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Purpose: Sonodynamic therapy (SDT) is a new therapeutic modality for the noninvasive
cancer treatment based on the association of ultrasound and sonosensitizer drugs. Topical
SDT requires the development of delivery systems to properly transport the sonosensitizer,
such as zinc phthalocyanine (ZnPc), to the skin. In addition, the delivery system itself can
participate in sonodynamic events and influence the therapeutic response. This study aimed
to develop ZnPc-loaded micelle to evaluate its potential as a topical delivery system and as
a cavitational agent for low-frequency ultrasound (LFU) application with the dual purpose of
promoting ZnPc skin penetration and generating reactive oxygen species (ROS) for SDT.
Methods: ZnPc-loaded micelles were developed by the thin-film hydration method and optimized
using the Quality by Design approach. Micelles’ influence on LFU-induced cavitation activity was
measured by potassium iodide dosimeter and aluminum foil pits experiments. In vitro skin
penetration of ZnPc was assessed after pretreatment of the skin with LFU and simultaneous LFU
treatment using ZnPc-loaded micelles as coupling media followed by 6 h of passive permeation of
ZnPc-loaded micelles. The singlet oxygen generation by LFU irradiation of the micelles was
evaluated using two different hydrophilic probes. The lipid peroxidation of the skin was estimated
using the malondialdehyde assay after skin treatment with simultaneous LFU using ZnPc-loaded
micelles. The viability of the BI6F10 melanoma cell line was evaluated using resazurin after
treatment with different concentrations of ZnPc-loaded micelles irradiated or not with LFU.
Results: The micelles increased the solubility of ZnPc and augmented the LFU-induced
cavitation activity in two times compared to water. After 6 h ZnPc-loaded micelles skin
permeation, simultaneous LFU treatment increased the amount of ZnPc in the dermis by more
than 40 times, when compared to non-LFU-mediated treatment, and by almost 5 times, when
compared to LFU pretreatment protocol. The LFU irradiation of micelles induced the generation
of singlet oxygen, and the lipoperoxidation of the skin treated with the simultaneous LFU was
enhanced in three times in comparison to the non-LFU-treated skin. A significant reduction in
cell viability following treatment with ZnPc-loaded micelles and LFU was observed compared to
blank micelles and non-LFU-treated control groups.

Conclusion: LFU-irradiated mice can be a potential approach to skin cancer treatment by
combining the functions of increasing drug penetration and ROS generation required for SDT.
Keywords: sonodynamic therapy, nanocarrier, topical delivery, reactive oxygen species, skin
cancer

Introduction
Low-frequency ultrasound (LFU), that is, ultrasound in the 20—100 kHz range, has
been extensively studied as a physical method to overcome the stratum corneum, '+
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the outermost layer of the skin, which provides an effec-
tive barrier to the penetration of drugs. This method is
known as sonophoresis or low-frequency sonophoresis.’

The application of LFU in a coupling medium over the
skin creates cavitation microbubbles that collapse asym-
metrically against the skin surface, resulting in powerful
microjets that disorganize the stratum corneum and modify
skin permeability.'** Several studies have proposed that
LFU creates a network of hydrophilic porous in the skin,
known as localized transport regions (LTRs), through
which drug molecules can diffuse and reach systemic
circulation.’

LFU application to the skin can be performed in two
modes: (i) simultaneous treatment, which corresponds to
a simultaneous application of ultrasound through a coupling
medium containing the drug; and (ii) pretreatment, which
ultrasound is used to permeabilize skin before drug
administration.'” The simultaneous treatment enhances
drug transport by structural alterations of the skin and con-
vection-related mechanisms whereas pretreatment, which
drug is administered after skin permeabilization, relies only
on skin structural changes induced by ultrasound.'

Besides the application to skin drug delivery, LFU can
serve as a source of energy for the sonodynamic therapy
(SDT) of skin tumors.”® SDT is a novel approach for
cancer treatment based on ultrasonic activation of sono-
sensitizer drugs.'®'? The concept of SDT is similar to the
photodynamic therapy: upon the sensitizer activation by
light, the generated reactive oxygen species (ROS) induces
oxidative injury to bioorganic molecules, resulting in cell
death.'®"® However, compared to light, ultrasound has
deeper tissue penetration, resulting in a greater potential
of SDT for non-invasive therapy of both superficial'*'3
and non-superficial tumors.'®'” Specifically, in the cases
of skin tumors, SDT has shown to be more efficacious to
treat deeper seated or highly pigmented tumors such as
malignant melanoma than photodynamic therapy.'*!>'®

LFU is, however, rarely used in SDT, with high-
frequency ultrasound being the most studied, although
less energetic. It is known that the tissue penetration
depth of the LFU is greater than that of the high-
frequency ultrasound.'®' This deeper penetration of
LFU can be advantageous for the SDT of cutaneous
tumors, which are installed in the deep layers of the skin.

The mechanisms by which SDT with LFU lead to the
death of tumor cells are not, however, clearly known. Cell
death may be associated with the generation of ROS, as
with the application of high-frequency ultrasound. Inertial

cavitation caused by the application of LFU in a medium
can generate very reactive hydroxyl radicals. These radicals
can decompose the sonosensitizer and form other free radi-
cals from the molecules of the sonosensitizer.>> However,
there is no evidence in the literature of the generation of
singlet oxygen or radicals derived from the sonosensitizer
from the LFU irradiation of organic model sonosensitizers,
such as porphyrins and their derivatives (for example, por-
phimer, hematoporphyrin, chlorophyll, and phthalocyanine
derivatives). Mechanical and thermal effects caused by the
LFU may also contribute to the death of tumor cells, but
these effects have not been studied in depth.

The potential of LFU to increase skin permeability and
generate ROS motivated us to evaluate its simultaneous
applicability as a skin penetration enhancer of the sono-
sensitizer and as an energy source for SDT. Accordingly,
zinc phthalocyanine (ZnPc), a well-known photosensitiz-
ing drug with a high quantum yield of singlet oxygen
production,” was elected as the sonosensitizing drug
model for this work.

As most sensitizing agents, ZnPc belongs to class IV of
the biopharmaceutical classification system, characterized
by low solubility in water and low permeability.**
Therefore, ZnPc¢ delivery has to be assisted by formula-
tions that allow proper solubilization of the drug in the
biological medium. To avoid the prolonged photosensitiv-
ity caused by systemic administration, ZnPc has been
proposed for the topical treatment of skin diseases.”>°
Such topical formulations would permit non-invasive
treatment, simple application, easy accessibility of light
or ultrasound exposure, and increased drug concentration
at the site of the disease, restricting adverse effects to the
site of application.*

In this work, to overcome ZnPc’s poor water solubility
and enable its topical administration assisted by LFU, we
encapsulate ZnPc in nanometric polymeric micelles of
1.2-distearoyl-sn-glyreco-3-phosphoethanolamine-
glycol)-2000]  (DSPE-PEG).
DSPE-PEG micelles have shown to be a potential drug

N-[amino(polyethylene

carrier,”’ increasing apparent aqueous solubility and

enhancing cutaneous penetration of hydrophobic
drugs.?* 3% We have hypothesized that associated with
LFU, this micellar system can yet facilitate the cavitation
process because of the co-polymer surface properties,”’
improving the creation of transient pathways in the skin
and facilitating the penetration of the sensitizing agent.
Moreover, we investigate for the first time, the potential

of the LFU irradiation of ZnPc-loaded micelles in
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generating reactive oxygen species and cause lipoperoxi-
dation in the skin, events that can contribute to the death of
tumor cells by SDT.

Therefore, DSPE-PEG micelles were designed to
increase water solubility and cutaneous penetration of
ZnPc, in addition to promoting cavitation resulting from
LFU application. The dual purpose of LFU as a physical
penetration enhancer and energy source for SDT was
evaluated.

Materials and Methods

Chemicals
ZnPc, pyrene, sorbitan oleate 80 (Span 80), N, N-dimethyl-
4-nitrosoaniline (NMA), Fluoromount, 2-thiobarbituric
acid (TBA), trichloroacetic acid, 2-[4-(2-hydroxyethyl)
(HEPES)
7-hydroxy-3H-phenoxazin-3-one-10-oxide

piperazin-1-ylJethanesulfonic ~ acid and

sodium salt
(resazurin) were purchased from Sigma-Aldrich (St Louis,
MO, USA); chloroform from Merck (Germany); DSPE-
PEG 2000 from Lipoid (Ludwigshafen, Germany); poly-
sorbate 80 (Tween 80), dimethyl sulfoxide (DMSO) and
salts used to prepare the phosphate buffer solution (PBS)
(sodium chloride, potassium phosphate monobasic and
sodium phosphate dibasic) from Synth (Sdo Paulo, SP,
Brazil); hydroxyethylcellulose (HEC) and sodium lauryl
sulfate (SLS) from Galena (Campinas, SP, Brazil); Tissue
Tek (O.C.T. Compound) from Sakura (Torrance, CA,
USA); potassium iodide (KI) from Vetec Quimica Fina
RJ, Brazil);
Thermoprat (Janiru, Sdo Paulo, Brazil); imidazole from

(Rio de Janeiro, aluminum foil from
Acros Organics/Fischer Scientific (Morris Plains, NJ,
USA); Singlet Oxygen Sensor Green (SOSG) from
Thermo Fischer Scientific (Eugene, OR, USA); murine
melanoma cells (B16F10) from American Type Culture
Collection (Rockville, MD, USA); Penicillin, streptomycin,
fetal bovine serum (FBS), trypsin 0.25% and Dulbecco’s
Modified Eagle Medium (DMEM) from Gibco (Grand
Island, NY, USA). Purified water (18.2 MQ 'ecm ™', Milli-
Q, Direct-Q 3 UV, Millipore, Billerica, MA, USA) was used
to prepare all of the solutions.

Quantification of ZnPc

A spectrofluorimetric method for ZnPc quantification was
co-validated in the range from 1 to 100 ng.mL™" in DMSO
based on an analytical method reported in the literature.?
Briefly, ZnPc was quantified using a spectrofluorometer
(PerkinElmer LS55, Llantrisant UK), setting wavelength

at 610 nm and monitoring the fluorescence emission from
630 to 800 nm. Slits were adjusted to 5 for both excitation
and emission settings. The method presented linearity in the
studied concentration range (y = 61.9x +49.1, r = 0.9999),
with precision and accuracy greater than 97%, quantifica-
tion limit of 0.4 ng.mL ™" and detection limit 0.13 ng.mL™".

For the quantification of ZnPc in the micelles, the
samples were adequately diluted in DMSO. Blank
micelles, without ZnPc, were evaluated in the same way
and showed not to interfere in the quantification of the
drug.

To quantify ZnPc in skin penetration studies, the drug
was extracted from samples of viable epidermis and der-
mis with 2 mL of DMSO in a vortex for 2 min (IKA
Works, Wilmington, NC, USA), followed by fragmenta-
tion in tissue homogenizer (IKA Works, T10 basic,
Wilmington, NC, USA) for 1 min at 13,500 rpm and
ultrasound bath (Quimis, Q335 model, 40 kHz, Sao
Paulo, Brazil) for 30 min. After centrifugation at 20,000x
g at 25°C for 10 min, the resulting supernatant was col-
lected, filtered through a 0.45 pm polytetrafluoroethylene
(PTFE) membrane filter and analyzed by spectrofluorime-
try. To verify the percentage of ZnPc recovery from these
samples, fragments of viable epidermis and dermis were
contaminated with known concentrations of drug and sub-
jected to the extraction process. The percentage of recov-
ery from samples treated with 2.5 to 10 ng.mL ™" of ZnPc
was similar for all concentrations and skin fragments stu-
died (ANOVA, p> 0.05), being 56.6 + 7.6%, and used to
calculate the correction factor of 1.77. This factor was
considered for estimate ZnPc (ng/cm?) in skin samples
according to equation (1).

ZnPc

(ZnPc concentration x Extraction volume) 177
= x 1.
Permeation area
(1

Micelles Development

Determination of DSPE-PEG Ciritical Micelle
Concentration (CMC)

Pyrene fluorescence method was used for CMC determi-
nation of DSPE-PEG.*> A stock solution of pyrene pre-
pared in chloroform at the concentration of 2.5 mg.mL
was prepared and 20 uL were transferred to 11 test tubes.
Chloroform was evaporated under compressed air, pro-
tected from light, to give 50 pg of dry pyrene in the test
tubes. A series of DSPE-PEG solutions (1-50 pmol.L™") in
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HEPES buffer solution (20 mmol.L™", pH 7.4) were added
to dry pyrene. Pyrene’s final concentration in each tube
was 62 pmol.L™". The mixtures were shaken in dark for 24
h at room temperature and then filtered through a 0.45 pm
membrane to separate insoluble pyrene crystals. The fluor-
escence intensity of solubilized pyrene in the micellar
phase was determined by spectrofluorimetry with excita-
tion and emission wavelengths set at 339 and 390 nm,
respectively. The fluorescence intensity of pyrene (I3q¢)
was plotted against the logarithm of the DSPE-PEG con-
centrations (mol.L™") to determine DSPE-PEG CMC at the
point of an abrupt increase in the fluorescence intensity of
the solution.

Preparation of ZnPc-Loaded DSPE-PEG Micelles

A mixture of different DSPE-PEG and ZnPc weights
according to Table 1 was dissolved in chloroform (3 mL)
in a round bottom flask (25 mL). The solvent was subse-
quently evaporated at 50 °C under reduced pressure (100
mbar) using a rotary vacuum evaporator (IKA Works, RV
10, Wilmington, NC, USA) at 100 rpm to obtain a thin dry
film of DSPE-PEG/ZnPc on the flask wall. The resulted
film was then hydrated using 3 mL of different percentage
of Tween 80/Span 80 (1:3 mol) dispersions in buffer solu-
tion (HEPES, pH 7.4) in an ultrasonic bath for 30 min.
ZnPc not incorporated was removed by filtration through
a 0.22 pm membrane filter after 24-hour resting.

Micelles Experimental Design
Quality by Design driven approach was utilized for the
development of micellar formulation. A three-factor,
three-level factorial Box-Behnken design was employed.
The mass of DSPE-PEG (X;), the mass of ZnPc (X5), and
the percentage of Tween 80/Span 80 (1:3 mol) (X3) were
selected as independent critical material attributes and
varied at three different levels, according to the Table 1.
Micelle hydrodynamic size (Y;), polydispersity index
(PdD) (Y,), zeta potential (Y3), and concentration of ZnPc
solubilized (Y,) were evaluated as dependent variables.
Size and PdI were analyzed by dynamic light scattering
(DLS) and the zeta potential by laser doppler micro-
electrophoresis, as described in more detail in the micelle
characterization session. The ZnPc solubilized was quan-
tified by spectrofluorimetry using the analytical method
described above. A total of 15 experiments were prepared,
and the obtained data were fitted into Design Expert soft-
ware (Version 11, Stat-Ease Inc, MN, USA). Three-
dimensional (3D) and bidimensional plots (2D) were

Table | Box-Behnken Experimental Design for Optimization of
Micelle Formulation of ZnPc

Formulation Coded Factors

XI X2 X3
| -1 -1 0
2 +1 -1 0
3 -1 +1 0
4 +1 +I1 0
5 -1 0 -1
6 +1 0 -1
7 -1 0 +1
8 +1 0 +1
9 0 -1 -1
10 0 +I1 -1
1l 0 -1 +1
12 0 +1 +1
13 0 0 0
14 0 0 0
15 0 0 0
Coded factors | Uncoded factors Levels

-1 0 +1
(low) | (medium) | (high)
X, DSPE-PEG (mg)* 10 15 20
X3 ZnF (ug)* 70 140 210
X3 Tween 80: Span 0 0.5 |
80 (1:3 mol/mol)
(%)

Note: *Dissolved in 3 mL of chloroform.

obtained to establish the comprehension of the relationship
between the independent variables and their interactions
with the responses. Analysis of Variance (ANOVA) was
carried out to estimate the significance of the mathematical
model established from the response surface analysis.

The optimized formulation was chosen using the desir-
ability function approach through post-analysis point pre-
diction with Design Expert software by establishing the
proximity of the desirability function of 1.>* Numerical
optimization was performed setting the particle size and
the PdI as minimum, the zeta potential as negative and the
concentration of ZnPc solubilized as maximum. Micelles
were then prepared in replicates (n=4) using the optimal
formulation predicted to validate the model.

DSPE-PEG Micelles Characterization

Hydrodynamic size and size distribution were measured
by dynamic light scattering (DLS) using a Nano ZS
(Malvern Zetasizer Nano ZS90 series, Malvern, UK)

submit your manuscript

8078

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Martins et al

with a scattering angle of 90° at 25 °C. Samples were
diluted 5 times in deionized water. Zeta potential was
determined by the laser doppler micro-electrophoresis
technique with the same instrument after diluting the
samples 10 times in 1 mmol.L”' KCI solution. The
number of particles present in the optimized dispersion
was determined using a nanoparticle tracker (Malvern
Instruments, NanoSight NS 300, Malvern, UK) and the
Nanoparticle Tracking Analysis software (NTA 3.1) after
500-fold dilution in 20 mmol.L™' HEPES buffer solution
pH 7.4. The concentration of ZnPc solubilized in the
micelles was determined by spectrofluorimetry as
described before after appropriate dilution in DMSO.
The micelles were also characterized by transmission
electron microscope (TEM) (JEOL, JEM-100 CX2,
Tokyo, Japan) with an accelerating voltage range of
100-200 kV. For TEM visualization, micelles were diluted
50 times, 10 uL was pipetted onto a carbon-coated copper
grid and the excess of liquid was removed with filter
paper. After complete drying at room temperature, the
grid was negatively stained by placing it on a 20 pL
droplet of 2% uranyl acetate in demineralized water for 5
min. Next, the excess liquid was removed using a filter
paper and the grid was dried at room temperature before

the measurement.

Cavitational Activity of DSPE-PEG

Micelles
Potassium lodide Dosimeter
The cavitational activity of the different coupling media
used in the LFU experiments was estimated using potas-
sium iodide (KI) dosimeter as a standard method.>**> In
this method, when KI solution is sonicated, the generated
reactive radicals oxidize the I to produce I,. The excess of
I' reacts with I, to form triiodide (I 5). The concentration
of KI; is quantified by UV spectrophotometry at 350 nm.
KI aqueous solution at 0.1 mol.L ™' was used to prepare
the following coupling media: SLS at 1% (w/v), HEC
hydrogel at 1% (w/v), blank micelles (prepared as
described before, containing 2.4 mmol.L™' of DSPE-PEG
hydrated using 0.5% (w/v) Tween 80/Span 80 in KI solu-
tion), and optimized ZnPc-loaded micelles. The coupling
media were aerated for 20 min and 1 mL of each prepara-
tion was exposed to LFU (Sonics & Materials, VCX 500,
Newtown, CT USA) operating at 20 kHz, spatial average
temporal average intensity (Is) of 10 + 0.5 W/em?, 50%
duty cycle (5 s on, 5 s off) for 1 min. The intensity of LFU

was measured using calorimetry’®-’

at a duty cycle of
100%. The absorbance for KI; was measured at 350 nm
after a 1:3 dilution of the samples in triplicate at room
temperature using a Shimadzu spectrophotometer (UV
1800, Kyoto, Japan). Sample absorbance measurements
were all normalized in relation to the respective controls

(coupling media diluted and not submitted to the LFU).

Aluminum Pit Foil

The cavitation activity of the SLS at 1%, blank micelles,
and ZnPc-loaded micelles as coupling media was also
indirectly determined by analyzing the pits they left on
an aluminum foil when LFU-sonicated, based on pub-
lished protocols.*®>” Briefly, aluminum foil was tightly
mounted onto the Franz-type diffusion cells with the opa-
que side facing the donor compartment. The receiver
compartment was filled with PBS solution. After the addi-
tion of 1 mL of the different coupling media, LFU irradia-
tion at I, 10W/ecm? and 50% duty cycle (5 s on and 5
s off) was performed for 10 s. Then, the aluminum foil was
removed from the diffusion cells and fixed in a wax paper.
Pictures were taken positioning a source of light 5.5 cm
from the aluminum foils and the camera lens 5 cm from
the specimens. Areas were calculated using Fiji software
after obtaining binary images of the luminous regions in
the aluminum foils (n= 3-5 determinations). Analysis of
pits areas was carried out by measuring the light that
crossed the pits.

In vitro Skin Penetration Studies
Preparation of the Skin and the Diffusion Cell
Apparatus

Skin from freshly excised porcine ears was obtained from
a local slaughterhouse (Fribordog, Bariri, SP, Brazil), care-
fully dissected to remove the subcutaneous fat and adher-
ing tissues, washed under running tap water, stored at — 80
°C and used within one month.

Before the experiments, the skin was dermatomized at
700-um of thickness and tightly fitted in a Franz-type
diffusion cell (diffusion area of 0.9 cm?), with the dermis
and stratum corneum facing the receptor and donor com-
partment, respectively.

Stratum corneum integrity was determined by placing
Ag/AgCl electrodes (In Vivo Metrics, Healdsburg, CA,
USA) in contact with PBS solutions that bathed the
donor and receptor compartments separated by the skin
mounted on the diffusion cell and subjecting this circuit to
an alternating current (100 mV, 10 Hz) using a 20 MHz
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function/arbitrary waveform generator (Agilent, 33220A,
Santa Clara, USA). The electric current capable of passing
through the skin was measured using a multimeter
(Minipa, ET 1450, Sao Paulo, SP, Brazil) and used to
calculate the skin resistance based on the Ohm’s law.
Resistivity was obtained by multiplying the resistance by
the area of skin available for permeation. Only the skin
samples that showed a resistivity of 35 > kQcm? were used
in this study.’’

The receptor compartment (16 mL) was filled with
PBS isotonic buffer solution (10 mmol.L_l, pH 7.4, 0.9%
NaCl) containing 1% (w/v) SLS to guarantee sink condi-
tions (ZnPc solubility in this medium is 12.5 + 0.1 pg.
mL "), kept at room temperature and under magnetic
stirring. The influence of the receptor solution on the
integrity of the stratum corneum was verified by subjecting
the system to the passage of alternating electric current
and monitoring resistivity for up to 24 h.

The optimized ZnPc-loaded micelles used in the skin
penetration experiments were prepared from 20 mg of
DSPE-PEG and 210 ug of ZnPc dissolved in 3 mL chloro-
form to form the film in the wall of the round bottom flask
after organic solvent evaporation, which was hydrated
with 3 mL of Tween 80: Span 80 (1:3 mol) at 0.5% in
HEPES pH 7.4. ZnPc-loaded micelles containing 15 + 3
pg mL™' ZnPc were used in the experiments.

Protocols to Assess Skin Penetration of ZnPc from
the Micelles

The penetration of ZnPc into the skin was evaluated from 3
different series of experiments. In the first one, 1 mL of
ZnPc-loaded micelles was applied to the donor compart-
ment for 6 h and 24 h to evaluate passive ZnPc penetration.
In experiments performed for 24 h, however, SLS was not
added to the receptor solution to avoid altering the integrity
of the skin (Supplementary material, Figure S1.1). In

the second series, the skin was pretreated with 20 kHz
LFU (Sonics & Materials, VCX 500, Newtown, CT USA)
at I, of 10 £ 0.5 W/em?, duty cycle 50% (5 s on, 5 s off),
tip displacement from the skin surface of 10 mm immersing
in 1 mL of 1% HEC hydrogel as the coupling medium. The
skin was pretreated until it reached a resistivity of 1.0 = 0.5
KQ.cm??” To minimize thermal effects, the coupling med-
ium was replaced after each minute of treatment.>” After the
pretreatment, 1 mL of ZnPc-loaded micelles was applied to
the donor compartment for 6 h to evaluate ZnPc penetration
under the influence of LFU pretreatment. Finally, the third
series of experiments was performed using ZnPc-loaded

micelles as the coupling medium. The parameters and appli-
cation of the LFU were the same as those previously used in
the pretreatment protocol. After skin attained 1.0 + 0.5 KQ.
cm?, 1 mL of ZnPc-loaded micelles was applied to the
donor compartment for 6 h to evaluate ZnPc penetration
under the influence of the LFU-ZnPc simultaneous

protocol.

Evaluating ZnPc in Skin Layers

After 6 or 24-hour contact of the ZnPc-loaded micelles
with the skin, the skin surfaces were carefully rinsed with
distilled water to remove the excess formulation and care-
fully wiped with tissue paper. The stratum corneum was
separated from the skin using a validated tape stripping
technique with 15 pieces of adhesive tape (Scotch shipping
packaging tape 3M, St. Paul, MN, USA).?® The tape strips
containing the stratum corneum were all together
immersed in 5 mL of DMSO, vortex-stirred for 2 min,
and sonicated for 30 min in an ultrasonic bath. DMSO
phase was filtered through a 0.45 pm membrane filter of
PTFE, and the resulting filtrate was analyzed by spectro-
fluorimetry to determine the concentration of ZnPc in the
stratum corneum.”” The remaining skin was placed in
a zip-locked plastic bag and immersed in hot water at
60°C for 1 min to separate, with the help of a spatula,
the epidermis without stratum corneum (viable epidermis)
of the dermis. Fragmented epidermis and dermis were
separately vortex-mixed (IKA Works, Wilmington, NC,
USA) for 2 min in 2 mL of DMSO, homogenized using
a tissue homogenizer (IKA Works, T10 basic, Wilmington,
NC, USA) for 1 min at 13,500 rpm and bath-sonicated
(Quimis, Q335 model, 40 kHz, Sdo Paulo, Brazil) for 30
min. The resulting dispersion was centrifuged at 20,000x
g for 10 min, and the supernatant was filtered through
a 0.45 um PTFE membrane. Finally, the ZnPc was assayed
by spectrofluorimetry to determine its penetration in the
viable epidermis and in dermis according to Equation 1.

To compare passive and sonophoretic penetrations, the
ZnPc flux through the skin was determined at the steady-
state (after 24 h of passive experiment and 6 h of experi-
ments with LFU) by dividing the amount of drug in the
dermis by the time of penetration.

The contribution of convection and acoustic transmis-
sion in the penetration of ZnPc by the LFU-ZnPc simulta-
neous treatment was estimated by the difference between
the ZnPc flux after LFU simultaneous treatment and the
flux after LFU pretreatment.
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Confocal Scanning Laser Microscopy Analysis

For confocal fluorescence microscopy, in vitro 6-h passive
and sonophoretic penetrations with ZnPc micelles were
carried out as described before. Also, the skin was also
subjected to LFU-ZnPc simultaneous treatment without
6-h subsequent exposure to the micelles containing ZnPc.
After treatments, the skin surfaces were carefully rinsed
with distilled water to remove any excess formulation. The
skin penetration areas were excised, soaked in Tissue-
Tek® (O.C.T. Compound) inside plastic molds, frozen in
acetone and dry ice, and subsequently stored at — 80°C.
Cryosections of 15-um of thickness, perpendicular to the
skin surface were made using a cryostat (Leica CM 1860,
Ilinois, EUA). All slices received Fluoromount to prevent
photobleaching during analysis. A Leica TCS SP8 confo-
cal microscope (Mannheim, Germany) with a 20x immer-
sion objective was used for confocal fluorescence
microscopy. Samples were excited with a laser at 638 nm
and the fluorescence was monitored at 640-800 nm.
Untreated skin was used to adjust the parameters of the
microscope so that the autofluorescence of the tissue did
not interfere in the analyses.

LFU-Mediated SDT with ZnPc-Loaded

Micelles

Singlet Oxygen Detection Assays

Singlet oxygen detection was measured by monitoring the
bleaching of NMA, using imidazole as a selective acceptor
of '0,.%® Upon imidazole reaction with 0, formed, the
oxidized imidazole can bind to NMA, resulting in p-NMA
bleaching. The 'O, generation was then detected by the
decrease of p-NMA absorbance at 440 nm.

Solutions of NMA and imidazole at 500 umol.L™" and
1000 pmol.L™" were respectively prepared in HEPES (20
mmol.L™!, pH 7.4). The micelles containing or not the
ZnPc were diluted in HEPES to a concentration of 4.5
umol.L™" of ZnPc. To 5 mL of these micellar dispersions,
250 pL and 125 pL of the NMA and imidazole solutions
were added, respectively. A control solution composed
only of HEPES was also prepared with the reagents
NMA and imidazole. Mixtures were irradiated with LFU
at I of 10 £ 0.5 W/em? and 50% duty cycle (5s on and 5
s off) for 2 min. The absorption (A) of dispersions was
evaluated before and after LFU irradiation, at room tem-
perature, using a spectrophotometer (Shimadzu, UV 2550,
Kyoto, Japan) at 440 nm. The difference between A before
and after irradiation was plotted on a graph to observe the

production of singlet oxygen. The experiments were
repeated 3 times with different micelles batches.

In parallel, the SOSG was also used to measure singlet
oxygen formation. SOSG reacts with 'O, to form SOSG-
endoperoxides with a strong fluorescence emission
between 525-536 nm. For the experiments, 1 pL of a 5
mmol.L™" SOSG solution in methanol was added to 5 mL
of the micellar dispersions containing or not ZnPc at 4.5
umol.L™" in HEPES solution. As a control, the SOSG was
added to 5 mL of HEPES solution. These mixtures were
irradiated with LFU at Iy, of 10 + 0.5 W/cm? and 50%
duty cycle (5 s on and 5 s off) for 1 min in microtubes and
analyzed in a spectrofluorimeter (Shimadzu RF-1501,
Kyoto, Japan) with excitation at 505 nm and emission in
the range between 510-600 nm. Sample measurements
were taken before and after the ultrasound exposition to
determine the percentage change in fluorescence intensity
relative to the pre-exposure intensity. The experiments
were repeated 3 times with different micelles batches.

Skin Lipid Peroxidation Assay

Lipid peroxidation of skin tissue was estimated using the
malondialdehyde (MDA) assay, the major biomarker of
oxidative stress.*” In vitro LFU-ZnPc simultaneous pene-
tration experiments (followed by 6 h of contact of ZnPc-
loaded micelles with the skin) were carried out as
described before. The excess formulation was removed
with distilled water, the permeation area was cut into
fragments, and approximately 1 mg of skin fragments
were added in test tubes containing 0.1 mol.L™' PBS
solution (pH 7.4). This suspension was then irradiated
for 1 min with LFU at Ly, of 10 W/em® and 50% duty
cycle. After irradiation, 100 pL of 70 mmol.L™! FeSO,
*7H,0O were added and this mixture was kept at rest for 30
min at 37°C. A volume of 500 uL of the supernatant was
transferred to microcentrifuge tubes, to which 1 mL of
15% (v/v) trichloroacetic acid solution was added. After
centrifugation at 16,000x g for 15 min at room tempera-
ture, 500 pL of the supernatant was transferred to glass
vials containing 500 pL of 0.7% (v/v) TBA solution. The
tubes were shaken for 1 min and heated at 95°C for 30
min. After cooling, the samples were analyzed for estima-
tion of the adduct MDA-TBA formed at 532 nm using
a spectrophotometer (Hitachi, U2001, Tokyo, Japan). As
controls, the same experiment was performed with blank
skin, not treated with ZnPc-loaded micelles, irradiated or
not with LFU. The experiments were repeated 3 times with
different batches of micelles and skin samples.
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In vitro Melanoma Cell Viability

Preliminary studies to evaluate LFU-mediated SDT in
association with ZnPc-loaded micelles were carried out
in the B16F10 murine melanoma cell line. B16F10 cells,
maintained in DMEM medium supplemented with 10%
FBS at 37° C in humidified 5% (v/v) CO, atmosphere
were seeded into the 16 central wells of 96-well plates at
the concentration of 2 x 10* cells per well and incubated
overnight. The medium was then removed and replaced
with ZnPc-loaded micelles formulation at the ZnPc con-
centration range of 40-200 ng.mL ™" in non-supplemented
DMEM. The number of particles per well was kept con-
stant at 1.3 x 10'* particles/mL. Subsequently, the cells
were incubated for 4 h, the formulation removed, the wells
washed twice with 0.9% (w/v) NaCl solution, and the
incomplete medium was added. The cells were then trea-
ted with LFU at I, of 10 £ 0.5 W/em?, 50% duty cycle
(5s on and 5 s off) for 5 min using a distinct experimental
setup: to avoid any thermal effect, the ultrasound transdu-
cer was placed in contact with 50 mL of distilled water in
a compartment physically separated from the cell culture
plate (Supplementary material, Section S2, Figure S2.1).

This compartment was placed in contact with the bottom
of the polystyrene culture plates. The transducer was
inserted in there at a distance of 5 cm from the center of
the plate.

After LFU treatment, the plates were incubated for
a further 24 h and cell viability was determined using
resazurin assay. The medium was removed, washed with
saline solution, and replaced with resazurin solution in
non-supplemented medium (1:10 (v/v)). The plates were
again incubated for 3 h and analyzed using a microplate
reader (Biotek, model Synergy HTX, VT, USA) at the
wavelengths of excitation and emission of 530 and 590
nm, respectively.*’ In parallel, a similar protocol was
carried out using ZnPc micelles at the same concentrations
without LFU stimulus. Results were compared against
control experiments in which cells were treated with cul-

ture medium or blank micelles only.

Statistical Analysis

Shapiro—Wilk normality test showed that experimental
values come from a population of Gaussian distribution.
Results were statistically analyzed by ANOVA followed
by Tukey post-test or two-tailed Student’s T test with
p < 0.05.

Results

DSPE-PEG Micelles Development

The CMC for DSPE-PEG (MW = 2788 g/mol) in HEPES
solution (pH 7.4, 20 mmol.L ") was found to be 20 pmol.L™"'
(Supplementary material, Figure S3.1).

Table 2 shows the size, Pdl, zeta potential and concen-
tration of ZnPc solubilized in the micelles prepared from
the combination of the independent variables DSPE-PEG
mass and ZnPc mass, both dissolved in 3 mL of chloro-
form, and percentage of stabilizers according to the experi-
mental design shown in Table 1.

The micelles dispersions showed size ranging from 12 to
155 nm, PdI from 0.173 to 1, zeta potential from —9 to —28
mV, and ZnPc solubilized from 3 to 15 ug.mL ™' (Table 2).

Figure 1 shows the bidimensional and tridimensional
response surface plots of size, PdI, zeta potential, and
concentration of ZnPc solubilized in the micelles as
a function of the mass of DSPE-PEG, the mass of ZnPc
and the percentage of Tween 80/Span 80 (1:3 mol) used to
prepare the micelles.

Regression analysis and modeling performed using
these data (Supplementary material, Table S3.1) generated

a quadratic model to predict the size of the micelles (Y/),
PdI (Y,) and zeta potential (Y3), according to Equations 2,
3 and 4, respectively, and a general linear equation to
predict the amount of ZnPc incorporated in the micelles
(Y4), according to Equation 5.

Table 2  Physicochemical Characteristics and ZnPc
Concentration of DSPE-PEG Micelles
Formulation | Size | Pdl Zeta ZnPc
(nm) Potential Concentration
(mV) (ng/mL)

| 152 0232 | 26 37

2 145 0.204 | —25 7.1

3 137 0.253 | —25 7.1

4 138 0233 | —24 12.9

5 ¥ | -9 9.2

6 ¥ | -10 83

7 141 0285 | —28 77

8 116 0327 | —24 59

9 41 | =11 5.1

10 12 0616 | —I1 15.1

Il 116 0.279 | —25 3.0

12 119 0274 | —27 9.8

13 152 0.173 | —26 9.4

14 128 0235 | —24 6.4

15 155 0.206 | —25 9.7

Note: *No nanoparticles detected.
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Figure | 2D and 3D response surface graphs showing the effect of the independent variables studied on the size, Pdl, zeta potential, and concentration of ZnPc solubilized

in the micelles.

Y1 = 15.69 +419.48X; — 303.08X7 @)
Y, = 1.66 — 2.57X; + 1.52X3 3)
Y3 = —11.21 — 47.94X; + 27.47X; 4)
Y4 = 0.66 4 0.05X; — 2.8X;3 (5)

X, is the mass of ZnPc and Xj is the percentage of
stabilizers (Tween 80/Span 80) used to prepare the micelles.

From the experimental design, an optimized formula-
tion was the desirability function
approach® (Supplementary material, Figure S3.2). The
optimized formulation is shown in Table 3, as well as the
responses predicted by the model and the experimental
results obtained from the formulation preparation. Results

selected using

showed that the experimental values were within the pre-
diction interval calculated and demonstrate the high degree
of prognostic ability of the model generated from the
experimental design.

Characterization of ZnPc-Loaded Micelles
Table 4 shows the physicochemical characteristics of the
optimized ZnPc-loaded micelles compared to micelles pre-
pared in the absence of ZnPc (blank micelles). The incor-
poration of ZnPc in the micelles resulted in a bluish,
homogeneous, and translucent dispersion (Supplementary
material, Figure S3.3). ZnPc-loaded micelles showed size,
distribution profile (Supplementary material, Figure S3.4),
PdI, nanoparticles concentration, and zeta potential similar
to those of blank micelles (Student’s T test, p > 0.05).

Figure 2 shows a TEM image of the micelles in a dry
state. It is possible to observe that most structures are
spherical, of approximately 25 nm.

Cavitational Activity of DSPE-PEG

Micelles

Potassium lodide Dosimeter

Figure 3 shows the estimation of the cavitation measured in
the different coupling media using KI dosimeter method.
Cavitation activities measured in the hydrogel and the blank
micelle formulations were respectively 2.5 and 2.0 times
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Table 3 Formulation Composition to Obtain the Desired

Responses and Statistical Prediction Intervals for Model
Confirmation
Formulation
Independent Variable Optimized Level
X,: DSPE-PEG (mg)* 20
X ZnPc (ug)* 210
X3: Tween 80/Span 80 (%) 0.5
Response Predicted Experimental | Prediction
values £ values * SD° interval®
SD (95%)
Hydrodynamic 137 £ I5 138+ 10 95 to 178
size (nm)
Pdl 0.18 £ 0.09 | 0.25 + 0.0l 0 to 0.42
Zeta potential 25+ 1 27 £ | —28 to —22
(mV)
Mass of 12+2 13+2 87 to 15.0
solubilized drug
(ngmL™")

Notes: *Dissolved in 3 mL of chloroform; * Comparison by bilateral interval
(x=0.05);°n =4,

Table 4 Physicochemical Characterization of Micelles

Micelles | Physicochemical Characteristics
Size Pdi Particle Zeta Potential
(nm) Number/mL (mV)

Blank 13427 | 027 £00!1 | 3x10'" £2x10"" | —26 % |

ZnPc- 13810 | 025£00!1 | 6x10'" £2xI0" | 27 % |

loaded

Micelle composition: 2.4 mmol.L™' of DSPE-PEG, 0.5% (w/v) Tween 80/Span 80 (1:3)
and 13 £ 2 pgmL™" of ZnPc when it is present. Results were expressed as mean *
SD (n=3 determinations). Results were analyzed using unpaired T test, but no
significant difference was found in the data.

higher than that in water. SLS and ZnPc-loaded micelles
showed to interfere in the triiodide ions absorbance analyses;
SLS itself showed an intense absorbance at 350 nm in the
absence of LFU irradiation and ZnPc-loaded micelles inter-
fere in KI5 absorbance measurements after LFU irradiation.
Color changes of the hydrogel and blank micelle coupling
observed after ultrasound irradiation

media were

(Supplementary material, Section 4, Figure S4.1).

Furthermore, the evaluation of blank micelles by DLS
after LFU irradiation showed a polydispersed and polymo-
dal particles distribution, with particles ranging in size from
80 nm to 10 pm (Supplementary material, Figure S4.2).

ZnPc-loaded micelles were highly polydispersed and
could not be analyzed by the equipment.

Figure 2 TEM image of micelles at 200,000x magnification.

0.54 l

0.4+

0.14

0.0-

Normalized absorbance at 350 nm

Water Micelles

Hydrogel

Figure 3 Cavitation activity in coupling media used in low-frequency sonophoresis
experiments. LFU parameters: 20 kHz, 10 W/cm?, 50% duty cycle for | min. The
error bars represent the standard deviation (n=3 determinations), and (*) indicate
a significant difference between the Kl; absorbance measured, according to
ANOVA, followed by post hoc analysis using Tukey’s test with P < 0.05 as the
minimum level of significance.

Aluminum Foil Pits

Figure 4 shows the area (in mm?) of the pits formed in the
aluminum foil after 10 s of LFU sonication in the presence
of SLS at 1%, blank and ZnPc-loaded micelles. The pits
represent physical evidence of the effects of cavitation.
The pit area formed after the LFU irradiation of ZnPc-
loaded micelles was 7 and 2 times larger than that formed
after the irradiation of the SLS and the blank micelle,
respectively. In comparison with SLS, the pit area formed
after the LFU irradiation of the blank micelles was 3.3
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Figure 4 Area of the aluminum foil pits after sonication of SLS solution, blank
micelles, and ZnPc-loaded micelles with LFU. LFU parameters: 20 kHz, 10 Wiecm?,
50% duty cycle for 10 s. The error bars represent the standard deviation (n = 3-5
determinations), and (*) indicate a significant difference, according to ANOVA,
followed by post hoc analysis using Tukey’s test with p < 0.05 as the minimum
level of significance.

times greater. Representative images of the pits in the
aluminum foil for each coupling media analyzed can be
visualized in the Supplementary material, Figure S4.3.

In vitro Penetration Studies
Table 5 shows ZnPc recovered from the different skin
layers after passive and sonophoretic treatments in both
modes of LFU application: pretreatment, using hydrogel as
a coupling medium, and simultaneous, using ZnPc-loaded
micelles as a coupling medium.

Considering the same experimental time, treatment
with LFU, regardless of the mode of application, resulted
in greater penetration of ZnPc into the dermis (Table 5).

The simultaneous treatment of LFU-ZnPc was what made
possible the higher penetration of the drug through the
epidermis, allowing 40.5 times more ZnPc to reach the
dermis than passive treatment and 4.5 times more than
pretreatment with LFU.

Passive treatment resulted in the accumulation of ZnPc
in the epidermis (stratum corneum and viable epidermis)
higher than pretreatment with LFU. However, 99% of the
drug that entered was trapped in this layer and failed to
reach the dermis. The treatment with the LFU led to
similar amounts of ZnPc in each layer of the skin, indicat-
ing the reach of the steady-state when the skin was sub-
mitted to the LFU for 6 h.

It was not possible to quantify the ZnPc in the receptor
solution after the experiments with the analytical method
used. To calculate the drug flux through the skin, the
amount of drug in the dermis at the steady-state was
considered. Thus, Table 5 also shows the ZnPc in the
different skin layers after 24 h of passive treatment
(steady-state) so that the flux could be calculated.

The flux of ZnPc through the skin was about 10, 30,
and 110 ng.cm 2.h™" after passive treatment, LFU pretreat-
ment, and LFU-ZnPc simultaneous treatment, respectively.
It can be observed that, in comparison to passive experi-
ment, pretreatment with LFU increased ZnPc flux through
the skin by approximately 3-fold while LFU-ZnPc simul-
taneous treatment augmented it by 11-fold.

The contribution of the acoustic and convective flow to
the ultrasonic transport of ZnPc when the simultaneous
treatment was applied was 80 ng.cm 2h™', corresponding
to approximately 70% of the total drug transport by this
method.

Figure 5 shows the distribution of ZnPc in the skin
after passive (A), LFU pretreatment (B), and LFU-ZnPc
simultaneous 6-h treatments by confocal microscopy (D).

Table 5 ZnPc Accumulated in the Different Layers of the Skin After Passive, Pretreatment with LFU, and LFU-ZnPc Simultaneous

Application
Skin Layer ZnPc Accumulated (ng/cm?)
Passive LFU (6 h)
6h 24 h Pretreatment Simultaneous
Stratum corneum 366 £ 130° 471 £ 26 98 + 8° 744 £ 307°
Viable epidermis 396 £ 39 100 + 28° 104 + 122 344 £ 143
Dermis 8x2* 136 £ 72° 72 £ 34° 324 + 227°

Notes: Results were expressed as mean + SD from 5 to 7 experiments; g, b or c indicate significant differences in relation to data presented in the same row; therefore,
equal letters in the same raw indicate that data do not show significant difference; (#) indicates a significant difference in relation to the data presented in relation to the
same column. Results were analyzed using ANOVA, followed by post hoc analysis using Tukey’s test with p<0.05 as the minimum level of significance.
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A

Figure 5 Representative confocal images of |5 pm thickness cryo-sections perpendicular to the skin surface after passive and sonophoretic penetrations with ZnPc-loaded micelles.
ZnPc fluorescence was observed in the red channel (Aexc = 638 Lem = 640—700 nm) in 20 x magnification. (A) é-h passive penetration; (B) LFU pretreatment with hydrogel followed by
6-h penetration; (C) LFU-ZnPc simultaneous treatment evaluated immediately after LFU application; (D) LFU-ZnPc simultaneous treatment followed by 6é-h penetration.

Skin treated with LFU-ZnPc simultaneous protocol and
evaluated immediately after this application, without
further contact with the ZnPc formulation, can also be
observed in this figure (C).

The fluorescence of ZnPc, in red, can be observed over
the entire length of the skin after LFU-simultaneous treat-
ment (Figure 5C and 5D), with greater intensity in the
deeper layers when it is followed by 6-h contact with the
ZnPc-loaded micelles (Figure 5D). Pretreatment with LFU
followed by contact with the ZnPc micellar formulation
for 6 h (Figure 5B) shows a more homogeneous and
intense distribution of ZnPc in the stratum corneum and
viable epidermis than that presented after passive treat-
ment (Figure 5A). This, in turn, shows a very heteroge-
neous distribution of ZnPc, located mainly in some
furrows of the skin.

Note that the microscopy confocal images were obtained
to show the distribution of ZnPc across the skin and do not
reflect the actual amount of ZnPc. We cannot correlate the
quantitative results from the in vitro penetration studies with
the images because of the following points:

1. The histologic sections obtained do not represent the
total amount of drug in the skin once only a thin frag-
ment of the skin is analyzed while the skin layers are
completely processed for drug extraction and analysis;

2. The high proclivity of polymeric micellar systems
to accumulate in skin appendages, resulting in
a highly heterogeneous distribution of the nanopar-
ticles in certain sites of the skin;

3. The LTRs formed in the skin after LFU application
are also heterogeneously formed in the skin.
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LFU-Mediated SDT with ZnPc-Loaded

Micelles

Singlet Oxygen Production

Figure 6 shows the singlet oxygen generation, monitored by
the NMA bleaching method (Figure 6A) and by the increase of
SOSG fluorescence (Figure 6B), in solution and micelles
dispersions irradiated with LFU. Regardless of the method
used to detect singlet oxygen in the face of LFU irradiation,
a significant 'O, production was observed in both ZnPc-
loaded and blank micelles groups compared to HEPES
solution.

Skin Lipid Peroxidation Assay

The effect of LFU and ZnPc on the skin’s lipid peroxida-
tion is shown in Figure 7. It can be observed that the sole
LFU irradiation of the skin did not significantly increase
skin lipid peroxidation when compared to the non-treated
control skin. However, previous treatment of the skin by
simultaneous LFU-ZnPc significantly increased lipid per-
oxidation of the skin by almost 3-fold.

In vitro Melanoma Cell Viability

Figure 8 shows the viability of BI6F10 murine melanoma
cells after treatment with different concentrations of ZnPc-
loaded micelles irradiated or not with LFU. It is possible
to observe that the irradiation of LFU in cells treated with
ZnPc-loaded micelles at 125 ng.mL™' or more signifi-
cantly reduced the percentage of viable cells to approxi-
mately 60% (Figure 8B). No cytotoxic effect was observed
in the cells not treated with LFU, regardless of the
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concentration of ZnPc used (Figure 8A). The irradiation
of blank micelles (control group) did not induce any
reduction in the percentage of viable cells.

Discussion

The use of micelles prepared from amphiphilic co-
polymers is an attractive approach for the solubilization
of poorly soluble drugs such as ZnPc.*'** DSPE-PEG is
an FDA approved amphiphilic co-polymer for internal use
that PEG block
a hydrophobic phospholipid moiety made up by two long

consists of a hydrophilic and

fatty acyl chains.*> In aqueous solution, the highly
hydrated chains of PEG form a dense brush-like corona/
shell in the surface of micelles, conferring a protective
barrier around the core of the micelle and its cargo. In
topical applications, this PEG arrangement may increase
the stability of the micelles in contact with the skin.
Moreover, the choice for using DSPE-PEG to obtain
micelles in this study was mainly made based on its
hydrophilic characteristics, compatible with LTRs created
by skin irradiation with LFU, and low CMC, which could
permit the use of less amount of phospholipids to yield
a micellar drug delivery system with only 1% (w/v) of
lipid content for LFU-sonophoretic delivery.

The DSPE-PEG CMC determined in our experiments
(20 pmol.L™") (Supplementary material, Figure S3.1) was

of the same order of magnitude as others reported in the
literature for DSPE-PEG of similar molecular weight.***!
Such low CMC value implies greater thermodynamic sta-

bility, which allows the micelles to maintain their integrity
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Figure 6 Singlet oxygen detection in solution and micellar dispersions, containing or not ZnPc, after irradiation with LFU. (A) detection by the method of NMA bleaching
after 2 min of LFU irradiation. (B) detection by SOSG fluorescence increase after | min of LFU irradiation. LFU parameters: 20 kHz, 10+0.5 W/cm?, 50% duty cycle. The
error bars represent the standard deviation (n = 3 determinations), and (*) indicates a significant difference according to ANOVA followed by post hoc analysis using Tukey’s

test with P < 0.05 as the minimum level of significance.
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Figure 7 Effect of LFU and ZnPc on skin lipid peroxidation. Legend: Control: non-
treated skin, LFU: skin irradiated with LFU, LFU-ZnPc: skin previously treated by
LFU-ZnPc simultaneous protocol. LFU parameters: 20 kHz, 10 Wicm?, 50% duty
cycle for | min. The error bars represent the standard deviation (n = 3—4 determi-
nations), and (¥) indicates significant difference according to ANOVA followed by
post hoc analysis using Tukey’s test with P < 0.05 as the minimum level of
significance.

upon heavy dilutions such as in experimental procedures
or systemic administration.*> The experimental design was
then built to have DSPE-PEG concentrations 55 to 110
times greater than DSPE-PEG CMC, estimating that the
dispersion to be formed presents a high concentration of
micelles and thus allows the solubilization of high con-
centrations of ZnPc. Due to its high lipophilicity, ZnPc
was then dissolved in the same organic solvent as DSPE-
PEG to prepare the micelles by the hydration method of
the lipid film.*'*® The ZnPc concentration range chosen
for the experimental design (Table 1) was that which
resulted in visually homogeneous films in the flask after
evaporation of the organic solvent.

As dependent variables or responses to the process
factors (mass of DSPE-PEG, mass of ZnPc, and percen-
tage of Tween 80/Span 80), size, Pdl, zeta potential, and
solubilization of ZnPc were considered. These responses

3347 interac-

are important for the stability of the micelles,
tions with the skin, and penetration of the encapsulated
drug (ZnPc). The lower the polydispersity and the higher
the zeta potential, the greater the stability of the micelles.*
The smaller the size of the micelles and the higher the
amount of solubilized drug, the greater the surface area in
contact with the skin,” the concentration gradient™ and
likely the skin penetration of the ZnPc.

The figure obtained when the dependent variables are
plotted as a function of one or more process factors is
called response surface graph (Figure 1). It allowed us to

evaluate the relationships between the mass of DSPE-
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Figure 8 Cell viability of BI6FI0 melanoma cell line non-irradiated (A) and
irradiated with LFU (B) after treatment with different concentrations of ZnPc-
loaded micelles. LFU parameters: 20 kHz, 10 W/cm?, 50% duty cycle for 5 min. The
error bars represent the standard deviation (n = 3 determinations), and (¥) indi-
cates a significant difference according to ANOVA using Dunnett’s multiple com-
parisons (o = 0.05).

PEG, the mass of ZnPc and the percentage of Tween 80/
Span 80 (stabilizers), used to prepare the micelles, and the
responses selected to optimize the micellar dispersion, that
is, size, Pdl, zeta potential and solubilized ZnPc concen-
tration. Linear regressions and modeling (Supplementary
material, Table S3.1) analysis performed with this data

generated Equations 2 to 5.

It is possible to note in Equation 2 and Figure 1 that the
hydrodynamic size of the micelles increased as the con-
centration of stabilizers increased until an intermediate
percentage (0.5%). High concentrations of stabilizers,
however, end up decreasing the size of the micelles. It is
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probable that the addition of Tween/Span up to intermedi-
ate levels can primarily enlarge the micelle size because of
their intercalation within DSPE-PEG micelle corona
regions. The excess of these surfactants may, however,
no longer interact with DSPE-PEG micelles and form
smaller non-ionic micelles of Tween/Span or simply start
to solubilize the DSPE-PEG aggregates. As a result, the
percentage of surfactants also significantly influenced, fol-
lowing similar quadratic models, the Pdl and the zeta
potential of the micelles, as shown in Equations 3 and 4,
respectively, and Figure 1.

For PdI, intermediate percentages of surfactants inter-
acting with DSPE-PEG micelles led to a decrease in PdlI;
high percentages, on the other hand, increase polydisper-
sion, probably due to the reasons discussed previously.
Zeta potential, in turn, became more negative as the levels
of stabilizers (X3) increased. Again, this change can be
attributed to Tween/Span and DSPE-PEG interactions,
which can modify the distribution of the buffer solution
ions, increasing the zeta potential in modulus. This addi-
tional electrical stability provided by Tween/Span can
prevent precipitation of the DSPE-PEG micelles, which,
in the absence of stabilizing agents, precipitate when
stored for more than seven days at 25°C.*8

In addition to the influence of the mixture of Tween/
Span surfactants on the size, PdI and zeta potential of the
micelles, this variable affected the concentration of ZnPc
solubilized in the micelle (Y4). The concentration of
ZnPc is also influenced by the amount of drug (X,) used
in preparing the micelles, as described in the general
linear equation (Equation 5) predicted for this response
from the regression analyzes. Based on Equation 5 and
Figure 1, it is possible to affirm that the increase of ZnPc
(X,) caused a gradual increase in the concentration of
drug in the micelle. However, increasing the percentage
of stabilizers (X3) showed to reduce the concentration of
ZnPc solubilized. This result suggests that Tween/Span
may compete against the drug for the DSPE-PEG
micelles. Therefore, increasing percentage of stabilizers
in the formulation would result in reduced ZnPc solubi-
lity in the micelles. This result confirms the hypothesis
the surfactants interact with the micelles, altering its
hydrodynamic size, Pdl and zeta potential in function of
the surfactant concentration.

After knowing the influence of the independent vari-
ables on the dependent variables, an optimized formulation

established, as shown in Table 4. It is composed of approxi-
mately 3 mmol.L™" of Tween 80 (MW 1310 g.mol ') and
Span 80 (MW 429 g.mol ') and 2.4 mmol.L™" of DSPE-
PEG. Therefore, the surfactants/DSPE-PEG molar ratio
calculated was 2.5:1. This high proportion of surfactants
associated with the preparation method of hydration of the
lipid film suggest that the surfactants solubilized part of the
lipid bilayers formed by DSPE-PEG in the aqueous med-
ium, therefore yielding the formation of micelles. Several
studies have reported DSPE-PEG micelles with similar
physicochemical characteristics to the micelles reported in
this current work.*>***°

The analysis by TEM (Figure 2) showed that the
micelles appear as small spherical structures, which is in
agreement with other studies.*”%' The size of the
micelles obtained by TEM was, however, about 5-fold
smaller than that obtained by DLS. This is due to the
differences between the radius of the micelles in the dry
state, as in the analysis by TEM, and hydrated, as in the
analysis by DLS. In TEM analysis, the hydration of the
pegylated portion of the micelles is not observed; there-
fore, the hydrodynamic size is only determined by DLS.
Moreover, the core and the hydrophilic PEG corona could
not be distinguished in the TEM images due to the low
contrast in the electronic density between the polymer
blocks.*?

The optimized micelles solubilized approximately 15
pg.mL ™! of ZnPc (Table 3). This corresponds to 4-fold
more ZnPc than the micelles of DSPE-PEG 5000 contain-
ing the drug reported in the literature.** However, com-
pared to nanoemulsions, ZnPc concentration found in the
micelles was up to 4-fold lower.”>% Although the concen-
tration of ZnPc solubilized in such oil-containing delivery
systems is higher than that found in the micelles, it is
reasonable to infer that the lipid content of emulsions
could restore the LTRs formed in the skin by LFU treat-
ment, resulting in a drastic reduction of drug transport
through the skin by sonophoresis. Indeed, some studies
have suggested that the sonophoretic transport of drugs
from liposomes resulted in lower drug penetration.>

Because cavitation is the main phenomena involved in
the creation of LTRs in the skin during LFU application,’
the influence of developed micelles on cavitational activity
is an important parameter to be evaluated in the search for

greater skin permeabilization. A higher cavitational activ-
54,55

was then selected wusing the desirability function ity implies greater perturbation of the skin, and con-
approach.>®> The optimized formulation was then sequently, greater ZnPc penetration.
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Surfactants, as SLS, commonly used as LFU coupling

636,56 are known to

medium for skin permeabilization
decrease the number and diameter of gas bubbles formed
in the coupling medium.'° This decrease is explained by
the ability of surfactants to reduce the surface tension of
solutions." The reduced surface tension significantly
impacts the oscillation of the cavitation bubbles, stabiliz-
ing them, along with the formation of smaller and less
energetic population.”’ As a result, the inertial cavitation
activity decreases.'”’ Although DSPE-PEG may have
some surfactant properties, DSPE-PEG micelles increased
cavitational activity in comparison to the aqueous medium
without surfactant (Figure 3).

The increase in cavitational activity caused by the
micelles in relation to the water may be related to the reorga-
nization of the micelles as microbubbles during the cavita-
tion. In fact, after irradiation of the micelles with the LFU,
a dispersion with multiple populations of particles was
observed by DLS,

(Supplementary material, Figure S4.2). When the micelles

some in the micrometric range

encapsulated the ZnPc, the polydispersity of the system was
so high that the equipment was unable to complete the
analysis. This result suggests that the reorganization of the
micelles during the application of the LFU may have
expelled some ZnPc molecules to the external environment
and forced a new reorganization of the DSPE-PEG and ZnPc
molecules or even some precipitation of ZnPc crystals. These
modifications resulted in increased cavitation activity com-
pared to the blank micelles, as can be seen from the larger
aluminum foil pits area when the ZnPc-loaded micelles were
LFU irradiated (Figure 4 and Supplementary material, Figure

S4.3). The ZnPc expelled from the micelles could preferen-
tially have reacted with the LFU-generated hydroxyl radicals
(from water pyrolysis) and interfered with KI5 absorbance
measurements after LFU irradiation.

The cavitational activity generated by the LFU irradia-
tion of the hydrogel was also evaluated because the hydro-
gel was used as a coupling medium in the LFU skin
pretreatment studies. It can be seen in Figure 3 that it
was higher than that generated when the micelles were
used. The augment of cavitation in the hydrogel coupling
medium supports the literature findings, in which the use
of hydrogel resulted in a larger area of LTRs, more homo-
geneously distributed on the skin surface in comparison to
the conventional SLS coupling medium.’” The greater
cavitation activity verified in the hydrogel can be
explained by the higher energy of the acoustic microbub-
bles and the lower rate of their dissolution in the more

viscous medium. Both factors may cause acoustic micro-
bubbles, formed during an acoustic cycle, to be present in
the subsequent cycles, hence increasing their population
and the LFU action on the skin.*” Another explanation is
concerning the presence of air trapped in the coupling
medium, which can lower the cavitation threshold and
act as nuclei for acoustic microbubble growth.”®>°

The high cavitational activity generated by the hydro-
gel LFU irradiation and the formation of a large area of
LTRs did not result, however, in a greater increase in skin
penetration of ZnPc. It can be seen in Table 5 that the
pretreatment with the LFU-hydrogel was the one that put
the lowest total amount of ZnPc in the skin. Even the
passive treatment, only with the micelles, allowed the
penetration of a greater amount of ZnPc, despite being
restricted to the outer layers of the skin (Figure 5A). It,
therefore, appears that the hydrogel that enters the skin
with the application of the LFU alters the microenviron-
ment of the LTRs and destabilizes the ZnPc-loaded
micelles placed in contact with the skin after the pretreat-
ment, decreasing the amount of solubilized and available
ZnPc for penetration. The drug that can penetrate, how-
ever, is homogeneously distributed in the epidermis
(Figure 5B). This distribution pattern is probably due to
the homogeneous distribution of LTRs created on the skin
when the hydrogel is used as a coupling medium.*’

The application of LFU, regardless of the application
mode, resulted in a greater penetration of ZnPc in the
dermis (Table 5). As non-melanoma and melanoma tumors
are originally sited in the epidermis layer;°*®' higher
penetration of ZnPc up to the basal layer of the epidermis
is the minimum requirement to secure drug uptake by the
target cells and increase sonodynamic activation of the
drug for the treatment of skin cancer. Therefore, for
in vitro penetration studies, the greater amount of drug
accumulated in deeper layers of the skin (ie in the dermis),
the better evidence that the drug was capable of spreading
throughout the viable epidermis and reaching tumor cells
at high concentrations. Note that the drug was not evalu-
ated in the receptor solution of our experiments because
ZnPc aggregates in an aqueous medium, which suppresses
its fluorescence, preventing its quantification by the analy-
tical method developed.

The ZnPc-loaded micelles, however, allowed a greater
amount of ZnPc to penetrate the epidermis passively than
the LFU pretreatment, but the drug was trapped in this
layer and could not diffuse/partition to the dermis in 6 h of
experiment. Due to the high lipophilicity of ZnPc, drug
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has probably penetrated through the tortuous routes of
intercellular lipids in the stratum corneum, taking longer
to reach the balance of distribution and penetration
through the skin®® than when the skin is modified by the
application of LFU. Furthermore, it can also be suggested
that the high amount of drug quantified in the viable
epidermis in the passive experiment for 6 h can be
a result of a heterogeneous accumulation of micelle com-
ponents in the lacunar regions of the stratum corneum,
thereby sustaining drug diffusion and partition to the fol-
lowing skin strata and compartments.®*

Indeed, Figure 5A shows a very heterogeneous distribu-
tion of ZnPc after ZnPc-loaded micelles passive administra-
tion, concentrated in some furrows of the skin. This result
corroborates with others that show that polymeric micelles
preferentially accumulate in lacunar regions and appendages
of skin.®*** The high amount of ZnPc quantified after pas-
sive penetration into the epidermis is, therefore, due to the
heterogeneous accumulation of the drug on the edge between
the stratum corneum and the viable epidermis.

On the other hand, similar amounts of ZnPc in the epi-
dermis and dermis are observed in LFU treatments (Table 5),
with a more ZnPc homogeneous distribution throughout the
skin than the passive experiment (Figure 5). This suggests
that LFU-induced skin permeabilization allowed ZnPc to
penetrate the skin by different routes than those used in the
absence of LFU and, thus, the drug reached steady state more
quickly.

Nonetheless, LFU-ZnPc simultaneous treatment of the
skin was the application mode that resulted in the highest
amounts of ZnPc in all skin layers (Table 5 and Figure 5).
Among the studies that compared simultaneous LFU-
sonophoresis to pretreatment or passive treatments, simulta-
neous sonophoresis also showed to be more advantageous as
seen in the present work even though hydrophilic substances
were evaluated in those studies.®>®® This greater penetration
observed with the simultaneous protocol is probably due to
both drug penetration through LTRs and LFU-induced con-
vective forces and acoustic streaming.">¢’

It is possible to estimate the contribution of convection
and acoustic transmission in ZnPc penetration by LFU-
ZnPc simultaneous treatment taking into considering that
(i) in the LFU pretreatment protocol, the penetration of the
drug occurs under the domain of LTRs only; and (ii) in the
simultaneous application experiments, ZnPc penetration
relies on both LTRs formation and LFU-induced convec-
tive and acoustic streaming processes. Therefore, the dif-
ference between ZnPc flux after simultaneous treatment

(110 ng.cm %.h™") and that flux after pretreatment (30 ng.
cm 2h ") results in the contribution of the convective and
acoustic flow to the penetration of ZnPc. Thus, it was
estimated that the LFU convective and acoustic flow con-
tributed to about 70% of ZnPc skin penetration in simul-
taneous LFU treatment.

It is important to underline that drug penetration via
LTRs was estimated as a function of the sonophoresis
pretreatment experiments performed with a hydrogel as
a coupling media. Thereby, the influence of micelles and
DSPE-PEG molecules in the contribution of LTRs to ZnPc
skin penetration was not taken into account, but they were
used as the coupling medium in the LFU-ZnPc simulta-
neous experiment. DSPE-PEG molecules have shown the
ability to modify skin barrier properties, fuse, and diffuse
across the stratum corneum, disrupting the lipid packaging
of the skin lipid matrix and promoting a change in skin
solubility properties relative to the permeant drug.®®
Simultaneous treatment with ZnPc-loaded micelles pushes
these structures into the skin, and may, therefore, alter the
characteristics and permeability of LTRs and non-LTRs
and affect ZnPc partition and diffusion through the skin,
compared to LFU-hydrogel pretreatment.

Having known the influence of LFU type of application
on ZnPc-loaded micelles skin penetration, LFU associated
with these micelles was then investigated as an energy source
for the production of ROS in SDT. Therefore, oxygen singlet
formation, a highly cytotoxic agent responsible for inducing

69,70 was

irreversible damage in cancerous cells and tissues,
evaluated. LFU irradiation of ZnPc-loaded micelles signifi-
cantly increased singlet oxygen generation compared to LFU
irradiation of a buffer solution, as can be seen in Figure 6. It is
believed that the acoustic energy and sonoluminescence
derived from ultrasonic cavitation is responsible for the
excitation of the ZnPc, resulting in the formation of singlet
oxygen when the energy is released on its return to the
state.”’  The

microbubbles,”> indocyanine green microbubbles’® and

ground irradiation of Rose Bengal
metalloporphyrins nanoparticles'® for at least 30 s with 1
MHz ultrasound, also resulted in the production of singlet
oxygen. The generation of singlet oxygen resulting from
irradiation with LFU has only been described recently, by
the irradiation of MnWOx bimetallic oxide nanoparticles
with a 40 kHz ultrasound.” It is the first time that the forma-
tion of singlet oxygen is observed after irradiation of an
organic sensitizer using LFU of 20 kHz.

The generation of singlet oxygen derived from the

irradiation of blank micelles, which did not contain the
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sonosensitizing agent (Figure 6), is, however, intriguing.
We hypothesize that the DSPE-PEG micelle, which com-
position is very similar to that of microbubbles reported in

the literature, *”>

could trap gas in its hydrophobic
nucleus when subjected to LFU sonication, hence assisting
sonoluminescence and'O, production.”’ There is no con-
sensus on the precise mechanisms of generation of ROS
assisted by cavitation microbubbles’" although the produc-
tion of singlet oxygen has been reported when some
nanostructured systems such as microbubbles’' and inor-
ganic nanoparticles’® were irradiated with 1 MHz ultra-
sound for at least 2 min. Therefore, further investigation is
needed to evaluate the potential of blank DSPE-PEG
micelles herein developed as nanobubbles for SDT.

As ROS in SDT is expected to cause a wide range of
tumor tissue damages and cancer cell death, skin lipid
peroxidation assay and preliminary in vitro cell viability
tests were carried out to demonstrate the feasibility of LFU
as an energy source for sonodynamic production of ROS.

Three-fold enhanced lipid peroxidation was observed in
the skin tissue pre-treated with LFU-ZnPc simultaneous
sonophoresis (Figure 7). This result indicates that in the
presence of the sensitizing drug a sonodynamic response
could be mediated by LFU. As the LFU-ZnP¢ simultaneous
treatment resulted in higher penetration (Table 5) and better
distribution (Figure 5D) of the ZnPc in the skin, enhanced
lipid peroxidation could be verified because of the improved
bioavailability of the sensitizing drug in the skin tissue.

Once ZnPc is within the skin after penetration, it is
believed that not only 'O, can be generated in the LFU
presence, but also long-time free radicals derived from the
sonosensitizing molecule could be formed by hemolytic
cleavage or reactions of it with as-formed hydrogen atoms
and/or hydroxyl radicals and other solutes there present.®”
Further studies to evaluate the potential of ZnPc to be
converted into radical species in the presence of LFU are
needed, or even in search of new sonosensitizers, more
susceptible to sonodynamic activity.

Cell viability results (Figure 8) showed that LFU induced
the death of about 40% of melanoma cells when associated
with ZnPc-loaded micelles. It is worthy to emphasize that the
experimental setup used for this study did not provide the
complete delivery of the ultrasound energy to the monolayered
cells because of the (i) longer wavelength of LFU (in compar-
ison to high-frequency ultrasound)', (i) transducer-to-
microplate distance; and (iii) large volume of coupling
medium necessary for both the well-functioning of the LFU
and the avoidance of thermal effects. The dispersion of the

LFU waves and energy due to these factors could have led to
reduced cavitation process close to the monolayer cells, hence
diminishing the sonodynamic effects onto the cells. Any
reduction in the percentage of viable cells was observed in
the blank micelles group control despite the production of 'O,
detected using two specific chemical methods for this purpose
(Figure 6A and 6B). Probably the poor delivery of the LFU
energy from the experimental configuration could have led to
a reduction in 'O, production in the blank micelle control
group. Nevertheless, the experimental configuration for the
LFU application designed was able to show LFU-induced
SDT effects in association with ZnPc-loaded micelles on
melanoma cells. Further studies have been conducted to find
an optimal experimental setup for better evaluation of the
LFU-mediated SDT in cell culture. Also, the identification of
other ROS and radical species derived from the sensitizing
drug is necessary to further demonstrate LFU potential in
topical SDT aiming for the treatment of skin tumors.

Conclusion

Nanometric-sized, monodisperse DSPE-PEG micelles
developed allowed the solubilization and topical adminis-
tration of lipophilic ZnPc. The use of ZnPc-loaded
micelles as a coupling medium for the application of
LFU, designated in this work as LFU-ZnPc simultaneous
treatment, provided greater penetration and better distribu-
tion of ZnPc in the deeper layers of the skin when com-
pared to passive or LFU pretreatment. The micellar system
was able to improve cavitation activity and elicit the for-
LFU
Moreover, the application of LFU in the skin previously

mation of singlet oxygen under irradiation.
treated with LFU-ZnPc showed to cause lipid peroxidation
of the skin tissue and induced cell death in association
with ZnPc-loaded micelles. Therefore, the application of
LFU on the skin has the double potential of permeabilizing

it and providing the treatment of skin tumors by SDT.

Abbreviations
LFU, low-frequency ultrasound; SDT, sonodynamic ther-
apy; LTR, localized transport regions.
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