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mitting easy determination of gene transfection and tissue
damage.

To establish the optimal condition of US MB- mcdlated gene
transfer to cornea, 98 different patterns of various US condi-
tions were examined in vitro in preliminary studies because it
is difficult in practice to study so many different patterns using
rabbit eyes in vivo. First, the duty cycle of US was evaluated.
Results clearly showed that a duty cycle of 100% is most
effective to transfer genes. However, cell damage was too
strong with a duty cycle of 100%. Therefore, a duty cycle of
50% was chosen for our purpose. Second, the amount of MBs
perflutren protein (Optison; Amersham Health) was evaluated.
Cytotoxicity was highest in 100% MBs, and gene transfer effi-
ciency was highest in 20% MBs. Thus, 20% MBs was chosen.
Third, the exposure time of US was evaluated. An exposure
time longer than 120 seconds significantly damaged the cells,
and an exposure time shorter than 60 seconds could not
transfer the gene efficiently. Sixty- and 120-second exposure
provided almost identical gene transfer efficiency and cell
toxicity. Finally, US power was studied. It is understandable
that high US power can transfer the gene to cells but also
induce strong cell damage. Considering gene transfer effi-
ciency and cellular damage, a US power of 1 or 2 W/cm?
should be appropriate.

Contrary to in vitro experiments, US alone revealed no
significant enhancement of gene transfer compared with con-
trols. Because the comea is composed of multiple cell layers
and abundant extracellular matrix, it is postulated that higher
US intensities are needed to produce sufficient microjets to
damage cells or inject genes into cells. Adding MB with the
plasmids, on the other hand, increased gene transfer efficiency
by twofold to threefold. Optic examination showed that GFP
was present mainly in keratocytes at the US-targeted regions of

the corneal stroma. GFP was not detected in the untreated area |

of the comea or other intraocular tissues. It is noteworthy that
US induced no immediate corneal damage, such as opacity or
defect of comeal/ciliary epithelial cells. Surrounding trabecular
meshwork, cells lining Schlemm canal, lens epithelial cells, and
retina seemed to be intact.

Previously, Wang et al.>? reported perflutren protein (Op-
tison; Amersham Health) with DNA could achieve effective
gene transfer in muscle. However, effective gene transfer could
not be performed in comea in the present study. Because the
cornea has more abundant extracellular materials than muscle,
perflutren protein (Optison; Amersham Health) alone might

not be effective for transferring DNA to cells.

- Viral vector- or liposome-mediated gene transfer methods
are effective for transferring genes to almost every cell that
comes in contact with vectors®>** (e.g., the adenoviral vec-
tor). Because the long-term effects of gene transfer on recipient
cells remain unclear, the cells to which genes are transferred
should be strictly controlled. Especially when transferring
genes to the cornea, the pupillary area should be avoided so as
not to threaten vision. The present method greatly reduces this
concerr because of the precise targeting it makes possible.

In previous studies we reported that electroporatxon—medx—
ited gene transfer can be achieved in rat comea.>*>"3” How-
ever, in larger animals, including rabbit, electroporation may
be hazardous because the cardiovascular system is sometimes
impaired by treatment (data not shown). Therefore, at present
it might not be easy to apply electroporatxon for human gene
therapy.

When the vehicle with the gene of interest is injected into
tissue through a local gene délivery method such as liposome
or viral vector injection, the vehicle spreads in every direction
three dimensionally. Accordingly, gene transfer is achieved
three dimensionally in a similar way. However, in the treat-
ment of a surface organ such as skin or comea, two-dimen-
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sional gene transfer is sometimes preferable. Using the charac-
teristics of ultrasound, the present method achieved two-
dimensional gene transfer.

Thirty percent to 40% of the total comeal area was covered
by a 12-pL plasmid injection. Gene transfer was achieved in the
area exposed to US. To expand the area of gene transfer, it was
necessary to improve the injection method and the US probe.
The present method can be applied to a variety of purposes,
such as making it feasible to use highly fragile proteins.38-3°
With the present method, we were able to superficially deliver
genes to a targeted tissue surface area two dimensionally. Thus,
this sonoporation method could become a valuable modality
for therapy and research that require surface-localized drug
delivery or gene induction.*°

Many questions remain before the present method can be
applied clinically. The optimal US condition required for effi-
cient gene transfer is highly dependent on the tissue, and the
biologic structures responsible for the US effect vary greatly
among species. These issues must be carefully explored. Of
necessity, there is another limitation to the present study. We
examined a rabbit comeal epithelial cell line in an the vitro
study, but the gene-transferred cells were mainly keratocytes in
the in vivo study. In our preliminary study, rabbit keratocytes
were cultured; however, the morphology of these cells soon
chdnged and differentiated into unidentifiable cells. Therefore,
we used the rabbit corneal cell line RC-1.

To summarize, our studies show that using US in conjunc-
tion with commercially available MBs can enhance gene deliv-
ery to cells without damaging tissues. Although this modality
was highly dependent on acoustic conditions and bubble con-
centration, its simpli¢ity and noninvasiveness may provide a
new avenue for microinjecting various substances into a wide
range of living tissues.
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Abstract - This review focuses on a unique transdermal drug delivery enhanced by the action of ultrasound, referred as sonophioresis.
Sonophoresis is an active form of transdermal delivery which enhances the transport of permeants, such as drugs through cell
membranes as a result of ultrasonic energy. Ultrasonic sound waves cause acoustic cavitation, the resultant effects of which
mlcroscoplcally disrupt the hpld bilayers of the stratum comeum and thereby influencing the influx of permeants. Sonophorws
increases the penetration of various low molecular weight drugs as well as high molecular weight proteins. The objective of this review
is to account the role of ultrasound parameters and the associated cavitational effects, gained through a number of investigations, in

order to facilitate the understanding of this method.

Key words: Acoustic cavitation, transdermal, drug delivery, ultrasound, sonophoresis, skin penetration, sonochemical

INTRODUCTION

Drug delivery techniques were established to deliver or
control the amount, rate and sometimes targeting of the
drugs to specific body organs in order to optimize its
therapeutic effect, patient convenience and dose. Intravenous
injection and oral dosing, the two modes of drug delivery in
popular use today, have many shortcomings. The recent
development of biotechnology drugs based on
macromolecules, particularly polypeptide drugs such as
interferons and erythropoietin, are a key factor in the growth
of the drug-delivery market. Approximately 40
macromolécule drugs are currently being marketed,
generating estimated worldwide sales of $20 billion. It is
estimated that 400 additional macromolecule drugs are in

clinical development. However, at this stage evidence -

supporting the clinical application of many of these drugs is
limited. One reason for this is perhaps because oral

Abbreviations: atm: atmosphere; Hz: hertz; J: joule; J/em?:
joules per square centimeter; K/sec: kelvin per second; kHz:
kilohertz; MHz: megahertz; m/s: meters per second; mA/cm?:
milliamperes per square centimeter; nm: nanometer; Pa:
pascal; SC: stratumi corneurn; W/cm? watts per square
centimeter

administration of these drugs becomes impossible as these
drugs break down quickly and are poorly absorbed into the
bloodstream. Whereas, infravenous administration of these
drugs with chronic application becomes inconvenient, time-
consuming and known to result in poor patient-compliance
(25). Therefore, the successfulness of new therapeutic
biological drugs will depend on a novel technology to enable
them to reach their target within the body. An appealing
alternative to intravenous and oral drug delivery is -
"transdermal” or "through the skin" drug delivery, a
powerful and a painless tool which avoids the problems
inherent with the intravenous and oral delivery methods,
with the added benefits of possible sustained controlled
release. and analyte extraction, for example extracting
glucose and other constituents of interstitial fluid across
permeabilised skin (21,86,87). These advantages of
transdermal systems make them very promising for drug
dehvery

Why transdermal drug delivery?

As the body’s largest organ, skin is a promising target of
drug delivery. However, skin is an extremely effective -
barrier membrane - pethaps the most effective bamier
membrane (40) for the human organism. The skin’s
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outermost layer, the stratum comeum (SC) represents an
impenetrable barrier to molecular transport and thus to most
of the drugs from entering the body through the skin.

. The stratum comeum is of 10-15 ym in thickness, and is
composed of dead keratin-rich cells (corneocytes) and a
lipid matrix. The intercellular space is an ordered,
impermeable bilayer structure of lipid and aqueous layers,
along with fatty acids and cholesterols. Thus, due to the
structure and composition, the stratum corneum is almost
impermeable.

Three possible pathways, transappendageal,
HUMAN SKIN
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|\

Spinous layer
— Dasal cef layer

— Sebaceous gand

— Swest clucl
= Erector pili muscle

Epidiermis ——# Dennis = € Subcudaneous fal

Fig. 1 Structure of human skin and its components
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transcellular, .and intercellular have been suggested for
molecular transport through the SC (110). The
transappendageal pathway is primarily through hair
follicles. However, the transappendageal skin transport in
humans is limited by the small surface area available. The
fractional area of hair follicles relative to the skin area is
102-107 (111). The.transcellular pathway requires the
substrates to travel through the comeocytes while the
intercellular pathway is via the extracellular matrix
between the comeocytes. For intercellular skin transport,
hydrophilic substrates are rate limited by the lipid
environment of the intercellular matrix of the SC (1). On
the other hand, lipophilic substrates partition into the
interceltular lipids of the SC. However, the rate-limiting
step is the partition into the epidermis, which is practically
an aqueous environment. Molecular transport through the
skin has been described by a solubility-diffusion model
(102) and a transfer free emergy model (103). Skin
penetration also depends on anatomical site, age, sex, skin
care, hydration and temperature (75). In addition, the
molecular weight (MW) of the substrate affects
percutaneous absorption. The diffusion through the SC
follows the expression Da (MW)? where the value of b
varies between 0.3 and 0.6 (41).

As a result, the stratum comeum is the rate-
determining barrier to percutaneous absorption of most
compounds. If a molecule can cross the stratum comeum
and the epidermis, it can then reach the dermis and -
potentially be absorbed by the skin’s blood vessels. Fig. 1
shows the structure of human skin and its components and
Fig. 2 provides the structure of stratum cormneum (27).

Transdermal drug delivery thus involves passive
diffusion of a drug substance through the skin and
subsequent absorption by the capillary system for systemic
distribution. Presently available transdermal patches can
be classified into four categories on the basis of their

Horny Cells

Lipid Matrix

Bt kST

Lamellar Structured
Lipid Matrix

Fig. 2 Structure of stratum corneum
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design: single-layer-drug-in adhesive, tmulti-layer-drug-in
- adhesive, reservoir and matrix patches (147). The basic
components of these patches are impemmeable backing, rate-
controlling membrane, liner, adhesive and the drug. These
patches can be placed on the arm, on the back, or anywhere
that is discreet and effective. Transdermal patches are
engineered with safety, security, effectiveness and comfort in
mind. Except very few cases, where there are mild skin
irmtations that occur at the site of the patch application,
transdermal patches are a great way to avoid side effects,
since a patch’s ingredients do not enter the digestive system,
therefore, the chance of getting an upset stomach is small
(149).

The commercialization of transdemmal patches for
controlled drug delivery began two decades ago and has
resulted in diverse products. There are a number of
medications that are available in patch form today and the
technology has a proven record of FDA approval. Since the
first transdermal patch was approved in 1981 to prevent the
nausea and vomiting associated with motion sickness, the
FDA has approved, throughout the past 24 years, more than
35 transdermal patch products, spanning 13 molecules
(146,148) which are Nitroglycerine for angina, Scopolamine
for motion sickness treatment, Fentanyl for pain control,
Nicotine for smoking cessation, Estrogen for hormone
replacement therapy, Testosterone for male hypogonadism,
Clonidine for hypertension treatment, Lidocaine and
Prilocaine for topical anaesthesia, Ethinylestradiol and
Norelgestromin for contraception, Norethindrone to help
reducing the overgrowth of the lining of the uterus and
Oxybutynin for overactive bladder.

Although the transdermal approach has many
advantages, but, yet this approach has not developed as
widely as was once predicted. This is due to that current
transdermal patch designs are not capable of transporting
large molecular drug through the skin barrier, especially
peptides and proteins (of molecular weight more than 500
Da, for example, insulin - 6000 Da), which includes many
drugs that are marketed or will emerge from the
biotechnology industry. The reason, as mentioned earlier, is
due to the difficult-to-cross stratum comeum.- The
physiochemical nature of this pathway dictates that only
lipophilic drugs such as estradiol (logK , — 2.58) will
readily diffuse through stratum comeumdﬂ) addition, the
main disadvantage of traditional transdermal delivery is that
therapeutic plasma levels are obtained very slowly (6 to 8 hr
after application in the case of scopolamine) (107).

Techniques to enhance transdermal drug delivery
Transdermal delivery of drugs of much higher molecular
weight (>500 Da) thus requires skin permeation
enhancement mechanisms. In the quest to facilitate and
increase the rate of delivery of higher molecular weight
drugs through epidermis, several avenues have been
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proposed. These include the use of chemical enhancers
(7,24,25,118,137,139), iontophoresis (7,18,35,108,142),
electroporation (25,34,99,104,105), microneedles (7,148),
laser ablation (49,64,95), pressure waves or shock waves
(28,53), magpetic field (magnetophoresis) (57,94,109),
photomechanical waves (60-62,76,77) and RF ablation
(151).

— Chemical enhancers: Numerous compounds have been
evaluated as chemical enhancers for penetration enhancing
activity, including sulphoxides (such as dimethyl-
sulphoxide, DMSO), azones (e.g. ° laurocapram),
pyrrolidones (for example 2-pymolidone, 2P), alcohols and
alkanols (ethanol or decanol), glycols (for example
propylene glycol, PG, a common excipient in topically
applied dosage forms), surfactants (also common in dosage
forms) and terpenes (139). Using a chemical enhancer, for
example, nerolidol (a terpene) has been shown to enhance 5-
fluorouracil permeability over 20-fold through human skin
in vitro (24). These chemical enhancers temporarily alter the
barrier properties of the stratum corneum that enhances the
drug flux (7,118). However, due to the incredibly slow
permeability coefficients of the macromolecules, the
enhancement effects required to ensure the delivery of
pharmacologically effective concentrations are likely to
beyond the capability of chemical enhancers tolerated by the
skin (25).

— Iontophoresis: This method is about a century old
technique and refers to the facilitated movement of jons of
soluble salts through the application of a small electric
current (usually 0.5 mA/cm?) in order to drive the solute
molecules into the skin (108). The effect of simple
electrorepulsion is known to be one of the main mechanisms
by which iontophoresis produces its enhancement effects,
though other factors including the increased permeability of
the stratumn corneumn by the generation of small pores (142)
in the presence of a flow of an electric current and
electroosmosis of uncharged and larger water soluble
molecules are also possible (7). There have been numerous
research applications of iontophoresis in topical drug
delivery for lower molecular weight solutes (<500 Da)
(7,108). Iontophoresis using specially designed current can
give about 400 % better penetration compared to simple
topical application (35).

— Electroporation: Electroporation is a mechanical method
used to introduce macromolecules into a host cell through
the cell membrane. In this procedure, application of a large
electric pulse (10 ps-100 ms) temporarily disturbs the
phospholipid bilayer and causes the formation of transient
pores in the membrane, allowing macromolecules like DNA
to pass into the cell. Prausnitz and Weaver and Preat have
done intensive work for enbancing the transdermal drug
delivery using this technique (104). The electrical resistance
of the skin is reported to drop as much as three orders of
magnitude within microseconds of administration of an
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electrical pulse (99,105). Increases in transdermal
penetration of up to 104-fold have been reported in vitro for
various sizes of molecules. To date there appear to be no
clinical studies assessing the ability of the technique to
facilitate transdermal drug delivery (25).

— Microneedles: A newer and potentially more promising
technology for macromolecule delivery is microneedle-
enhanced delivery. These systems use an amray of tiny
needle-like structures to open pores in the stratum comeum
and facilitate drug transport. The structures are small enough
that they do not penetrate into the dermis and thus do not
reach the nerve endings, so there is no sensation of pain. The
structures can be either solid (serving as a pre-treatment prior
to patch application), solid with drug coated directly on the
outside of the needles, or hollow to facilitate fluidic transport
through the needles and into the lower epidermis. These
systems have been reported to greatly ephance (up to
100,000-fold) the permeation of macromolecules through
skin (7,148). '

— Laser ablation: The use of lasers to remove the stratum
corneurn barrier by controlled ablation (49) has also been
investigated as a means of enhancing topical drug delivery.
In 1991, Nelson et al. (95) reported that mid-infrared laser (1
J/em?) ablation of pig stratum comeum enhanced the
permeation of both hydrocortisone and interferon. Lee et al.
(64) found that stratum coreum ablation with low intensity
(035045 J; 0.91-1.17 J/em?) erbium:yttrium-atuminum-
gamet (YAG) laser (light emission at 2940 nm) increased the
permeability of both lipophilic and hydrophilic drugs
through nude mouse skin in vifro. However, the structural
changes caused by this technique still need to be assessed for
safety and reversibility, particularly at the higher intensities
that may be needed to. enhance the penefration of large
molecular weight solutes where evidence of deeper level
ablation effects exist (64).

— Pressure waves or shock waves: Pressure waves, which are
generated by intense laser radiation, can permeabilize the
stratum comeum (SC) as well as the cell membrane. These
pressure waves are compression waves and thus exclude
biological effects induced by cavitation. Their amplitude is
in the hundreds of atmospheres (bar) while the duration is in
the range of nanoseconds to a few microseconds. The
pressure waves interact with cells and tissue in ways that are
probably different from those of ultrasound. Furthermore,
the interactions of the pressure waves with tissue are specific
and depend on their characteristics, such as peak pressure,
rise time and duration. A single pressure wave is sufficient to
permeabilize the SC and allow the transport of
macromolecules into the epidermis_and dermis. Cell
permeabilization using these waves may be a way of
infroducing macromolecules and small polar molecules into
the cytoplasm, and may have applications in gene therapy
and anticancer drug delivery. In addition, drugs delivered
into the epidermis can enter the vasculature and produce.a
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systemic effect. For example, insulin delivered by pressure

~ waves resulted in reducing the blood glicose level over

many hours. The application of pressure waves does not
cause any pain or discomfort and the barrier fimction of the
SC always recovers (28).

Kodama and co-workers argued that shock waves
permeabilize membrane by inducing relative displacement

~ between the cell and the surrounding fluid (53). They have

used three different shock-wave sources for the generation of
these waves; argon fluoride excimer laser, ruby laser, and
shock tube. The uptake of two fluorophores, calcein (MW:

622 Da) and fluorescein isothiocyanate (FITC) - dextran
(MW: 71,600 Da), into HL-60 human promyelocytic
leukemia cells was investigated. The intracellular
fluorescence was measured by a spectrofluorometer, and the
cells were examined by confocal fluorescence microscopy.
A single shock wave generated by the shock tube delivered
both fluorophores into approximately 50 % of the cells (p,
0.01), whereas shock waves from the lasers did not. The cell
survival fraction was 0.95. Confocal microscopy showed
that, in the case of calcein, there was a uniform fluorescence
throughout the cell, whereas, in the case of FITC-dextran,
the fluorescence was sometimes in the nucleus and at other
times not. They concluded that the impulse of the shock

. wave (i.e. the pressure integrated over time), rather than the

peak pressure, was a dominant factor for causing
fluorophore uptake into living cells, and that shock waves
might have changed the permeability of the nuclear
membrane and transferred molecules directly into the

~nucleus.

—~ Magnetophoresis: Limited work probed the ability of
magnetic fields to move diamagnetic materials through skin
(57,94). Santini ef al. (109) have discussed the interesting
idea of employing intelligent systems based on magnetism
or microchip technology to deliver drugs in controlled,
pulsatile mode.

— Photomechanical waves: Photomechanical waves (PW’s)
are also known as laser generated stress waves. In this
technique, a drug solution placed on the skin and covered by
a black polystyrene target, is irradiated with a laser pulse.
The resultant photomechanical wave stresses the homy layer
and enhances drug delivery (60). The mechanism(s) by
which PW’s increase the permeability of the stratum
corneum is not entirely clear. Microscopic studies have
indicated that changes in the lacunar system are visible
following exposure of human stratum comeum to a PW (77)
and that expansion of this system is suggested to result in the
formation of transient channels through the straturn comeum
(76). The largest molecule that has been reported to be
delivered through rat skin to date has been 40 kDa (61).
Suggestion has been raised that many clinically important
proteins such as insulin (6,000 Da) and hematopoietin
(48,000 Da) are within, or close to, the delivery capability
range of PW’s (62), however, thls relatively new technique
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does not yet seem to have produced any human clinical data.
— RF ablation: This technique uses radio-frequency (RF)
electrical current and creates microscopic passages in the
stratum comeum and outer epidemmis via a process called
cell ablation. This technique is typically performed at
frequencies above 100 kHz that do not stimulate the muscles
and nerves. The pre-clinical and clinical trials using this
technique for a variety of drugs, including hGH (a large 22
kDa protein), demonstrating high therapeutic drug delivery
levels and excellent bioavailability (151).

In addition to the above methods, a number of other
methods have also been studied for the transdermal delivery
of various drugs. Themmal poration, an approach that has
been used to deliver conventional drugs (115) and vaccines
(16) to animals and to extract interstitial fluid glucose from
human being (38). High-velocity jet injectors are also
receiving increased attention (46). Clinically insulin has been
delivered using this technique (17). Jet injectors are presently
on the market and a number of companies are developing
new devices (106).

SONOPHORESIS

Apart from a few dermal patches, we have still not

realized the enormous advantages of transdermal delivery -

over the traditional routes for giving drugs. In the continuous
search of newer and efficient techniques, "sonophoresis” in
recent years has become a promising approach and it has
become the subject of many studies. Sonophoresis is similar
to iontophoresis. However, the problem with iontophoresis is
that it only works if the molecule can be ionised into positive
and negative charged components. This is not an
mmpediment for sonophoresis.

Sonophoresis is a transdermal drug delivery technology
in which enhancement of the transport of permeants occurs
by the application of ultrasound. Simply this process can be
referred to as the use of the energy of sound waves in order
to drive the movement (flux) of chemicals transcutaneously
through the skin by meauos of changing the barrier properties
of the skin (2,8,10,34). Passing intense ultrasound waves
results in cavitation which is the main mechanism for
sonophoretic enhancement.

Ultrasonic domain

It’s necessary to understand what sound is before one can
understand ultrasound. Sound is the propagation of pressure
wave through some physical elastic medium. Usually the
medium is air, but a liquid works well too. A vacuum
doesn’t. The longitudinal pressure waves are generated due
to mechanical disturbances. Mechanical epergy is being
converted to a wave form that radiates energy away from the
disturbance, transferring energy to the medium and to
objects that the wave contacts. Human hearing is limited (20
Hz to 18 kHz). If the vibrational frequency is too fast, too
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high a frequency (>18 kHz), we can’t hear it Thus,
ultrasound is a sound wave where vibrations are too fast for
us t0 hear. The broad classification of ultrasound as sound
above 18 kHz and up to 10 MHz can be subdivided into
three distinct regions; low frequency or power (18-100 kHz),
medium frequency or therapeutic ultrasound (0.7-3 MHz)
and high frequency or diagnostic ultrasound (3-10 MHz)
(58,73). :
The application of ultrasound waves in chemistry,
sonochemistry, is well documented (122) and from many
chemical reaction studies it has been found that it has an
influence on reaction rate kinetics and the sonochemical
effects results in reduction in reaction time, higher yield and
saving in energy (116,117). Sonochemistry normally uses
frequencies between 20 and 40 kHz. The origin of
sonochemical effects in liquids due to ultrasound principally .
derives from acoustic cavitation which serves as an effective
means of concentrating the diffuse energy of sound (125).
Since acoustic cavitation in liquids can also be genérated

- well above 40 kHz, recent researches into sonochemistry use

a much broader range.

Ultrasound waves which altemately compress and
stretch the molecular spacing of the medium through which
it passes. Thus, the average distance between the molecules
in a liquid will vary as the molecules oscillate about their
mean position. If a large negative pressure, i.e. sufficiently
below ambient is applied to the liquid so that the distance
between the molecules exceeds the critical - molecular
distance necessary to hold the liquid intact, the liquid will-
break down and voids will be created, i.e. cavitation bubbles
will form. When produced in a sound field at sufficiently
high power, the formation of cavitation bubbles will be
initiated during the rarefaction cycle. Those bubbles will
grow over a few cycles taking in some vapour or gas from
the medium to an equilibrium size which matches the
frequency of bubble resonance to that of the sound frequency
applied. The acoustic field experienced by an individual
bubble is not stable because of the interference of other
bubbles forming and resonating around it. As a result some
bubbles suffer sudden expansion to an unstable size and
collapse violently. It is the fate of these bubbles when they
collapse results in the generation of intense local heating,
high pressures, and very short lifetimes (73). These hotspots
have temperatures of roughly 5000°C, pressures of about
1000 atm, and heating and cooling rates greater than 10°
K/sec (5,123). Thus, cavitation can produce extraordinary
physical and chemical conditions in an otherwise cold liquid
(125). .

There are two basic types of cavitation: stable and
transient (inertial) (29). In transient or inertial cavitation,
bubbles grow above their resonant size and then collapse
violently. A series of effects can occur as a result of this type
of cavitation: shock waves may be propagated; acoustic
energy is often converted to heat yielding high microscopic
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temperatures (3,36); high fluid velocities can be generated;
and free radicals might be formed (31). Stable or non-inertial
cavitation, a less violent event, refers to bubbles that pulsate
about some equilibrium radius and often persist for many
acoustic cycles (65). As a result of these oscillations,
streaming of surrounding liquid occurs and mechanical
stresses create mixing of the medium. _

The use of ultrasound in medicine has also gained
popularity due to'its potential applications both in therapy as
well -as in medical diagnosis in recent years. Medical
ultrasound generally uses frequencies between 1 and 10
million hertz (1-10 MHz). Potentially, both stable and
transient cavitation may induce membrane permea-
bilization. Liu et al. (67) reported that disruption of red blood
cell membranes by ultrasound correlates better with the
occumrence of stable cavitation. On the other hand, other
investigators (33,79) postulated that ultrasound-induced cell
damage results from inertial (transient) cavitation.

Tezel et al. (135) have reported detailed investigations of
the occurrence of cavitation during low-frequency
sonophoresis. Cavitation was monitored by recording
pressure amplitudes of subharmonic emission and
broadband noise at four different ultrasound frequencies in
the range of 20-100 kHz and at various intensities in the
range of 0-2.6 W/cm?. Enhancement of skin conductivity, in

“the presence of sodium lauryl sulfate (SLS), was also
measured under the same ultrasound conditions.
Ephancement of skin conductivity correlated well with the
amplitude of broadband noise, which suggests the role of
transient cavitation in low-frequency sonophoresis. No
comelation was found between the subharmonic pressure
amplitude and conductivity enhancement. Results of
Sundaram et al. (121) further support the role of transient
cavitation in ultrasound mediated membrane permea-
bilization. They have developed a mathematical model to
relate the effect of ultrasound with the number of transient
cavitation events. The model also allowed assessment of the
role of various stages of tramsient cavitation, including
bubble expansion, collapse, and subsequent shock wave
formation, in reversible as well as irreversible membrane
permeabilization. Bubble expansion and collapse, as well as
shock wave, were found to contribute toward membrane
permeabilization. However, a systematic dependence of
membrane permeabilization on ultrasound or cavitation
parameters is not yet known (121).

Generation of ultrasound

An ultrasound generator generates electrical oscillations
of ultrasonic frequency (e.g. above 20 kHz). Transducer, an
electro-mechanical component is a device that converts one
form of energy into another. The major component of a
transducer is a crystal of piezo-electric material. The
transducer sends out sound waves which are partially
reflected by the medium in which they are propagating, the
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other part penetrates and propagates into the medium.
During. its propagation, a wave is partially scattered and
absorbed by the medium, resulting in attenuation of the
emitted wave; the lost energy is converted into heat.

Sonophoresis method

The basic principle of application of ultrasound for
transdermal drug delivery is to use an ultrasound source at
the skin with the drug interspersed (in solution) between the
transducer and the skin surface. A voltage is then applied to
the ultrasound transducer at the resonance frequency of the
piezo-electric crystal. This results in various effects as
discussed in the following section and thereby facilitates the
delivery of the drug through the skin barrier. To ensure the
effective transmission of ultrasound, a coupling medium
(generally a gel or water) is interposed along with the drug
component between the transducer and the skin. The
viscosity of the coupling agent and the quantity of the gas
dissolved in the medium may significantly affect the
transdermal transport (81). A decrease in sonophoretic
transport of insulin and vasopressin was reported in vitro
when molecules were administered in a gel as compared to
administering them as saline solution (145). The reason for
this reduction has been explained by boundary layers that
form within the gel owing to the relatively rapid rate of
molecular transport across the (ultrasonically) permeated
stratum comeum as well as poor diffusive mass transfer
between thé skin and gel. The following Fig. 3 further
provides a clear evidence where exposing hairless mouse to
ultrasound in presence of evans blue gives intense staining of
the skin, when the administration is in the form of liquid.
Alternatively, administering in the form of gel gives a less
intense staining of the skin. Whereas, administration without
the application of ultrasound leads to-very less staining of the
skin (Tachibana, unpublished work) (Fig. 3).

Similar findings were reported with lidocaine in vivo in
hairless mice (128). Tachibana -and Tachibana (126) have
used ultrasonic vibration to deliver insulin through the skin
of hairless mice fasted ovemight and partially immersed in
an aqueous solution of insulin (20 units/ml). The skin surface
was exposed to ultrasonic vibration in two ultrasonic energy
ranges (3000-5000 Pa and 5000-8000 Pa) at 48 kHz for 5
min. Blood glucose concentration was measured before and
after exposure to insulin and ultrasonic vibration. In the
group subjected to the lower energy vibrations, blood
glucose fell to reach 34 + 11.9% of control values in 120
min, while when the animals were exposed to higher energy
vibrations, the fall in blood glucose was 22.4 = 3.9% of
control values at 120 min. The values remained low for the

Tength of the experiment (240 min). Those exposed to insulin

alone or ultrasonic vibration alone revealed no significant
change in blood glucose concentration. They have
postulated that ultrasonic vibration may alter skin
pemmeability resulting in the absorption of insulin. That the
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blood glucose decrease was greater at the higher of the two
energy ranges, suggests this factor could control insulin
delivery. Mitragotri et al. (83) have found that low-frequency
ultrasound did not induce a long-term loss of the barrier
properties of the skin (in vitro) or damage to living skin of
hairless rats. At a mechanistic level, they have hypothesized
that application of low-frequency ultrasound enhances
transdermal transport through aqueous channels in the SC
generated by cavitation-induced bilayer disordering. Support

for this hypothesis has also been provided using

experimental and theoretical analyses of low-frequency
sonophoresis.

Over the last several years, research on low-frequency
sonophoresis generally classified into two categories;
simultaneous sonophoresis and pretreatment sonophoresis.
Simultaneous sonophoresis; this approach comresponds to a
simultaneous application of drug and ultrasound to the skin.
This was the first mode in which low-frequency
sonophoresis was shown to be effective. This method
enhances transdermal transport in two ways: a) enhanced
diffusion through structural alterations of the skin, and b)
convection induced by ultrasound. Transdermal transport
enhancement indiiced by this type of sonophoresis decreases
after ultrasound is turned off (89). Although this method can
be used to achieve a temporal control over skin permeability,
it requires that the patients use a wearable ultrasound device
for drug delivery. In the pretreatment method, a short
application of ultrasound is used to permeabilize skin prior
to drug delivery. The skin remains in a state of high
permeability for several hours. Drugs can be delivered
through permeabilized skin during this period. In this
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approach, the patient does not need to wear the ultrasound
device (91). Katz et al. (51) used this pretreatment method
with low-frequency ultrasound to shorten the lag-time for
analgesic agent to be effective.

Selection of ultrasonic parameters

The phenomenon of bubble growth and collapse and
hence the lifespan of these bubbles are dependent on various
ultrasonic parameters, for example, amplitude of the acoustic
pressure, environmental pressure, frequency, characteristics
of the liquid (such as viscosity, vapour pressure, etc.) and
existence of dissolved gas in the liquid. Thus, ultrasound
assisted transdermal drug delivery is affected by different
parameters of ultrasound out of which some of the important
parameters that affects the phenomenon to a great extent are
discussed below.
— Frequency: The frequency F of an emitted ultrasonic wave

depends on the thickness of the piezo-electric crystal.

Attenuation of an acoustic wave is inversely propertional to
its frequency. Thus, with an increase in frequency, the
ultrasound penetrates to a greater depth into and under the
skin. Since, the outer layer of epidermis, the stratum
comneum, is the main barrier to percutaneous penetration of
drugs, it initially seemed logical to concentrate the ultrasonic
energy on this skin layer using very high frequency (10-20
MHz) in order to achieve a higher transdermal enhancement
(10,11). In addition, these high frequencies were tried in
early trials in order to avoid potential safety issues (58).
Bommannan et al. (11) have made theoretical
investigations as well as experimental verifications about
ultrasound propagation in tissue and predicted that higher

Fig.3

Effect of ultrasound and the form of drug in staining the hairless mouse skin
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frequency ultrasound (>1 MHz) increases the concentration
of energy deposition in the stratum comeum. In their
experiments, salicylic acid was subjected to passive
transdermal delivery under the influence of ultrasound at 2,
10 and 16 MHz frequencies. Sonophoresis for 20 min at
2 MHz caused no significant increase in salicylic acid
delivery over passive diffusion. Treatment with ultrasound at
10 and 16 MHz, on the other hand, significantly elevated
salicylic acid transport, by 4-fold and 2.5-fold, respectively.
A shorter period of 5 min of sonophoresis again resulted in
enhanced transdermal transport at higher frequencies. They
found that the enhancing effect of sonophoresis is due to a
direct effect of ultrasound on the stratum comeum.
Mitragotri et al. (82) reported that the sonophoretic
enhancement in the therapeutic frequency range varies
inversely with ultrasound frequency. They found that 1-
MHz ultrasound enhances transdermal transport of estradiol
across human cadaver skin in vitro by 13-fold, but that 3-
MHz ultrasound at the same intensity induces an

enhancement of only 1.5-fold. They further hypothesized -

that the observed inverse dependence of sonophoretic
enhancement on ultrasound frequency occurs because
cavitational effects, which are primarily responsible for
sonophoresis, vary inversely with ultrasound frequency
(82). |

The effects of therapeutic' ultrasound (1 MHz, 14
W/em?, continuous) with different types of chemical
enhancers on the transdermal transport of corticosterone and
four other model drugs dexamethasone, estradiol, lidocaine
and testosterone was investigated by Johnson et al. (50).
Typical enhancements induced by therapeutic ultrasound are
~10-fold (20). Thus such enhancement might be sufficient
for local delivery of drugs like corticosterone, but not for
systemic delivery of drugs (10, 11, 58).

As cavitation could be more easily and effectively -

generated at low frequencies, it was then found that any

frequency lower than that corresponding to therapeutic

ultrasound frequency (0.7-3 MHz) should be more effective
in enhancing transdermal drug delivery. This is a direct
consequence of reduced acoustic cavitation at high

ultrasound frequencies, due to the fact that the time between

the positive and negative acoustic pressures becomes too
short. In addition, the number and size of cavitation bubbles
generated decreases as the frequency increases (132,134).
Thus, the use of low frequency ultrasound rather than
_ therapeutic ultrasound was shown to be more effective in
enhancing membrane permeability and hence transdermal
transport and has been more successful in recent years
(81,128). For example, Tachibana and Tachibana (126) and
Tachibana (127) have reported that the use of low frequency
ultrasound (48 KHz) enhanced transdermal transport of
insulin across diabetic rat skin. Merino et al. (78) have
mvestigated the ultrasound effects of low (20 KHz) and high
(10 MHz) frequency for the transdermal transport of
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mannitol. They observed that only low frequency ultrasound
resulted in significantly increased permeation as compared
to high frequency. Tachibana and Tachibana have used low
frequency ultrasound at 48 kHz for delivering lidocaine to
hairless mice (128). From their studies it was observed that
ultrasound with 2% lidocaine rapidly induces an anesthetic
effect. Application of ultrasound at 20 kHz induced
transdermal transport enhancements of up to 1000 times
higher than those induced by therapeutic ultrasound for low
molecular weight drugs and high molecular weight proteins
(81,83). Following table (from ref. 83) provides different
types of  drugs and their corresponding penetration
enhancements using low frequency ultrasound (20 kHz).
Here, penetration enhancement has been defined as the ratio
of skin permeability when ultrasound was applied (Pys) and
the control skin permeability (P¢) (Table 1).

A detailed investigation of the dependence of
permeability enhancement on frequency in the low
frequency regime (20-100 kHz) has been reported by Tezel
et al. (134). At a given intensity, the enhancement decreased
with increasing ultrasound frequency. For example, the

Tablel Drugs and their corresponding penetration

enhancements using low frequency ultrasound (20 kHz)
Compound Hydrophilicity MW Penetration

(Da) Enhancement
(Pus/Pc)

Aldosterone slightly hydrophilic 360 1400
Butanol slightly hydrophilic 74 29
Corticosterone slightly lipophilic 346 80
Estradiol” very lipophilic - 272 3
Salicylic acid Hydrophilic 138 400
Sucrose Hydrophilic . 342 5000

enhancement decreased dramatically from about 45-fold at
a frequency of 19.6 kHz to negligible at a frequency of 93.4
kHz with a constant ultrasound intensity of 0.84 W/cm?2.
Such a strong dependence of permeability enhancement on
ultrasound frequency is an indicator of the role of cavitation
in low frequency sonophoresis (91).

Although lower frequencies induce higher
enhancements, the transport at low-frequencies was found to

- be localized to certain areas termed as localized transport

pathways (134). With an increase in ultrasound frequency,
the transport was found to be more homogeneous. The
optimium appears to be around 60 kHz -where significant
transport enhancements can be obtained with reasonable
energy doses while simultaneously achieving reasonable
homogeneity of the transport pathways (91).

The in vivo and the in vitro comelation of the effects of
low frequency ultrasound on the percutaneous penetration of
mannitol, a hydrophilic permeant, was investigated using
three in vitro skin models and in vivo pig as the animal
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model, in order to predict the effects of low frequency
ultrasound in vivo on the transdermal delivery of hydrophilic
permeants. The results of the study suggest that low
frequency ultrasound represents a good method of
enhancing the systemic absorption of hydrophilic permeants,
while it does not significantly alter the vehicle-to-skin
partition coefficient for the same class of permeants (130).
A more recent study by Tang et al. (131) identifies the
critical type(s) and site(s) of cavitation that are responsible
for skin permeabilization during low frequency
sonophoresis using pig full-thickness skin and the effect of
low frequency ultrasound (20 kHz) on the skin permeability
was monitored by measuring the increase in the skin
electrical conductance. An acoustic method, as well as
chemical and physical dosimetry techniques, was utilized to
monitor the cavitation activities. The study showed
definitively that ultrasound-induced cavitation is the key
mechanism via which low frequency ultrasound

permeabilizes the skin. By selectively suppressing cavitation -

outside the skin using a high-viscosity coupling medium,
they have further demonstrated that cavitation occurring
outside the skin is responsible for the skin permeabilization
effect, while internal cavitation (cavitation inside the skin)
was not detected using the acoustic measurement method
under the ultrasound - conditions examined. From the
acoustic measurement of the two types of cavitation
activities (transient vs. stable), they indicated that transient
cavitation plays the major role in low frequency ultrasound
induced skin permeabilization. Through quantification of the
transient cavitation activity at two specific locations of the
low frequency ultrasound system, including comparing the
dependence of these cavitation activities on ultrasound
intensity with that of the skin permeabilization effect, they
have demonstrated that transient cavitation occuming on, or
in the vicinity of, the skin membrane is the central
mechanism that is responsible for the observed enhancement
of skin permeability by low frequency ultrasound (131).
Kushner et al. (56) recently demonstrated the existence
of hypothesized localized transport regions (LTRs - localized
regions of high permeability) responsible for the enhanced
permeability during low frequency . sonophoresis
experimentally. They found an enbancement of higher than
80-fold of calcein permeability in the presence of LTRs.
Also, an analysis based on porosity/tortuosity ratio suggests
that trans-cellular transdermal transport pathways are present
within the highly permeable and highly structurally
perturbed LTRs (56).
— Mode of application (Pulse or continuous): Ultrasound
waves can be applied continuously (continuous mode) or in
a pulse (sequential, discontinuous) mode. In continuous
mode, the ultrasound waves are persistent and thus the heat
will be transferred to the body tissues resulting in greater
heating effect (tissue heating). Whereas, the "pulsed" has the
option of on/off cycles, each component of which can be
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varied so that the waves go in short pulses thereby altering
the dose of ultrasound applied and thereby preventing the
tissue heating (98). This heating effect may have a
deleterious effect on sonophoresis. Tissue heating can
become very painful, necessitating continuous motion of the
ultrasound head, which diffuses the ultrasonic energy over a
larger area. With pulsed-wave ultrasound, patients can
tolerate a virtually stationary sound head, ensuring a more
concentrated ultrasound dosage at the treatment site (6).
Thus, the choice of pulsing mode is generally followed just
to minimize the associated thermal effects. But, either form
at low intensity will produce non-thermal effects.
Experiments performed on hairless rats clearly demonstrate
that the sonophoresis efficiency appeared to be highly
dependent on the net exposure time and the ultrasound pulse
"on" duration (14).

Boucaud et al. (12) have investigated the dependence of
ultrasound-induced transdermal delivery of insulin in vivo to
hairless rats using 20 kHz ultrasound applied over a range of
pulse length. Change in blood glucose levels of the animals
was monitored to assess insulin.transport. The findings
indicated that sonophoretic enhancement is dependent on
length of ultrasound pulse that is consistent with a cavitation-
based mechanism.

The effect of pulsed output ultrasound (1 MHz) with
on/off ratios of 1:2, 1:4 and 1:9 on transdermal absorption of
indomethacin from an ointment was studied in rats by Asano
etal. (4). 12 pu]sed output ultrasound appeared to be the
most effective in improving the transdermal absorption.
They have also found that with pulsed output it was possible
to use higher intensities of ultrasound without increasing
skin temperature or damaging skin.

Cagnie et al. (20) have examined the influence of
ultrasound on the transdermal delivery of ketoprofen in
humans and compared the concentrations found after
continuous and pulsed application. For this purpose, one
group of persons was administered ketoprofen gel using
continuous ultrasound (1 MHz, 1.5 W/em?, for 5 min).
Second group received the same treatment but with pulsed
ultrasound (100 Hz, 20% duty cycle). Biopsies of adipose
tissue and synovial tissue were taken during surgery to
evaluate the local penetration of the drug. Blood samples
also were collected to determine whether ketoprofen entered
the systemic circulation. The concentration of ketoprofen in
fat tissue and synovial tissue was consistently higher in the
group of people administered with pulse ultrasound as
compared to the people administered with continuous
ultrasound.

Benson et al. (8) found that pulsed-output ultrasound
provided the most effective conditions in the technique of
sonophoresis of lignocaine and prilocaine from EMLA
(eutectic mixture of local anaesthetics) cream. Nevertheless,
conflicting results have also been reported conceming its
occurrence during pulsed ultrasound versus continuous
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ultrasound. Nussbaum (98) has reported that the scale of
cavitation depends on the ultrasound characteristics; bubble
growth is limited by low-intensity, high frequency, and

pulsed ultrasound. Mitragotri et al. (82) confirmed this -

statement. They found that the cavitation threshold increases
as the mode of ultrasound application changes from
continuous to pulsed. Sun and Liu (120), however, suggested
that cavitation is more likely to occur when pulsed

ultrasound is used, provided that the ultrasound intensity -

during the pulses exceeds the threshold of cavitation
occurrence and the duration of the pulses is long enough for
the cavitation to develop.

— Intensity: The intensity I is directly dependent on the
acoustic energy (E) emitted and the speed of sound (c) in the
medium as expressed by the following expression (45, 48),

Eq. 1

Energy, E itself dependent on the density of the propagation
medium p, on the total pressure p and on the speed of sound
(equal to the sum of the atmospheric pressure and the
pressure created by the ultrasound. wave). Therefore, the
emitted energy can be expressed as in the following equation
(52),

E = p%/pc?

I=cE

Eq.2

The minimum ultrasound intensity required for the onset of
cavitation, referred to as cavitation threshold or threshold
intensity, increases rapidly with ultrasound frequency
(71,72,82). The ultrasound power intensities usually

employed for transdermal drug delivery lie between 0.1 and .

3 W/em? with low frequency application (20-100 kHz) and
0.1 and 10 W/cm? with high frequency application (1-3
MHz) (69). Below the threshold intensity no detectable
enhancement has been observed. Once the intensity exceeds
this threshold, the enhancement increases strongly with the
intensity until another threshold intensity, referred to as the
decoupling intensity is reached. Beyond this mtf:nsuy, the
enhancement does not increase with further increase in the
intensity due to acoustic decoupling. The threshold intensity
for porcine skin increased from about 0.11 W/em? at 19.6
kHz to more than 2 W/cm? at 93.4 kHz. The origin of this
" substantial increase in the threshold intensity with frequency
may be attributed to cavitation.

The effect of ultrasound (1 MHz) on transdermal
absorption of indomethacin from an ointment was studied in
rats by Miyazaki et al. (92). Ultrasound energy was supplied
for between 5 and 20 min at a range of intensities (0.25, 0.5,
© 0.75 and 1 W/ cm?), energy levels commonly used for
therapeutic purposes. For evaluating skin penetration of
indomethacin, the change of plasma concentration was
measured. The pronounced effect of ultrasound on the
transdermal absorption of indomethacin was observed at all
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ultrasound energy levels studied. The intensity-and the time
of application were found to play an important role in the
transdermal sonophoretic delivery system of indomethacin;
0.75 W/cm? appeared to be the most effective intensity in
improving the transdermal absorption of indomethacin,
while the 10 min ultrasound treatment was the most
effective. Although the highest penetration was observed at
an intepsity of 0.75 W/em?, 0.5 W/em? was preferred
because intensities of less than this for 10 min application did
not result in any significant skin temperature rise nor did it
have any destructive effect on rat skin. Progressively more
skin damage was noted as the intensity and the time of
application of ultrasound increased.

— Cavitation nuclei: As the sonophoresis enhancement is
mediated through cavitation, i.e. the formation and collapse
of gaseous bubbles, it is expected that by providing the
nuclei for cavitation - externally, the efficacy of sonophoresis
could be significantly enhanced. The occurrence of
cavitation in water is facilitated by the presence of dissolved
gas (32,113). Terahara ez al. (133) have used two porous
resins, Diaion® HP20 and Diaion HP2MG (2MG), as
cavitation nuclei. Resultant cavitation effect was measured
from the pitting of aluminum foil. It has been found that
2MG showed a higher efficacy in enhancing cavitation
compared with Diaion-HP20. 2MG was also effective in
ephancing transdermal mannitol transport. These results
confirm that the addition of cavitation nuclei such as porous
resins further increases the effect of low frequency
ultrasound on skin permeability.

In addition to the above parameters, sonophoretic
ephancement also depends on transducer geometry as well
as the distance between the transducer and the skin. Detailed
dependence of enhancement on these parameters has not yet
been studied (91).

Mechanisms behind sonophoresis

Driving force for increased skin permeability of
transdermal drug delivery

— Acoustic cavitational bubble collapse effects: Passing
ultrasound waves causes cavitation which is the growth and
explosive collapse of the microscopic bubbles of a few pm
in diameter. When the bubbles collapse quasi adiabatically, it
results mainly in the following 3 effects: .
a) Generation of extreme conditions: Adiabatically when the
bubbles collapse or implode, it results in the concentration of
energy or causes in the generation of a short-lived, localized
high-energy spot. This energy concentration has been
measured in terms of temperature and pressure, which are
extreme on a microsecond timescale (124). An
asymmetrically collapsing bubble next to a wall has been
shown in Fig. 4 (Photo from ref. 26). The maximal diameter
of the bubble is about 1 mm (Fig. 4).
b) Mechanical effect: The adiabatic collapse of bubbles also
incites the mechanical effect, microstreaming. This is caused
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Fig. 4 An asymmetrically collapsing cavitation bubble

by the unidirectional movement of fluids along cell
membranes. Oscillation of cavitation bubbles might also
contribute to microstreaming. Microstreaming may alter cell
membrane structure, function and permeability (138) or

porosity (129). The potential clinical value of this

microstreaming has not been explored much (58).
¢) Thermal effects; The thermal effect of ultrasound on the
skin results from the transfer and conversion of mechanical
energy generated by the vibration of a piezoelectric crystal in
the sonophoresis probe which prompts the absorption of
ultrasound by the skin (9). Absoxpﬁon by the skin of this
" energy causes a temperature increase, which is directly
related to the intensity of the sound wave (43). Prediction of
the actual temperature increase produced by a particular
sonophoretic profile is difficult, however, without a precise
knowledge of the acoustic absorption coefficients, and of the
conduction and convection properties, of the tissues
involved. Furthermore, experimentally, there have been few
studies quantifying the matter by which it has been modified
has also been represented (43). Recently, most investigations
have focused upon the use of US at a frequency of about 20
kHz, at a 10% duty cycle (0.1 on, 0.9 off), for periods from
minutes to a few hours (83,88). While the results obtained
implicate cavitational effects as a principal mechanism, the
role of the accompanying thermal effect has not been
deduced. Given that skin permeability can increase
significantly with temperature (for example, the absorption
of estradiol doubled when the temperature was increased by
10°C) (82), and that phase transitions of the intercellular
lipids of the SC can occur at temperatures close to
physiological (37,101), it is clearly possible that thermal
changes can contribute to sonophoretically-enhanced
transdermal transport (78).
Excessive thermal effects, seen in particular with higher
ultrasound intensities, may damage the tissue (30). Machet

et al. (68) bave also demonstrated that the thermal effect of
ultrasound was the principal explanation for the increase in
the diffusion rate of digoxin. The increased skin permeability
thus could be due to the amalgamated effects of all the above
mentioned. For example, the above said effects results in a
modification or disorganization of the stratum corneum in
terms of increased fluidity combined with enlargement or
widening of the intercellular space, which paves the way for
drug passage. In addition, the above effects on keratinocytes
or comeocytes cause temporary or permanent holes in
driving the drug and vehicle by convection (14).

Contribution of pressure induced by ultrasound for drug
permeation (non-thermal or non-cavitational effect)

Emission of the ultrasonic wave in the intercellular lipid
accompanies a rise in the pressure. Considering the speed of

sound in intercellular lipids at 1000 m/s (113), the pressure
induced by the ultrasound was estimated as, 5 x10° bar with
1 W/cm? and 5 x10* bar with 2 W/cm?. Now, the question
is whether this rise in pressure or the resultant pressure can
cause the active drug ingredient to pass through
mechanically. The relative contribution of this flow induced
by the pressure, calculated for the diffusion of urea through
a synthehc dialysis membrane represents 0.2% with 1
W/cm? and 2% with 100 W/cm?2. Thus, the pressure does not
have a significant contribution to the mcreased percutaneous ’
flow induced by ultrasound.

The non-thermal mechanical charactenstlcs of
ultrasound can also enhance drug diffusion by oscillating the
cells at high speed, changing the resting potential of the cell
membrane and potentially disrupting the cell membrane of
some of the cells in the area (19). There may be some
pushing and pulling of the cells with the propagation of the
sound wave through heterogeneous tissues, but it is unlikely
that radiation or streaming forces are sufficiently strong or
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consistent enough to push drug molecules into the tissue.
From the ultrasonic parameters that have been discussed
as above, if one identifies the dominant which induces
sonophoresis to a greater extent, then, a better selection of
.ultrasound parameters and surrounding physicochemical
conditions can be made. This will selectively enhance the
favorable phenomena, thereby broadening the types of drugs
that can be administered transdermally (82).

Supporting evidence on the role of ultrasonic cavitation
effects for transdermal drug delivery

The role of cavitation in increasing percutaneous
permeability due to ultrasound is well supported by a series
of in vitro experiments: a) the importance of keeping
dissolved gas in the medium to form nuclei of cavitation
(82), and this gives indirect confirmation about the definite
occurrence of cavitation as dissolved gases like entrapped air
which contains both oxygen and nitrogen are present in
stratum comeum, b) the possibility of permeating cell
membranes in vitro is enhanced in the presence of artificial
cavitation nuclei (39), c) demonstration of possible pores
created by ultrasound on the skin surface (68), and within the
SC (114,140), d) demonstration of multiple pits induced by
bubble implosion on aluminium foil exposed to ultrasound
and its correlation with intensity and skin conductivity (132).
The possible occurrence and the consequences of cavitation
in cells or tissues (22,100) and possible applications in
therapy for destruction of cancers (47) and gene therapy (80)
have also been studied. The promise of gene therapy lies in
the potential to ameliorate or cure conditions -that are
resistant to conventional therapeutic approaches. Progress in
vascular and all other fields of gene therapy has been
hampered by concems over the safety and practicality of
recorbinant viral vectors and the mefﬁmency of current
non-viral transfection techniques. There is increasing
evidence that exposure of eukaryotic cells to relatively
modest ultrasound intensity, within the range emitted by

diagnostic transducers, either alone or in combination with.

other non-viral techniques, can enhance transgene
expression by up to several orders of magnitude over naked
DNA alone. In combination with the flexibility and excellent
clinical safety profile of therapeutic and diagnostic
ultrasound, it has been suggested that the ultrasound-assisted
gene delivery has great promise as a novel approach to
improve the efficiency of many forms of non-viral gene
delivery (96). Application of ultrasound for gene delivery to
cells requires control of cavitation activity. Many studies

have been performed using in vitro exposure systems, for,

which cavitation is virtually ubiquitous. in vivo, cavitation
initiation and control is more difficult, but can be enhanced
by cavitation nucleation agents, such as an ultrasound
confrast agent. Sonoporation and ultrasonically enhanced
gene delivery has been reported for a wide range of
conditions including low frequency sonication (kilohertz
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frequencies), lithotripter shockwaves, HIFU (high intensity
focused ultrasound), and even diagnostic ultrasound
(megabertz frequencies). The use of ultrasound for non-viral
gene delivery has been demonstrated for a robust array of in
vitro and mammalian systems, which provides a
fundamental basis and strong promise for development of
new gene therapy methods for clinical medicine.

Indirect proof of cavitation was demonstrated in isolated
epidermis in vitro, after incubating epidermis with
fluorescein, resulting in bleaching of fluorescence probably
due to the production of hydroxyl radicals generated by
cavitation (82). The existence of dissolved gas deep in living
tissue can allow the development of cavitation bubbles (42).

-Small cavities the size of a few microns, which could

correspond to the size of cavitation bubbles on the surface of
the stratum comeum, was shown in vifro using scanning
electron microscopy (68). Scanning electron microscopy
showed 1-3 mm holes on the surface of the stratum coreum
after exposure to ultrasound (1.1 MHz, 1.5 W/cm?). Such
crater-like images of 5-15 mm were also reported in hairless
mouse skin exposed to ultrasound ir vitro (1 MHz, 4.3
W/cm?) (44). Such images have also been shown when
experimentally exposing alumipum foil to 20 kHz

. ultrasound (88,132) and the quantity of pits increased with

intensity and reduction of the distance between the skin and
the probe.
Yamashita et al. (141) have investigated the

. morphological changes induced in hairless mouse skin after

ultrasound irradiation. The scanning electron microscopy
examination of hairless mouse skin exposed to ultrasound
demonstrated large craterlike pores of 100 pm diameter on
the surface of the stratum corneum, corresponding to the size
of the bubbles of cavitation, which has been shown in Fig. 5.
No lesions were demonstrated after sonication using
degassed water indicating that cavitation was the causative
mechanism (Fig. 5).

Sonophoretic enhancement - Differences among drugs

After optimizing the cavitational parameters for an
enhanced drug delivery, the question. immediately comes
into mind is whether all the drugs applied will be delivered
to the same extent? Because, enhancements in the levels of
drugs transported through the skin were only observed for
particular drugs. This variation between drugs raised
controversy about the use of sonophoresis for drug delivery.
An explanation for the variation was recently offered based
on the differences in physiochemical properties of drugs, for
example, lipophilicity and molecular weight. Specifically,
small lipophilic drugs, which rapidly diffuse through the skin
under passive conditions, do not show ephanced transport
after application of ultrasound (84).

The sonophoretic enhancement of transdermal drug
transport has been quantitatively predicted based on the
knowledge of two physiochemical properties of the drug:
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passive skin permeability, P” and octanol-water partition
coeflicient, Ko, using the following equation (84):

e~Kusd /(4 x 104 PP . Eq.3
where ‘e’ is the relative sonophoretic transdermal transport
enhancement defined as, [(sonophoretic pemmeability /
passive permeability) - 1].

Based on this equation it can be infemed that this
technology is most useful in transporting drugs of a high
molecular weight and hydrophilic drugs. Experimental
results indicate that the slower the diffusion of a permeant
through the lipid bilayers of the SC, the more effective is
ultrasound in enhancing its transport, i.e. the drugs passively
diffusing through the skin at a slow rate are most enhanced
by the application of ultrasound (82).

Whereas, recently Katz et al. (51) examined the speed of
onset of cutaneous anesthesia by eutectic mixture of local
anesthetics (EMLA) cream after brief (approximately 10-S)
pretreatrnent of the underlying skin with low frequency (55
kHz) ultrasound, in human subjects. After ultrasound
pretreatment and then 5, 10 or 15 min after EMLA cream
application, pain scores and overall preference were
statistically indistinguishable from EMILA cream application
for 60 min (without ultrasound pretreatment). There were no
significant adverse effects and found that low frequency

ultrasound pretreatment appears to be safe and effective in-

producing rapid onset of EMLA cream in this model, with
results as early as 5 min.
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Role of cavitational effects on the.stability of administered
drugs

It is obvious and highly reasonable to expect the same
cavitation and related effects which are responsible in
increasing the skin permeability could have effect on the
applied drug itself, for example degradation. Eventual
degradation of drugs to ultrasound was studied in vitro and
showed absence of degradation for oligodeoxynucleotides’
(74), insulin (12), fentanyl and caffeine (13). The persistence
of biological activity of insulin and low molecular weight
heparin in vivo is also an evidence for the-absence of

degradation (82,90).

Role of cavitational effects on the skin

" An increasing utility of ultrasound in medicine, in
specific in the transdermal transport of vérious drugs as well
as in transdermal extraction of various drugs have caused a
much concem directed to the issues of ultrasound bioeffects
and safety (58). The world federation for ultrasound in

Medicine and Biology (WFUMB) (151) had issued several

publications related to safety of ultrasound bioeffects,
addressing specifically thermal bioeffects and non-thermal
bioeffects in an attempt to reach an intemational consensus
to adopt a policy on safety guidelines (58). The use of
ultrasound as an aid to increasing skin permeability is based
on its non-thermal bioeffects, mostly cavitation. In view of
this much attention should be paid to the issue of ultrasound
affecting the structure of the skin; is it a reversible change?
What is the role of free radicals that are generated during the

Fig. 5

Craterlike pores of hairless mouse skin after 5 min of ultrasound exposure (Bar 50 pm)
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cavitation process within the skin (58)?

Studies have been carried out to determine the safety of
low frequency (20 kHz) sonophoresis on human and rat skin
by evaluating their structural modifications after ultrasound
exposure. Skin samples were observed under optical and
electron microscopy to detect any structural changes. The
skin samples exposed to ultrasound intensities lower than 2.5
W/cm? showed no modification (15). However it was found
that at intensities higher than 2.5 W/cm?, it caused a slight
and transient erythema whereas severe skin lesions (dermal
and muscle necrosis) were observed 24 hr later (54,66,93).

The application of 20 kHz ultrasound at an intensity of 3
W/cm? was shown to enhance the transdermal transport of

interstitial fluid across bairless rat skin (21). In this study, -

(H20)-H-3 was used as a tracer which was injected
intravenously. A measurable amount of water (>1 ml) was
extracted without. producing any histologic evidence of
injury, even after repeated exposures. Mitragotri et al. (83)
‘have shown that the barrier properties of the skin can be
modified using low frequency ultrasound (20 kHz) to
enhance the efficiency of transdermal drug delivery.
Improvement of as much as 1000-fold was achieved in the
delivery of hydrophilic and/or large compounds. without
long-term damage to the barrier properties of the skin (81).

Whereas, the effect of an ultrasound (1 MHZ) intensities -

(0.25, 0.5, 0.75 and 1 W/cm?), on transdermal absorption of
indomethacin from an ointment studied in rats by Miyazaki
et al. (92) confirms that 0.5 W/cm? is the preferred intensity.

Although, an intensity of 0.75 W/cm? leads to the highest-

penetration but it results in an increase in skin temperature
significantly and hence destructive effect on skin.
Progressively more skin damage was also noted as the
intensity and the time of application of ultrasound increased.
Thus, to develop a useful tool based on ultrasound
technology, further intensive research focusing on safety

issues is required to evaluate limiting ultrasound parameters " -

for safe exposure (58).

" Ultrasound enhanced interstitial fluid extraction (for
glucose monitoring)

Ultrasound permeation of the skin can also be used for
glucose monitoring in a home setting. There are several
studies on the transdermal extraction of interstitial fluid -
" enhanced by ultrasound which offers a potential minimally
invasive method of obtaining a fluid sample for at-home
blood glucose monitoring (21,23,55,112). Ultrasound
application led to in vitro transdermal extraction of with
permeabilities several orders of magnitude higher than those
obtained with passive diffusion across skin. For example,
passive skin permeability of glucose was about 0.0003
cm/br, compared with 0.17 cm/hr after ultrasound
application (an increase of 570-fold) (55). A device is
currently being developed (150) that permeates skin (for up
to 24 br) and then uses a sensor/patch to continuously extract
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interstitial fluid and monitor blood glucose levels. The
continuous non-invasive monitoring of blood glicose may
significantly improve patient compliance to frequent glucose
testing, which has been shown to reduce severe
complications related to diabetes.

Novel portable ultrasound transdermal delivery system —
Cymbal transducer design

Although a commercial sonicator has been an excellent
device for demonstrating drug delivery, the major drawback
so far in exploiting the commercial ultrasound device for
non-invasive drug delivery is the large size and weight of the
ultrasound device. In addition, they require power from a
standard outlet with the converter (ultrasonic probe)
approximately 20 cm in length and weighing almost a
kilogram. For practical application related to portable and
low-profile (smaller and light-weight) transdermal drug-
delivery system, novel transducer design is the main criteria
without compromising on frequency and intensity so that it
operates very similar to commercial sonicator.

Recently, cymbal array (f= 20 kHz) design with a light-
weight (<22 g), low-profile (37 x 37 x 7 mm?) has been used
to generate ultrasound and for transdermally enhancing the
delivery of insulin (63). Advantage of using this cymbal
array design is that the standard array covers a 37 x 37 mm?
area, whereas the probe tip on a sonicator covers only 10 mm
diameter (70). Additional advantage that has been
démonstrated with this design was that with short ultrasound

- exposure time of 5 min, transdermal delivery of insulin

reduced the- glucose to a significant level. This gives an
indication that ultrasound exposure times do not need to be

. long to deliver a clinically significant insulin dose to reduce

a high blood glucose level. These results are further
supported by smith ez al. (119) who have used cymbal array
for increasing the transport of insulin.

. Synergistic effects of ultrasound and other enhancers

Sonophoresis has also been shown to operate in synergy
with other enhancers of transdermal drug transport,
including chemicals, electroporation and iontophoresis (85).
Understandmg the synergistic relationship that exists
between various enhancers and -selecting the right

' combination represents a large opportunity to develop potent

and safe methods to enhance transdermal drug delivery. The -
effects of combination of enhancers including a)
polyethylene glycol 200 dilaurate (PEG), b) isopropyl
myristate (IM), c) glycerol trioleate (GT), d) 50% EtOH
saturated with linoleic acid (LA/EtOH), and therapeutic
ultrasound (1 MHz, 1.4 W/cm?, continuous) on transdermal
drug transport of corticosterone have been investigated.
LA/EtOH was found to be the most effective of these
enhancers, increasing the corticosterone flux from the
saturated solutions by up to 13000-fold. Similar
enhancements have been obtained with LA/EtOH, with and
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without ultrasound for four other model drugs,
dexamethasone, estradiol, lidocaine and testosterone (50).

Kost et al. (54) have found that the combination of
electroporation with ultrasound produced a synergistic
interaction and have suggested that this may be caused by
ultrasound disorganising stratum comeum lipids to an extent
where they were more susceptible to the effects of
electroporation. The combination of low frequency
ultrasound and iontophoresis also increased the flux of
heparin across pig skin above that observed for each of the
techniques alone (59). Despite these studies, however, the
combination technologies will lag behind the development
of - individual technologies until safety and efficacy
evaluations and validations in vivo and in human volunteers
can be convincingly demonstrated (25).

Ultrasound enhanced delivery through cornea

The successful results of ultrasound-enhanced
transdermal drug delivery has also motivated on the
investigation of the use of ultrasound to enhance drug
delivery through the comea (144). It has been found that the
application of 20-kHz at intensity of 14 W/cm? resulted in a
4-fold increase in the comeal permeability of atenolol,
carteolol, timolol and betaxolol drugs (143). Ultrasound
application at medium frequencies (470-880 kHz) and
intensities of 0.2-0.3 W/cm? has also been used for
transcorneal drug delivery, to improve treatment of comeal
" inflammation, wounds, and retinal dystrophy (97,136).

SUMMARY AND OUTLOOK

Transdermal transport of drugs can be temporarily
enhanced and confrolled by exploiting the cavitational
collapse effects of ultrasound. The most exciting results
obtained from various experiments confirm that this method
can give about 1000-fold better penetraﬁon compared to
snnple topical application. Sonophoresis is undergoing a
renaissance and a significant amount of progress has been
made towards this technologically attractive and more
promising process. Thus, it has changed from a poorly
understood magical treatment to a highly specialized
mechanism, but, now that requires the utmost scientific
accuracy to be effective which could lead to the development
and availability of practical devices based on this technology.
Also, the ultimate goal of sonophoresis is to enhance
transdermal transport of a broad variety of drugs, including
high molecular weight proteins which are again possible by
the optimization of all the possible parameters of ultrasound
and improved understanding of the cavitation events which
are occurting on the skin. The recent FDA approval of the
. use of low frequency portable ultrasound device for skin
permeabilisation and the development of low frequency
low-profile transducers for sonophoresis has further given a
strong hope on this field. Technological change, nonetheless,
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is transforming the landscape of ultrasound and we can
believe that further breakthroughs are on the horizon. -
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