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Abstract. Our previous studies have shown the ultrasound-induced
skin optical clearing enhancement with topical application of glycerol
on in vitro porcine skin and in vivo human skin. The objective of this
study was to find more effective ultrasound-alcohol combinations on
skin optical clearing. The effect of sonophoretic delivery �SP� in com-
bination with a series of alcohols such as glycerol, propylene glycol,
butanediol, butanol, polyethylene glycol �PEG200, PEG400� on skin
optical clearing was investigated. Light transmittance and imaging
depth of in vitro porcine skin were measured with spectroscopy and
optical coherence tomography �OCT�. Sixty percent alcohols and ul-
trasound �SP� with a frequency of 1 MHz and a power of 0.75 W
over a 3-cm probe was simultaneously applied for 15 min. Optical
clearing capability of alcohols was much improved with the simulta-
neous application of ultrasound compared with alcohols alone. Light
transmittance at 1276 nm increased by 31% �butanol� to 57%
�PEG200� at 60 min, respectively. PEG200 with ultrasound exhibited
1.8-fold the clearing capability of PEG200 alone, which was the high-
est enhancement by ultrasound among the six alcohols. Sixty minutes
of PEG200/SP exposure resulted in a significantly increased 1/e light
penetration depth of 1.43 mm compared to 0.95 mm for control in
OCT measurement. © 2009 Society of Photo-Optical Instrumentation Engineers.
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Introduction
he possibility of selective translucence of the superficial skin

ayers is very useful in developing functional imaging tech-
iques, including optical coherence tomography �OCT� and
eflectance spectroscopy. Recently, numerous works have
een carried out in skin optical clearing, since it has a great
otential in enhancing the capabilities of noninvasive light-
ased diagnostic and laser therapeutic techniques. Current
hallenges to skin optical clearing include epidermal penetra-
ion by optical clearing agents �OCA�. The outermost layer of
he skin, the stratum corneum �SC�, presents a significant bar-
ier to the most topically applied OCA and is hence respon-
ible for the poor optical clearing effect. Slow diffusion of the
ndex-matching agent through the skin barrier makes practical
mplementation of the approach difficult. To reduce barrier
unction of the skin during optical clearing, a number of dif-
erent chemical and physical methods have been proposed.
hemical penetration enhancers, photothermal, sandpaper,
nd microneedle arrays have been shown to accelerate the
kin permeability of OCA.1–6 However, most of the current
nhancing methods are invasive. Our recent studies have
emonstrated that sonophoretic delivery �SP�, as a noninva-
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ournal of Biomedical Optics 034042-
sive physical method, exhibited an enhancing the skin-
clearing effect when applied topically with glycerol.7 The sig-
nificant ultrasound-induced enhancement in OCT imaging
depth and contrast of in vitro porcine skin and in vivo human
skin was found.8,9

A vast number of studies have been reported on the sono-
phoretic delivery of small molecules through the skin in trans-
dermal drug delivery �TDD�.10 It represents a useful noninva-
sive physical method to enhance epidermal permeability. In
spite of the wide use of sonophoretic delivery in TDD, there
are few studies to develop sonophoretic delivery for optical
clearing of skin. In this study, we further examine the effect of
ultrasound on a series of alcohols, i.e., polyethylene glycol
�PEG�, glycerol, propylene glycol, butanediol, and butanol us-
ing in vitro porcine skin. The aim of the study is to evaluate
the effects of various alcohols mediated with ultrasound on
optical skin clearing and to find more effective ultrasound-
OCA combinations for skin clearing.

2 Materials and Methods
2.1 Materials
The fresh porcine skin obtained from an accredited abattoir
was cleaned with an alcohol wipe, and hair was removed
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efore treatments. The tissue samples were sealed for prevent-
ng natural dehydration and stored at 4 °C for no longer than
2 h before use. The samples were allowed to equilibrate
0 minutes at room temperature prior to the experiments.
EG200 �molecular weight MW�200�, PEG400 �MW
400�, glycerol, propylene glycol, butanediol, and butanol

ere tested at a concentration of 60% �v/v, aqueous solution�,
espectively as used in Ref. 11. Characteristics of the chemi-
als and solutions are listed in Table 1.

.2 Ultrasound Application
B-328 sonicator �Beauty & Health Instrument Co., Ltd.,

uangzhou, China� operating at a frequency of 1 to 1.1 MHz
quipped with a 3-cm-diam probe was used for ultrasound
pplication.

Once the alcohol solution was applied, ultrasound treat-
ent was performed on the samples for a period of 15 min.
uring sonication, the ultrasound probe was immersed in the

gent solution that was topically applied onto the skin. Ultra-
ound at 0.75 W over the 3-cm probe was applied in a pulsed
ode at the frequency of 4 MHz to minimize thermal effects.
fter 15 minutes of ultrasound treatment, the sample was
ept occluded with solution for a total of 60 min. At 0 min,
oth skin samples treated with alcohol or alcohol/SP are na-
ive. For the first 15 minutes of treatment, the samples with
lcohol/SP were applied with the ultrasound, while the control
amples were only applied with OCA for the whole
0 min.7–9

.3 Spectroscopic Measurements
ransmittance measurements were performed on a PE
ambda 900 UV/VIS/NIR spectrophotometer with an internal

ntegrating sphere over a range from 400 to 1400 nm for vis-
ble and near-infrared measurement. The spectra of transmit-
ance were acquired at the time intervals of 0 �before applying
ny alcohol onto the tissue�, 15, 30, 45, and 60 min, respec-
ively. The agent solution on the sample was removed right
efore acquiring the spectrum and added again right after the
easurement.7

Enhancement of transmittance �T by the solutions at the
ime intervals of treatment were calculated according to

able 1 Characteristics of chemicals and osmolarity of 60% solu-
ions in this study.

lcohols
Refractive
index

Molecular
weight

Osmolarity
�Osm/kg�

lycerol 1.47 92 8.2

EG200 1.46 190–210 3.4

EG400 1.47 380–420 1.7

ropylene glycol 1.43 76 8.2

utanediol 1.45 90 6.8

utanol 1.40 74 6.6
ournal of Biomedical Optics 034042-
�T =
Ttreated − Tcontrol

Tcontrol
� 100 % , �1�

where T is the measured transmittance at the wavelength of
1276 nm. The subscripts control and treated refer to the
samples before and after the application of agents at the dif-
ferent time intervals, respectively. The reason for choosing
1276 nm for the assessment of transmittance is that the
chemical agents cause the greatest changes of optical proper-
ties of the tissue at the wavelength in the near-infrared region.
All final results of transmittance are means�SE of triplicate
experiments. A paired t-test statistical analysis was used to
determine differences in enhancement in transmission be-
tween control group �without ultrasound� and treated group
�with ultrasound�. For all tests, 0.05-level was chosen as a
significance level.

2.4 OCT Measurements
A delay line OCT system with a 1310-nm central wavelength
and 40-nm bandwidth light source �18 mW� was used. The
light source yields an 18-�m axial resolution in free space.8

OCT images were taken of native and optically cleared
skin with alcohol solution or alcohol/SP every 15 min until a
total of 60 min. The solution was removed prior to OCT im-
aging. A cross-section image was obtained by taking 100
A-scans over the lateral length of 5 mm and the axial depth of
3.5 mm. Digital reregistration of the uneven skin surface in
the OCT data based on an edge-detection algorithm was con-
ducted to obtain a flat surface. Quantitative data were ob-
tained by averaging the linearized signal intensity across the
lateral imaging range as a function of depth. A best fit expo-
nential curve covering epidermis and dermis in depth was
applied to the averaged and normalized signal intensity data
from which the corresponding 1 /e light penetration depth was
derived.5,8 All data are the average of triplicate samples.

3 Results and Discussion
Figures 1�a� and 1�b� show the examples of the shift of light
transmittance spectra of the fresh porcine skin specimen with
the topical application of 60% PEG200 �control� and 60%
PEG200 with a 15-min simultaneous application of ultra-
sound �PEG200/SP� over a range from 400 to 1400 nm,
where the curves were obtained from the time intervals of 0,
15, 30, 45, and 60 min from bottom to top. Light transmit-
tance increased against time for both treatments. The clearing
capability of 60% PEG200 was much improved with the si-
multaneous application of ultrasound �Fig. 1�b��. Other
alcohol-ultrasound combinations exhibited similar effect with
different levels �figures not shown�. The dynamics of en-
hancement in transmittance at 1276 nm are summarized in
Fig. 2 with �a� for the six alcohols alone and �b� for alcohol-
ultrasound combinations at 60 min. For alcohols alone, glyc-
erol exhibited the highest clearing effect ��T=37.8% � and
butanol had the lowest effect ��T=23.6% �, consistent with
previously reported results.11,12 It is believed that smaller mol-
ecule with more hydroxyl groups in the chemical structure
would penetrate the skin epidermis more easily, correspond-
ing to the more enhanced transmittance. After application of
alcohol-ultrasound combinations at 60 min, the total transmit-
tance of the skin sample increased by 55.7%, 56.9%, 50.3%,
May/June 2009 � Vol. 14�3�2
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3.9%, 52.4%, and 31.2% for glycerol, PEG200, PEG400,
ropylene glycol, butanediol, and butanol, respectively �Fig.
�b��. The difference in clearing effect between alcohol alone
nd ultrasound-alcohol combination was significant �P

0.05� for the six alcohols. Except for butanol, propylene
lycol, PEG, and butanediol achieved almost the same en-
anced effect as glycerol with ultrasound assistance. In addi-
ion, PEG200-ultrasound exhibited a 1.8-fold the enhanced
ffect of PEG200 alone, while glycerol-ultrasound did 1.5-
old of glycerol alone.

Increase of skin translucence can aid noninvasive aiming
or diagnostic purposes. OCT was used as a noninvasive im-
ging modality. Figure 3 shows OCT images of the porcine
kin treated with PEG200 alone and PEG200-ultrasound com-
ination. It can be seen that light penetration is limited in
ative skin �see Figs. 3�a� and 3�b�, 0 min�, corresponding to
low imaging depth due to a shallow 1 /e light penetration

epth of approximately 0.95�0.05 mm �see Figs. 4�a� and
�b�, lower lines�. A small enhancement with 60% PEG200
as found from Fig. 3�a� and Fig. 4�a�, upper line. The light
enetration was greatly enhanced after 60 min of PEG200/SP
xposure �see Fig. 3�b��. Sixty minutes of PEG200/SP expo-
ure resulted in a significantly increased 1 /e light penetration
epth of 1.43�0.03 mm �see Fig. 4�b��.

ig. 1 Measured transmittance spectra over a range from 400 to 1400
5, 30, 45, and 60 min from bottom to top: �a� 60% PEG200, and �b

Fig. 2 Enhancement in light transmittance at 1276 nm: �a�
ournal of Biomedical Optics 034042-
Figure 5 summarizes the relative 1 /e light penetration
depth value for 60% Gly, Gly/SP, 60% PEG200, and
PEG200/SP at 60 min. The depth increased by roughly 40%,
56%, 29%, and 56%, respectively. Consistent with the total
transmittance data from spectroscopy measurement, results
from OCT imaging that measures least scattering photons
demonstrate that the PEG200-ultrasound combination is much
more effective than PEG200 alone and exhibits the same ef-
fect as glycerol-ultrasound combination.

One of the major protective functions of the skin is derived
from its uniquely low permeability. The excellent diffusion
resistance of the SC makes the transdermal delivery of OCA
and water loss through skin difficult. Subsequently, the optical
clearing effect of intact skin is limited with topical application
of OCA onto the surface of epidermis.13 Smaller substances
��500 Da� are used as OCAs for their ability to penetrate the
skin more easily.14 In addition, if an OCA has more hydroxyl
groups, it penetrates the skin more easily due to hydrophilic
nature of the epidermis.14 Hence, without the aid of ultra-
sound, glycerol with smaller MW and three hydroxyl groups
is more effective into the skin than PEG200 with two hy-
droxyl groups, as reported in Ref. 11 �Fig. 2�a� and Fig. 5�a��.

The constantly increasing interest in transdermal drug de-
livery has led to the development of innovative technologies

r fresh skin treated with 60% PEG200 against time with intervals of 0,
PEG200 in implementation of 15-min ultrasound.

ohols alone, and �b� for alcohol-ultrasound combinations.
nm fo
� 60%
for alc
May/June 2009 � Vol. 14�3�3
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n attempt to increase transdermal drug delivery. Among the
oninvasive methods, ultrasound has demonstrated an en-
ancing transdermal mass transport effect when applied topi-
ally. Based on the preceding results, we hypothesize that, due
o ultrasound penetration enhancing and convection effects,

ore alcohol can penetrate the skin and/or alcohol can pen-
trate more quickly to achieve more refractive index matching
n the skin, therefore increasing light transmittance in the
kin.7–9 Furthermore, sonophoretic delivery is effective in en-
ancing permeability for chemicals with MW from 76 to 400
nd the enhanced effect is not dependent on solution osmolar-
ty �Table 1�.

With sonophoretic delivery, the optical clearing effect may
ot be directly related to the number of hydroxyl groups in the
lcohol structure, or MW, or osmolarity. Although MW of
EG200 is almost twice that of glycerol, the osmolarity of
0% PEG200 is about twice less of 60% glycerol, PEG200

ig. 3 OCT images of in vitro porcine skin at 0, 15, 30, and 60 m
mplementation of 15-min ultrasound.

ig. 4 OCT intensity profiles of �a� native and 60% PEG200 and �b� n
kin.
ournal of Biomedical Optics 034042-
has one hydroxyl group less than glycerol �Table 1�, and 60%
PEG200 with the aid of ultrasound exhibits the same clearing
effect as 60% glycerol-ultrasound. After the OCA is topically
applied onto the surface of epidermis and allowed to diffuse
into the dermis, the optical clearing effect probably depends
on the quantity of an agent reaching the derma. Ultrasound is
likely to drive same quantity of PEG200 and glycerol into the
skin no matter the different osmolarity and MW between the
two solutions. In addition, a similar effect was achieved by
PEG200/SP as glycerol/SP only after 15-min exposure. Obvi-
ously, ultrasound accelerates PEG200 penetration into the
skin, as was reported for glycerol earlier.7,8

It should be noted that, in general, the stratum corneum in
the fresh porcine skin obtain from an accredited abattoir may
have been removed. Although we have already demonstrated
the glycerol-ultrasound effect on in vivo human skin with

r topical application of �a� 60% PEG200 and �b� 60% PEG200 in

d 60% PEG200 in combination of ultrasound-treated in vitro porcine
in afte
ative an
May/June 2009 � Vol. 14�3�4
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tratum corneum in Ref. 8, if a skin sample with stratum
orneum was used in this study, the results would be more
ervasive and significant.

Polyethylene glycol is nontoxic, odorless, neutral, lubricat-
ng, nonvolatile, and nonirritating and is used in a variety of
harmaceuticals and in medications as a solvent, dispensing
gent, ointment and suppository base, vehicle, and tablet ex-
ipient. PEG is characterized by less toxicity and less skin
rritation.15 There is no damage in case of contact with skin or
ips. It is the basis of many skin creams and sexual lubricants,
requently combined with glycerol. In addition, PEG200 and
EG400 have been used as penetration enhancers in transder-
al drug delivery, and the effect is same as oleic acid for

ome drugs.16 Recently, the enhanced effect of penetration
nhancers such as oleic acid,2 azone,3 and sodium lauryl sul-
ate �SLS�9 on skin optical clearing have been demonstrated.

e have reported the combined effect of ultrasound and the
enetration enhancers with topical application of glycerol.7,9

ence, it can be expected that the coadministration of the
ixture of PEG200 with glycerol under ultrasound-assistance
ay be a more effective approach in intact skin clearing as
EG200 can serve as both an optical clearing agent and pen-
tration enhancers at the same time.

Conclusions
t was demonstrated that simultaneous application of ultra-
ound and alcohols led to markedly increase in light transmis-
ion and imaging depth through in vitro porcine skin.
ltrasound-assisted enhancement was not related to the num-
er of hydroxyl groups in the chemical structure and osmo-
arity of OCA solutions. PEG200 with ultrasound exhibited

ig. 5 Dynamic changes of light penetration depth into in vitro opti-
ally cleared porcine skin with 60% glycerol, Gly/SP, 60% PEG 200,
nd PEG200/SP at 1310 nm.
ournal of Biomedical Optics 034042-
the highest enhancement among the six alcohols. It can be
expected that an ultrasound-mediated mixture of glycerol and
PEG200 should be a better solution for skin clearing based on
the nature of PEG200 as a clearing agent and a penetration
enhancer.
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