ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/270439860

Towards the enhancement of transdermal drug delivery through
thermocavitation

Article in Photonics and Lasers in Medicine - August 2012

DOI: 10.1515/plm-2012-0018

CITATIONS READS
2 104

6 authors, including:

J. P. Padilla-Martinez Darren Banks
Benemérita Universidad Auténoma de Puebla ( California State University, Fullerton
28 PUBLICATIONS 46 CITATIONS 10 PUBLICATIONS 18 CITATIONS

SEE PROFILE SEE PROFILE

Julio Cesar Ramirez-San-Juan Ruben Ramos-Garcia

Instituto Nacional de Astrofisica, Optica y Electrénica (INAOE) Instituto Nacional de Astrofisica, Optica y Electrénica (INAOE)

©

62 PUBLICATIONS 532 CITATIONS 130 PUBLICATIONS 640 CITATIONS

SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Project OET at Glasgow View project

Project Femtosecond laser induced heating, oxidation, and phase transformations in novel materials View project

All content following this page was uploaded by Ruben Ramos-Garcia on 13 February 2015.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/270439860_Towards_the_enhancement_of_transdermal_drug_delivery_through_thermocavitation?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/270439860_Towards_the_enhancement_of_transdermal_drug_delivery_through_thermocavitation?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/OET-at-Glasgow?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Femtosecond-laser-induced-heating-oxidation-and-phase-transformations-in-novel-materials?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/J_Padilla-Martinez?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/J_Padilla-Martinez?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Benemerita_Universidad_Autonoma_de_Puebla?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/J_Padilla-Martinez?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Darren_Banks?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Darren_Banks?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/California_State_University_Fullerton?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Darren_Banks?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Julio_Ramirez-San-Juan?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Julio_Ramirez-San-Juan?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Instituto_Nacional_de_Astrofisica_Optica_y_Electronica_INAOE?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Julio_Ramirez-San-Juan?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ruben_Ramos-Garcia?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ruben_Ramos-Garcia?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Instituto_Nacional_de_Astrofisica_Optica_y_Electronica_INAOE?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ruben_Ramos-Garcia?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ruben_Ramos-Garcia?enrichId=rgreq-ddc7f7c19156111fd8586dcd7796f708-XXX&enrichSource=Y292ZXJQYWdlOzI3MDQzOTg2MDtBUzoxOTY0MjI4MTgzNzM2MzlAMTQyMzg0MjI1NzU1Mw%3D%3D&el=1_x_10&_esc=publicationCoverPdf

DE GRUYTER

DOI10.1515/plm-2012-0018 === Photon Lasers Med 2012; 1(3): 183-193

Juan P. Padilla-Martinez, Darren Banks, Julio C. Ramirez-San-Juan, Ruben Ramos-Garcia,

Feng Sun and Guillermo Aguilar*

Towards the enhancement of transdermal drug
delivery through thermocavitation

Verbesserung der transdermalen Wirkstoffverabreichung durch Thermokavitation

Abstract

Background and objective: Although for some highly lipo-
phillic drugs the principal barrier to permeate the human
skin may reside in the essentially viable epidermal mem-
brane, for most molecules, the stratum corneum (SC) is
the rate-limiting barrier to drug delivery. Today, several
techniques have been developed to enhance transder-
mal drug delivery (TDD) by increasing the effective per-
meability of the SC (e.g., iontophoresis, electroporation,
micro-needle, ultrasound, radio frequency and laser radi-
ation). The goal of this study is to investigate the extent to
which thermocavitation may be used as a novel alterna-
tive method to selectively pierce the SC and thus enhance
TDD. Thermocavitation for this purpose is generated by a
continuous wave (CW), low power laser beam focused on
a highly-absorbing solution topically applied on the skin
surface. The absorbed light creates a superheated volume
in a tightly localized region followed by explosive phase
transition and the formation of vapor-gas bubbles, which
expand and later collapse very rapidly emitting intense
acoustic shockwaves that disrupt the surface underneath.
Materials and methods: Thermocavitation bubbles were
induced close to the surface of skin models (agar gels)
and ex-vivo porcine skin samples using a 975 nm CW laser,
focused on a thin (100-300 pm) topical layer of copper
nitrate (CuNO,). The damage induced by thermocavitation
on the surface of agar tissue phantoms was analyzed by
optical microscopy and the penetration depth of a fluo-
rescent drug surrogate (FITC dextran, molecular weight=4
kDa), applied topically to the surface of ex-vivo porcine
skin samples following thermocavitation. The corre-
sponding histological structure was analyzed by fluores-
cent microscopy and hematoxylin and eosin (H&E) stain-
ing, respectively.

Results: The damage observed on agar gel and porcine
skin appears to be congruent with the relationship
between laser power, focal point, cavitation frequency
and extent of damage observed in previous studies. In

particular, the greatest damage induced to the agar phan-
toms was produced with the lowest laser power (~153 mW)
and thinnest solution layer (~100 pm) used. Similar laser
and solution layer settings led to porcine skin damage of
~80-100 pm in diameter, which was sufficiently large to
break the SC and allow the penetration of 4 kDa, FITC-
dextran to depths of ~40-60 pm.

Conclusion: This novel approach to achieve cavitation is
attractive and seems promising because it can be gener-
ated with inexpensive, low power CW lasers, capable of
selectively disrupting the SC and allowing the penetration
of large, hydrophilic drugs topically applied to the skin.

Keywords: thermocavitation; stratum corneum; tape
stripping; H&E technique; drug delivery.

Zusammenfassung

Hintergrund und Zielsetzung: Das Eindringen einiger lipo-
philer Wirkstoffe in die menschliche Haut wird durch die
epidermale Membran begrenzt. Fiir die meisten Molekiile
stellt aber das Stratum corneum (SC) die Barriere fiir die
Wirkstoffverabreichung dar. Es sind verschiedene Tech-
niken zur Wirkstoffverabreichung entwickelt worden,
um die effektive Permeabilitit des SC zu erhdhen (z.B.
durch Iontophorese, Elektroporation, Mikronadeln, Ul-
traschall, Hochfrequenz, Laserstrahlung). Ziel der vorlie-
genden Studie war es zu untersuchen, ob das SC mittels
Thermokavitation gezielt perforiert werden kann, um so
die Durchlassigkeit fiir die Wirkstoffverabreichung zu ver-
bessern. Thermokavitation kann erreicht werden, indem
der Strahl eines kontinuierlich abstrahlenden (conti-
nuous wave, cw) Low-Power-Lasers auf die Hautober-
flache fokussiert wird, auf die zuvor eine stark absorbie-
rende Losung topisch aufgetragen wurde. Das absorbierte
Licht erzeugt in einem begrenzten Volumenbereich eine
Uberhitzung gefolgt von einem explosiven Phaseniiber-
gang und der Formierung von Dampfgasblasen, die
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expandieren und schliefllich extrem schnell kollabieren.
Die dabei erzeugten akustischen Schockwellen zerreif3en
die Gewebeoberflache.

Material und Methoden: Thermokavitationsblasen
wurden dicht an der Oberfliche von Hautphantomen
(Agargel) und Ex-Vivo-Hautproben (Schwein) mittels eines
975 nm, cw Lasers erzeugt, indem der Laserstrahl auf
diinne Schichten (100-300 pm) von Kupfernitrat (CuNO,)
fokussiert wurde. Die dadurch erzeugten oberflachlichen
Schadigungen wurden bei den Agarphantomen mittels
optischer Mikroskopie evaluiert. Von den Ex-Vivo-Haut-
proben wurden zusdtzlich HE-Schnitte angefertigt und
bewertet sowie die Eindringtiefe eines fluoreszierenden
Wirkstoffsurrogates (FITC-Dextran, Molekulargewicht=4
kDa) mittels Fluoreszenzmikroskopie bestimmt.
Ergebnisse: Die beobachteten Schadigungen an Agargel
und Schweinehaut stimmen mit friiheren Studien {iberein
und spiegeln den Zusammenhang zwischen Laserleistung,
Fokus, Kavitationsfrequenz und Schadigungsausmaf3. Die
grofite Schadigung in Agargel wurde mit der geringsten
Laserleistung (~153 mW) und der diinnsten Schichtdicke
(~100 pm) erzeugt. Mit den gleichen Parametern konnten
bei der Schweinehaut Schdden mit einem Durchmesser
von ca. 80-100 um erzeugt werden, was ausreichend war
um das SC aufzubrechen, so dass das FITC-Dextran ca.
40-60 pm tief eindringen konnte.

Schlussfolgerung: Das vorgestellte Verfahren zur Erzeu-
gung von Thermokavitation erscheint vielversprechend,
zumal preiswerte cw Low-Power-Laser eingesetzt werden
konnen. Es ist geeignet, um das SC selektiv zu perforieren,
so dass grofie, hydrophile Wirkstoffe, die zuvor topisch
auf die Haut aufgetragen wurden, eindringen konnen.

Schliisselworter: Thermokavitation; Stratum corneum;
Tapestripping; H&E-Farbetechnik; Wirkstoffverabreichung.
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1 Introduction

Cavitation is a well-known phenomenon that has found
applications in many research fields, including biomedi-
cine. By far the most common cavitation applications are
produced through the use of ultrasound generated by trans-
ducers (acoustic cavitation). This approach, referred to as
lithotripsy, is well known due to its ability to disintegrate
kidney and gall stones so that they can be rejected through
the urinary tract [1-3]. Acoustic cavitation is also a well
sought approach for other forms of controlled tissue damage
including thrombolysis [4], lipoplasty [5], wound healing
[6], fracture healing [7], and sonoporation [8-11]. Another
method of generating cavitation in a selected region is by
means of a focused, pulsed laser beam, known as photo-
disruption. This approach creates cavitation bubbles that
cut through tissue and, thus, generate precise microscopic
incisions of great value in many surgical procedures [12,
13]. Acoustic cavitation plays a particularly important role
in enhancing transdermal transport of macromolecules,
thereby offering a non-invasive mode of drug delivery (sono-
phoresis), where the collapse of cavitation bubbles micro-
scopically disrupt the lipid bilayers of the stratum corneum
(SC) to allow the permeation of drugs [14-17].

In the present paper, the potential of the relatively
unexplored method of thermocavitation, as advanced by
Rastopov and Sukhodolsky [18, 19] and recently reviewed
by Ramirez-San-Juan et al. [20], i.e., cavitation induced by
continuous wave (CW) low power lasers in absorbing solu-
tions, is explored as an alternative method to enhance the
permeation of the SC. In previous work it was shown that
the shock waves generated immediately after the collapse
of thermocavitation bubbles [21] are energetic enough
to produce damage in materials as hard as titanium and
indium tin oxide thin films [22]. Therefore, in this work
the damage induced on softer materials, such as agar gels
and ex-vivo porcine skin itself is studied as a preamble to
studies on thermocavitation for tissue ablation, which
may result in the enhancement of transdermal drug deliv-
ery (TDD), including that of optical clearing agents [23].

2 Materials and methods

2.1 Sample preparation

Two types of samples were used for these experiments:
(a) tissue phantoms made of agar gel layers (BD Biosci-
ence, Franklin Lakes, NJ, USA) prepared with 1% to 6%
agar concentrations and (b) ex-vivo porcine skin obtained
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from Sierra for Medical Science (Whittier, CA, USA). On
the upper surface of both sample types, a thin layer of
saturated copper nitrate solution (13.78 g of CuNO, per
10 ml of water) was applied and a cover slip was placed
on top (see Figure 1A). Using pre-manufactured plastic
spacers, it was ensured that the thickness of the solu-
tion layer “sandwiched” between the cover slip and the
sample surface was set to 100, 200 or 300 pm. The agar
samples were prepared by weight percentage (e.g., for 2%
concentration, 2 g of agar powder were dissolved in 100
ml of deionized water). For each sample, the initial water
content was split in two equal parts. The agar was added
to one half as the other half was boiled. Once the second
portion was boiling, the first portion with dissolved agar
was added, and the sample was heated until air bubbles
stopped forming within the mixture. The sample was then
poured into its final container that ensured 7 mm-thick
layers once the solution solidified (gelled). The porcine
skin samples of 2 cm? were carefully processed in the lab.
Hairs were trimmed off using tissue scissors close to the
skin surface but making sure the skin surface remained
intact to avoid rupture of the SC and thus unintended
alteration of the skin permeability. Finally, subcutaneous
fat and muscle tissue were removed, and the skin sample
surface was washed using deionized water. Thereafter,
skin samples were snap-frozen in liquid nitrogen (LN,)
and stored in the freezer until thawed in phosphate buffer
saline (PBS) for 1 h before experiments.

2.2 Thermocavitation experiments

A CW fiber laser (Mod. BWF1; B&W TEK Inc., Newark,
USA) with wavelength of A=975 nm was collimated and

A B
Fiber laser Experiment  Liquid
collimator setup nitrogen
Dichroic §» n
mirror

Infrare?i

) CCD :
filter
- camera
o Microscope I__ .—I
objective )
Coverslip FITC-Dextran solution

mol. wt. 4000
250 um concentration
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focused on the bottom surface of a cover slip in contact
with the solution layer using a microscope objective (f=8
mm), which produced a spot of ~2 pm in diameter at the
focal point (Figure 1A). In order to observe the position
of the laser beam’s waist, a dichroic mirror was used to
redirect the laser light reflected by the glass-liquid inter-
face onto a CCD camera (Figure 1A). Since the Rayleigh
distance of the lens is ~13 pm, this reflection is a good
indicator of the beam’s waist diameter on the cover slip,
although its exact location is not too critical for our meas-
urements [24]. The absorption coefficient of the saturated
solution at this wavelength, a=135 cm® [20], is so large
that it warranties minimal light radiation on the skin and,
therefore, minimal risk of thermal damage, so all experi-
ments were performed with this solution. Light absorbed
near the cover slip’s bottom surface, heats the solution up
to its critical limit, i.e., the temperature (~270-300°C) at
which an explosive liquid-gas phase transition occurs [25-
27]. This leads to the generation of multiple vapor bubbles
that grow and collapse very rapidly emitting intense
acoustic shock waves [18-21]. In CW thermocavitation, the
maximum radius of the bubble can be controlled through
the beam power or the beam’s waist position [21]. To
simplify the experiments, the beam’s waist position was
fixed on the cover slip’s bottom surface and only the laser
power and/or the thickness of the solution layer between
the cover slip and the sample surface were varied.

2.3 Experiments with agar phantoms

Cavitation damage to tissue structures is usually assessed
using ex-vivo or in-vivo tissue. However, this prohibits
direct observation of damage in real time. Additionally,

H&E process
(solutions)

H&E image

Cryostat

Confocal microscope
Leica SP2

Laser scanning
confocal image

Figure1 (A) Experimental setup to generate damage on agar gel and porcine skin. (B) Process to study the cavitation-induced damage
on porcine skin. White arrows: path for obtaining sample histology (H&E staining), black arrows: path for obtaining confocal fluorescent

images.
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actual tissue requires preparation of histology slides to
accurately identify lesions caused by cavitation, which is
time-consuming and costly. Agar phantoms, on the other
hand, are optically-transparent gels, allowing real-time
visualization of cavitation while displaying mechanical
properties similar to those of human skin. Therefore, agar
gels were first used as a simple model to assess the range
of parameters (laser power and layer thickness) that would
be most appropriate for the porcine skin experiments, but
for this purpose, it was necessary to guarantee good match-
ing between the mechanical properties (elastic modulus) of
the agar and skin models. Due to the large variability that
exists in the mechanical properties of ex-vivo tissue related
to factors such as skin hydration, age, anatomic location,
etc., and despite the values reported in the literature [28],
it was decided to measure independently the stress-strain
relationship of all our samples. Agar and skin samples were
subjected to simple compression tests, where the strain
induced was measured as a function of the compress-
ing force. 10 mm-thick agar samples with concentrations
varying between 1% and 5% were made in 52 mm dia-
meter polystyrene dishes. A teflon plate was machined to
fit tightly on top of the dish and a material testing machine
(Mod. 3369; Instron, USA) pressed down on the teflon plate,
recording the stress (force) and strain (compression) of each
sample. Subsequently, thermocavitation experiments were
performed on gel samples. The damage induced by ther-
mocavitation on the surface of these agar phantoms was
observed from the top and side view using an optical micro-
scope (Mod. LSM700; Carl Zeiss Microlmaging, Germany),
and assessed as a change in transparency and mass loss.
Following this procedure, it was possible to determine that
laser power between 170 and 200 mW and thickness of the
solution layer fixed at 100 um would be most appropriate to
use for the porcine skin samples.

2.4 Experiments with porcine skin

Once the porcine skin was exposed to thermocavitation,
and in order to study the cavitation-induced damage on
the SC and the subsequent drug penetration, three tech-
niques were used: (1) tape stripping [29], (2) hematoxylin
and eosin (H&E) staining [30] and (3) laser scanning con-
focal imaging.

2.4.1 Tape stripping

Tape stripping [29] is a method well suited for studying
the penetration of topically applied substances into the

DE GRUYTER

uppermost layer of the skin. It consists of peeling off the SC,
cell layer by cell layer, attaching a new “scotch tape” at a
time on the tissue surface and repeating the procedure until
there is no evidence of drug attachment to the sticky side
of the tape. The procedure was repeated 10 times on the
treated skin area. A 250 pm FITC-dextran solution (molecu-
lar weight, 4000 Da; Sigma Aldrich), was used as a hydro-
philic, fluorescent drug surrogate to assess drug diffusion
into the tissue. It was applied topically on the skin damaged
by thermocavitation for 2.5 h before the tape stripping. The
amount of topically applied substance removed by each
tape strip was observed and photographed with a fluores-
cent microscope (Mod. MZFLIII; Leica, Germany). In order
to determine penetration profiles, each digital fluorescent
image was post-processed using a MATLAB program (Math-
Works, USA); background noise was removed and pixel flu-
orescence intensity was summed up, which yields the total
fluorescence intensity of each tape strip.

2.4.2 H&E staining

All the samples of porcine skin exposed to thermocavi-
tation were frozen immediately after laser exposure by
dipping them into LN, for 5 min. Later, the tested samples
were cut using a motorized cryostat (Mod. HM500 OMV;
Mikron Instruments, USA) to obtain 20 pm thick slices
(see white arrows in Figure 1B). Half of the skin slices went
through a typical H&E staining histological process [30]
and then were observed using an optical microscope (Mod.
LSM700; Carl Zeiss Microlmaging, Germany) to obtain an
overview of the structure of the tissue, enabling differen-
tiation between normal or mechanically disrupted struc-
tures due to thermocavitation. Other staining techniques
are available for histopathologic assessment following
photothermal damage, such as nitro-blue tetrazolium
chloride [31, 32], but in this study H&E staining was used
as it is a standard technique that is readily available in our
laboratory and which is appropriate for determining ther-
momechanical disruption of tissue.

2.4.3 Laser scanning confocal images

The other half of the samples (see black arrows in Figure
1B), were exposed to an FITC-dextran solution for 2.5 h
after laser exposure and before the skin was snap-fro-
zen in LN,. Later, skin slices were obtained in the same
way using the cryostat and then scanned by a confo-
cal laser scanning microscope (Mod. TCS SP II; Leica,
Germany) using 488/532 nm wavelengths for excitation
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and detection, respectively, in order to observe the pen-
etration depth of the fluorescent solution into the SC and
epidermis. The enhancing effect on the SC permeation of
FITC-dextran was determined by comparing the cumula-
tive total fluorescence intensity between the skin damage
by thermocavitation (from different solutions’ layers) and
the control sample.

3 Results and discussion

3.1 Agar gels
3.1.1 Effect of concentration

Figure 2A shows holes generated on the agar gels sur-
faces exposed to the CW laser at 153 mW of power, for 10 s
and for a solution layer of ~300 pm placed in between
the surface and a cover slip in all cases (Figure 1A). Each
image corresponds to agar gel concentrations varying con-
secutively from 1% to 6%. Based on previous work [20],
this exposure time and laser parameters correspond to
~4x10* low amplitude cavitation events, each generating
maximum pressure waves of ~0.1 MPa. For the 1% and 2%
concentrations, the diameter of the holes was almost the
same (~1 mm), suggesting that this could be the maximum
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diameter produced by the shock waves under the condi-
tions described above. This was confirmed through a
separate experiment shown in Figure 2B, where 2% agar
samples with a 100 um-thick CuNO, layer solution were
irradiated with 193 mW laser power for up to 8 s. The result-
ing hole diameters were normalized because the observed
behavior was the same regardless of the agar concentra-
tion, laser power or solution layer thickness. When con-
centration increased, the diameter, as well as the quality
(“roundness”), of the hole became smaller until it disap-
peared at 6% concentration because the magnitude of the
shock wave cannot tear off the agar surface.

3.1.2 Effect of solution layer thickness

Figure 3 shows a set of 3 holes, which were generated on
an agar of 5% concentration, but different solution layer
thicknesses (300, 200 and 100 pm) using a constant 170
mW laser power. A 5% agar concentration was employed
because it showed a good contrast between practically no
damage produced by the thickest layer (300 pm) to signifi-
cant damage produced by the thinnest layer (100 um). This
is because the shock wave amplitude is greatly attenuated
near its source, i.e., the amplitude decays inversely pro-
portional to its distance from the origin/source [20]. While
we noticed shades of gray around the irradiation spots,

Normalized diameter

0 1 2 3 4 5 6 7 8
Exposure time (s)

Figure 2 Damage generated on agar by the shockwave produced by thermocavitation. (A) Agar concentrations were: (1) 1%, (2) 2%, (3) 3%,
(4) 4%, (5) 5% and (6) 6%. The random spots on (5) and (6) are clusters of undissolved agar. (B) Normalized diameter of holes as a function
of exposure time for a 2% agar concentration. The solution layer was ~300 pm and the laser power 153 mW.

Figure 3 Holes on agar gel (5% concentration) at the same laser power (170 mW), but on different solution layers: (A) 300 pm, (B) 200 pm

and (C) 100 pym.
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possibly related to melting and re-gelling and/or entrap-
ment of air bubbles, only visual inspection of diameter and
depth of ablation were used as indicators of severe damage
to the tissue models. Layer thickness smaller than 100 pm
were not explored because thermal damage risk increases
as the radiation on the sample surface increases.

3.1.3 Mechanical properties of agar versus porcine skin

Figure 4 shows the stress-strain analysis for the respective
agar concentrations. The elastic modulus E of agar i.e., the
slope of the stress-strain curves, decreases as the concen-
tration of agar increases. The dashed lines indicate a linear
fit to the elastic region. The values for E were found to be
236, 90, 51, and 17 MPa for the 1, 2, 3, and 5% agar gel con-
centrations, respectively. For the particular case of 2% con-
centration, the stress-strain curve was consistent with the
stress-strain curves of porcine skin reported in [33], where
an elastic modulus of ~95 MPa was obtained, suggesting
that this agar concentration possess similar mechanical
properties to that of porcine skin. For this reason, most
experiments were performed with this agar concentration.

3.1.4 Effect of laser power

The inset of Figure 5 shows an array of 5 holes generated
on 2% concentration agar. Each column corresponds to
different laser powers at the output of the microscope
objective (see captions) and the exposure time was 10 s
(see Figure 5). It is observed that for the lowest power, the
diameter and depth of the holes were the largest (~1 mm

' 1% Agar

Stress (MPa)

5% Agar

0.06 0.08 0.10

Strain

0 0.02  0.04 0.12

Figure 4 Stress-strain curves of several concentrations of agar
gel. The dashed lines indicate an approximate linear fit within
the elastic region of deformation.
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Figure 5 Depth and diameter of holes generated by thermocavita-
tion in agar. Inset holes (top column) and depths (bottom column)
generated on agar (2% concentration) by different laser powers:
(1) 153 mW, (2) 170 mW, (3) 180 mW, (4) 192 mW and (5) 198 mW.
The solution layer thickness was 300 pm.

diameter and ~300 pm depth) and, as power increased,
both the diameter and depth decreased (~650 pm diameter
and ~150 pm depth). This may seem contradictory at first
sight, but in previous work it was shown that bubble’s size
(and therefore amplitude of the shock wave) increases as
the power decreases because of the mismatch in the
characteristic times of heat diffusion, T P and cavitation
time, t_ [20]. When T ar << Toay (low power), heat can be
transferred to a larger volume, evaporating more water in
the process and, therefore, a larger bubble is produced.
Consequently, upon its collapse, a high amplitude shock
wave is formed. In contrast, when T, is comparable or
smaller than T_ (high power), the vaporization volume is
smaller because the bubble formation and growth ceases
before heat can be diffused too far. Consequently, upon
its collapse, the shock wave amplitude is also smaller.
As expected, cavitation frequency increases with power
because of the shorter time it takes for the bubbles to col-
lapse and make the liquid available for a subsequent evap-
oration process [20]. Here, a congruent trend is observed:
as laser power increases, the cavitation bubble size, diam-
eter and depth decrease, suggesting that the formation of
smaller bubbles’ crater diameters and depths corresponds
to shock waves of lower amplitude as shown in the inset.

3.2 Porcine skin
3.2.1 Tape stripping

Figure 6 shows the fluorescence intensity distribution of
each tape strip, which is correlated to the penetration of
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Figure 6 Penetration profiles of topically applied FITC-dextran on
the stratum corneum. The porcine skin was exposed to 193 mW of
CW laser radiation and different thickness of solution layer
(EEEE control, EE=8 300 pm, EEEE 200 ym and M 100 pm).

FITC-dextran solution into the skin. It should be noted
that the first tape strip contained almost a complete cell
layer of SC and it was ignored because its fluorescence
is easily affected by highly variable skin surface con-
ditions. The size of the error bars simply denotes the
standard deviation of the intensity measurements of the
samples measured (between 3 and 5 for each experiment).
However, the true uncertainty and repeatability of the
tests is much larger, given the inherent randomness of the
tests. Estimating a maximum significance level of 30%,
a t-test of two independent populations comparing the
control to the 100 pm layer experiments reveals a p-value
of 0.26, indicating that these two populations were sta-
tistically different. Despite the variability of this method
and its partially qualitative nature, this experiment sug-
gests that the penetration of FITC-dextran into the skin
is greater for thermocavitation induced with the thinnest
layer of solution (100 pm) particularly for the upper layers,
congruent with the cavitation-induced damage on the SC
results obtained with the agar.
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3.2.2 H&E and confocal fluorescent imaging: control

Figure 7 shows the images of the histological structure of
the tissue by the H&E technique (top), and the confocal
fluorescent microscope to observe the penetration of the
FITC-dextran solution topically applied on the porcine
skin surface (bottom) for 2.5 h. Each image was taken from
adjacent slices of porcine skin samples (20 pm thick) not
exposed to thermocavitation (control). The H&E image
shows intact SC and epidermis, and the confocal fluores-
cent image shows the solution’s fluorescence (FITC-dex-
tran) is confined to the surface of the SC, showing that SC
is the principal barrier to drug permeation into the skin.

3.2.3 H&E and confocal fluorescent imaging:
thermocavitation

The experiments described above were repeated, and this
time the samples were inspected after they were exposed
to thermocavitation, using again a ~100 pm thick solu-
tion topically applied on the skin surface for 2.5 h. To
observe the damage more readily, the laser beam was dis-
placed along the surface to generate lines on the surface
of the SC (Figure 8) — as opposed to the holes created on
the agar gels by keeping the laser beam fixed. Then, by
taking cross sectional cuts, the damage generated by ther-
mocavitation can be observed. The lines were performed
by moving the skin sample at a speed of 0.5 mm/s using
the maximum power available from the laser system (193
mW). This ensures continuous lines over the SC because
the cavitation’s frequency at this power is the largest pos-
sible, albeit smaller damage, as shown clearly in the agar
models (Figure 5). Subsequently, two adjacent slices (20
pm thick) were obtained from the same sample; the first
went through the process of H&E staining and the second
was analyzed in the confocal microscope to observe the
penetration of the fluorescent solution into the SC (Figures
9 and 10).
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Figure 7 Porcine skin not exposed to thermocavitation. H&E control (top) and confocal microscope fluorescent image (bottom).
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Figure 8 Lines produced on the stratum corneum surface by
thermocavitation. Later the sample is cut transversally using the
motorized cryostat to get 20 pm thick slices.

Figure 9 is a complete view of an H&E image of a
selected tissue slice, where it is possible to observe the
damage on the SC in at least three locations marked by 1,
2 and 3, respectively. This damage is assessed, first, by the
evident peel off of the uppermost skin layers (SC and epi-
dermis) and then further verified under the optical micro-
scope. Figure 10A-C shows a close up of these three loca-
tions (top) and their corresponding (adjacent) confocal
fluorescent images (bottom). Location 1 in Figure 9 shows
that the damage generated along this channel is almost

A
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superficial (H&E image) and, consequently, the solution
penetration depth is minimal (see Figure 10A, fluorescent
image). However, in the contiguous lines (locations 2 and
3) the damage increases. There is an abrupt tearing of the
SC of ~80-100 pm in diameter, and possibly even minimal
damage to the upper epidermis. This damage allows the
FITC-dextran solution to penetrate deeper (~40-60 um) as
shown in the fluorescent images of Figures 10B and 10C,
respectively.

4 Discussion

The discrepancy between regions 1 and 2-3 (Figure 9)
may seem contradictory because the experiment was
performed under the same conditions, so damage of the
same size was expected in all three cases. The explana-
tion for this behavior is that the maximum bubble radius
and, consequently, the shock wave amplitude generated
at the moment of collapse depends largely on variations
in the sample thickness, flatness, and even a slight tilt
of the sample from its ideal perpendicular position with
respect to the laser beam. These variables affect the

(
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Figure 10 Close up of Figure 9. H&E images (top) and laser scanning confocal images for skin sections of 20 ym (below), where the FITC-
dextran solution was topically applied for 2.5 h.
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bubble size and therefore shock wave amplitude, produc-
ing different damage scenarios for each channel. Also,
the maximum damage obtained on the SC (~80-100 pm
diameter) is much smaller than that obtained in the agar,
possibly due to subtle differences on mechanical proper-
ties between both materials but, also, due to the mismatch
in the number of cavitation events between the two types
of samples used. A modest increase in the number of
cavitations events and/or a reduction of the laser power is
anticipated to increase the depth of the holes.

An issue of concern was the dark region noticeable
in the H&E and fluorescent images near the periphery of
the ruptured tissue. It was speculated that such damage
could be induced by excessive heat transfer from the
solution layer and/or laser absorption itself which could
have ultimately burned the skin surface. Furthermore,
since the SC has lower water content than epidermis, it
was plausible that ablative damage could be induced to
the SC at lower temperatures and shorter exposure times
than those needed to induce damage to the epidermis.
To investigate this hypothesis, two subsequent analyses
were performed using a finite element heat transfer model
(COMSOL Multiphysics, V 4.2; COMSOL, USA). For this
purpose, human skin thermophysical properties reported
in [34] were used and water properties were assumed for
the CuNO, solution. The first study was aimed at comput-
ing the theoretical maximum temperature that could be
reached within the 100 pm thick solution layer in between
the cover slip and skin surface during laser exposure of a
193 mW CW laser. Once the temperature across the layer
was known, the second study was aimed at determining
the theoretical cumulative thermal damage to the tissue
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underneath using an Arrhenius tissue damage model
[34].

Figure 11A shows the thermal map within the 110 pm
thick solution layer at the end of 240 ps. This time corre-
sponds to the cavitation time, i.e., the time since the laser
is turned on until cavitation occurs [20]. Figure 11B shows
the temperature distribution at the skin surface (i.e.,
the SC) and illustrates that the maximum temperature
reached is ~72°C in ~240 ps, congruent with the cavitation
time obtained experimentally [20]. Thereafter, the temper-
ature decreases as the bubble expands and collapses, and
the cycle repeats again at a frequency of ~4 kHz for these
conditions. Upon bubble collapse and subsequent convec-
tive mixing, it is expected that this temperature decreases
even at a higher rate, but this cannot be computed with
this model. Nevertheless, our measurements indicate that
temperature increase of the solution after a few minutes
of illumination reaches about 5°C, and the current study
suggests that thermal damage is unlikely to occur within
the epidermis given that a temperature as high as 72°C is
reached but only for a few fractions of millisecond.

In order to assess the thermal damage on the skin, the
Arrhenius damage integral (Q) was then computed, repre-
sented by Eqn. 1:

. 0)
Q(ti)=In ( ﬁ] AJ. [RT(X - tJdt

where Q(ti) is the thermal damage parameter at t=ti; C(0)
is the number of undamaged cells at time 0; C(ti) is the
number of undamaged cells at time ti; A is the frequency
factor or the molecule collision rate; E_ is the activation
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Figure 11 (A) Temperature profile within a 110 pm thick CuNO, solution and (B) at the skin surface (stratum corneum) at the end of 240 ps
pulse of a 193 mW laser. The simulation ends when the temperature of 300°C is reached and thermocavitation occurs (240 ps). The radial
temperature profile on the skin’s surface (red bar) shows a rapid decrease from the 72°C at the beam centre to almost room temperature

within 10 pm.
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Specimen E (J/mol/K) A(1/s) Q (ti=200 ms)

Porcine skin Back 525,500 2.126E+81 1.14203
Belly 393,500 1.151E+61 0.75226
Ear 586,700 5.240E+91 13.88818
Face 471,000 4.575E+72 0.47972
Flank 401,200 1.501E+61 0.06598

Human blood 455,000 7.680E+66 0.00021

Table1 Mean thermal damage (Q) induced to porcine skin after
200 ms of CW laser exposure to a constant temperature of 72°C.
Laser wavelength=975 nm; power=193 mW. £, and A values
obtained from [35].

energy in J/mol; and R is the universal gas constant of
8.3144 J/mol/K.

From visual inspection of the histology samples, a
region of damage of ~100 pm in diameter was observed
(Figure 10C), which means that ~800 cavitation events
took place during approximately 200 ms. Using this time
and the maximum temperature computed before (72°C),
the Q values shown in Table 1 were computed. These
values correspond to the mean thermal damage calcu-
lated over a region of 10 pm in radius at the interface skin-
solution (see the horizontal red line in Figure 11A) for skin
harvested from different anatomic locations.

Note that only values of Q>1 correspond to cell
damage >63% relative to the existing undamaged cells
before exposure, and lesser values are normally con-
sidered inconsequential or correspondent to reversible
damage at best. Two values >1 were computed: for ear and
back skin. Although there is always some uncertainty as
to the anatomic location of the skin samples used, back
and ear skin is easily recognizable, and the samples
used for this study were not. Therefore, this study also
suggested that the damage observed in the samples is
unlikely related to heated solution and/or laser-induced
epidermal burning. Finally, burning by light absorption is
also unlikely since the beam diameter at the skin (~20 um)
is much smaller than the damaged region (~100 pm). So
the reason for the darker region in Figure 10 remains to be
determined, but laser burning or thermal damage by a hot
liquid is ruled out.
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