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Background and Objective: Ablative fractional laser
(AFXL) is rapidly evolving as one of the foremost
techniques for cutaneous drug delivery. While AFXL has
effectively improved topical drug-induced clearance rates
of actinic keratosis, treatment of basal cell carcinomas
(BCCs) has been challenging, potentially due to insuffi-
cient drug uptake in deeper skin layers. This study sought
to investigate a standardized method to actively fill laser-
generated channels by altering pressure, vacuum, and
pressure (PVP), enquiring its effect on (i) relative filling of
individual laser channels; (ii) cutaneous deposition and
delivery Kkinetics; (iii) biodistribution and diffusion pat-
tern, estimated by mathematical simulation.

Methods: Franz diffusion chambers (FCs) were used to
evaluate the PVP-technique, comparing passive (AFXL)
and active (AFXL+PVP) channel filling. A fractional
CO,-laser generated superficial (225 pum;17.5 mdJ/channel)
and deep (1200 pm; 130.5 mdJ/channel) channels, and PVP
was delivered as a 3-minutes cycle of 1 minute pressure
(+1.0 atm), 1 minute vacuum (—1.0 atm), and 1 minute
pressure (+1.0 atm). Filling of laser channels was visual-
ized with a colored biomarker liquid (n =12 FCs, n =588
channels). Nuclear magnetic resonance quantified intra-
cutaneous deposition of topically applied polyethylene
glycol (PEG400) over time (10 minutes, 1 hour, and 4
hours), investigated with (n = 36 FCs) and without (n =30
FCs) PVP-filling. Two-dimensional mathematical simula-
tion was used to simulate intradermal biodistribution and
diffusion at a depth of 1,000 pm.

Results: Active filling with application of PVP increased
the number of filled laser channels. At a depth of
1,000 pm, filling increased from 44% (AFXL) to 94%
with one PVP cycle (AFXL + PVP; P < 0.01). Active filling
greatly enhanced intracutaneous deposition of PEG400,
resulting in a rapid delivery six-folding uptake at 10
minutes (AFXL 54 pg/ml vs. AFXL+PVP 303 pg/ml,
P<0.01). AFXL alone generated an inhomogeneous
uptake of PEG400, which greatly improved with active
filling, resulting in a uniform uptake within the entire
tissue.

Conclusion: Active filling with PVP secures filling of
laser channels and induces a deeper, greater, more
rapid delivery than conventional AFXL. This delivery
technique has promise to improve treatment efficacy for
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medical treatments of dermally invasive lesions, such as
BCCs. Lasers Surg. Med. 48:116-124, 2016.
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INTRODUCTION

Topical drug application is the most common treatment
modality in the field of dermatology. The efficacy of topical
treatments depends on adequate drug deposition in the
skin, and various strategies have been established to
optimize cutaneous delivery, including ablative fractional
lasers (AFXL), iontophoresis, microneedling, pressure,
radiofrequency, and sonophoresis [1].

AFXL is rapidly evolving as one of the foremost techniques
for cutaneous drug delivery [2—4]. AFXL generates micro-
scopic ablation zones (MAZs) in the skin, consisting of vertical
channels of ablated tissue [5,6]. The MAZs temporarily
disrupt the skin-barrier and provide a pathway for uptake of
topically applied drugs. Pretreatment with AFXL has proven
to increase uptake of numerous topical agents, and the
treatment of cutaneous malignancies has been the focus of
foregoing research [7—11]. In clinical trials, AFXL-assisted
photodynamic therapy has translated into more effective
treatments for actinic keratoses (AK) [12-14].

AFXL is a highly customizable treatment encompassing
adjustment of density, width, and depth of the channels to
regulate drug deposition in the skin [15]. Deeper channels
are expected to induce a greater dermal uptake, but
inconsistent data on the influence of laser channel
depth have been presented, indicating that deeper
MAZs not always, but occasionally result in greater
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uptake [9,11,16,17]. To fully take advantage of channel
depth, topically applied drugs must fill the space within the
MAZs. However, interstitial fluid has been proposed to
crowd the MAZs shortly after AFXL exposure, which may
compromise spontaneous filling of the MAZs (Fig. 1). In
addition, clinical trials examining AFXL-assisted photo-
dynamic therapy for deep nodular basal cell carcinomas
(BCC) have failed to significantly improve clearance rates
with AFXL, potentially due to insufficient drug uptake in
deep dermis [18]. Thus, in order to secure filling of the
channels, and improve delivery, various methods to
actively fill the MAZs may be of value.

Transient pressure waves and prolonged pressure appli-
cation have been used to facilitate cutaneous drug delivery,
and are suggested to improve delivery by transient
permeabilization of stratum corneum (SC) and through
naturally occurring appendageal ducts in the skin [19-21]. In
view of previous studies, pressure may also be an applicable
method to actively fill AFXL generated MAZs. Furthermore,
alternating pressure and vacuum may mobilize tissue fluid
present in the channels, and actively fill the channel with
desired compound [21]. Once filled, the MAZ space can serve
as areservoir from which the drug can diffuse into dermis and
improve bioavailability within the entire skin.

In this study, we sought to examine several aspects
of AFXL-assisted drug delivery, investigating pressure
and vacuum’s impact on (i) relative filling of individual
MAZs; (i) cutaneous deposition and delivery Kkinetics;
(iii) biodistribution and diffusion patterns, estimated by
mathematical simulation.
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METHODS

Study Set-Up

This study investigated a standardized method to actively
fill AFXL-generated MAZs by altering pressure, vacuum
and pressure (PVP) as illustrated in Figure 2. The study
consisted of three separate parts, enquiring (i) relative
filling of individual MAZs; (ii) cutaneous deposition and
delivery kinetics for polyethylene glycol 400 (PEG400); and
(iii) estimated bio-distribution by mathematical diffusion
simulation. In Franz diffusion chambers (FCs; PermeGear
Inc., Hellertown, PA), the relative filling of individual MAZs
was investigated by delivering a green biomarker-liquid
(Thermo Scientific™, Shandon™, Tissue Marking Dyes,
Green) [22]. The biomarker binds permanently and
unselectively through ionic bonds, thus visualizing if and
how deep the material enters into the MAZs. Intracutane-
ous and transcutaneous deposition of a test molecule,
polyethylene glycol (MW = 400 Da; PEG400), was investi-
gated over time and quantified by nuclear magnetic
resonance. Intradermal biodistribution and diffusion pat-
tern for PEG400 were visualized in a two-dimensional
mathematical simulation.

Skin Preparation and Franz Chamber Mounting

Porcine skin was collected from the flank of female
Yorkshire pigs immediately after euthanasia. Excessive
hairs were trimmed and subcutaneous fat removed. FC’s
with a receptor volume of 5ml and a permeation area of
0.64 cm? were filled with 0.9% saline and mounted with

Fig. 1. Histology. Hematoxylin and eosin stained slides (x10) depict superficial and deep laser
channels generated by fractional CO2 laser. (a) A pulse energy of 17.9 mdJ/channel generated
superficial channels penetrating 225 pm deep with a diameter of 75 um, and 75 pm coagulation
zone. (b) The higher pulse energy, 130.5 mJ/channel generated deep channels penetrating 1,200 pm
into the skin with a diameter of 100 pm, and a coagulation zone of 75 pm. The arrow indicates
interstitial fluid crowding spatial space within channel, potentially preventing compounds from
filling into deep parts of the channel. The sample was fixated 30 minutes after laser exposure,
suggesting that the influx of interstitial fluid starts shortly after laser exposure.
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Fig. 2. Method: passive and active filling of laser channels. In porcine skin, a fractional CO, laser
generates microscopic laser channels (a). After the laser treatment, skin samples were mounted in
Franz diffusion chambers, and investigated compound applied in the donor chamber (b). Passive
filling referred to spontaneous filling of the laser channels without any intervention (c). Active
filling was conducted by applying a 3-minutes cycle of pressure (1 minute, +1.0 atm), vacuum (1
minute, —1.0 atm), and pressure (1 minute, +1.0 atm) (d).

porcine skin samples. Water at 37°C surrounded the
FC-chambers and kept the skin temperature constant at
32°C, while magnetic stir bars stirred the receptor fluid.

Laser and PVP Applications

AFXL was performed with a prototype CO; laser
(A =10,600 Solta, Palo Alto, CA) with a scanning device
(48 series laser, SH Series Marketing Head, Model SH
3X-U/479, Synradinc., Mukilteo, WA) and a spot size
of 200 um. A fixed density of 100 MAZs/cm? was used at
two different pulse energies to generate superficial
(17.9 mdJ/MAZ. 0.5ms, 35.8W), and deep (130.5 mJ/MAZ,
5.0ms, 26.1 W) MAZs. The superficial MAZs penetrated
225 pm deep with an ablation diameter of 75 pm and a
surrounding 75 um coagulation zone. The higher pulse
energy, 130.5 mJ/MAZ, generated deeper MAZs penetrat-
ing 1200 pm deep with an ablation diameter of 100 pm and
a coagulation zone of 75 um.

Application of biomarker or PEG400 took place within 30
minutes of the AFXL treatment. In interventions assigned
to PVP-application, a tube was attached to the donor
chamber of the FC connecting it to a custom-made
pressure-vacuum device (Fig. 2). The device delivered
compressed air, creating a positive pressure of 1atm, or
vacuum, generating a negative pressure of 1atm. After
compound application (biomarker or PEG400), a three-
minute cycle of 1 minute pressure, 1 minute vacuum, and 1
minute pressure was applied to the chamber.

i - Filling of individual laser channels

A green biomarker liquid was delivered in skin samples
with deep intradermal MAZs (1,200 pm) and interventions
represented passive (AFXL, n=6), and active filling
(AFXL + PVP, n =6; Table 1). After three minutes of active
or passive filling, skin samples were embedded in OCT
medium and stored at —80°C. Horizontal sections were
photographed at depths of 100 and 1,000 pum. In each
sample, 49 channels were evaluated and filling was
presented as the ratio of individually filled channels
compared to total MAZs in the sample. In total, 588
MAZs were evaluated at both 100 and 1000 pm skin depth.

ii - Cutaneous deposition and delivery kinetics

Inracutaneous and transdermal uptake of PEG400 was
investigated in intact skin and in AFXL-exposed skin with
superficial and deep MAZs delivered with both passive and
active filling (Table 2). Stock solutions of PEG400 10 mg/ml
were prepared and 0.5 ml solution was applied directly on
the skin in the donor chamber at t = 0. PVP was applied to
assigned FCs, and diffusion ran for 10 minutes, 1 hour, and
4 hours. Parafilm (Bemis, Oshkosh, WI) covered the donor
chambers to avoid desiccation of the skin. At the end of
experiment, receiver solvent was collected for analyses of
PEG400 uptake. The skin was washed with distilled water
and padded dry with gauze prior to PEG extraction. To
extract the PEG400, the skin was cut in four equal segments
and placed in 3 ml 0.9% saline for 24 hours at 4°C.
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TABLE 1. Channel Filling With Liquid Biomarker
Passive filling (AFXL) Active filling (AFXL + PVP)
Filled Filled
Filled channels, Filled channels,
MAZs per channels/total % MAZs per channels/total %
sample channels (IQR) (IQR) sample channels (IQR) (IQR) P-value
Deep MAZs 1,200 pm
(n=12 FCs, 588 MAZs)
100 pm 49 47/49 96% 49 49/49 100% 0.026
(45—48) (92-98%) (49-49) (100-100%)
1,000 pm 49 21/49 44% 49 46/49 94% 0.002
(18-22) (37-46%) (46-47) (94-96%)

Table presents median values with corresponding inter quartile range (IQR); AFXL, ablative fractional laser; PVP, pressure, vacuum,
pressure; MAZs, microscopic ablation zones; P-values compare passive to active filling.

Aliquots from receptor and skin extraction solvents
were placed in culture dishes and dried for 72 hours and
then re-dissolved in deuterium oxide, with acetic acid
as reference standard for NMR analyses. Spectra
were recorded on a Bruker Biospin 300 MHz spectrome-
ter (Bruker Ultrashield™ 300, Bruker Biospin AG,
Fallanden, CH), and data were processed using Buker
TOPSPIN software version 2.1. For quantitative analysis
of the PEG concentration, the area integral of the PEG’s
methylene proton signal at 3.6 ppm was compared to the
reference signal area. The total uptake of PEG400 in skin
and receiver was calculated by comparison to standards
of 0.1, 1.0, and 10.0 mg/ml. Intracutaneous uptake was

presented as concentration in the tissue (wg/ml) and
transcutaneous uptake as absolute drug amount per skin
surface area (ug/cm?). Tissue volume was estimated by
micrometer measurement of skin thickness times the
skin surface are (0.64 cm?).

iii - Mathematical simulation of PEG400 diffusion
pattern

Two-dimensional diffusion of PEG400 in dermis was
simulated in Matlab (Matlab 8.4.0, The Math Works, Inc.,
Natick, MA) for a grid of 5x5MAZs at a density of
100 MAZs/cm? based on filling percentages at 1,000 um

TABLE 2. Intracutaneous and Transcutaneous Deposition of PEG400

Passive filling (AFXL)

Active filling (AFXL + PVP)

10 minutes 1 hour 4 hours 10 minutes 1 hour 4 hours
(IQR) (IQR) (IQR) (IQR) P (IQR) p (IQR) P
Intact skin (n) 5 6 6
Skin (pg/ml) 0 0 0
(0-0) (0-0) (0-0)
Receiver (pug/cm2) 0 0 0
(0-0) (0-0) (0-0)
Superficial MAZs 225 pm (n) 5 5 5 6 6 6
Skin (pg/ml) 0 118 544 0 0.931 219  0.009 808.6 0.429
(0-0) (91-144) (491-890) (0-0) (178-262) (684-968)
Receiver (ug/cm?) 0 0 20.6 0 1.000 0 1.000 36.6 0.329
0-0) (0-0) (0-34) (0-0) (0-0) (31-51)
Deep MAZs 1,200 pm (n) 5 5 5 6 6 6
Skin (pg/ml) 54 436 1107 303 0.004 601 0.004 1114 0.931
(0.0-77)  (413-439) (1078-1372) (223-433) (562-609) (1096-1330)
Receiver (p,g/cm2) 0 0 32 0 1.000 0 0.429 84 0.082
(0-0) (0-0) (31-42) (0-0) 0-7) (70-118)

Table presents median values with corresponding inter quartile range (IQR).
PEG400, polyethylene glycole; MW =400 Da; MAZs, microscopic ablation zones.
P-values compare passive to active filling.
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depth from part I. The simulation was evaluated on a mesh
created with the Matlab partial differential equation (PDE)
tool over a finite domain of 20 x 20 mm? with a fine-grained
mesh in the area covering the 5 x 5 MAZs. Each MAZ had a
diameter of 100 wm and the start concentration of PEG400
in the MAZs was set to 10 mg/ml. PEG400 concentration at
the domain boundaries was set to zero. The two-dimensional
PDE describing changes in concentration (c) at position
vector (x) over time (8): Zc(x,7) = DKV?(x,7) was solved
with a diffusion coefficient (D) of 6.0 x 10~"cm?s and
partition coefficient (K) of 1.0. The diffusion coefficient was
obtained from static diffusion of PEG400 through dermal
tissue (data not shown). Simulation ran for 4 hours using
finite element methods and plotted with Matlab triangular
surface plot at 10 minutes, 1 hour, and 4 hours.

Statistics

Nonparametric statistics compared filling percentages,
depositions in skin, and receiver using Mann—Whitney U
tests for two-group comparisons. Data were presented as
medians with interquartile ranges (IQR). P-values were
two-sided and considered statistically significant when
less than 0.05. Statistical analyses were performed in
SPSS version 20 (IBM Corporation, Armonk, NY).

RESULTS
Filling of MAZs With Active and Passive Filling

Filling percentages with and without PVP are presented in
Table 1 and Figure 3. Passive filling of the laser channels was
considerable at a superficial level, but incomplete in deeper
parts of MAZs; at 100 pm skin depth, the biomarker filled
96% of the channels, while only 44% were filled at 1,000 pm.
Active filling increased the number of filled channels and
secured 100% filling at 100 pm (AFXL vs. AFXL+ PVP,
P =10.026), and increased filling percentages from 44 to 96%
at 1,000 um (AFXL vs. AFXL + PVP, P=0.002).

Intracutaneous and Transcutaneous Delivery of
PEG400

Intracutaneous deposition of PEG400 is presented in
Table 2 and Figure 4. In intact skin, intracutaneous
deposition of PEG400 was undetectable at all time points
(0 wg/ml; 10 minutes, 1 hour, and 4 hours).

Passive filling of superficial MAZs (225 pm) generated a
deposition of 0wg/ml, 118 pg/ml, and 544 pg/ml at 10
minutes, 1 hour, and 4 hours, respectively. Applying PVP
had no impact on delivery at 10 minutes (0 pg/ml; AFXL vs.
AFXL +PVP, P=0.931), but improved uptake at 1 hour
and 4 hours, increasing concentrations to 219 pg/ml
(P <0.009) and 809 ng/ml (P < 0.329), respectively.

When deeper MAZs were applied (1,200 um), passive
filling generated an uptake of 54 ug/ml at 10 minutes,
436 pg/ml at 1 hour, and 1,106 pg/ml at 4 hours. Active
filling greatly increased uptake, resulting in rapid build-up
of high PEG400 concentrations in the skin. At 10 minutes,
uptake was 303 pg/ml, which was six times higher than
with passive filling alone (AFXL vs. AFXL+ PVP,

ERLENDSSON ET AL.

P <0.01). The benefit of PVP was greatest at early time
points, and decreased over time; 600 vs. 435 pg/ml at 1 hour
(P<0.01) and 1,106 versus 1,113pg/ml at 4 hours
(P=0.205; Fig. 4).

Transdermal delivery was not detected at 10 minutes or 1
hour. At 4 hours, passive filling generated a transdermal
uptake of 21 pg/cm? with superficial MAZs, and 32 pg/cm?
with deep (P=0.421). Active filling with PVP increased
transdermal deposition in both superficial and deep
MAZs resulting in an uptake of 37 pg/em? (P = 0.329), and
84 ng/em? (P < 0.082), respectively. The increase was not
statistically significant.

Estimated Biodistribution of PEG400 in the Dermis

As depicted in Figure 5, the mathematical simulation of
diffusion at 1,000 pm depth revealed notable differences in
both diffusion pattern and biodistribution of PEG400 when
passive and active filling were compared. Passive filling
left a majority of the MAZs empty (56%), resulting in an
inhomogeneous uptake of PEG400 with low concentrations
in the dermal tissue surrounding empty channels. The
mottled uptake of PEG400 persisted throughout the entire
simulation (0-4 hours), and left certain areas nearly
unexposed to the compound (0—4 hours). Active filling with
PVP secured a higher number of filled channels, and
generated a greater and more uniform distribution within
the entire dermal tissue (0—4 hours; Fig. 5).

DISCUSSION

Active filling of MAZs may be a novel way to improve
drug uptake in profound layers of the skin, potentially
translating into more effective treatments of dermally
invasive tumors.

In this study, we investigated a method to actively fill
AFXL-generated channels, considering various aspects of
the drug delivery process, including relative filling of
individual MAZs, cutaneous and transdermal deposition
of PEG400, as well as simulated bio-distribution in deep
skin. Active filling with PVP secured channel filling in both
superficial (100%) and deep (94%) portions of the MAZs,
which led to a greater and more rapid deposition of PEG400
compared to passive filling. A mottled and inhomogeneous
biodistribution was found with passive filling, which
improved significantly with PVP and generated a uniform
distribution within the deep dermal tissue.

SC is the main barrier preventing effective delivery of
drugs through the skin [23]. SC consists of densely packed
corneocytes embedded in a hydrophobic, nonpolar lipid
matrix. Intact SC is nearly impermeable for most
hydrophilic and charged molecules, as well as lipophilic
molecules with molecular weight over 500Da. Drugs
designed for dermal and transdermal applications are
therefore mostly small, moderately lipophilic, and parti-
tion readily into and out of SC.

The kinetics of topical drug delivery generally follows
Fick’s law of diffusion, which describes passive diffusion
through a uniform planar medium. Fick’s first law
describes flux (J) as J =K x D x AC)/L, where K is the
partition coefficient, D is the diffusion coefficient, AC is the
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Fig. 3. Results: filling of MAZs with active and passive filling. The figure illustrates filling of the
laser channels when delivering a green liquid biomarker with passive (a) and active filling (b).
Passive filling of laser channels was considerable at a superficial level but incomplete in deeper
parts of channels; at 100 pm, the biomarker filled 96% of the channels (¢), while only 44% were filled
at 1,000 pm (e). Active filling increased the number of filled channels and secured 100% filling at
100 pm (d), and increased filling percentages from 44 to 96% at 1,000 pm (f) (AFXLvs. AFXL + PVP,

P <0.01).

concentration difference across the medium, and L is
diffusion distance (length) [24]. While the concentration
gradient over distance L drives the diffusion, the partition
coefficient (K) represents the equilibrium solubility of the
drug at the skin surface relative to its solubility in the
vehicle and is indicative of the drug’s ability to leave
the vehicle and enter the skin. The diffusion coefficient is a
measure of a drug’s diffusivity in a tissue matrix and
determines the diffusion rate once the drug has entered
into the skin. AFXL removes parts of SC and provides
access through the channels to deeper skin layers where

the extracellular aqueous matrix resides, impacting flux in
various ways.

Through Fick’s law, it appears that AFXL will improve
cutaneous uptake of a hydrophilic compound in three
ways: (1) in areas where SC is removed, the partition (K)
between vehicle and skin is increased which enables the
drug to leave the vehicle more easily than when applied to
intact skin; (ii) once the compound leaves the vehicle,
the drug enters directly into epidermis or dermis where the
diffusivity is higher than in SC, thus facilitating the
distribution of the compound in the tissue; and (iii) by
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Fig. 4. Intracutaneous and transcutaneous deposition of PEG 400. The figures show intracutane-
ous (a,b) and transcutaneous (e,d) uptake of polyethylene glycol 400 Da (PEG400) in skin with
superficial (225 pm) and deep (1,200 pwm) laser channels delivered with active (AFXL + PVP) and
passive (AFXL) filling. Applied to superficial channels, active filling with pressure vacuum pressure
(PVP) had no impact on uptake at 10 minutes (0 pg/ml AFXL vs. 0 pg/ml AFXL + PVP, P=0.931),
but generated a somewhat greater uptake at 1 hour (117 pg/ml AFXL vs. 219 ng/ml AFXL + PVP,
P <0.009), and 4 hours (544 pg/ml AFXL vs. 809 pg/ml AFXL +PVP, P < 0.329) (a). Applied to deep
channels (1,200 um), active filling generated a rapid build-up of PEG400 in the skin. After 10
minutes, PEG400-concentration reached 303 pg/ml, which was six times higher than with AFXL
alone (54 pg/ml; AFXL vs. AFXL + PVP, P < 0.01) (b). Active filling with PVP increase transdermal
deposition in both superficial (¢) and deep (d) MAZs resulting in an uptake of 37 pg/cm? (P = 0.329),
and 84 pg/em?® (P=0.082), respectively. Data represents median values with corresponding

interquartile range.

generating deep laser channels the distance the drug needs
to diffuse is reduced, thus enabling delivery to deeper skin
layers otherwise too distance from the skin surface to be
affected by passive diffusion [22,24].

In this study, we investigated delivery of PEG400, a
small, uncharged; and highly hydrophilic molecule (log
P =-4.8)[25]. As expected, PEG400 did not penetrate into
or through intact skin at any time point. AFXL with
passive filling (225 pum) provided direct access to viable
skin, increasing the partition as well as the diffusivity for
PEG400—Dboth of which contributed to the great increase
in intracutaneous deposition (0 vs. 543.6 wg/ml at 4 hours).
Increasing channel depth from 225 to 1200 pm resulted in
a greater cutaneous uptake at all time points (544 vs.
1106 pg/ml at 4 hours).

Although deeper channels in theory are expected to
generate a greater and possible deeper uptake, previous
FC-studies have failed to agree on a relation between
channel depth and drug deposition. In vitro, interstitial
fluid and air has been found to occupy the MAZs after
AFXL treatment. In addition, a recent in vivo study
reported fibrin plug formation in the channels shortly after
laser treatment [26]. Although the clinical implications of

these phenomena remain to be clarified, air, interstitial
fluid, or fibrin plugs may prevent drugs and vehicles from
filling into deep parts of the channels and thus prevent
channel depth utilization.

In this study, delivery of PEG400 was found to increase
with channel depth. The greater uptake observed with
deeper MAZs may relate to the hydrophilicity of PEG400,
which implies a low partition coefficient for entering into
SC. The interstitial fluid present in the MAZs is likely to
provide a more favorable environment for hydrophilic than
hydrophobic drugs. Should the vehicle create an interface
with the interstitial fluid, a hydrophilic molecule would
readily partition from the vehicle into the interstitial fluid
present in the MAZ, thereby utilizing MAZ depth. Such
utilization may, however, only apply to hydrophilic
compounds, as strongly lipophilic molecules will remain
in the vehicle on the skin surface.

In support of this notion, previous FC-studies have
observed a depth dependent uptake for hydrophilic
compounds e.g., methotrexate, (log P=-1.85) and
slightly lipophilic compounds e.g., prednisone (log
P=1.46) and diclofenac (log P=1.90) but not for
hydrophobic drugs, such as lidocaine (log P=2.44),
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Fig. 5. Estimated biodistribution of PEG400 in the skin. The figure illustrates a simulated diffusion
of polyethylene glycol 400 Da (PEG400) in dermis at a depth of 1000 um around a grid of 25 laser
channels at 5% density depicted at 10 minutes (a,b), 1 hour (c,d), and 4 hours (e,f). Conventional
ablative fractional laser-assisted drug delivery with passive filling resulted in an inhomogeneous
distribution of PEG400, leaving some areas of the tissue almost unexposed to PEG400 (a,c,e). Active
filling with PVP generated a predictable diffusion and resulted in a uniform distribution of PEG400

within the entire tissue (b,d,f).

ingenol mebutate (log P=2.51), and imiquimod (log
P=27)[9,11,16,17,27-31].

For infinite dose models, like the FC model, the drug’s
solubility in the interstitial fluid may be a determining
factor indicative of whether or not channel depth mat-
ters [24]. However, contrary to FC-studies, clinical
applications include finite doses and when applied to
patients, the vehicle may not remain on the skin surface
long enough for the drug to partition into the fluid filled
MAZs [24]. A more reliable way to achieve channel depth
utilization is to fill the space within the MAZs, as
demonstrated in this study.

Active filling with pressure and vacuum was used to
create fluid flow into the laser channel, leading to rapid
delivery of compounds deep into the dermis, securing
channel filling in both superficial (100%) and deep (94%)

portions of the MAZs. Compared to passive filling, PVP did
not notably increase filling percentages at a superficial
level (AFXL 96% vs. AFXL +PVP 100%, P=0.026) and
had accordingly a nominal influence on cutaneous delivery
through superficial MAZs.

Our study thus suggest that superficial MAZs intended
to improve treatment for epidermal lesions may not benefit
notably from PVP application; passive filling may suffice
for those treatments. However, when applied to deep
MAZs, PVP may be very useful; PVP increased channel
filling from 44 to 94% (P =0.002), which led to a six-fold
increase in cutaneous uptake of PEG400 after only 10
minutes. Simulated bio-distribution within a deep dermal
layer (1,000 um) revealed benefits from the PVP applica-
tion; the inhomogeneous distribution seen with passive
filling was greatly improved with PVP and resulted in a
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uniform uptake within the entire treatment area. Simply
applying a drug after AFXL does not provide a predictable
drug uptake when targeting deep dermal tumors. PVP
appears to overcome this limitation.

Currently, even with AFXL-assisted drug delivery,
topical treatments of BCCs are clinically challenging. A
recent study comparing conventional photodynamic ther-
apy (MAL-PDT) to AFXL-assisted PDT failed to signifi-
cantly improve cure rates when treating high-risk nodular
BCCs (63% AFXL PDT vs. 56% PDT) [18], potentially due
to insufficient drug uptake in deep dermis.

PVP after AFXL secures filling of laser channels and
induces a deeper, greater, and more rapid delivery than
conventional AFXL. Active filling of AFXL-generated
channels may be a novel way to improve drug uptake in
profound layers of the skin, potentially translating into
more effective treatments of dermally invasive tumors.
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