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Review

Drug Delivery by Phonophoresis

Praveen Tyle'* and Praful Agrawala®

Phonophoresis is defined as the migration of drug molecules, contained in a contact agent, through the
skin under the influence of ultrasound. Several drugs have been introduced into the body by this
technique. The design of a phonophoretic drug delivery system is in developmental stages in various
research laboratories. Parameters affecting the delivery of drugs by this technique and devices avail-
able for drug delivery purposes are discussed in this review.
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INTRODUCTION

Topical application of drugs has focused attention on
their skin permeability and on chemical permeability en-
hancers which decrease the barrier function of the stratum
corneum (1). External control of drug release and penetra-
tion can also be achieved by iontophoresis (2), i.e., by elec-
tric field, and phonophoresis (3), i.e., by ultrasound. The
transfollicular and transappendageal (skin pores) routes con-
stitute the major penetration pathways for these techniques
even though the surface area occupied by these pathways is
relatively small (Fig. 1). Iontophoresis has been the subject
of recent reviews (2,4). This review details the technique of
phonophoresis and its application to drug delivery.

Phonophoresis is defined as the migration of drug mol-
ecules, contained in a coupling/contact agent, through the
skin under the influence of ultrasound. Enhanced drug pen-
etration is thought to result from the thermal, mechanical,
and chemical alterations of biological tissues by ultrasonic
waves (5). Phonophoresis and iontophoresis have common
features but also distinct differences. (a) There is little haz-
ard of skin damage with proper application, but periosteal
burns can result if either technique is applied improperly. (b)
During iontophoresis the drug must be ionized in order to be
electrically transported. (c) Ultrasonic waves penetrate up to
5 cm below the skin, whereas iontophoresis penetrates only
to an approximate depth of 1 cm. (d) The usual treatment
time for phonophoresis is 10 min, as compared to 20 or 30
min suggested for iontophoresis (6,7). Thus phonophoresis
may offer an alternative to injection with minimal trauma
and damage to the site, although minor skin discoloration
may develop following prolonged use. The length of the
treatment, output frequency, and power level required for

! Pharmaceutical Research & Development, Sandoz Research Insti-
tute, Sandoz Pharmaceuticals Corporation, P.O. Box 83288, Lin-
coln, Nebraska 68501.

2 Adria Laboratories, Division of Erbamont, Inc., P.O. Box 16529,
Columbus, Ohio 43216.

3 To whom correspondence should be addressed.

355

phonophoretic drug delivery vary with the drug, site, and
individual person.

MECHANISM OF ACTION AND THEORY

Ultrasound causes mechanical disturbance in an absorb-
ing medium and mechanical energy associated with the
sound field is continually converted into heat (9). This ther-
mal change is thought to mediate phonophoretic drug deliv-
ery. However, control experiments are lacking that show
whether heat alone can have similar effects.

The effect of ultrasound on a biological system may also
be associated with cavitation, the formation of small gaseous
inclusions (9). Cavitation may cause mechanical stress, tem-
perature elevation, or enhanced chemical reactivity causing
drug transport. Kremkau (10) reported that cavitation in sus-
pensions of a chemotherapeutic agent plays a role in its cy-
totoxic enhancement. Ultrasound appears to cause rapidly
reversible cell damage which persists in the presence of cy-
totoxic drugs (10). One theory suggests that ultrasound af-
fects the permeation of the stratum corneum lipid structure
as the limiting step in permeating through the skin (11,12).
Kost et al. showed steady penetration rates of the experi-
mental and control groups after the ultrasound was turned
off (11). This is evidence for the reversible effect of ultra-
sound. However, for most situations in phonophoretic drug
delivery, the exact physical mechanisms are not known. Due
to the complexity of the factors involved during the process
of phonophoresis, theoretical predictions and their correla-
tion with experimental data have not been attempted in the
literature.

THERAPEUTIC APPLICATIONS

As early as 1954, Fellinger and Schmid showed that
ultrasound could carry hydrocortisone across an avascular
membrane to treat polyarthritis of the digital points of the
hand (13). In 1958, Newman et al. found hydrocortisone
delivered by injection and phonophoresis superior to injec-
tion alone (14). In 1963, Griffin and Touchstone reported in
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Fig. 1. Schematic presentation of probable routes of penetration: A,
transcellular; B, diffusion through channels between cells; C,
through sebaceous gland; D, transfollicular; E, through sweat ducts.
(Reproduced with permission from Ref. 60.)

vitro research on pig tissue demonstrating that ultrasound
could drive cortisol into skeletal muscle and paravertebral
nerve (15).

A double-blind study comparing hydrocortisone versus
a placebo was reported by Griffin ef al. (16) (Table I). In
their study, 68% receiving hydrocortisone plus ultrasound
had significant decrease in pain and increase in range of
motion, compared to 28% of those receiving a placebo plus
ultrasound (16). In 1975, Kleinkort and Wood found a 10%
hydrocortisone preparation plus ultrasound more effective in
reducing pain than a 1% preparation plus ultrasound in a
variety of inflammatory conditions (17). The results support
the empirical choice of 10% concentration in clinics by other
investigators (16). Wing reported a case study describing the
use of phonophoretically driven hydrocortisone for a patient
with temporomandibular joint dysfunction (18). Goddard et
al. reported complete absence of any antiinflammatory ac-
tion under the influence of ultrasound on acute inflammation
in the rat (19). A well-designed study reported by Pratzel et
al. measured the amount of indomethacin in the urine of pigs
and human volunteers after cutaneous application of the
drug with and without phonophoresis (62). The results
showed that ultrasound did not increase the absorption of
indomethacin over controls, but iontophoresis was effective
in increasing maximum indomethacin levels and urinary ex-
cretion. Famaey (63,64) and Wanet and Dehon (65) reviewed
the scientific basis of phonophoresis of nonsteroidal antiin-
flammatory agents and emphasized the necessity of objec-
tive studies to prove the therapeutic efficacy of phonophore-
sis.

Tendinitis, bursitis, and painful ‘‘trigger points’’ have
been successfully treated with this technique (6). The clini-
cian must, however, acknowledge the limitations imposed
by the systemic introduction of specific medications and
their potential side effects. An important consideration is
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that prolonged application of steroids to load-bearing struc-
tures such as tendons and ligaments may lead to their failure
under stress (20). Novak, in an uncontrolled clinical case
study, has reported an increase in the concentration of
lignocaine in tissues under the influence of ultrasound for a
topically applied solution of lignocaine base on the quadricep
muscles of rabbits (21). This was in contrast to the double-
blind crossover trials in healthy volunteers studies reported
by McElnay e¢ al. which showed that ultrasound did not
significantly increase the percutaneous absorption of
lignocaine (22). A number of factors may account for these
results, including physical and chemical properties unsuit-
able for phonophoresis, a testing method of pricking not sen-
sitive enough to distinguish changed absorption rates, and an
increase in local blood flow caused by ultrasound negating
the increased pharmacological effects of an enhanced
lignocaine absorption by increasing drug clearance from the
tissue (22). In contrast, McElnay et al. reported an increase
in percutaneous absorption of fluocinolone acetonide using
ultrasound to a small but statistically significant extent over
controls in a double-blind crossover trial (35). Benson et al.
recently reported the effect of ultrasound on the percutane-
ous absorption of lignocaine and prilocaine from Emla cream
in healthy volunteer subjects, in a double-blind placebo con-
trolled crossover trial (23). The results showed that ultra-
sound treatment led to a significant increase in the rate and
extent of absorption of lignocaine and/or prilocaine as deter-
mined by the duration of anesthesia; however, the rate and
extent of absorption of lignocaine as determined by the onset
of action were not significant at the 95% level.

Kremkau extensively studied the effects of ultrasound
and chemotherapeutic drugs in mouse leukemia (10). The
treatment was applied in vitro with cells in suspension. The
cells were inoculated into host mice and survival was mon-
itored. Ultrasound enhanced the cytotoxic action of arabi-
nosyl cytosine, BCNU, cyclophosphamide’s active metabo-
lite, nitrogen mustard, and melphalan. The experimental
protocol is shown in Fig. 2. The author concluded that ul-
trasound appeared to cause rapid reversible cell damage
which persisted in the presence of cytotoxic drugs resulting
in a significant loss of lethal potential of the malignant cells
to the host (10). These studies demonstrate the usefulness of
phonophoresis in chemotherapy since the ultrasound local-
izes the drug delivery to the desired area, thus increasing the
effectiveness without increasing systemic toxicity.

In addition to drug delivery applications, ultrasound by
itself has long been used in physical medicine for virtually
every region of the body in clinical conditions including the
treatment of injury, treatment of superficial human cancer-
ous nodules (24,25) and hyperthermia (25), orthopedic diag-
nosis (7), noninvasive determination of material properties
of biologic tissues including healing cutaneous wounds (26)
and edema formation (27), treatment of subdeltoid bursitis
(28), treatment of chronic leg ulceration (29) and determina-
tion of the mechanism of phagocytic activity of reticuloen-
dothelial system (30).

EXPERIMENTAL VARIABLES

Many studies reported in the literature lack adequate
controls needed for satisfactory evaluation of data. For ex-
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Table I. Drugs Used in Various Disease Conditions for Therapy by Phonophoresis
Drug(s) Condition/disease Reference (No.)
1..Dexamethasone Inflammatory conditions Quillin (6)*
2. Arabinosyl cytosine Anticancer drug (leukemia) Kremkau (10)?
3. BCNU Anticancer drug (leukemia) Kremkau (10)?
4. Cyclophosphamide’s active metabolite Anticancer drug (leukemia) Kremkau (10)?
5. Nitrogen mustard Anticancer drug (leukemia) Kremkau (10)®
6. Melphalan Anticancer drug (leukemia) Kremkau (10)®
7. Mannitol Diuretic Kost et al. (11)><
8. Zinc oxide and tannic acid Herpes simplex Fahim (20)¢
9. Urea and dimethyl sulfoxide Demidox mites Fahim (20)¢
10. Lignocaine/lidocaine Local anesthesia Novak (21), McElnay ef al. (22)¢
11. Lignocaine and prilocaine Local anesthesia Benson et al. (23)¢
12. Lignocaine and dexamethasone Pain Moll (31)*
13. Benzydamine Sports injuries Benson et al. (34)¢
14. Fluocinolone acetonide Inflamed conditions McElnay et al. (35)¢
15. Ibuprofen Antiinflammatory Nanavaty & Brucks (36)°
16. Benzoic acid Antifungal agent Julian & Zentner (38)°
17. Potassium chloride Electrolyte replenishers Lenart & Auslander (39)°
Sodium chloride
Calcium chloride
18. Hydrocortisone Inflamed digital joints/subdeltoid bursitis Fellinger & Schmid (13)?
Newman et al. (14)°
Griffin & Touchstone (15)*
Griffin et al. (16)¢
Kleinkort & Wood (17)¢
Wing (18)*
Julian & Zentner (38)°
Shamatava et al. (42)°
Tsitlanadze (43)°
Gatev (44)°
19. Paraaminohippuric acid Diagnostic aid Kost et al. (45)°
20. Silver nitrate Edema Fyfe & Chahl (46)°
21. Phenylbutazone Arthrosynovitis Brondolo (47)¢
22. Carbocaine Local anesthesia Cameroy (48)¢
23. Tetracycline Low udders infections (cows) Parikov (49)*
Ragelis (50,51)°
24. Streptomycin Antibiotic Ragelis (50)°
25. Fluorafur Allergy Smalyukh (52)¢
26. Physostigmine Cholinesterase inhibitor Kost et al. (53)°
27. Penicillin Antibiotic Ragelis (50)°
Purulent ulcer Goral’chuk (54)¢
28. Thiodine Vertebral osteochondrasis Chilingaryan et al. (55)°
29. Papain — Korkhov (56)°
30. Interferon Herpetic keratitis Shpak (57)¢
31. Penicillin Antibiotics Ragelis (58)¢
Streptomycin
Tetracycline
32. Thiamin Vitamin deficiency Glushchenko (59)°
33. Ascorbic acid Vitamin deficiency Glushchenko (59)¢

¢ Based on clinical impressions (qualitative).
b Based on in vitro experiments.

¢ Based on controlled comparative study (quantitative but not double-blind).
4 Based on double-blind study (well-conducted study).

ample, Moll (31) reported a double-blind clinical trial com-
paring three groups of treatments: (a) lignocaine/
dexamethasone with ultrasound, (b) placebo with ultra-
sound, and (c¢) placebo without ultrasound. The paper lacked
the data on the effects of lignocaine/dexamethasone without

ultrasound.

It is not clear if drug~ultrasound treatment used to treat
inflammatory conditions resulting from sports offer any ad-

vantages over ultrasound treatment alone or the two treat-
ments used independently (6,35). Both pulsed- and continu-
ous-wave ultrasound have been used in the literature. The
technique of phonophoresis depends on several variables,
the origin of which may be physical or physiological. An

understanding of these factors for the optimization of the

phonophoretic drug delivery process is very important.
Frequency. This is a physical (acoustical) factor related
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Fig. 2. L1210 mouse leukemia drug and ultrasound treatment ex-
perimental setup. (Reproduced with permission from Ref. 61.)

to the physiological effects of ultrasonic energy. The depth
of penetration of ultrasonic energy into living tissue is in-
versely proportional to the frequency (7). Lower frequencies
give deeper penetration and greater spread of energy per unit
volume of tissue (32). The frequency used for phonophoresis
is typically from 20 kHz to 10 MHz. The most used fre-
quency in the literature is 870 kHz. Kost and Langer (33)
have reported that the preferred range of frequency for pho-
nophoresis is from 0.5 to 1.5 MHz. Benson et al. (23) have
shown 1.5 MHz (1:1 pulsed output) and 3.0 MHz (continu-
ous output) to be most effective for improving the rate of
percutaneous absorption, and 1.5- and 3.0-MHz (1:1 pulsed-
output) treatments for improving the extent of drug absorp-
tion. However, Benson et al. (34) did not find any statistical
difference in percutaneous absorption of benzydamine be-
tween controls (no ultrasound) and those using ultrasound at
differing frequencies.

Intensity. Another physical factor related to the absorp-
tion of ultrasonic energy is the rate of energy flux per unit
area. The intensity of ultrasound should be high enough to
obtain the desired measurement without masking by hu-
moral or nervous system compensation the variable under
study (32) and should be low enough not to cause any sig-
nificant elevation in skin temperature (33). The energy can
be of a high intensity for a short duration, or vice versa.
However, the results must be evaluated cautiously since the
physiological effects might be different for the two extremes
even though the total energy added is the same. The inten-
sity of ultrasound for phonophoresis varies from 0 to 3
W/cm? (33) and is dependent upon the patient tolerance and
area under treatment. It should rarely exceed the accepted
therapeutic maximum of 2.5 W/cm? (5).
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Exposure Time. The time of irradiation of skin with ul-
trasound can affect phonophoresis. A 5-min exposure is
commonly reported in the literature (5,22,34,35) but Kost et
al. (11) were able to get a significant response with a 2-min
exposure. The maximum limit of exposure should be deter-
mined by measuring the skin temperature. The time should
be decreased or the treatment stopped when the temperature
of the skin rises 1 to 2°C (33). A separate criterion should be
established to ensure adequate exposure when larger times
and areas are required for the treatment (5).

The frequency, intensity, and time of exposure are in-
terdependent as well as the function of the molecule being
diffused and nature (i.e., thickness and resistance to perme-
ation) of the skin at the site of exposure (33). Dunn et al. (8)
proposed that the relationship between intensity, I, and ex-
posure time, ¢, is (8)

It = c(f,T)

where ¢ is a weak function of frequency, f, and T is the
temperature of the tissue.

Coupling/Contact Agent. A coupling or contact agent is
needed to transfer ultrasonic energy between the ultrasound
source and the skin. A good coupling agent should have an
absorption coefficient similar to that of water and be non-
staining, nonirritating, and slow drying. The coupling agent
should retain a paste or gel consistency at body temperature
in order to maintain contact between the ultrasound source
and the skin (33). Ideally, the coupling agent should have a
low capacity for dissolved gases (32).

Examples of coupling agents are mixtures of mineral oil
and glycerin, water and propylene glycol (36), cream (23),
and an aquasonic gel (33). The coupling agent may also serve
as a drug carrier (33). Drug-containing ointments can also
serve as coupling agents (23,35). The amount of coupling
agent to be applied should be optimized. McElnay et al. (35)
reported that the minimum weight needed to produce an
easily measurable response within a given time period
should be used. This is particularly important with gels con-
taining steroids, since too much gel can mask ultrasound
effects. Loss of contact gel during ultrasonic application due
to adhesion to the transducer head should be accounted for
in the interpretation of data as well as coupling efficiency
22).

Contact Time. The length of contact time of drug con-
taining coupling agent with the skin before the application of
ultrasound and the total contact time of the drugs with the
skin must be standardized. The purpose of the initial contact
time is to saturate the stratum corneum prior to the applica-
tion of the ultrasonic driving force (35). A 5- to 6-min contact
time has often been reported (34,35). McElnay and co-
workers (22) found that a 6-min contact period with drug
containing cream prior to ultrasound treatment was required
for reproducible local anesthesia.

Skin Site. The thickness and permeability of skin at the
site of exposure of ultrasound govern the treatment condi-
tions, i.e. frequency, intensity, and time of exposure. No
difference in responses between left and right forearms were
found in skin equidistant from the elbow and wrist on the
flexor surface of the forearm during phonophoresis of ste-
roids in a skin blanching test (35).
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Cavitation/Bubble Formation. Ultrasound causes bub-
ble formation in water and on the radiating surface of the
transducer, because of expulsion of the dissolved gases,
mostly O, and CO,, out of solution. The bubble formation
decreases the efficiency of energy transfer from the trans-
ducer to the skin application site. Cavitation requires the
formation, expansion, and collapse of bubbles. At low fre-
quencies, there is not enough time between the periods of
condensation and rarefaction to allow for a full buildup of
charge on the bubble surface. The fluctuation of electrical
charge on the bubble surface causes the collapse. Although
both intra- and extracellular fluids are known to contain
many dissolved gases, exposure of tissues to clinically used
ultrasound energy at intensities of less than 3 W/cm? does
not give rise to cavitation (32). An effective way of dealing
with the bubble formation is to substitute nonaqueous sol-
vents such as mineral oil for water as the coupling agent.
Because gases dissolve less in these solvents, there is less
likelihood of bubble formation.

The experimental protocol should be designed specifi-
cally to test the hypothesis that ultrasound energy does not
influence absorption of drugs through skin, i.e., phono-
phoresis does not work (22). Other questions which need to
be addressed are as follows:

(1) How does the physicochemical properties of the
drug molecule influence this method of administra-
tion? Not all drugs can be administered through all
routes.

(2) Does ultrasound cause chemical changes in the drug
molecule? Julian and Zentner (38) did not find any
ultrasound-induced degradation of benzoic acid and
hydrocortisone, but this might not be true for all
drugs, especially proteins and peptides.

(3) Is the method measuring the response adequately
sensitive to distinguish changes in the absorption of
drugs?

(4) Is the position of the ultrasound generator in relation
to the desired site of action suitable? The effect of
ultrasound depends on diffusion direction and is
greatest when the ultrasonic wave is normal to the
membrane with the same direction of propagation
on the diffusion flow (39).

(5) Should continuous or pulsed ultrasound be used?
Continuous ultrasound provides combined mechan-
ical and heating effects and pulsed ultrasound pro-
vides an equivalent mechanical affect. A recent
study (23) indicates that pulsed-output ultrasound
provided the most effective conditions for maximum
increase in rate and extent of drug absorption
through phonophoresis.

(6) What is the effect of ultrasound on the equilibrium
partition coefficient between the skin and the drug in
coupling agent? Julian and Zentner (38) found no
significant effect of ultrasonic irradiation on the par-
tition coefficients of benzoic acid in polydimethylsi-
loxane and hydrocortisone-cellulose model mem-
branes but did not test the drugs with biological tis-
sues, specifically skin.

EQUIPMENT AND DEVICES
A number of ultrasound devices are available commer-
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cially for use in diagnostics and physical therapy. The work-
ing principle of these devices is rather simple. The ultrasonic
power supply generator converts 50/60-Hz voltage to high-
frequency 20-kHz electrical energy. This electrical energy is
transmitted to the transducer within the converter, where it
is changed to mechanical vibrations. Nearly all transducers
use piezoelectric material, either a quartz or a ceramic such
as lead zirconate titanate. In the future, special polymers
such as polyvinylidene fluoride may be utilized (33).

A simple type of unit is a disk (or rectangle or ring) of
piezoelectric material with electrodes (e.g., gold or other
electrical conductors) on both faces, to which electrical con-
nections are made (9). The unit with electrical leads is em-
bedded in epoxy or other similar material and placed in a
housing to provide mechanical protection. This assembly
forms a small compact device which is called the transducer
probe or commonly referred to as the transducer, probe,
soundhead, or applicator. A transducer probe can be held in
the operator’s hand and applied to the desired portion of the
patient’s body. The hand-held transducers are usually 2-
4 cm in diameter. Typical spatial-average, temporal-average
intensities used for treatment range from 0.1 to 3.0 W/cm?
(9). Treatment consists of moving the applicator over the
area to be treated, which is covered with a coupling agent
consisting of a gel or oil in order to provide good acoustic
coupling. The length of the treatment is 5-15 min. Figure 3
shows a hand-held soundhead being used for driving a water-
soluble ointment containing the antiinflammatory drugs
dexamethasone and lidocaine (6). Pulse and continuous
mode may be used. The pulse mode (typically with 2-3 msec
on time and 10-20 msec off) allows a higher intensity to be
used during the pulse without increasing the skin tempera-
ture (9). A small ultrasonic instrument enables the patient to
administer the treatment (12).

DynaWave Corp. (Geneva, Ill.) markets DynaWave
Model 12, DynaSound Model 801, and DynaLator Model 811
ultrasonically controlled devices, which are designed to de-
liver physiologically acceptable continuous or pulsed ultra-
sonic energy for short duration. The transducer head in these
devices can be a point probe or pads which can conform to
body contours. The DynaLator Model 811 can be pro-
grammed.

Another suitable ultrasonic generator available which
could be used for drug delivery is manufactured by White
Water Electronics Inc. and has a frequency of 1100 = 10
kHz, a continuous power output of 0 to 32 W, and an effec-
tive power level at the applicator head of 3.0 W/cm?.

For in vitro studies, ultrasonic cell disrupters have often
been used with modification of transducer probes (38). The
point probes are made of titanium alloy and are available in
various sizes. One particular type which has found use in
phonophoresis is Vibracell ultrasonic processor made by
Sonics and Materials, Danbury, Conn. (33).

The FDA has classified ultrasonic devices for special-
ized use (diathermy) into Class II (performance standards)
and for all other uses into Class III (premarket approval)
(40). The primary intended use of these devices is not drug
delivery, although they can be used for that purpose.

FUTURE DIRECTIONS
Many laboratories are investigating transdermal drug
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Fig. 3. Phonophoretic application of a water-soluble ointment con-
taining dexamethasone and lidocaine for inflammatory condition.
The ultrasound soundhead drives medication percutaneously into
inflamed structures. (Reproduced with permission from Ref. 6.)

delivery enhancement by ultrasound. The available data in-
dicate that phonophoresis may enhance both localized and
systemic drug delivery. Cygnus Research (Redwood City,
Calif.) and MIT (Cambridge, Mass.) currently focus their
research on delivery through ultrasound pulsing of three
compounds—bD-mannitol, inulin, and physostigmine—
previously considered unsuitable for transdermal delivery
because of their molecular structures (12,41). Carefully de-
signed experimental studies are needed to define the mech-
anism of ultrasound on drug absorption.
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