragotri et al. [47,48] performed histological studies of hairless rat skin
exposed to low-frequency ultrasound (20 kHz, 12.5–225 mW/cm2)
and found no damage to the epidermis and underlying living tissues.
Yamashita et al. [49] investigated the effects of ultrasound at a frequen-
cy of 48 kHz (0.5 W/cm2) on the surface of hairless mouse and human
skin by utilizing scanning electron microscopy. They reported that the
effect of ultrasound was much less significant on human skin than on
mouse skin. Following the exposure to ultrasound, human skin exhibit-
ed some removal of keratinocytes around hair follicles whereas the
outer layer of mouse SC was totally removed and pores were observed.
Cavitationwas determined as themain effect in these experiments. The
effect of low-frequency ultrasound (20 kHz) on hairless mouse skin and
human skin was also investigated by Boucaud et al. [50]. Human skin
samples exposed to low-intensity ultrasound (b2.5 W/cm2) showed
no histological change. Further microscopic examination using trans-
mission electronmicroscopy confirmed a lack of structuralmodification.

All these experiments suggest that the ultrasound parameters that
affect skin permeability are the exposure duration, frequency, and
intensity.

2.6. Other ultrasound applications

Ultrasound has been used extensively to enhance transdermal drug
delivery, and has also been used on skin for other applications. For ex-
ample, Voigt et al. [51] used ultrasound (20–30 kHz) as adjunctive treat-
ment to improve the healing of chronic wounds. It is believed that the
debridement of adherent necrotic fibrin, loose slough, and fragmenta-
tion of bacteria and biofilmsonwound surfaces is affected byultrasound
exposure [52]. Debridement can help in the healing process since it
removes necrotic tissue that serves as medium for bacterial growth
and since this tissue also forms a physical barrier to granulation, con-
traction, and epithelization in the wound bed [51,53]. Another example
is the use of therapeutic ultrasound for reducing localized fat deposits
to improve body contours. Moreno-Moraga et al. [54] showed that
using an ultrasound system (UltraShape Ltd., Tel Aviv, Israel, frequency
200±30 kHz, and intensity 17.5W/cm2) on patients' skin regions, such
as abdomen and inner and outer thighs, induced a decrease in fat thick-
ness after three treatments (one month intervals) by 2.28 ± 0.80 cm.
However, the duration of insonation was not mentioned and the
authors simply reported that the duration was determined by the em-
bedded feedback system in the apparatus. The reported results claimed
a reduction in body circumference by a mean of 3.95± 1.99 cm. Ascher
showed similar results using the same system on Caucasian women
(circumference reduced by 3.58 cm) [55]. On the other hand, Shek
et al. used the same system on 53 patients (51 females and 2 males)
and found no effect on abdominal circumference and also reported
poor satisfaction among patients [56].

Ultrasound has also been used in other cosmetic applications. For
example, in facial plastic surgery,White et al. [57] (in vitro) and Gliklich
et al. [44] (clinical) showed that high frequency ultrasound (7.5 and
4.4 MHz, respectively) may be targeted to induce thermal injury zones
(TIZ). Noninvasive rejuvenation treatments are based on the ability
to produce TIZs that trigger tissue remodeling and/or tightening
(i.e., mini face lift surgery) [44,58].

3. Use of ultrasound in transdermal drug delivery

Fellinger and Schmidt were the first to report back in 1950 [59] on
the successful treatment of polyarthritis of the hand's digital joints
using hydrocortisone ointment with sonophoresis. However, the first
ultrasound device approved by the FDA was only in 2004 for the appli-
cation of local dermal anesthesia of lidocaine [60]. With the develop-
ment of transdermal delivery, as an important means of systemic drug
administration, researchers have been investigating possible applica-
tion of ultrasound in transdermal drug delivery systems [45]. Ultra-
sound (with and without other enhancement methods) has been
assessed and its effect well established at various frequencies using var-
ious molecules [33,42,50,61–80]. Ultrasound has also been used to ef-
fectively enable the transdermal mass transport of cationic, neutral,
and anionic quantum dots (10 nm and 20 nm) and gold nanoparticles
(~5 nm) using 20 kHz ultrasound at 7.5 W/cm2 with 1% w/v SLS
[81,82]. Ultrasound also enhanced the permeability of larger gold nano-
particles (20–40 nm) using ultrasound with a frequency of 3 MHz and
intensity of 1.5 W cm−2 [83]. Ultrasound has also been used to enable
the penetration of peptide dendrimers containing arginine andhistidine
(as terminal amino acids)with varying positive charges (up to 16+) and
up to 2.2 kDa molecular mass [84]. In this research, these dendrimeric
peptides were detected in the donor chamber as soon as 10 min post-
insonation of human skin (20 kHz, 7–8 W/cm2 for 30 min), while
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passively nodendrimers permeated across human skin after 30min and
only traces were found after 6 h.

The ultrasound conditions used in sonophoresismay varywithin the
range of frequencies between 0.02MHz and 16MHz. The intensity may
vary between 0.008 and 50 W/cm2. The ultrasound intensity is mainly
limited in attempt to avoid potential skin damage. Characteristic drug
delivery enhancements in drug transport induced by therapeutic ultra-
sound have been ~10-fold compared to passive drug delivery [85]. This
enhancement effect might be appropriate for local delivery of certain
drugs (i.e. hydrocortisone) but inappropriate for most drugs. The effect
of low-frequency ultrasound (below 100 kHz) on transdermal drug
transport has been found to be significantly greater than at higher fre-
quencies (above 100 kHz). For example, Tachibana [46,86] reported
that the use of low-frequency ultrasound (48 kHz) yielded greater
transport compared to passive transdermal delivery of insulin across di-
abetic rat's skin. Another example reported byMerino et al. [36] showed
that the use of low frequency ultrasound (20 kHz) resulted in greater
enhancement of transdermal transport compared to high frequency ul-
trasound (10 MHz) which did not induce any transport enhancement.

Ueda et al. investigated the cavitational effect of three different ul-
trasound frequencies (41 kHz, 158 kHz, and 455 kHz) and found that
the lower the frequency the greater the cavitation effect. They found
that the penetration of calcein across rat skin correlated well with the
cavitation generation in the medium, suggesting that indirect effects
of cavitation collapse occurring in the insonated medium are more im-
portant than their direct effect on the skin [87]. Polat et al. [88] also in-
vestigated the effect of ultrasound frequency (20, 40, and 60 kHz) and
1% SLS on the enhancement effect on calceinmass transport across por-
cine skin. They found that the pore radii created after ultrasound expo-
sure are frequency-dependent on localized transport regions (LTRs, see
Section 7). The lower the ultrasound frequency used, the larger the pore
radii in LTRs (from 161 Å to more than 300 Å for 60 kHz and 20 kHz,
respectively).

Recently, a newway for inducing sonophoresiswas investigated and
published using two ultrasonic transducers with different frequencies
[89,90] simultaneously (Fig. 1). This system utilizes two ultrasound
horns perpendicular to each other, one with high frequency (N0.7
MHz) and one with low frequency (typically 20 kHz). The authors
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Fig. 1. Schematic diagram of the apparatus using two ultrasonic transducers with different f
which then stream below the low-frequency horn (a). The additional bubbles nucleated b
frequency horn (b). Upon approaching the skin, the bubbles begin to oscillate non-linearly and
claim that the increased sonophoretic effect observed is due to
increased generation of cavitational bubbles [91] near the skin from
the high ultrasound frequency horn, which in turn can oscillate and col-
lapse when irradiated with the low frequency ultrasound horn, thus
synergistically increasing the cavitational effect. Polat et al. [92] used
dual frequencies (20 kHz in 50% duty cycle and 1 MHz in continuous
mode), intensity of 8.0 W/cm2 (for the low frequency ultrasound) and
1.5 W/cm2 (for the high frequency ultrasound) using 1% SLS in 0.01 M
PBS as the medium. This apparatus increased the enhancement effect
of mass transport of inulin and glucose across porcine skin up to 3.81-
fold and 13.6-fold, respectively, compared to single ultrasound frequen-
cy. Moreover, Saletes et al. [93] showed that when applying dual ultra-
sound frequencies instead of a single frequency, a reduction of up to 40%
of the intensity may still be sufficient to initiate inertial cavitation. They
also found that the greater the difference between the two frequencies
the greater the cavitation effect.

The timing of when the ultrasound is used may also play an impor-
tant role. Basically, two options exist, using ultrasound without perme-
ate and prior to applying it, while the second option uses the ultrasound
with the permeate present in the medium. At early studies, simulta-
neous application of ultrasound and drug was the common approach
[73,94]. However, a newer study showed that applying therapeutical
ultrasound (1 MHz, 1 W/cm2) prior to corticosteroid application on
human skin results in significant penetration, while simultaneous
treatment of ultrasound and corticosteroid doesn't enhance penetra-
tion across the human skin in vivo [95]. Shareed and Abdul Rasool
tried to develop an optimized sonophoresis protocol for transdermal
drug delivery in vitro. They evaluated the effect of ultrasound dura-
tion, duty cycle, and the difference between concurrent application of
ultrasound and pretreatment with ultrasound. Caffeine was used as
the permeate; fixed ultrasound parameters were 20 kHz and intensity
of 0.37 W/cm2. They found that sonication concurrent with permeate
depositionwas superior to sonication prior to permeate deposition [96].

The use of simultaneous application does provide a temporal control
over skin permeability, but it also obligates the patient to use awearable
ultrasound device. Smith [97,98] tried to address this hurdle proposing
the use of low-profile light cymbal array ultrasound, which is a flex-
tensional transducer (Fig. 2). The cymbal transducer is made of two
requencies. It is hypothesized that the high-frequency US horn nucleates small bubbles,
y the high-frequency horn grow by rectified diffusion under the influence of the low-
collapse toward the skin surface (c) [89].



Fig. 2. “Cymbal” array ultrasound device (dimensions 37 × 37 × 7 mm3).
Adapted with permission from [97].
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metal caps exposed onto a lead zirconate titanate (PZT) ceramic. Flexing
of the end cap is the main mode of vibration. This flexing is induced by
the radial motion of the ceramic and the axial motion of the piezoelec-
tric disk. Lee et al. [99] assessed the delivery of insulin to hyperglycemic
rats and rabbits using the cymbal array (2 × 2 and 3 × 3 transducers)
and ultrasound (37 × 37 × 7 mm3, 22 g, 20 kHz, and 100 mW/cm2)
[99,100]. The glucose levels of the rats decreased from the baseline
(that was set to zero) by 200 and 174 mg/dL for the 5- and 10-minute
insonation time groups, respectively (measured 1 h post application).
In amore recent study, Park et al. [101] assessed the effect of the cymbal
transducer on pigs. The results showed that while for the control group,
not exposed to ultrasound, the blood glucose level increased by 31 ±
21 mg/dL (compared to base line value) over the 90-minute experi-
ment, the glucose levels of pigs exposed to 60min of 20 kHz ultrasound
with spatial-peak temporal-peak intensity (ISPTP) of 100 mW/cm2

showed a decrease by 72 ± 5 mg/dL in 60 min and by 91 ± 23 mg/dL
in 90 min, indicating the feasibility of the light weight transducer for
human applications. In another study they evaluated the glucose level
in rats by noninvasive transdermal insulin delivery using a cymbal
transducer array compared with subcutaneously administered insulin
(0.15, 0.2, 0.25 U/kg). After the application of ultrasound irradiation
for 60 min (20 kHz, ISPTP 100 mW/cm2, and 20% duty cycle) blood
glucose reduced by 262 ± 40 mg/dL within 90 min. On the other
hand, when insulin was administered by subcutaneous injection at
0.15 and 0.2 U/kg, little change was observed in glucose level; but for
higher concentration of 0.25 U/kg insulin, blood glucose decreased by
190 ± 96 mg/dL within 90 min. The change in blood glucose indicates
that a more effective dose of insulin was delivered with ultrasound
[102]. Boucaud et al. [103] also demonstrated that after inducing dose-
dependent hypoglycemia in hairless rats, exposing them to insulin
and ultrasound (energy dose of 900 J/cm2) resulted in ~75% reduction
in their blood glucose levels.

To improve delivery efficiency, a rectangular cymbal design was de-
veloped in order to achieve a broader spatial intensity field without
increasing the size of the device or the ISPTP [104].With a similar inten-
sity (50 mW/cm2), the goal was to determine if the 3 × 1 rectangular
cymbal array could perform significantly better than the 3 × 3 circular
array for glucose reduction in hyperglycemic rabbits. Rabbit ex-
periments were performed using three groups: non-sonicated control
(n = 3), exposed to ultrasound using a circular cymbal array (n = 3),
and exposed to ultrasound using a rectangular cymbal array (n = 3).
Rabbits were anesthetized and a water-tight reservoir that held the
insulinwas fastened on the rabbit's thigh. At the beginning of the exper-
iment and every 15 min for 90 min, the blood glucose level was deter-
mined. For the control group, the normalized glucose level increased
(more hyperglycemic) by 80.0 ± 28.8 mg/dL (mean ± SEM). Using
the circular array, the glucose level decreased by 146.7 ± 17.8 mg/dL
from the base level after 90min. However, using the rectangular cymbal
array, the glucose decreased faster and by 200.8 ± 5.9 mg/dL after
90 min (below the baseline concentration that was set to zero). These
results indicated the feasibility of the rectangular cymbal array as an im-
proved device for drug delivery.

Mitragotri and Kost also tried to address the issue of using a wear-
able ultrasound device [66,68]; they proposed an approach in which ul-
trasound was applied briefly as a pretreatment process followed by
passive diffusion, therefore rendering the need for wearable device.
Other studies have also reported the use of the pretreatment-type
sonophoresis. However, this approach possesses a challenge, requiring
the determination of the degree of skin permeabilization prior to drug
placement [105].

Insulin uptake through the skin increased after pretreatment with
low-frequency ultrasound (20 kHz, ~7 W/cm2). Rat's skin conductivity
increased approximately 60-fold post insonation. In these experiments,
insulin (500 U/mL)was applied to rats' skin after ultrasound treatment,
which caused their blood glucose concentration to decrease by approx-
imately 80% within 2 h [106]. However, blood glucose concentration
remained unchanged when insulin was applied on untreated skin.
Low molecular weight heparin (LMWH) transport across rats' skin
in vivo was also assessed with and without ultrasound pretreatment
[77]. Anti-Xa (aXa—a plasma factor in the coagulation cascade) activity
in blood was used for the assessment of transdermal LMWH delivery.
No significant change in aXa activity was observed when LMWH was
applied to non-treated skin. However, a significant quantity of LMWH
was detected that has been transported transdermally when applied
after insonation pretreatment. The activity of aXa in the blood was
found to increase slowly for about 2 h post insonation. Subsequently it
increased rapidly reaching a steady state after 4 h at a value of about 2
U/mL [77] as opposed towhat was achievedwith intravenous or subcu-
taneous injections (which resulted only in transient biological activity).
The effect of transdermal delivery of LMWH with ultrasound pretreat-
ment was observed well beyond 6 h.

Another example for macromolecular transport was shown by Katz
et al. [65]. They also applied ultrasound (55 kHz) as a pretreatment to
shorten the lag-time for the analgesic agent EMLA®cream(AstraZeneca
International,Wilmslow, UK) to become effective. EMLA creamcontains
two local anesthetics (lignocaine and prilocaine). It is designated to in-
duce local analgesia for normal intact skin for about 1 h post application.
Forty-two human subjects participated in the study in which pain
scores were measured and patients' preferences recorded. Pain scores
and overall preferences recorded after 4–14 s of ultrasound pretreat-
ment followed by EMLA cream application 5, 10, and 15 min later,
were statistically indistinguishable from EMLA cream application for
60 min without ultrasound pretreatment.

The gel composition also plays a role in skin permeation en-
hancement as was shown by Mishali et al. [107]. Ibuprofen transport
across rabbit skin increased with alcohol concentration in the gel and
decreased with the addition of propylene glycol (without the use of
ultrasound). The combined application of ultrasound and gel further
increased the transport of ibuprofen, but as previously explained,
ultrasound-induced cavitation phenomena decrease with increasing
gel viscosity, and this should also be taken into account when at-
tempting to optimize the ultrasound effect.

The effectiveness and clinical use of sonophoresis were studied
by Becker et al. [108,109]. Eighty-seven patients joined the study. A
brief (15 s) ultrasound exposure was applied as a pretreatment (similar
to Katz et al. [65] using the SonoPrep®), followed by 5 min applica-
tion of 4% liposomal lidocaine cream and standard care intravenous
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cannulation. Patients reported significant reduction in perception of the
pain of intravenous cannulation. Also, none of the patients reported any
adverse side effects during the follow-up period. Based on these and ad-
ditional studies the U.S. Food and Drug Administration (FDA) granted a
510 k marketing clearance to Sontra Medical in August 2004 to market
the SonoPrep® ultrasonic skin permeation device and procedure tray
for use with topical lidocaine. SonoPrep® (Fig. 3) was evaluated by
Prausnitz et al. in 2009 for its ability to induce long-term effects on
human skin. They found that after exposing the forearm skin of adults
to SonoPrep® at a frequency of 55 kHz, intensity of 15 W/cm2 until
the skinwas permeabilized, the occluded exposed area is highly perme-
able for 42 h post-exposure in a reversible manner [110]. Krishnan et al.
[111] also found that applying SonoPrep® onto human skin enabled the
penetration of 5-Aminolevulinate (used for actinic keratosis and other
non-melanoma skin cancers), whereas in untreated skin it did not pene-
trate the skin at all. The SonoPrep® induced a flux of 5-Aminolevulinate
of 54.8 ± 8.0 μg/cm2 h.

For other approved ultrasound devices we refer the readers to re-
views by Mitragotri and Sing et al. [112,113]. For a brief review on in-
dustrial and commercial aspects of developing therapeutic ultrasound
see Seip [114].
3.1. The relationship between mass transport, skin resistivity and water
uptake

The relationship between DC current and voltage and sodium ion
transport for human allograft skin immersed in saline buffers has been
studied by [115]. Most of their samples yielded sodium ion permeability
coefficients less than or equal to those reported for human skin in vivo.
The current–voltage relationship in these tissues was time dependent,
highly nonlinear, and slightly asymmetric with respect to the sign of
the applied potential. Skin resistance decreased as current or voltage in-
creased. This decrease was almost completely reversible for current
densities less than 15 μA/cm2 and exposure times of 10–20 min. At
higher current densities, both reversible and irreversible effects were
observed. The overall dependence of current (I) on voltage (V) was
nearly exponential and was satisfactorily described by I ~ sinh(V). At a
current density of 71 μA/cm2 and transmembrane potentials 1.1–1.6 V
the flux enhancement for sodium ion was three to five times larger
than that predicted for an uncharged homogeneous membrane accord-
ing to electrodiffusion theory.
Fig. 3. 2nd generation SonoPrep® device.
The relationship between skin electrical conductance (and resis-
tance) and skin permeability has been formally established [116]. It
has been shown that the skin's conductance correlateswell with its per-
meability irrespective of the means by which the permeability is en-
hanced. Karande et al. used electrical conductance measurements to
assess the effect of chemical penetration enhancers on skin permeability
[117]. Skin conductance is measured continuously during in vitro,
in vivo, or in clinical experiments determining the needed ultrasound
application time. Ultrasound insonation time depends on the objectives
of the experiment. In the past, a predetermined value of conductance
was set and once the skin reached that value the insonation stopped
[65]. A more recent method uses a feedback control loop in which the
change in conductance is calculated online using the second derivative
of the typical sigmoidal graph representing the change in conductance
with insonation time [105,108–110,118].

In a later study, White et al. (2011) analyzed single-frequency LCR
databridge impedancemeasurements to determinewhether the barrier
of skin samples has sufficient integrity for meaningful measurements of
in-vitro chemical permeability [57]. Tritiated water permeation has
been a conventional skin integrity test, however steady state determi-
nation of tritiated water permeability, based on water flux measure-
ments may require over 2 h. Single-frequency electrical impedance
measurements are rapid and economical alternatives to tritiated water
flux measurements. The method involves measuring the potential or
current response to a small-amplitude, typically sinusoidal modulation
of an input current or potential. Previously skin integrity has been
assessed by LCR databridge measurements, which were reported as re-
sistances determined in either series (SER) or parallel (PAR) modes at a
single frequency, typically 100 or 1000 Hz. It has been previously noted
that measurements made at different combinations of mode and fre-
quency differed. White et al. [57] provided a theoretical interpretation
of these differences and their impact on the skin integrity test results
and experimentally confirmed their theoretical findings. SER mode re-
sistances are equal to the real part of the admittance—themultiplicative
inverse of the complex impedance. Capacitance measurements report-
ed in SER and PAR modes are similar manipulations of the imaginary
parts of the complex impedance and admittance. They used a large
amount of data from human cadaver skin to show that PAR-mode resis-
tance and SER-mode capacitance measured at 100 Hz are sensitive to
skin resistivity, which is the electrical measurement most closely relat-
ed to skin integrity.

The skin impedance is the alternating-current analog of the area-
normalized resistance under DC-current, Rskin. It is the complex ratio
of the voltage to the current in an alternating current whose argument
f equals the phase difference between them. As f approaches zero the
skin impedance approaches Rskin and the real part of its multiplicative
inverse—the conductance approaches a value proportional to the
water permeability. The skin electrical resistivity, ρ quantitatively
characterizes the pathway for ionic transport through a skin area of A.
It satisfies ρ = δ−1(RskinA), where δ is the thickness of the skin layer
primarily responsible for the electrical resistance, commonly the
stratum corneum (10–40 μm) [57]. The permeability of polar and
ionic chemicals through the skin has been shown to be proportional to
(RskinA)−1. Denoting the permeability coefficient of an ionic compound
i by Pi, it can be shown that

bi ¼
Pi

ρδð Þ−1 ¼ Pi RskinAð Þ ð2Þ

where bi (=bi (f)) is the compound-specific proportionality coefficient
of the ionic compound i.

While the impedance measured at low frequencies may provide a
good estimate of Rskin and thus be inversely proportional to the perme-
ability coefficient of polar and ionic compounds. Alvarez-Roman et al.
suggested that the increase in skin permeability after ultrasound
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application, manifested by increased skin conductivity, is due to SC's
lipid extraction, which was found to be approximately 30% [119].

4. Immunization using ultrasound

Transcutaneous immunization is a procedure in which vaccine anti-
gens in a solution are applied on the skin to induce an antibody response
without systemic or local toxicity [120]. The major advantage of trans-
cutaneous immunization is the presentation of immunogens to antigen
presenting cells (APCs) within the skin, specifically Langerhans cells
that are highly potent immune cells within the epidermis. Langerhans
cells are in close proximity to the outermost layer of the skin, the SC,
and represent a network of immune cells that occupy about 20% of the
skin's total surface area despite composing only 1% of the epidermis
cell population [121]. Langerhans cells initiate immune responses by
acting as professional APCs, taking up and processing antigens, and sub-
sequently presenting antigenic peptides to naive T-cells in the lymph
nodes [122,123]. Transcutaneous immunization has been shown to gen-
erate both systemic (IgG/IgM response) and mucosal (IgA response)
immunity, whereas conventional needle-based injections often only
generate systemic immunity [120,124,125].

Tezel et al. [67] have demonstrated that ultrasound as a pretreat-
ment (20 kHz, 100 J/cm2) induces a significant IgG response and activa-
tion of Langerhans cells in the epidermis to a model vaccine (tetanus
toxoid) in BALB/c mice. The authors also demonstrated that low fre-
quency ultrasound acts as a transcutaneous immunization adjuvant
that abolishes the requirement of toxins to elicit an immune response.
Ten microgram of subcutaneous injection of tetanus toxoid induced an
immune response comparable to the delivery of as little as 1.3 μg of tet-
anus toxoid by low-frequency ultrasound. Murdan et al. [126] showed
that in the absence of sodium lauryl sulfate (SLS), tetanus toxoid deliv-
ery to skin pre-treated with low frequency ultrasound resulted in anti-
tetanus toxoid IgG and neutralizing antibody titers that were above
those required for protection against tetanus. This indicates that SLS
may not be required for low frequency sonophoresis (LFS)-assisted
transcutaneous immunization. In addition, they showed an inverse rela-
tion between SLS concentration and antibody titers; low concentration
of SLS increases the antibody titers, and low ultrasound duty cycle
(10 or 20%) increases the generation of IgG and neutralizing antibody ti-
ters. This indicates that enhancement of skin permeability is not the
main mechanism of LFS-assisted skin immunization [126]. In another
study they showed that using liposomes as a vaccine adjuvant reduced
antigen permeation and trans-epidermal water loss (TEWL) when the
skin was pre-treated with LFS using phosphate buffer solution (PBS)
as a coupling medium. On the other hand, such skin repair did not
take place in the presence of SDS and no changes were noticed in anti-
gen permeation and TEWL. Moreover, they found that skin repair is
more effective with smaller liposomes and it depends on the extent of
the disruption caused by the ultrasound [127].

5. Gene therapy

The concept of enhanced topical gene therapy with the aid of
ultrasound seems promising [128–131]. Gene therapy is a method for
amending defective genes that are accountable for disease devel-
opment, usually by substituting an “abnormal” disease-causing gene
with the “normal” gene. The therapeutic gene is typically delivered to
the targeted cell/organ (or systemic circulation)with the use of a carrier
molecule (vector). The progress made in genome research that resulted
in the discovery of almost 100 defected genes causing skin related
diseases, hasmade the possibility of using gene therapy a promising op-
tion [125,132–136]. Several of these studies (i.e., diabetic ulcers and pe-
ripheral ischemic ulcers) have reached the stage of clinical trials
[137,138]. Severe forms of genodermatoses (monogenic skin disorders)
such as epidermolysis bullosa and ichthyosis [131,139,140] are obvious-
ly the best candidates to be addressed by cutaneous gene therapy. Tran
et al. showed that insonating melanocytic lesions followed by topical
treatment of liposomal-siRNA complex (targeting V600EB-Raf gene) sig-
nificantly decreased (~30–40%) cutaneous tumor development in ani-
mals [141]. Other applications may be used for immunization, wound
healing, vitiligo, melanoma, atomic dermatitis, and psoriasis (for details
on these applications see [142]).

Topical gene therapy necessitates the permeation of a large complex
to or across the skin. The vector–gene complex can enable these re-
quired features via ultrasound pretreatment of the skin due to the ultra-
sound enhancing effect on skin's permeability. Although the main
challenge in topical gene delivery remains overcoming the skin and
cells' uptake barrier, only few researchers have utilized ultrasound
(or any other mechanical method) for this purpose; it is believed that
improved delivery and dermal cell uptake can be achieved by this
method.

It is important tomention that ultrasound has been used extensively
for enhancing uptake into cell lines and overcoming transfection bar-
riers. Since it is out of the scope of this review, interested readers are en-
couraged to read the article of Prausnitz et al. regarding this issue [143].

6. Transdermal monitoring using ultrasound

Extensive efforts have been devoted to developing painless and con-
venient techniques to measure blood analytes, particularly glucose.
These techniques include implantable sensors, minimally invasive skin
microporation, methods involving laser or miniaturized lancets. It also
includes noninvasive approaches such as near-infrared spectroscopy,
chemical penetration enhancers, and reverse iontophoresis [144]. One
of the crucial problems in noninvasive transdermal diagnostics is
obtaining adequate quantities of analyte for detection. Ultrasound, par-
ticularly at low frequencies, has been shown tohave an enhancing effect
on skin's permeability, hence allowing adequate quantities of clinically
relevant analytes, including glucose, to be collected for noninvasive
monitoring [66,118,145].

The technique was evaluated on type 1 diabetic patients to assess
whether a single short insonation (less than 2 min) was adequate to
noninvasively extract sufficient quantities of glucose across human
skin for several hours, and to determine whether transdermal glucose
flux varied in response to variations in blood glucose levels. Additional
experiments to further evaluate the duration of ultrasound-induced
permeability found that the skin permeability remained high for about
15 h and returned to its normal value by 24h [66]. Venous blood glucose
concentrations and noninvasively extracted glucose fluxes after
insonation as a pretreatment were in good correlation. Variations in
skin permeability of different sites after insonation were tested for the
same patient and among patients. The inconsistency in site-to-site per-
meabilitywas found to be approximately the same as patient-to-patient
variability. This necessitates a one-point calibration between transder-
mal glucose flux and one blood sample, which in turn is used to forecast
subsequent blood glucose levels. Based on such a calibration, the rela-
tionship was evaluated between transdermal glucose flux and blood
glucose levels (17% mean relative error). Echo Therapeutics Inc. [99]
has developed this technique for noninvasive continuous detection of
glucose. A minimally invasive method that continuously measures
glucose flux across insonated skin was reported [145]. In this study
the glucose concentrations of ten diabetes patients were examined
over a period of 12 h, and 8 patients undergoing cardiac surgery were
monitored for 24 h. The transdermal continuous glucose monitors usu-
ally required 1 h of warm up. Depending on the study setting, single or
multiple calibrations were applied, demonstrating successful accuracy
of glucose prediction in these diverse clinical settings.

Lee et al. [99] demonstrated the prospect for quantifying glucose
levels in interstitial fluids (ISF) after enhancement of skin permeability
with a light cymbal ultrasound array (37 × 37 × 7 mm, 22 g, 20 kHz).
A total of 12 anesthetized rats were divided in two groups (US exposure
group and control group). The ultrasonic transducer array with a saline
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reservoir (ISPTP = 100 mW/cm2) was affixed to the abdomen. The
array was removed after 20 min of exposure and an electrochemical
glucose sensorwas placed on the exposed area to determine the glucose
concentrations through the skin. The externally measured concentra-
tions were in good correlation with blood glucose levels measured in
blood tests.

In an attempt to improve the accuracy of continuous glucose moni-
toring systems, Jin et al. used skin impedance measurement to monitor
the skin permeability variation. They used low frequency ultrasound to
enhance the skin permeability by disrupting the bilayers of the SC and
ISF extracted by vacuum. The concentration of glucose was predicted
by a biosensor from extracted ISF. They measured the skin impedance
and transformed it to skin conductivity for estimating the correlation
coefficient between skin permeability and conductivity. They claimed
that using this method improved the prediction accuracy of the contin-
uous blood glucose monitoring system [146].

Park et al., in their study, used a combined ultrasound system of in-
sulin delivery and glucose sensing by a feedback controller. The in vivo
experiments were performed on 200 lb pigs. They used a cymbal ultra-
sound array (3 × 3, 30 kHz, ISPTP = 100 mW/cm2) for insulin delivery
and (2 × 2, 20 kHz, ISPTP = 100 mW/cm2) for glucose sensing. For
their experiments 115 mg/dL was set as reference value for operating
the combined system, which delivers insulin automatically based on
glucose blood level. The glucose levels were determined every 20 min
for 2 h. They found that glucose levels determined by their system
were slightly higher in comparison with a commercial glucose meter.
They suggested that in view of the in vivo results, using a feedback-
controlled combined cymbal ultrasound array system for noninvasive
glucose sensing and insulin delivery is feasible [147].

7. Mechanism

In the past three decades, the mechanism of the sonophoresis phe-
nomena has been studied. Although many studies have been published
on the subject, the mechanism is still not fully understood. What is
known is that the main ultrasonic effects are: cavitation, acoustic
streaming, thermal effects, and recently the BLS. However, it has been
shown in most cases that inertial cavitation is the main effect responsi-
ble for enhanced transdermal mass transport. All recent studies point
out that cavitation plays a significant role in the enhancing mechanism
of ultrasound treatment. For example, Mitragotri et al. [48] assessed the
role of a number of ultrasound-related phenomena, including cavita-
tion, thermal effects, generation of convective flows, and mechanical
Fig. 4.Main bubble collapse scenarios; (
effects. The authors theorized that the enhanced transdermal transport
in the course of low-frequency ultrasound application occurs through
the keratinocytes rather than the hair follicles. They proposed that
cavitation generates disorder of the SC lipids, causing significant water
penetration into the disordered lipid region. This might prompt the for-
mation of aqueous channels through the intercellular lipids of the SC en-
abling the transport of permeates.

Some attempts have been made to establish an appropriate mathe-
matical model (see Section 8) that could describe the enhancement in
transport phenomenon and predict the enhancement factor for various
drugs at various settings [116,148–150]. Tezel and Mitragotri [71] pre-
sented a theoretical analysis of the interaction of SC lipid bilayers with
cavitation bubbles. Three scenarios were considered—shock-wave
emission, micro-jet penetration into the SC, and impact of micro-jet
on the SC (see Fig. 4 for the first two scenarios). Their model predicts
that both micro-jets and spherical collapses might be accountable for
the observed transport enhancement effect. Ueda et al. examined the
cavitational effect of three ultrasound frequencies (41 kHz, 158 kHz,
and 455 kHz) and found that the lower the frequency used, the greater
the cavitation effect. They also found that the penetration of calcein
across rat skin correlated well with the cavitation generation in theme-
dium, suggesting that indirect effects of bubble collapse that occur in the
insonated medium are more important than the direct action on the
skin [87].

Additional potentialmechanismof improved percutaneous transport
post insonation was suggested by quite a few groups [45,148,151], hy-
pothesizing that ultrasound interacts with the structural lipids situated
in the intercellular channels of the SC. This is similar to the assumed ef-
fects of some chemical penetration enhancers that mainly act by
disarranging lipid structures either by extracting lipids from the bilayer
or by penetrating it [152]. Tachibana [46] and Simonin [148] hypothe-
sized that the energy of ultrasonic vibration induces enhanced transder-
mal mass transport via the trans-follicular and trans-epidermal routes.
They proposed thatmicroscopic bubbles (cavitation) formed at the sur-
face of the skin by ultrasonic vibration might produce a rapid liquid
flow, thus increasing skin permeability.

Wolloch and Kost investigated the importance of micro-jets versus
shock waves in cavitation formation [153]. They found that micro-jets
created by bubble collapse (inertial cavitation) are significantly more
effective in increasing skin permeability compared to shock waves.
They showed that micro-jet formation is increased when adding large
particles (250 μm) to the solution, whereas adding small particles
(10 μm) increases the formation of shock waves that act as suppressors
a) shock waves, and (b) micro jets.
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Fig. 5. The addition of silica particles to insonated medium: the particle size effect on the formation of micro jets and shockwaves [152].
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formicro-jet formation near the skin surface (Fig. 5). Thisfinding should
be taken into account for researchers who seek to use ultrasound with
carriers (either for drugs or genes).

Significant efforts have been focused on understanding the perme-
ation pathways through the skin during low-frequency sonophoresis
[15]. The effects of ultrasound-induced cavitation on skin have been
shown to be highly heterogeneous, leading to localized regions of high
permeability [153–162]. Kushner et al. [155] demonstrated that the lo-
calized transport regions (LTRs) are approximately 80-fold more per-
meable than the surrounding regions of the skin (see Fig. 6 for images
of LTR formation). The transport was enhanced in response to ultra-
sound irradiation even in the non-LTR regions. Specifically, the skin
electrical resistivity of the non-LTRs was found to be approximately
170-fold lower than that of untreated skin, while the electrical resistiv-
ity of the LTRswas found to be approximately 5000-fold lower than that
of untreated skin. It was also found that the LTRs obtained with higher
ultrasound frequencies were more homogeneously distributed in the
skin [154]. Optimal LTRs with significant transport enhancements
were obtained around 60 kHz. These results suggest that the difference
in the permeabilities of the LTRs and non-LTRs is due to the creation of
more aqueous channels in the LTRs than in the non-LTRs [49,158]. The
authors confirmed the presence of LTRs using two-photon microscopy
[156]. This conclusion of Kushner et al. can be further assured from
the results of Polat et al. [51], who found that ultrasound induces new
pores in LTRs and that the pore radius (N300 Å) is significantly larger
than in untreated (“native”) porcine skin (~13.6 Å). See more details
on this research in Section 10.

Alvarez-Román et al. [119] studied the effect of insonation (20 kHz)
on skin using confocalmicroscopy. They reported that the permeabilized
Fig. 6. Representative images of LTR formation in: (a) full-thickness pig skin with sulforhodami
rat skin with fluorescein isothiocyanate dextran (FITC-dextran 40). In (a)–(c), the black arrow
areas of skin by sonophoresis were discrete and were separated by
regions of the SC that had not been significantly affected by the applica-
tion of ultrasound. In some regions, profound accumulation of permeat-
ed fluorophore was seen below the SC; however, adjacent sites in
ultrasound-treated skin showed that there was retention of the fluores-
cent probe at the SC surface and, by implication, no opening of new per-
meation pathways across the barrier. The distribution and number of
LTRs in the skin changed with the frequency of ultrasonic exposure.

Paliwal et al. [160] studied the heterogeneity of transdermal trans-
port during sonophoresis using quantumdots (QDs, 20 nm in diameter)
as tracer nanoparticles. Microscopically, QDs were captured in several
discrete pockets, each spanning about 40–80 μm in width and up to
60 μm in depth in the LTRs, andwere shown to penetrate into the viable
layers of the skin. A high heterogeneity in QD distribution was also
observed at the nanometer length-scale in the skin using elec-
tron microscopy. Existence of QD-localized pockets (up to 50 nm wide
and 300 nm long) was observed within the intercellular lipids and
corneodesmosome junctions of the SC, and occasionally in corneocytes
of the LTRs. Electron micrographs of untreated skin showed scattered
and non-connected defects within the intercellular lipid lamellae,
while application of ultrasound (20 kHz, 2.4 W/cm2) significantly in-
creased the frequency of occurrence as well as the size of defects in
the bilayers of the SC. Furthermore, application of ultrasound in the
presence of SLS induced similar but more pronounced dilatory defects
in the ultrastructure of the SC. Quantitative analysis showed that
while the area-density of defects significantly increased in the SC,
their number-density did not change for ultrasound-treated skin com-
pared to controls. The authors hypothesized that ultrasound induces di-
latation and greater connectivity of voids in the SC,which possibly leads
ne B (SRB), (b) full-thickness human cadaver skin with SRB, and (c) full-thickness hairless
points to a representative LTR in each skin sample [154].

image of Fig.�5
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to the formation of a well-connected three-dimensional porous net-
work in the SC, which is capable of transporting QDs as well as other
macromolecules across the skin.

A very interesting article published in 2009 by Collis et al. [163] may
offer an explanation for why LTRs are formed after ultrasound applica-
tion. They investigated the differences in the shear stresses created by
cavitational bubbles depending on their size (as a result of using differ-
ent ultrasound frequencies). They analyzed three different shear stress
patterns (termed quadrupole, dipole, and vortex, Fig. 7) with increasing
flow field divergence thatmay develop near surfaces such as skin or cell
membranes. They found that surface divergence affects the developing
flow field, thus affecting different parts of the tissue/cell different flow
fields, causing stretching/opening in some zones but contraction in
others (one should also bear in mind that ultrasound cavitation results
in a variety of bubble radii). This may also be used in studies evaluating
the effect of ultrasound on cell permeability as to why not all cells expe-
rience the same effect when exposed to ultrasound.

Tang et al. [149] evaluated the relative roles of enhanced permeabil-
ity due to ultrasound-induced skin alteration and enhancement due to
ultrasound-forced convection. The theoretical and experimental results
propose that, for low-frequency ultrasound, the relative influence on
enhanced diffusion depends on the in vitro skin model used. Specifical-
ly, convection plays a central role when heat-stripped SC is insonated,
while its effect is minimal when full-thickness skin is employed. Also,
the actual pore radius of the skin calculated using heat-stripped SC in
the course of ultrasound exposure is much larger than that within full-
thickness skin.

As mentioned previously, it is generally agreed that skin electrical
conductivity is proportional to skin permeability, either may be used
to represent the other [57,162,164–166]. The normalizedmodel simula-
tion results were compared to measured electrical conductivity for var-
ious experimental scenarios. The model predicts realistic characteristic
times observed in sonophoresis (10 s to 5 min). The computational pre-
dictions qualitatively conform to the experimental results. Sonophoresis
may result from various mechanisms that act in synergy. The present
model predicts that rectified diffusion (see Section 8 for further details)
might be one of the factors that lead to sonophoresis during ultrasound
treatment.

Morimoto et al. [167] studied the transport pathway of fluorescent-
labeled hydrophilic dextranmolecules (40 kDa) in hairless rat skin after
low-frequency sonophoresis using confocal microscopy. Upon ultra-
sound exposure (41 kHz, 120 mW/cm2, 5 min), dextranmolecules pen-
etrated into the skin up to a depth of 20 μm. Several crack-like structures
were observed in the sonicated skin that lay under the ultrasonic trans-
ducer. On the other hand, when using Rhodamine B the penetration
depth was about the same as with passive diffusion, although there
was an increase in the quantity penetrating to each layer depth investi-
gated. The authors believe that the different transport patterns of dex-
tran and Rhodamine B may be due to differences in their lipophilicity.
Fig. 7. Illustration of the difference between uniform shear and surface divergence; (a) uniform
itive divergence (as well as shear stress), cells/cell membrane in stretch-activated state; (c) hi
together.
Adapted with permission from [162].
Because the ultrasound increases water transport across the skin, distri-
bution of more lipophilic compounds such as Rhodamine B may not be
influenced significantly as opposed to FITC dextran, which is hydrophil-
ic. The authors concluded that ultrasound increased the transdermal
transport of hydrophilic solutes by causing a degree of structural alter-
ation and then inducing convective solvent flow probably via both
corneocytes and lipids of the SC. Kushner et al. [156] also investigated
the depth penetration of Rhodamine B hexyl ester (RBHE, hydrophobic
permeant) and sulforhodamine B (SRB, hydrophilic permeant) using
dual channel two photon microscopy. The results showed that RBHE
and SRB both penetrated the skin up to 40 μm after ultrasound applica-
tion (in LTR regions). Lanke et al. used SonoPrep® (55 kHz for 1 min)
and 0.1% SLS for assessing the penetration depth of LMWH, and found
that LMWH penetrated insonated skin up to 100 μm compared to 40
μm in passive diffusion [168]. The increase in depth penetration is due
to the addition of SLS to the medium interfacing with the skin since it
is known to interact synergistically with chemical penetration en-
hancers [92].

8. Models and simulations

The enhanced transdermal drug delivery under the influence of ul-
trasound (US) irradiation, termed sonophoresis, has been studied ex-
tensively in the past – experimentally as well as theoretically – yet it
is inmany aspects controversial and actuallymany details remain poor-
ly understood. Mathematical models are used to formulate hypotheses
in terms of equations and parameters and their solutions provide theo-
retical basis and insight of the observed phenomena.

The most prominent phenomena associated with ultrasound irradi-
ation are the creation of gas bubbles from small gas nuclei in the ambi-
ent medium and their rapid oscillation. If the ambient pressure is not
too large, these bubbles grow due to the rectified diffusion phenomenon:
gas enters and exits the bubbles by diffusion under the oscillating pres-
sure. It enters the bubble during the pressure rarefaction expansion
phase and exits during the compression phase. The quantity of air
transported in each phase is proportional to the bubble surface area.
The surface area during the expansion phase exceeds the surface area
during the compression phase. Consequently, over a complete cycle,
there will be a net increase in the quantity of gas in the bubble, a phe-
nomenon called rectified diffusion.

Bubbles that reach an unstable diameter collapse symmetrically
when surrounded by an infinite medium and asymmetrically near a
wall. The bubble boundary farthest from the wall moves towards the
wall, sometimes penetrating the boundary nearest to thewall, thus, cre-
atingmicro-jet that impinges the skin surface. Symmetrically collapsing
bubbles induce shockwaves. Bubble oscillation, growth, and collapse
under the influence of an ultrasonic field are termed acoustic cavitation.

Hereweattempt toprovide anoverviewof themost prominentmath-
ematical models that have been used to describe the LFS-enhanced
, high shear stress, no divergence and hence no stretch of cell surface; (b) high rate of pos-
gh rate of negative divergence (as well as shear stress), cells/cell membrane compressed
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transdermal drug delivery. Mathematical models can be categorized ac-
cording to various criteria. Clearly, various ultrasound-related phenom-
ena, including cavitation, thermal effects, convective velocities, and
mechanical effects can affect the enhanced transdermal drug delivery
(TDD). Here, the mathematical models will be presented according to
the mechanism that is assumed to dominate observed experimental
data. The following categories will be considered with regard to the
dominating factor in LFS-enhanced TDD:

1) Enhanced diffusion due to US-induced structural alterations—in
the late 1960s and early 1970s, Blank and Scheuplein applied
the quantitative-structure permeability relation (QSPR) approach
[169]. QSPR methods link SC permeability to the permeant partition
coefficient, its diffusivity, and the SC thickness based on the assump-
tion that permeant transport through the SC is done by Fickian dif-
fusion. The SC is treated as a uniform, lumped membrane. QSPR
methods use statistical correlations to express the permeability coef-
ficient under normal, undisturbed conditions and following struc-
tural changes.
Mitragotri et al. in 1995 [151] hypothesized that oscillations of the
ultrasound-induced cavitation bubbles near the SC keratinocyte-
lipid bilayer interfaces may cause oscillations in the lipid bilayers,
thereby causing structural disorder of the SC lipids. They speculated
that shock waves generated by the bubble collapse may further add
to the structure-disordering effect. They proposed a QSPR-based
mathematical model for the undisturbed, passive skin permeability
coefficient as a function of the partition coefficient of the permeant
in the bilayer, the effective permeant diffusion coefficient, and the
thickness of the SC.
Similarly, they described the effective electrical conductivity of the
skin based on the transport of ions such as sodium and chloride
(present in the saline solution around the skin) through the shunt
pathways as well as through intercellular lipids. Next they presented
a mathematical expression for the skin permeability coefficient for
permeates in the presence of US and a corresponding description of
the electrical conductance of the skin. Dividing the latter expressions
Fig. 8. Schematic representation of model scenario: (a) Initial state: small gas bubbles are rand
mination of rectified diffusion process.When no bubbles are left, the process reaches an endpoi
Keratinocytes ; lipid matter ; aqueous medium [149].
by the former ones produced theenhancement ratios of permeability
and electrical conductivity in the presence of US. These models sug-
gest that the transport rates of drugs passively diffusing through the
skin at low rate are most enhanced by the application of US.

2) Porous pathway models—Tang et al. [149] in 2001 suggested a dif-
ferent mechanism. They hypothesized that the TDD enhancement
may result fromUS-induced skin alterations and/or from forced con-
vection. They began by developing a theory describing the transder-
mal transport of hydrophilic permeates in both the absence and the
presence of US, incorporating fundamental equations of membrane
theory and electrochemistry principles.
A fundamental assumption in their model is that hydrophilic
permeants migrate through the skin via a porous pathway, which
is the same pathway traversed by current-carrying ions. Further as-
sumptions in their model include: 1) the permeant/ions behave as
hard spheres with no specific interactions with the pore walls, and
2) the anions and cations in the electrolyte solution have the same
valence and similar transport characteristics. In a later study, Tezel
et al. [164] in 2002modified the previousmodel to include lipophilic
pathways as well.

3) Intercellular-cavitation—Lavon et al. in 2007 [150] presented a sim-
plifiedmodel of a process based on rectified diffusion that could lead
to channeling and thereby to transdermal sonophoresis (Fig. 8). Ac-
cording to their model, small gas bubbles randomly distributed in
the lipid bilayers of the SC grow in the presence of USby rectified dif-
fusion. These bubbles maymerge and create elongated gas channels
that propagate along the lipid bilayers. As they reach the boundaries
of the SC they fill with water, through which drugs can easily pene-
trate. Partially or fully opened channels shorten the diffusion path
and as a result transdermal transport is enhanced. Equivalently,
these channels also reduce the electrical resistance between the
outer and inner surfaces of the SC. Their resultant resistance can be
calculated by treating them as electrical/diffusional resistors con-
nected in parallel. Neglecting their tortuosity, their electrical as
well as diffusional conductance can be roughly related to their
length relative to the SC thickness. Eller's equations were applied
omly distributed within channels present in the lipid matter of the SC. (b) Final state: ter-
nt, and is terminated. Some channels are fully opened. Other channels are partially opened.

Unlabelled image


Fig. 9. A schematic representation of the BLS mechanism. A. Bilayer membrane; B. bilayer inflation during insonation; C. rupture of the bilayer membrane; D. channel formation.
Adapted with permission from [24].
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to determine the evolution of the gas channels under US irradiation.
Their model's predictions qualitatively comply with experimental
results.
Krasovitski et al. [24] in 2011 presented a cellular-level model,
termed bilayer sonophore (BLS), describing the dynamic behavior
of the two lipid bilayer membrane leaflets in an US pressure field
(Fig. 9). They hypothesized that the intra-membrane hydrophobic
space between the two lipid monolayer leaflets expands and con-
tracts periodically when exposed to US. The two leaflets are pulled
apart during the negative phase of the oscillating pressure when it
overcomes the attractive forces between the leaflets and they are
pushed back together during the positive phase of the pressure.
Their model predicts that this process can occur at both the diagnos-
tic, non-thermal, non-cavitational and therapeutic, potentially
cavitational spatial peak temporal average intensity levels. It shows
that the bilayermembrane is capable of directly transforming acous-
tic energy intomechanical stresses and strains at the subcellular and
cellular levels,whichdo not require prior existence of air voids in the
tissue. The occurrence and behavior of BLSs in the membrane of the
keratinocytes in the SC and their possible role in TDD sonophoresis
remain to be studied.

4. Synergistic effects—recently, Polat et al. [92] in 2012 proposed a
physical explanation of this phenomenon, suggesting that LFS en-
hances the penetration of CPEs into the skin. Using a mathematical
model they showed that the transport flux of all CPEs is expected
to increase the LTRs of LFS-treated skin. While in non-treated skin
the CPE transport is solely caused by passive diffusion, the transport
in LFS-treated skin is more complex. Here the impingements of col-
lapsing bubblemicro-jetswithin the LTRs are accounted for. The flux
of a non-amphiphilic permeant into the skin depends on two contri-
butions resulting from these micro-jets: (i) a convection-enhanced
diffusional contribution due to the added mixing and streaming,
and (ii) a contribution related to the quantity of bulk fluid injected
into the skin with each micro-jet.
In the case of a surface-active amphiphilic permeant, an additional
contribution to the flux originates from the tendency of amphiphilic
molecules to adsorb at the gas/water interface of the cavitation bub-
bles and the collapsing bubbles. When they collapse at the skin
surface as cavitationmicro-jets, these bubbles effectively deliver sur-
factants directly into the skin.

9. Safety issues

The FDA published in 1997 guidelines on ultrasound safety issues.
The main parameters are the mechanical and thermal indices (MI and
TI, respectively). These parameters and operating limitations are
shown in Eqs. (3) and (4).

MI ¼ Pr:3 Zð Þ
ffiffiffi

f
p ð3Þ

TI ¼ Wf
210

; ð4Þ

where f is the frequency in MHz, W is the bounded square output power
(defined as the power emitted in the non-auto scanning mode from the
contiguous one square centimeter of the active area of the transducer
through which the highest ultrasonic power is transmitted) in mW/cm2,
and Pr.3(Z) is the peak rarefactional pressure, derated by 0.3 dB/cm-MHz
at each point along the beam axis (Z) [170]. The maximal value allowed
for thermal index is 1.0, while the highest value for the mechanical
index is 1.9 for most organs (except for ophthalmic procedures in
which it is 0.23).

Another safety guideline, based on the intensity-time product of the
form presented in Eq. (5), has been used to assess thermal damage
threshold (mostly used for HIFU applications):

D ¼ I � tm ð5Þ

where D is a tissue-dependent damage threshold, I is the average ISPTP
spatial-peak temporal-average intensity, t is time, and m is a parameter
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smaller than one [171]. Harris et al. [171] measured and found that m is
between 0.3 and 0.8 and independent of the ultrasound frequency.

Collis et al. [163] provide another way to increase the sonoporation
effect without increasing ultrasound intensity, thus avoiding potential
safety issues. Their results suggest that appropriate tuning of the applied
frequency may benefit therapeutic applications in terms of coverage
and rates of sonoporation due to diversification of the induced shear
stresses on the skin.

Another, yet a more minor, effect that may cause safety issues is the
formation of free radicals as a result of cavitational bubble collapse.
Sostaric et al. [172] found that using n-alkyl solutes (specifically
glucopyranosides) in the medium completely inhibits cytolysis of
insonated cells without decreasing inertial cavitation, thus eliminating
the detrimental effect without affecting the beneficial effects. The find-
ings of Saletes et al. [93] mentioned previously (40% reduction in in-
tensity needed to induce inertial cavitation) may also be applied to
reduce ultrasound intensity and thereby lower thermal effects without
compromising the beneficial effects of ultrasound on enhanced trans-
port (cavitation).

10. Synergistic effects of ultrasound

Ultrasoundmight enhance transport across skin by inducing skin al-
teration (thus decreasing its resistance to drug transport), as well as by
inducing dynamic transport (forced convection) across the skin. Various
other methods of transport enhancements, including chemical pene-
tration enhancers [64,88,162,164,173], iontophoresis [174], and elec-
troporation [175], might increase mass transport synergistically with
ultrasound.

For example, Mitragotri et al. [68,162] assessed the synergistic effect
of low-frequency ultrasound with chemical penetration enhancers
(specifically surfactants), including SLS as a model permeate and man-
nitol. Insonation alone as well as SLS alone, both for 90 min, enhanced
skin permeability approximately three fold for 1% SLS and eight fold
for ultrasound. On the other hand, combining ultrasound with 1% SLS
solution induced enhancement in skin permeability to mannitol nearly
200-fold. They suggest that the synergistic mechanism results from the
increased penetration of SLS due to induced convection (resulting from
cavitation) into the skin and into deeper layers. Polat et al. [88] investi-
gated further the synergistic mechanism of LFS and SLS on mass trans-
port across porcine skin. They found that the enhancement effect is
not homogenous and consists of LTRs as in using LFS alone. They calcu-
lated from electrical conductivity experiments that pore radii created in
LTRs were larger than 300 Å (for 20 kHz ultrasound). Interestingly, they
found that new pores were also created in non-LTRs and that their cal-
culated radii were ~18 Å (but still larger than pores found in untreated
skin samples). They suggested that the enhanced transport mechanism
within LTRs is caused by cavitation-induced micro-jets, whereas for
non-LTRs the enhancement effect is probably due to SLS perturbations
and increased penetration into the skin driven by ultrasound induced
micro-streaming. Polat et al. suggest in another article [92] that since
amphiphilicmolecules tend to adsorb to cavitation bubble gas/water in-
terface, the simultaneous application of SLS and LFS will result in an in-
creased flux of amphiphilic versus non-amphiphilic molecules into the
skin.

Lavon et al. [64] proposed that the synergistic effect observed for SLS
and ultrasound when applied simultaneously can be also attributed to
the modification of the pH profile in the SC when insonated: the altered
pHprofile increases SLS lipophilic solubility, penetration, and distribution.

Mutalik et al. examined the effect of ultrasound with CPEs for trans-
dermal drug transport of 5% v/v citral in 50% v/v aqueous ethanol on the
mass transport of tizanidine hydrochloride (TH) across mouse skin
[176]. They found that the combined application yielded a synergistic
effect (from a 0.025 mg cumulative quantity of TH in passive diffusion
after 30 min to 2.459 mg using the combined effect). Ultrasound and
CPEs were also used to enhance the mass transport of nanoparticles
across mouse skin aswas shown by Lee et al. [177] in the case of lantha-
numnitrate (LaNO3). The application that yielded the greatest enhance-
ment in mass transport consisted of applying ultrasound (25 kHz) for
5 min at the intensity of 800 mW/cm2 with 0.3 M of oleic acid (OA).
The area density of LaNO3, which penetrated into the viable epidermis,
was about 18.4- and 1.84-fold higher in skin treated simultaneously
with LFS and OA compared to that of skin treated separately with OA
or LFS, respectively.

Not all CPEs show synergistic effects in combination with ultra-
sound. For example, El-Kamel et al. [178] found no enhancement of
testosteronemass transport across rat skin when using low or high fre-
quency ultrasound (20 kHz and 1–3 MHz, respectively) with 1%
dodecylamine compared to using these applications separately. The au-
thors offered no explanation as to why no synergistic or even additive
effects exist.

Ultrasound also showed a synergistic effect with electroporation
[69]: ultrasounddecreased the threshold voltage required for electropo-
ration and enhanced transdermal transport at a given electroporation
voltage. The increase in transdermal transport induced by the combina-
tion of ultrasound and electroporationwas greater than the additive en-
hancements induced by each enhancement method alone.

Combined application of ultrasound and iontophoresis has also
applications of interest [174]. Their combination has a synergistic en-
hancement effect. As ultrasonic pretreatment decreases skin resistivity,
a lower voltage is needed to deliver a permeate during iontophoresis
compared to that in controls without ultrasound pretreatment. This
ought to result in lower power requirements as well as less skin irrita-
tion. Hikima et al. explored the synergistic effects of sonophoresis and
iontophoresis on skin penetration using vitamin B12 (molecular weight
1355.4 Da and non-ionized compound at physiological pH) as a model
drug in the SC of hairless mice. They found that using ultrasound
(3 MHz, 5.2 W/cm2, 5.4% duty cycle) increased the penetration flux 12
times more than through intact skin; moreover, using IP (0.32 ±
0.3 mA/cm2) increased the flux of VB12 20 times compared to passive
delivery. This enhancement refers to the increase in solubility and dif-
fusivity of skin and convectivewaterflowdue to US and IP, respectively.
A combination of US and IP has a synergistic effect of VB12 penetration.
They proposed that the synergistic effect is caused by a different mech-
anism than the one caused by US or IP only for enhancing skin pene-
tration, and that using a combination of US and IP is an effective
means for delivering large molecules into the blood circulatory system
[179]. In another paper they investigated the mechanism of skin pene-
tration enhancement under sonophoresis or by IP on hairless mouse
skin. They chose seven chemicals that differ in their molecular weight
(122–1485 Da) as model compounds. The chemicals were dissolved in
hydrophilic gel and loaded on the skin. The skin was separately treated
by US or IP with the same parameters mentioned in the previous study,
or by US + IP simultaneously. They found on the one hand, that the
penetration profiles of ionized chemicals for US + IP were the same as
for IP alone, but on the other hand, the penetration profiles of non-
ionized chemicals synergistically increased for US + IP compared to
US or IP separately. Moreover, chemicals with molecular weight less
than 500 Da were influenced by IP while chemicals with molecular
weight of more than 1000 Da showed synergistic effects with US + IP.
They suggested that the synergistic effect of US + IP is mainly caused
by an increase in the SC diffusivity and electro-osmotic water flow due
to US and IP, respectively [180].

Ultrasound has also been used in combination with laser cell abla-
tion technique. Terentyuk et al. [83] showed that the use of laser cell-
ablation (erbium laser) can enable efficient delivery of gold nanoparti-
cles (20–40 nm) across rat skin in vivo. These gold nanoparticles did
not cross the skin without the use of enhancing techniques. They
found that this enhancement effect was further increased when com-
bined with 3 MHz ultrasound.

Recently, a combination of ultrasound and micro-needle array was
developed [181]. Sonophoretic-enhanced micro-needle array (SEMA)
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is used to deliver large molecular weight compounds through skin. This
array consists of hollow micro-needles that pass the drug through the
epidermis and into the dermis. Next, the fluid medium adjacent to the
skin is exposed to ultrasound irradiation, inducing acoustic cavitation,
which further facilitates the diffusion of large molecular compounds
into the skin.
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