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Background and Objectives: Percutaneous drug delivery (PDD) is a means of increasing the uptake of topically
applied agents into the skin. Successful delivery of a
photosensitizer into the skin is an important factor for
effective photodynamic therapy. To evaluate the efficacy of
pretreatment by thermomechanical fractional injury
(TMFI) (Tixel®, Novoxel®, Israel) at low‐energy settings
in increasing the permeability of the skin to a known
hydrophilic‐photosensitizer medication, 5‐amino‐levulinic‐acid hydrochloride (ALA) in compounded 20% ALA
gel. To compare the effect of TMFI on ALA permeation
into the skin in compounded gel to three commercial
photosensitizing medications in different vehicles: ALA
microemulsion gel, methyl‐amino‐levulinic‐acid hydrochloride (MAL) cream, and ALA hydroalcoholic solution.
Study Design/Materials and Methods: Five healthy
subjects were treated in two separate experiments and on
a total of 136 test sites, with four topical photosensitizer
preparations as follows: compounded 20% ALA gel
prepared in a good manufacturing practice (GMP)‐
certified pharmacy (Super‐Pharm Professional, Israel),
10% ALA microemulsion gel (Ameluz®, Biofrontera
Bioscience GmbH, Leverkusen, Germany), 16.8% MAL
cream (Metvix®, Galderma, Lausanne, Switzerland), and
20% ALA hydroalcoholic solution (Levulan Kerastick®,
DUSA Pharmaceuticals, Inc., Wilmington, MA, USA). The
dermal sites were pretreated by Tixel® (Novoxel® Ltd.,
Israel) prior to topical drug application. One site was
untreated to serve as control. Protoporphyrin IX (PpIX)
fluorescence intensity readouts were taken immediately
and 1, 2, 3, 4, and 5 hours posttreatment.
Results: The highest average PpIX fluorescence intensity
measurements were obtained for the compounded 20%
ALA gel following pre‐treatment by TMFI at 6 milliseconds pulse duration. After 2 and 3 hours, TMFI‐treated
sites exhibited an increased hourly rate in readouts of
FluoDerm units, which were 156–176% higher than the
control rates (P ≤ 0.004). TMFI pre‐treatment did not
enhance the percutaneous permeation of either ALA or
MAL following the microemulsion gel, hydroalcoholic
solution, and cream applications.
Conclusions: Pretreatment with low‐energy TMFI at a
pulse duration of 6 milliseconds increased the percutaneous permeation of ALA linearly over the first 5 hours
from application when the compounded 20% ALA gel was
© 2019 Wiley Periodicals, Inc.

used. Formulation characteristics have substantial influence on the ability of TMFI pretreatment to significantly
increase the percutaneous permeation of ALA and MAL.
Lasers Surg. Med. © 2019 Wiley Periodicals, Inc.
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INTRODUCTION
The therapeutic efficacy of topical drugs is correlated
with both inherent potency and ability to penetrate the
various skin layers. The principal barrier to drug
permeation is the stratum corneum (SC), which has a
structure of “brick” (corneocyte) and “mortar” (lamellar
membranes). It consists of approximately 15 sublayers
with a total thickness of 20 μm. The structure of the SC
serves multiple barrier functions to protect internal cells
and tissues while maintaining the internal environment
and normal cellular functions [1]. The importance of the
water content of the SC in determining its properties is
well‐documented. Warner et al. [2] reported a continuous
increase in the water content of the SC, ranging from 15
to 25% at the skin surface to a constant level of
approximately 70% in the viable stratum granulosum
(SG) [3]. The mechanical properties of the SC are highly
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Fig. 1. Stratum corneum (SC) elongation to breakage versus
relative humidity [4]. SC elongation to breakage is shown for
three water content levels representing relative humidity.
Extremely hydrated tissue (98% relative humidity [RH], orange
curve) is very elastic, enabling large deflection of over 160%
before breakage. Elongation to break is ~25% for the most
dehydrated tissue (32% RH, yellow curve) [Color figure can be
viewed at wileyonlinelibrary.com].

affected by the relative humidity (RH) within the layer.
Wildnauer et al. [4] have shown that the breaking
strength of the SC (defined as the force required to pull
the SC until it breaks) increases from ~10 g at 80–100%
RH to ~45 g at 0% RH, while the elongation to breakage
(defined as the ratio between the increase in length after
breakage to the initial length) decreases from 200% at
100% RH to less than 10% at 0% RH (Fig. 1).
Kinetics of Percutaneous Drug Delivery (PDD)
The efficiency of any PDD system is predominantly
determined by the kinetics of skin permeation. Percutaneous absorption is determined by the penetration of
substances into various layers of the skin and permeation
across the skin into the systemic circulation. Fick’s first
law of diffusion relates the diffusion flux (J) of a chemical
substance at steady state from a region of high concentration to a region of low concentration. The diffusion flux
is proportional to the concentration gradient of the
substance at a specified location in the material

J = −D

dc
dl

(1)

where D is the diffusion coefficient, c is the concentration of
the substance, and l is the location of the substance. The
derivative dc/dl is the concentration gradient along the
diffusion line [5]. Alkilani et al. [6] provided a simple model
for expressing the relationship between the drug concentration and the rate of permeation in a conventional transdermal drug delivery system with an intact SC. The rate of
permeation through the skin over time (dQ/dt) is given by:

dQ
= P (Cd − Cr )
dt

(2)

where Q is the total amount of permeated substance, t is
the duration of the process, P is the permeability

coefficient, and Cd and Cr are the drug concentrations
on the skin and inside the tissue, respectively. It is clear
that Cd should be significantly greater than Cr in order to
enable effective skin permeation through the SC. Specifically, the concentration of the material on the SC must
be higher by an order of magnitude than its concentration
within the target tissue.
Topical therapeutics, and especially hydrophilic ones,
generally demonstrate poor total absorption and cutaneous bioavailability, with only 1–5% permeation into the
skin [7]. Several techniques have been developed to
modify or remove the SC barrier in order to increase the
uptake of topically applied drugs. Commonly available
techniques include electroporation, iontophoresis, fractional lasers, microdermabrasion, microneedles, pressure,
radiofrequency, and sonophoresis. These techniques have
demonstrated improved transdermal delivery of various
materials, including drugs, into the skin. The greatest
challenge for an effective transdermal drug delivery
(TDD) is the creation of successful passage through the
SC while minimizing damage to the viable epidermis and
dermal tissue. Thermal or mechanical damage to the
tissue might affect the drug’s passage to the target cells,
either as a result of thermal blockage (such as tissue
coagulation) or an inflammatory healing process associated with mechanical damage. CO2 laser‐assisted drug
delivery is a common technology used for TDD. The
technology employs an ablative fractional laser (AFXL) to
focally remove the SC and epidermis in order to allow
access of topical drugs to the dermis [8]. The final outcome
of the AFXL treatment is microthermal ablation zones
(MAZs) that consist of ablated vertical channels surrounded by a coagulation zone (CZ). MAZs are characterized by the width of the ablative damage (ablative width
[AW]), the depth of the ablative damage (ablative depth
[AD]), and their surrounding CZ. The desired AW and AD
of the MAZ can be achieved by adjusting treatment
parameters: stacks (the number of delivered pulses per
MAZ) and the ﬂuence (the energy density). Typically, the
AD varies between 95 and 630 µm, with an AW between
79 and 130 µm in CO2 AFXL [9]. The ablated channel is
surrounded by 1.5–41.3 µm of coagulated tissue. Segments
of healthy skin between individual MAZs ensure rapid
and scar‐free wound healing. The deep holes created by
the laser serve as a channel for transport of the topical
drug into the epidermis by eliminating the SC barrier,
while the CZ may serve as a reservoir for small
hydrophilic drugs, allowing slow release into the dermis
[10]. As reported by Choi et al. [11], typical settings are
10–20 mJ per micropore using a 10,600 nm CO2 fractional
laser (eCO2®; Lutronic Co., Ltd., Seoul, Korea).
Thermomechanical Fractional Injury (TMFI)
Technology
Tixel® (Novoxel®, Israel) is a thermomechanical system
developed for delivering fractional treatment. The system
is designed for the treatment of soft tissue by direct
conduction of heat, enabling rapid water evaporation with
low thermal damage to the surrounding tissue. The
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Fig. 2. The thermomechanical fractional injury (TMFI) tip
(9 × 9 pyramids, 1 cm2) [Color figure can be viewed at
wileyonlinelibrary.com].

system consists of a handpiece connected to a console. The
handpiece applies a therapeutic element, the “tip,” which
is affixed to the distal section. The tip is comprised of a
gold‐plated copper base and a thin‐walled titanium alloy
cover (Fig. 2).
The handpiece is equipped with a precise motion
system, based on a low inertia linear motor, and a digital
signal processing (DSP) motion controller. The system’s
design enables precise presetting of the duration of skin
contact. The tip’s surface of 1 cm2 consists of an array of
81 (9 × 9) square‐based pyramids. The pyramids are
1.25 mm tall and have a flat rectangular apex of
approximately 0.01 mm2. The blunt apex of the pyramid
allows effective heat transfer and prevents mechanical
puncturing of the skin. The backplane of the tip attaches
to a ceramic heater maintained at a temperature of 400°C
during the treatment. The heating process enables
effective self‐sterilization before and during treatment,
thereby significantly reducing the risk of cross‐contamination. The tip is safely retracted to its home position
when the handpiece is not activated. When the handpiece
is activated, the linear motor rapidly advances the tip,
which comes into brief contact with the tissue and then
pulls it back. Thermal energy is transferred to the skin,
creating micropores by the evaporation of water without
tissue carbonization. The tip recedes to its home position
within a precisely controlled distance and time. The
duration of the pulse, that is, time of contact between
tip and skin, ranges from 5 to 18 milliseconds. An
18 milliseconds pulse delivers ~0.25 mJ/micropore, a
12 milliseconds pulse delivers ~0.20 mJ/micropore, and a
6 ms pulse delivers ~0.15 mJ/micropore.
A second parameter of the system is the travel or
“protrusion” of the tip. Protrusion is defined as the
distance that the tip travels from the distal edge of the
handpiece (which also functions as a distance gauge) to
the tissue (Fig. 3). Adjustment of the protrusion is
measured in micrometers (µm), and it is designed to
ensure good thermal coupling between the tip and the
tissue, especially in relatively “flexible” regions, such as
the cheeks. Thermal coupling or thermal resistance are
influenced by two factors: the thermal conduction from
the tip to the skin at the spots of contact and the
thermal resistance due to entrapped air between the tip
and the skin. Higher protrusion rates increase the

Fig. 3. The tixel tip protrusion [Color figure can be viewed at
wileyonlinelibrary.com].

contact surface between the tip and the skin and
reduces the air traps. Enhanced coupling results in
lower thermal resistance between the tip and the tissue,
yielding a more substantial dermal effect. A well‐
planned setting of the pulse duration and protrusion
contribute to the desired thermal effect followed by a
successful clinical outcome.
Thermal Model
Unlike radiant technologies, such as laser or radiofrequency, in which one form of energy (i.e., kinetic energy
in laser) is converted to another form of energy, the TMFI
delivers heat to the tissue by direct conduction. Conduction is the transfer of thermal energy from the more
energetic particles of a substance to the adjacent less
energetic ones as a result of interactions between the
particles. The rate of heat conduction through a medium
depends on geometry, that is, thickness, material properties, and the temperature gradient across the medium.
The TMFI thermal transfer analysis is based on an
analytical model that provides the solution of the
transient (time‐dependent) heat wave theory for semi‐
infinite bodies.
The heat wave theory enables the calculation of the
penetration of the thermal wave versus time, using the
following formula [12]:

δ = 3.6 αt = 3.6

k
t
ρCp

(3)

where δ is the thermal wave penetration depth (m) α is the
thermal diffusivity (m2/s); t is the time (s); k is the
conductivity (W/(m·K)); ρ is the density (kg/m3); Cp is the
heat capacity at constant pressure (J/(kg·K)).
The analytical model provides a simple equation for
calculation of the heat‐affected depth and width due to a
heat pulse, similar to the one generated by the tip’s
pyramidal apex on the skin. The calculated temperatures
at various tissue depths for given pulse durations are
displayed in Figure 4.
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Fig. 4. Tissue temperature at varying depths according to pulse duration. The chart shows the
tissue temperature at different distances from the skin’s external surface. The blue line
represents the surface temperature, and the orange line represents the tissue temperature 5 µm
below the surface, etc. The X axis represents the pulse duration in milliseconds. The Y axis
represents the tissue temperature in °C. The calculated surface temperature is 400°C at a pulse
duration of 6 milliseconds (0.006 seconds), and the temperature is ~125°C at a distance of 30 µm
from the surface [Color figure can be viewed at wileyonlinelibrary.com].

Fig. 5. Thermomechanical fractional injury (TMFI) treatment
histopathology analysis. The coagulated effect on the tissue
following TMFI treatment has a hemispherical shape. The two‐
dimensional histopathology analysis displays the thermal
lesion's cross‐section as a half‐circle where the ratio between
the base (flat part) and the radius is 2:1 (the base length is equal
to the circle radius) [Color figure can be viewed at
wileyonlinelibrary.com].

Analysis of the model’s results revealed that the heat
wave propagates in a hemispherical shape, with a
maximum skin temperature of 400°C (the tip’s temperature) on an isolated thin layer of approximately 5 μm
depth. Tissue temperature drops to about 50°C at a depth
of 100 µm.
Histopathology images at low settings (Fig. 5) reveal
that the thermal effect does not vaporize the tissue (non‐
ablative) and is hemispherical (meaning that the ratio
between the depth and width of the lesion is 1:2), as
assumed in the analytical model.
Although the heat transfer model assumes that all of
the heat is expended in tissue heating, it can be
postulated that most of the heat is actually applied to
evaporate the water in the upper skin layers since the
effect is not ablative. Movement of the tip toward the
skin during the pulse strains the dehydrated SC,
resulting in tiny breakages of the layer, which becomes
brittle at low water concentrations, as explained above.
In addition, since most of the heat is expended by
dehydrating the tissue, the water content in the viable
epidermis and dermis changes gradually from low
concentration in the hotter region to higher concentration in the cooler region.
The presented mechanism applies less than 0.2 mJ per
micropore to fractionally and selectively remove the SC
barrier. As a result, dry zones are formed in the viable
epidermis and dermis, thereby establishing the required
water concentration gradient for the initiation of material
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stearate, cholesterol, oleyl alcohol glycerin, white
petrolatum, isopropyl myristate, refined peanut oil,
refined almond oil, edetate disodium, purified water,
methylparaben, and propylparaben.
4. Commercial 20% w/w ALA hydroalcoholic solution
(200 mg/1 g solution; Levulan Kerastick®; DUSA Pharmaceuticals, Inc.). List of excipients: Ethanol USP (48%
v/v in purified water), laureth‐4, isopropyl alcohol, and
polyethylene glycol.
Treatment

Fig. 6. Thermomechanical fractional injury (TMFI) combined
thermal and motion effect on tissue. The TMFI transdermal
effect perforates the stratum corneum (SC) by the combined
drying and stretching of the tissue leading to the formation of
small cracks in the tissue. The cracks perforate the tissue and
break down the SC barrier. Since the temperature under the tip
is high, some of the tissue located there coagulates, while other
segments are dehydrated and establish the required water
concentration gradient for the initiation of material flow
inwards to the tissue in accordance with Fick's law [Color
figure can be viewed at wileyonlinelibrary.com].

flow inwards to the tissue, in accordance with Fick’s law.
A general description of the transdermal thermal effect is
given in Figure 6.
MATERIALS AND METHODS
The percutaneous permeation of 5‐aminolevulinic acid
hydrochloride (ALA) in TMFI’s pretreated human skin
was measured using compounded 20% w/v ALA gel and
compared with three other selected known commercial
medications. The specifications of those formulations are
as follows:
1. Compounded 20% w/v ALA gel (200 mg/ml gel; Super‐
Pharm, Israel, a‐GMP certified pharmacy, Petah ‐
Tikwa). List of excipients: potassium sorbate 0.2%,
oleic acid 10%, sepigel 305 10%, purified water ~59%,
and hydrochloric acid 10% solution/potassium hydroxide 15% solution (for adjusting the pH to 4).
2. Commercial 10% w/w ALA microemulsion‐gel (100 mg/g
gel)—Ameluz® Biofrontera Bioscience GmbH. List of
excipients: xanthan gum, soybean phosphatidylcholine,
polysorbate 80, medium chain triglycerides, isopropyl
alcohol, disodium phosphate dihydrate, sodium dihydrogen phosphate dihydrate, propylene glycol, sodium
benzoate, and purified water.
3. Commercial 16.8% w/w methyl‐amino‐levulinic acid
hydrochloride (MAL) cream (168 mg/g cream; Metvix®;
Galderma, Lausanne, Switzerland). List of excipients:
glyceryl monostearate, cetostearyl alcohol, polyoxyl

Five healthy volunteers, aged between 35 and 65 years
and with Fitzpatrick skin types II and III were recruited
into the study. There was a total of 136 test sites which
were located on the flexor side of the forearms. The test
sites were pre‐treated by Tixel® (Novoxel® Ltd., Netanya,
Israel) prior to topical application of a specific ALA/MAL
formulation in a thin layer. The control side was not pre‐
treated by TMFI. The forearms were treated at four
different settings in the low energy range of the device
(low energy settings create less coagulation) in order to
determine optimal treatment settings.
Baseline fluorescence measurements were performed
5 minutes after degreasing the skin in all test sites prior
to treatment and/or drug application. Protoporphyrin IX
(PpIX) fluorescence intensity readouts were taken after 0,
1, 2, 3, 4, and 5 hours post‐application. As is common
practice, the control sites of Ameluz and Metvix were
covered by a nylon wrap for occlusion, and shielded by
aluminum foil to prevent initiation of a photochemical
reaction. The sites of the Levulan and compounded 20%
ALA gel were only shielded by aluminum.
Permeation was quantified indirectly by measuring
PpIX fluorescence intensity with a FluoDerm fluorescence
photometer (Dia Medico ApS, Gentofte, Denmark). The
FluoDerm photometer illuminates a site with a diameter
of 45 mm on the surface of the skin by means of a
pulsating blue light (385–415 nm high brightness light‐
emitting diodes. The corresponding fluorescence from
PpIX was detected at 600–805 nm by averaging the
fluorescence intensity over that area. The measurements
were performed in absolute values in linear arbitrary
FluoDerm units (FDUs).
Statistical Method
An analysis of variance model followed by the Scheffe
post hoc test was applied to evaluate the effect of time and
settings of drug uptake expressed by FDU readouts. A
paired T test was applied to compare the effect of Tixel
over control samples for each formulation. The significance level was defined as α = 0.05. All analyses were
carried out with SPSS 25.0 (IBM, Armonk, New York).
RESULTS
Figure 7 depicts the results for TMFI pretreated sites
followed by topical application of compounded 20% ALA
gel at different TMFI energy settings and those of
nontreated controls during a period of 5 hours. The chart
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Fig. 7. 5‐Amino‐levulinic‐acid hydrochloride (ALA) 20%—protoporphyrin IX (PpIX) fluorescence
intensity (Y) for varying thermomechanical fractional injury (TMFI) operation settings over
5 hours (X). The chart displays the FluoDerm Unit (FDU) readouts taken at six time points
following compounded 20% ALA gel application at baseline, and at 1, 2, 3, 4, and 5 hours after
TMFI pretreatment at different settings. The optimum TMFI setting is 6 milliseconds × 400 µm,
which is significantly higher than the control setting of 5 and 10 milliseconds (P < 0.001,
P < 0.001, P = 0.004, respectively) [Color figure can be viewed at wileyonlinelibrary.com].

shows a linear pattern at all treatment and control
settings. The FDU readings after TMFI treatments at
6 milliseconds × 400 µm were higher than at all other
settings and of the control. The optimum TMFI setting
was 6 millisesonds × 400 µm, which is significantly higher
than the control and TMFI device setting at 5
and 10 milliseconds (P < 0.001, P < 0.001, P = 0.004,
respectively).

Figure 8 presents FDU readouts of compounded 20%
ALA gel at optimal TMFI settings (6 milliseconds ×
400 µm) versus control settings over 1, 2, and 3 hours.
This figure demonstrates the combined effect of time and
optimal device setting (P < 0.001 for both). This implies
that the TMFI‐treated sites exhibited an hourly rate of
increase in FDU readouts that was 156–176% higher than
the control FDU readouts during the first 3 hours.

Fig. 8. The chart displays FluoDerm Unit (FDU) readouts of the compounded 20% 5‐amino‐
levulinic‐acid hydrochloride (ALA) gel at thermomechanical fractional injury (TMFI) (6/400)
settings versus control settings over 1, 2, and 3 hours. The linear approximations are also shown.
The TMFI‐treated sites exhibited an hourly rate of increase in FDU readouts in the first 3 hours,
which was twice that of the control sites. This figure demonstrates the combined effect of time and
optimal device setting compared to that of the control (P < 0.001 for both) [Color figure can be
viewed at wileyonlinelibrary.com].
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Fig. 9. Protoporphyrin IX (PpIX) fluorescence intensity (Y) for various drugs over time in hours
(X). The chart displays the mean ± SD FluoDerm Unit (FDU) readouts taken at three periods of
the thermomechanical fractional injury (TMFI) pretreated (6 milliseconds × 400 µm) 20%
compounded 5‐amino‐levulinic‐acid hydrochloride (ALA) drug, Levulan, Metvix, and Ameluz,
and their controls. TMFI significantly enhanced uptake of the compounded 20% ALA gel
compared with control after 1, 2, and 3 hours (P = 0.058, P = 0.033, P = 0.016, respectively). The
increase after 1 hour was borderline [Color figure can be viewed at wileyonlinelibrary.com].

The results presented in Figure 9 compare standard
topical application of all tested ALA/MAL drugs on
untreated skin to that of TMFI at 6 milliseconds × 400 µm.
All drugs were applied in accordance with the manufacturers’ instructions. The PpIX fluorescence intensity was
measured every hour from baseline up to 3 hours. TMFI
significantly increased the uptake of compounded 20%
ALA gel after 1, 2, and 3 hours (P = 0.058, P = 0.033,
P = 0.016, respectively). The increase after one hour is
borderline. TMFI did not enhance the uptake of any of the
other vehicles.

concentration gradient between the liquid‐based drug on the
surface and the skin layers beneath it. Since the water content
in the extracellular matrix is ~70%, it is expected that the dry
tissue will be filled with water relatively quickly until the
water concentration throughout the tissue will be equalized.
Therefore, topical application of hydrophilic drugs must be
performed immediately after the TMFI pretreatment. When
the device is set to a short pulse of 6 milliseconds pulse
duration and 400 µm protrusion the damaged stratum corneum (SC) area is wider than the coagulated tissue below.
Hence the liquid can freely permeate into the skin in the gap
between the two skin lesions. Results confirm that at 6/400
optimal flow conditions are created.

DISCUSSION
This study demonstrates the success of TMFI pretreatment in enhancing the percutaneous permeation of ALA
from the compounded 20% ALA gel as compared to
control. TMFI pretreatment did not enhance percutaneous permeation of ALA when three selected commercial
medications (Ameluz, Metvix, and Levulan Kerastick)
were used. The prominent percutaneous permeation
enhancement of ALA from the compounded gel formulation is due to a combination between the specific
formulation and the TMFI’s pretreatment technology.
TMFI thermal transfer to tissue is accomplished by the
apexes of the tip’s pyramids. They spread spatially, creating a
hemispheric heat‐affected zone (Fig. 5). Strains are formed
inside the dehydrated layer when the tip moves forward onto
the SC, generating cracks which allow drug permeation. The
dimensions of the cracked layer are proportional to the
dimensions of the pyramids’ apexes.
A narrow‐coagulated tissue layer is formed at short pulse
durations (Fig. 5), and the tissue around the channel becomes
dehydrated. The dry tissue creates a relatively high water

The four medical preparations used in this trial were
designed to be applied on both intact skin as well as on
skin lesions in order to permeate the SC. That challenge
was best met by the Ameluz control formulation compared
to the other three control preparations (Fig. 9). It was able
to cross the 60 FDU line after 3 hours after application,
and it did so with a 10% concentration of ALA, compared
with the compounded medication (20% ALA), the Levulan
Kerastick preparation (20% ALA), and the Metvix
preparation (16.8% MAL). The Ameluz formulation
represents a microemulsion gel, which combines oil‐in‐
water dispersion of nano‐sized (<50 nm diameter) vesicles
composed of a lipid core surrounded by an emulsifying
monolayer of phospholipids. This so‐called nanoemulsion
belongs to a class of microemulsions [13]. They are widely
used in skin care and pharmaceutical formulations due to
their biophysical properties that allow quick tissue
penetration. This formulation contains four known chemical skin‐penetrating enhancers: soybean phosphatidylcholine, polysorbate 80, isopropyl alcohol, and propylene‐
glycol [14,15].
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Both the control arm of the compounded ALA gel and
the Levulan Kerastick hydroalcoholic solution reached the
60 FDU line after 3 hours while Metvix reached the 50
DFU line during the same time. Thus, all four tested
preparations succeeded in crossing the SC and in
penetrating the percutaneous layer of the skin. The TMFI
pretreatment technology removed the SC layer in a
fractional manner and exposed the four preparations to
the SG through the new micro‐channels. It is reasonable
to consider that preparations which adhere well to the
skin’s treated layer yielding longer contact time, will
better penetrate the hydrophilic environment of the SG.
Viscosity is an important property of the preparation.
Higher viscosity values can limit and attenuate the
absorption of the hydrophilic molecules into the hydrophilic epidermal tissues. Also important are the physicochemical properties of the vehicle for solubilizing the
penetrating molecule. As seen in Figure 9, only the
compounded gel succeeded in taking advantage of the
fractional perforation of the SC after 1, 2, and 3 hours
after application. The average results of the TMFI 20%
ALA column have a low standard deviation in comparison
to other formulations. The compounded gel formulation is
based on sepigel 305, which contains polyacrylamide,
C13‐14 isoparaffin, and laureth‐7. It is a multifunctional
vehicle with thickening, stabilizing, texturizing, and
tissue‐adhering properties in a wide pH range, including
the acid environment needed to maintain ALA stability
[16]. Oleic acid is a known enhancer of ALA penetration of
the skin, with the best performance observed at a 10%
concentration [17]. When dissolved and dispersed in
water, sepigel 305 can emulsify oleic acid, which is a
lipophilic agent [16]. The compounded formulation was
shown to have a dual ability to overcome the SC barrier in
the control arm, as well as to easily penetrate the
epidermis and reach remarkable FDU levels after TMFI
pretreatment compared with the control formulation and
to the other formulations at 1, 2, and 3 hours after
application (Table 1).
We hypothesize that the compounded preparation
has good properties for adherence to the skin’s treated
layer, and adequate viscosity. The emulsion gel has
appropriate physicochemical properties which enable
ALA to have a high rate of percutaneous permeability.
We assume that the Metvix formulation exhibited
relatively poor performance due to the high viscosity
of the lipophilic emulsion and the unsuitable physico-

TABLE 1. TMFI Pretreatment Parameters

# Setting
1
2
3
4

Pulse
duration
(ms)

Protrusion
(mm)

Energy (mJ/
micropore)

5
6
8
10

700
400
400
400

0.13
0.15
0.17
0.19

chemical properties of the lipophilic cream. The
Levulan Kerastick active arm with its hydroalcoholic
solution demonstrated superiority over the control
only 3 hours after drug application and with relatively
high variability. Another hypothesis is that the main
obstacle to penetration of the hydroalcoholic solution
active arm into the viable epidermis is the rate of
diffusion, since it took ~3 hours to accumulate in levels
which are higher than the control. Another hypothesis
is that the main penetration obstacle of the hydroalcoholic solution active arm into the viable epidermis is
the rate of diffusion, as it took ~3 hours to surpass the
control. We believe the results of this preparation
demonstrate a constant flux of ALA into the skin but in
a slow rate.
The ability of TMFI pretreatment technology to prominently enhance ALA’s percutaneous permeation using the
compounded gel preparation resembles the performance
of AFXL as reported by Choi et al. [11] at 10 and 20 mJ
per micropore. Notably, TMFI applies 0.15 mJ per micropore at 6 milliseconds×400 µm. Due to this low level of
energy, TMFI treatments are performed without analgesic
creams, and there is no smoke, smell, bleeding, or oozing.
The transdermal effect created by the CO2 laser is
different compared with the effect of TMFI. The laser
ablates the SC and creates a deep channel in the dermis
surrounded by a thick coagulated tissue. Haedersdal et al.
[18] showed that the differences between the PpIX
fluorescence readout of MAL (98.6 AU) and ALA
(112 AU) at 3 hours following CO2 laser treatment are
much smaller compared with those obtained in the
current study. When drug is applied (hydrophilic or
lipophilic) on the skin, it fills the vertical channels and
diffuses through the coagulation layer. This process
depends less on the drug carrier formulation. This study
further substantiates the evidence introduced by earlier
studies of low‐energy TMFI pretreatments for PDD.
Friedman et al. [19] reported treatment of rosacea with
botulinum toxin following TMFI pretreatment, and Sintov
et al. [20] described the permeation of several hydrophilic
molecules after TMFI pretreatment in an ex vivo study.
Conclusions
TMFI treatment seems to provide an alternative,
radiation‐free, low‐energy approach for effective delivery
of compounded 20% ALA gel. The formulation’s characteristics have a major and crucial influence on the ability
of TMFI pretreatment to significantly increase percutaneous permeation of ALA and MAL. Further research
should include a larger sample size, the evaluation of drug
penetration depth profile over time, and the use of various
vehicles and delivery modalities. Treatment factors, such
as pain level and human variables, should be examined
as well.
ACKNOWLEDGEMENTS
Eyal Zur, RPh, contributed the pharmaceutical contents
of this paper. The study was funded by Novoxel Ltd.

PERCUTANEOUS DRUG DELIVERY FOR THERMOMECHANICAL FRACTIONAL INJURY

REFERENCES
1. Uchida Y, Park K. Stratum corneum. In: Kabashima K,
editor. Immunology of the Skin: Basic and Clinical Sciences
in Skin Immune Responses. Tokyo, Japan: Springer; 2016.
pp 15–30.
2. Warner RR, Myers MC, Taylor DA. Electron probe analysis of
human skin: Determination of the water concentration
profile. J Invest Dermatol 1988;90:218–224.
3. Stockdate M. Water diffusion coefficients versus water
activity in stratum corneum: A correlation and its implications. J Soc Cosmetic Chemists 1978;29:625–639.
4. Wildnauer RH, Bothwell JW, Douglass AB. Stratum corneum biomechanical properties I. Influence of relative
humidity on normal and extracted human stratum corneum.
J Invest Dermatol 1971;56(1):72–78.
5. Cengel YA. Heat transfer, a practical approach. 2nd edition.
New Jersey: McGraw‐Hill; 2003.
6. Alkilani AZ, McCrudden MTC, Donnelly RF. Transdermal
drug delivery: Innovative pharmaceutical developments
based on disruption of the barrier properties of the stratum
corneum. Pharmaceutics 2015;7:438–470. https://doi.org/10.
3390/pharmaceutics7040438.
7. Erlensson AM, Wenande E, Haedersdal M. Transepidermal
drug delivery: Overview, concept, and applications. Lasers
Lights Other Technol 2017 https://doi.org/10.1007/978‐3‐319‐
20251‐8_34‐l.9.
8. Ibrahim O, Wenande E, Hogan S, Arndt KA, Haedersdal M,
Dover JS. Challenges to laser‐assisted drug delivery: Applying theory to clinical practice. Lasers Surg Med
2018;50(1):20–27.
9. Wenande E, Olesen UH, Nielsen MMB, Janfelt C, Hansen
SH, Anderson RR, Haedersdal M. Fractional laser‐assisted
topical delivery leads to enhanced, accelerated and deeper
cutaneous 5‐fluorouracil uptake. Expert Opin Drug Deliv
2017;14(3):307–317.
10. Banzhaf CA, Wind BS, Mogensen M, Meesters AA, Paasch U,
Wolkerstorfer A, Haedersdal M. Spatiotemporal closure of
fractional laser‐ablated channels imaged by optical coher-

11.

12.
13.
14.
15.
16.
17.

18.

19.

20.

9

ence tomography and reflectance confocal microscopy. Lasers
Surg Med 2016;48(2):157–165.
Choi JH, Shin EJ, Jeong KH, Shin MK. Comparative
analysis of the effects of CO2 fractional laser and sonophoresis on human skin penetration with 5‐aminolevulinic acid.
Lasers Med Sci 2017;32:1895–1900. https://doi.org/10.1007/
s10103‐017‐2305‐8.
Holman JP Heat Transfer. McGraw‐Hill series in mechanical
engineering. 10th edition. 2010. ISBN 978‐0‐07‐352936‐
3–ISBN 0‐07‐352936‐2.
Biofrontera company website: The Secret Behind Ameluz®
(aminolevulinic acid hydrochloride) gel, 10% Ameluz.
http://www.biofrontera.us.com/nanoemulsion/.
US Full Prescribing Information for Ameluz®, Updated
September 20, 2018. https://dailymed.nlm.nih.gov/dailymed/
drugInfo.cfm?setid=650daa9f‐aeec‐49ce‐95b9‐5fa20b988afd
Baroli B. Penetration of nanoparticles and nanomaterials in
the skin: Fiction or reality? J Pharm Sci 2010;99:21–50.
Seppic company website: SEPIGEL 305™ The Pioneer of
Liquid Multifunctional Polymers. https://www.seppic.com/
sepigel‐305.
Pierre Riemma MB, Ricci E, Jr, Tedesco CA, et al. Oleic
acid as optimizer of the skin delivery of 5‐aminolevulinic
acid in photodynamic therapy. Pharm Res 2006;23(2):
360–366.
Haedersdal M, Sakamoto FH, Farinelli WA, Doukas AG, Tam
J, Anderson RR. Pretreatment with ablative fractional laser
changes kinetics and biodistribution of topical 5‐aminolevulinic scid (ALA) and methyl aminolevulinate (MAL). Lasers
Surg Med 2014;46:462–469. https://doi.org/10.1002/lsm.
22259.
Friedman O, Koren A, Niv R, Mehrabi JN, Artzi O. The toxic
edge—A novel treatment for refractory erythema and
flushing of rosacea. Lasers Surg Med. 2018 https://doi.org/
10.1002/lsm.23023.
Sintov A, Hofmann MA. A novel thermo‐mechanical system
enhanced transdermal delivery of hydrophilic active agents
by fractional ablation. Int J Pharm 2016;511(2):821–830.

