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Ul trasound-Mediated Transdermal 
Protein Delivery 

Samir Mitragotri, Daniel Blankschtein,* Robert Langer* 

Transdermal drug delivery offers a potential method of drug administration. However, its 
application has been limited to a few low molecular weight compounds because of the 
extremely low permeability of human skin. Low-frequency ultrasound was shown to 
increase the permeability of human skin to many drugs, including high molecular weight 
proteins, by several orders of magnitude, thus making transdermal administration of these 
molecules potentially feasible. It was possible to deliver and control therapeutic doses of 
proteins such as insulin, interferon y, and erythropoeitin across human skin. Low-fre- 
quency ultrasound is thus a potential noninvasive substitute for traditional methods of 
drug delivery, such as injections. 

Transdermal drug dellvery (TDD) offers 
several advantages over tradltlonal del~verv " 
methods such as injections and oral admin- 
istration. Compared to oral delivery, TDD 
avoids gastrointestinal drug metabolism, re- 
duces elimination by liver, and provides 
sustained release of drugs for up to 7 days 
(1 ) .  Compared to injections, TDD elimi- 
nates the associated pain and the possibility 
of infection. Theoretically, the transdermal 
route of drug administration could be ad- 
vantageous in the delivery of many thera- 
peutic proteins because (i) proteins are sus- 
ceptible to gastrointestinal degradation and 
exhibit poor gastrointestinal uptake, (ii) 
proteins such as interferons are cleared rap- 
idlv from the blood 12) and need to be , , 

del'ivered at a sustained rate in order to be 
maintained at a high blood concentration, 
and (iii) transdermal devices are easier to 
use than injections (1 ). 

Despite these advantages, few drugs and 
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no protelns or peptides are currently admin- 
istered transdermally for clinical appllca- 
tions, because of the low skin permeability 
to drugs. This low permeability is attributed 
to the stratum corneum (SC), the outer- 
most skin layer that consists of flat, dead 
cells filled with keratin fibers (keratino- 
cytes) surrounded by lipid bilayers. The 
highly ordered structure of the lipid bilayers 
confers an impermeable character to the SC 
(3). Several methods, which include chem- 
ical enhancers (4) and electricity (5, 6) ,  
have been proposed to enhance transdermal 
drug transport, but their efficacy has been 
limited by the large protein size and rela- 
tively low electric charge on the proteins. 

Anolication of ultrasound has been at- 
L L 

tempted to enhance transdermal transport 
of a few low molecular weight (<500) drugs 
across human skin (7-10) as well as pro- 
teins such as insulin across animal skin 
(1 1 ), a phenomenon referred to as sono- 
phoresis. Although numerous studles of 
sonoohoresis have been ~erformed (7-1 1 ) 
measurable enhancement has been reported 
in only a few cases (8, 11 ). We have shown 
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(1  2) that application of ultrasound at ther- 
aoeutic freauencies 11 MHz) induces 
growth and oscillations of air pockets 
present in the keratinocytes of the SC (a 
phenomenon known as cavitation). These 
oscillations disorganize the SC lipid bilay- 
ers, therebv enhancing transdermal trans- " 
port. However, application of therapeutic 
ultrasound does not induce transdermal 
transport of high molecular weight protelns. 
Because cavitational effects are inversely 
proportional to ultrasound frequency (13), 
we hypothesized that application of ultra- 
sound at frequencies lower than that corre- 
sponding to therapeutic ultrasound may in- 
duce suff~cient bilayer disorganization, so 
that proteins mav be able to diffuse across 
the skin. We now report that low-frequency 
ultrasound can ~nduce significant transder- 
ma1 transport of proteins, including insulin 
(molecular weight, -6000), interferon y 
(IFN-y) ( -  17,000), and erythropoeitin 
(-48,000). 

The passlve skin permeability to high 
molecular weight proteins, including those 
mentioned above, is essentially zero (below 
our detection limit). To assess whether ao- 
plication of ultrasound enhances transder- 
ma1 protein flux, we measured the skin per- 
meability to these proteins 111 the presence 
of ultrasound in vitro across human cadaver 
epidermis (14) in a Franz diffusion cell ( 1  5). 
In separate experiments, the donor compart- 
ment of the diffusion cell was filled with a 
solution of insulin (100 U/ml), IFN-y (2500 
U/ml), or erythropoeitin (400 U/ml). Ultra- 
sound (20 KHz, 100-ms pulses applied every 
second) was applled at intensities in the 
range of 12.5 to 225 mW/cm2 (16) for 4 
hours bv means of an ultraso~lnd tral~sducer 
that was immersed in the donor solution. 
The transducer (area, - 1 cm') was oriented 
perpendicular to, and placed at a distance of 
1 cm from, the skin. The concentration of 
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proteins in the receiver compartment was 
measured everv hour either bv radioirnmu- 
noassay (RIA) or enzyme-lkked irnmu- 
nosorbent assay (ELISA) (1 7). Skin perme- 
abilities to proteins were calc~rlated through 
use of the transderinal fluxes measured dur- 
ing the first hour (18). Ultrasound applica- 
tion induced significant transdermal perme- 
ation of insulin (Fig. l A ) ,  IFN-y, and eryth- 
ropoeitin. Human skin permeability to insu- 
lin at an ultrasound intensity of 225 mW/ 
cm2 was 3.3 X (+-35%) cm/hour. The 
permeability to IFN-y under similar ultra- 
sound condit~ons was 8 X lo-' ( 2 2 2 % )  
cm/hour, and that to erythropoeitin was 9.8 
X lop6  (?40%) cmfl~our (18). A t  these 
skin permeabilities, it may be possible to 
deliver these proteins transderlnally at a 
therape~rtically relevant rate. For example, 
one could deliver an insulin dose of about 12 
U/hour [a dose given three times a day to a 
diabetic patient (1 9)] from a transdermal 
patch with an area of 40 cm' (20) contain- 
ing insulin at a concentration of 100 U/ml 
(20). Thus, 1 hour of sonophoresis per- 
formed three times a day could deliver the 
required daily dose of insulin to a diabetic 
patient. Similarly, an IFN-y dose of -5 x 
106 U/hour [a daily dose required to enhance 
the immune response of patients suffering 
from viral ,infection or cancer (21 ) ]  and an 
erythropoeitin dose of about 140 U/hour [a 
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Fig. 1. (A) Time varation of the amount of Insulin 
transporied across human skin (in v~tro) n the 
presence of ultrasound (20 kHz, 100-ms pulses 
applied every second) at 12.5 (H), 62.5 (+), 125 
(a), and 225 mW/cm2 (A) (n = 3 or 4; error bars, 
SD). (B) Varaton of the transdermal n s u n  per- 
meab~l~ty (In v~tro) with ultrasound ntens~ty (20 
kHz, 100-ms pulses apped every second) (n = 3 
or 4 ;  error bars, SD). The sk~n IS mpermeabe to 
insulin at an ultrasound lntensty of 0. 

dose that may be given three times a day to 
patrents suffering from severe anemia (22)] 
may be delivered from a similar patch by 
application of ultrasound (20). The ability 
of sonophoresis to deliver other macromol- 
ecules may be estimated on the basis of their 
sonophoret~c skin permeability, which needs 
to be measured experimentally (generally 
decreases with increasing molecular size). 

u 

and the required therapeutic dose of these 
macromolec~~les. 

We further analvzed the so11oohoretic 
enhancement of transderlnal protein trans- 
port by using insulin as a model protein in 
vitro as well as in vivo. This analvsis ad- 
dresses two Issues that are linportallt In the 
evaluat~on of ultrasound as a transderlnal 
transport enhancer: (i) the efficacy of low- 
frequency ultrasound in controlling trans- 
dermal flux by varying ultrasound parame- 
ters such as the intensity; and (ii) the re- 

versibility of the transderinal transport en- 
hancernent. that IS, the recoverv of the 
barrier poperties of the skin upoi  turning 
ultraso~rnd off. The  soilophoretic perme- 
ability (18) varied nearly expone~ltially 
with ultrasound intensity (Fig. lB) ,  proba- 
bly as a result of a highly iloillinear depen- 
dence of cavitatioil on  ultrasound intensity 
(23). Accordingly, ultrasound intensity 
might potentially be used to control trans- 
dermal insulin delivery. 

ADDlicatioll of ultrasound under the 
above colld~tions did not appear to cause 
any permanent loss of the barrier properties 
of the skin. The  transderlnal insulii~ flux 
(proportional to the slope of the curves 
shown in Fig. 1A) 3 hours after turning the 
~~ltrasound off was statistically insignificant. 
T o  further assess the recovery of the skin 
barrier properties after sonophores~s, we 
measured water transport through the skill 

US on Time (hours) 

Fig. 2. (A) Trne variation of blood glucose concentratons of 16-week-old hairless rats (FFA.  Credo. 
France) upon 1 hour insun-ultrasound treatment (ultrasound was turned on at 1 hour and turned off at 
2 hours) at 12.5 (0) (n = 4). 62.5 (A) (n = 31, 125 (+) (n = 3), and 225 mW/cm2 (0) (n = 5) (30). Control 
(0). n = 5. Treatment with n s u n  alone or ultrasound alone dd  not have any effect on the blood glucose 
concentraton Error bars (SD) are shown for one set of data. (B) Comparson of blood glucose concen- 
trat~on of rats treated for 1 hour (from time 1 to 2 hours) w~th sonophores~s at 62 5 (A) (n = 3) and 225 
mW/cm2 (n = 5) (H) and those treated with a single subcutaneous injecton at t~me 1 hour [dashed line, 
1 U (n = 3); dotted n e ,  100 mu (n = 3)]. A typcal rat weghed about 400 g. Control (0). Error bars (SD) 
are shown for one set of subcutaneous and sonophoresis data. (C) T~me varaton of blood glucose 
concentration of harless rats exposed to ultrasound (20 kHz, 225 mW/cm2, 100-ms pulses app~ed every 
second) for different times. Ultrasound was turned on at 1 hour and was turned off after 1 mln (0) (n = 31, 
10 min (A) (n = 3), and 1 hour (H) (n = 5). Control (0). Error bars (SD) are shown for one set of data. (D) 
Trne varaton of blood glucose concentration of dabetc ha~ress rats upon a 30-m~n insun-ultrasound 
treatment (ultrasound was turned on at 0.5 hour and turned off at 1 hour). Diabetes was Induced In the 
ha~rless rats by injecton w~th streptozotoc~n (65 mg per k~ogram of body weight) and was conf~rmed by 
measurements of blood glucose concentrat~on. Sonophoresis was done as descrbed above. Addtonal 
blood samples were taken from the tall vein, stored In heparn (-5 I*g/ml), and later used to measure 
plasma Insulin concentratons (Lnco Research, St. Charles, Montana). Plasma concentrat~on of ~nd~ge- 
nous rat Insulin as w e  as of delivered human lnsuln were measured. Dabet~c rats (G), normal rats (A), 
diabetic rats with nsuln-ultrasound treatment (A) (n = 4 per experment; error bars, SD). 
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durlng and after ultrasound exposure (24). 
Durlng sonophoresis, water permeability in- 
creased 100-fold, of which about 94 (23%)  
was recovered within 2 hours after turning 
the ultrasound off and 98 ( 2 1 % )  was re- 
covered within 15 hours. These results sug- 
gest that application of ultrasound does not 
induce any long-lasting loss of the skin 
barrler properties. 

To assess the efficacy of ultrasound in 
enhancing transdermal flux In an in vivo 
model, we performed insulin sonophoresls 
experiments on halrless rats (25). An inten- 
sity-dependent decrease in the blood glu- 
cose concentratlon was observed upon ul- 
trasound application (Fig. 2A), indicating 
that low-frequency sonophoresis can effec- 
tively deliver intensity-dependent insulin 
doses across hairless rat skln. 

We then estimated the amount of ~nsu- 
lin penetrating the halrless rat skin during 
sonophoresis at various intensities (Fig. 
2A). We injected known amounts of insu- 
lin in the range of 0 to 1 U subcutaneo~~sly 
ithe most common method of insulin ad- 
ministration) into normal rats. The blood 
elucose concentrations of these rats were 
u 

then compared with those of the normal 
rats undergoing sonophoresis. Subcutaneo~~s 
iniection of 100 mU and 1 U of insulin 
induced a decrease in the blood glucose 
concentrati;on similar to that induced by 
sonophoresis at intensities of 62.5 and 225 
mW/cmz, respectively (Fig. 2B). These re- 
sults suggest that sonophoresis delivers in- 
tensity-dependent insulin doses across the 
skin in the range of approximately 0 to 1 U 
(through an area of about 3 cm2). 

To estimate the dependence of the 
amount of insulin delivered on ultrasound 
exposure time (in vivo), are performed in- 
sulin-sonophoresis experiments on normal 
hairless rats exaosed to ultrasound for vari- 
ous times in the range of 1 min to 1 hour. '4 
1-hour exuosure resulted in a decrease of 
the blood glucose concentration from -250 
to -30 mg/dl, whereas a 10-mi11 exposure 
to ultrasound led to a reduction of the blood 
glucose concentration from about 250 to 
about 150 mg/dl. Thls result, compared 
with the data shown in Fig. 2B, suggests 
that a 1-hour ultrasound exposure dellvers 
about 1 U of insulin, whereas a 10-nl111 
ultrasound application (225 mW/cm2) de- 
livers about 100 mU through an area of 3 
cmL. 

Additional experiments arere performed 
to assess whether aaolication of ultrasound 

L L 

can ~nduce sufficient insulin transport 
across the skin of a diabetic hairless rat so 
that its blood glucose concentration be- 
comes colnparable to that of normal hairless 
rats. Insulin-ultrasound treatment reduced 
the blood glucose concentration of diabetic 
hairless rats from -400 to 200 ~neldl (the " 

blood glucose concentration of normal rats) 

in 30 mill (Fig. 2D). A corresponding 
change in the olasma insi~lin concentratlon - 
was observed during sonophoresis. In nor- 
mal hairless rats, the plasma insulin concen- 
tration was 101 + 31 pM, whereas in dia- 
betlc hairless rats it was below the detectlon 
limit (34 pM). During sonophoresis per- 
formed on diabetic rats, the concentration 
of transdermally delivered human insulin in 
rat plasma was 77 (k28)  pM after 30 min 
and 178 (284)  pM after 1 hour. No signif- 
icant change in the plasma concentration 
of indigenous rat ins~llin was observed dur- 
ing sonophoresis. 

Initial histological studies were per- 
formed to make a prelrninary assessment of 
the safety of ion-frequency sonophoresis as 
a penetration enhancer. These studies (26) 
indicated no physical damage in the skin or 
in the underlying muscle tlssues exposed to 
illtrasound at all the intensities used in the 
experiments described above. The regions 
of hairless rat epidermis exposed to ultra- 
sound were intact. Low-frequency ultra- 
sound has been used safely in clinical appli- 
canons by dentists for tooth cleaning (27). 
The ultrasound conditions discussed in this 
report (20 kHz) are similar to those used by 
dentists (25 to 40 kHz); however, the ap- 
plication time is typically longer in the case 
of sonophoresls. 

Although our preliminary studies indi- 
cate no adverse effects of low-freauencv 

A 2 

ultrasound, further investigation into the 
safety of low-frequency sonophoresis is re- 
quired before proceeding with clinical ap- 
plication. Attention should also be focused 
on the physiological and immunological ef- 
fects of ultrasound exposure-specifically, 
whether a change in the method of protein 
administration from injection to transder- 
ma1 administration will affect the body's 
immiune resaonse to these oroteins. Further- 
more, an optimal selectlon of ultrasound 
parameters, such as frequency, pulse length, 
and intensity, and of nonultrasonic param- 
eters, such as ultrasound coupling medlum, 
should be conducted to ensure a safe and 
efficacious application. With further re- 
search, one might envision small, pocket- 
size sonicators (28) carried by the patient to 
"inject" drugs whenever required. In addi- 
tion. these devices could aotentlallv be 
comblned with sensors (29) ;hat can ;on- 
itor drug concentrations in the blood to " 

formulate a self-controlled drug (insulin, for 
example) delivery method that might elim- 
inate the attention required by the patient. 
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Parietal Contributions to Visual Feature Binding: of a simultaneo~~sly presented d i g t ,  silbjects 
experienced illusory conjunctions (ICs),  a; Evidence from a Patient with Bilateral Lesions predicted. For exa,ple, if p r e s e ~ ~ t e d  with a 

Stacia R. Friedman-Hill,* Lynn C. Robertson, Anne Treisman 

Neurophysiologists have documented the existence of multiple cortical areas responsive 
to different visual features. This modular organization has sparked theoretical interest in 
how the "binding problem" is solved. Recent data from a neurological patient (R.M.) with 
bilateral parietal-occipital lesions demonstrates that the binding problem is not just a 
hypothetical construct; it can be a practical problem, as rare as the selective inability to 
perceive motion or color. R.M. miscombines colors and shapes even under free viewing 
conditions and is unable to judge either relative or absolute visual locations. The evidence 
suggests that a single explanation-an inadequate spatial representation-can account 
for R.M.'s spatial judgment and feature-binding deficits. 

A perplexing question in vision research is 
how the brain solves the  "binding prob- 
lem." Primate brains contain more than 20 
visual areas, many of which are highly spe- 
cialized for processing specific visual fea- 
tures 1 1 ) .  Data from human and nonhuman 
subjects demonstrate that object features 
such as color or shape are represented in  
hierarchical interconnected areas in a ven- 

inferotemporal neurons, and the separation 
of spatial and object pathways lead to the  
question of how unified perception (or 
"binding") of visual objects results (3). Sev- 
eral neurophysiological studies have pro- 
posed temporally correlated neuronal activ- 
ity as a mechanism for intra- and interareal 
coordination (4). Although research in  cats 
and monkevs has been directed a t  exolorine 

tral visual pathway that extends from the  the  neural s;~bst-rate of binding, the r i a re  n l  
occipital to the temporal cortex, whereas documented cases of animals with binding 
spatial features are represented in  a dorsal deficits. 
pathway from the occipital to the  parietal Treisman and Gelade (5) proposed that 
cortex 12). T h e  wide cortical distribution of attention to  soatial locations in  normal hu- 
visual features, the large receptive fields of man brains was necessary to properly bind 

the  features of objects. Feature binding 
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;ed X and a blue 0, subiects sometimes 
confidently reported seeing a red 0 or a 
blue X. Patients with unilateral neural dam- 
age have exhibited a n  attentional bias away 
from objects in the contralesional field and 
have been shown to make more ICs in the 
contralesional than in the ipsilesional field 
when stimuli were briefly presented (7). 

T h e  binding problem seldom poses a 
serious challenge in  nonlaboratory environ- 
ments. Intact primate brains are so adept a t  
solving the  binding problem that severe 
limitations o n  processing must be imposed 
to observe ICs: ICs are seen in normal 
people only when attentional demands are 
high and displays are brief (200 ms) or 
peripheral (6 ,  8). W e  have been testing, 
with informed consent, a 58-year-old pa- 
tient (R.M.)  for whom the binding problem 
is a significant practical challenge. R.M. has 
nearly symmetrical bilateral parieto-occipi- 
tal lesions (Fig. 1,  A to C )  (9) ,  with no  
temporal or frontal lobe involvement. R.M. 
did not  exhibit a n  attentional bias for the 
left or right visual field but did have great 
difficulty in reporting where objects were 
located even when he directed his gaze a t  
them. W e  could therefore investigate the  
effects of degraded spatial information o n  
feature binding. W e  assessed R.M.'s ability 
to  properly conjoin features by presenting 
displays containing two colored letters. His 
task was to report the  name and color of the  
first letter h e  saw (10). R.M. had a n  I C  rate 
of 13% even when display times were as 
long as 10 s and even when his attention 
was undivided (Fig. 2). I n  earlier testing 
sessions, his error rate was 25%, but n o  
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