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A B S T R A C T   

Thermalporation has gained attention as a physical means to enhance skin permeation by creating micropores in the primary skin barrier, stratum corneum, which 
allows much higher permeation of middle and high molecular weight biopharmaceuticals. In the present study, a PassPort® system (PS) was used as a thermal
poration device, and the obtained change in permeation resistance of drugs was evaluated using a parallel skin permeation-resistance model. In addition, the blood 
concentration–time profile after topical application of insulin was also investigated with the PS treatment. 

Fluorescein isothiocyanate-dextran (FD-4) and insulin were used as model middle molecular weight drugs. Micropores created by the PS treatment were measured 
using an optical microscope. An in vitro skin permeation and an in vivo pharmacokinetics experiments were done with FD-4 and insulin, respectively. Barrier function 
recovery after the PS treatment was evaluated with changes in the electrical skin resistance. 

About 960-fold higher skin permeation of FD-4 was observed by PSs treatment (4 milliseconds (ms), 200 micropores/cm2). A gradually increased blood con
centration of insulin was observed by the PSs treatment, and the relative bioavailability of insulin was 21.1% compared with subcutaneous injection. Skin resistance 
value was dramatically decreased immediately after the PS treatment, but its value was turned into the initial one by 12 h. 

The thermalporation is effective for improving skin permeation of FD-4 and transdermal absorption of insulin. These results suggested that the PS treatment may 
be utilized to increase the skin permeation of topically applied FD-4 and insulin.   

Introduction 

Nowadays, middle-size biomolecules such as peptides and nucleic 
acids with various biological activities can be chemically synthetized 
(Nagamune, 2017). They are usually administered to patients via 
intravenous or subcutaneous routes due to their low permeability 
through the intestinal membrane. 

Skin is the most accessible drug administration site on the human 
body. Physical devices such as needle-free injectors and hollow micro
needles have become available to administer drugs (Waghule et al., 
2019; Hogan et al., 2015; Prausnitz et al., 2004). These devices enable 
reliable drug administration with a high reproducibility and have strong 
advantages for the administration of middle and high molecular weight 
biomedical compounds such as nucleic acids, peptides, vaccines, and 
antibodies (Zhao et al., 2006; Sulaiman et al., 2019). 

Thermal ablation techniques can improve the skin permeation of 
drugs by chemical heating (Wood et al., 2011), element-based heating 
(Badkar et al., 2007, 2003), radiofrequency, and laser irradiation. 
Chemical heating-based techniques with iron oxide (controlled 

heat-assisted drug delivery [CHADDTM]) significantly improved the skin 
permeation of lidocaine and prilocaine (Sawyer et al., 2009). 
Element-based heating, so called thermalporation, with PassPort® sys
tem (PS) increased the skin permeation of calcein (M.W. 622 Da) by 
760-fold (Park et al., 2008), and radiofrequency-based thermal ablation 
enhanced skin permeation increased that of diclofenac sodium and 
granisetron HCl by 8-fold and 30-fold, respectively, compared with their 
passive diffusion (Sintov et al., 2003). Thermal ablation generates mi
cropores by selective vaporization of the stratum corneum (SC) by 
applying heat. This technique may not require sterilization processes, 
unlike with the use of microneedles. Skin permeation was increased by 
skin ablation by depletion or removal of the SC; however, the perme
ation enhancement effect may depend on the physicochemical proper
ties of drugs, type of application device, and its application conditions. 
Understanding changes in barrier function of the SC by skin ablation 
may lead to the development of devices to achieve a high level of skin 
permeation. 

PS was used as a thermal ablation device in the present study because 
it performs suction to contact the filaments to the skin firmly and applies 
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controlled thermal energy to the outer layer of skin briefly (e.g. several 
milliseconds) to physically create permeation routes for drugs, so this 
technique can provide reliable drug administration with high 
reproducibility. 

Many reports have been published on the skin permeation 
enhancement of middle or high molecular weight biomolecules by 
physical means, such as microneedles, electroporation, iontophoresis, 
and thermal ablation with in vitro and in vivo experiments (Prausnitz, 
2008; Wu et al., 2006). Badkar et al. (2007) have reported that 
enhancement of skin permeation of interferon alpha-2b was obtained by 
application of thermalporation. In addition, application conditions 
(temperature–time profile and geometry of the filament) related to the 
size of micropores created may be related to the enhancement effect. 
However, even though a skin permeation enhancement effect was 
observed with certain drugs by physical means, it is difficult to develop 
an application device without theoretically understanding the 
enhancement mechanism and estimation of the bioavailability of topi
cally applied drugs. In the present study, pig skin, was used an alter
native to human skin in the in vitro experiments to reveal changes in drug 
permeation resistance and to clarify the enhancement effect on the skin 
permeation of fluorescein isothiocyanate-dextran (M.W. av. 4,000, 
FD-4) by PS treatment. In addition, insulin (M.W. 5808), a model middle 
size molecular weight drug, was selected to investigate the blood con
centration–time profile obtained after PS treatment in rats. 

2. Materials and method 

2.1. Materials 

PS, a thermalporation device, was provided by PassPort Technolo
gies, Inc. (San Diego, CA, USA). Three PS devices with different pulse 
periods of thermal energy were used in the present study. The devices 
with the shortest application period (1.1 ms), longest application period 
(4 ms), and an intermediate application period (2 ms) were named 
PS1.1ms, PS2ms, and PS4ms, respectively. 

Fluorescein isothiocyanate dextran (M.W., 4000, FD-4), methylene 
blue, and Glucose CII-Test Wako Kits were purchased from FUJIFILM 
Wako Pure Chemical Co., Ltd. (Osaka, Japan). Human insulin (Humulin 
R U-100) was purchased from Eli Lilly Japan (Kobe, Japan). All reagents 
were of analytical grade and were used as received without further 
purification. 

2.2. Animals 

WBN/ILA-Ht male hairless rats (body weight 200–250 g, 8 weeks 
old) were purchased from Ishikawa Experimental Animals (Saitama, 

Japan). Male Wistar rats (weight 180–200 g, 8 weeks old) were pur
chased from Sankyo Labo Service Corporation, Inc. (Tokyo, Japan). 
Hairless rats and Wistar rats were kept in a room regulated at 25 ± 2◦C 
with a light/dark cycle (on and off time: 9:00–21:00) every 12 h. Water 
and food (MF, Oriental Yeast Industry, Tokyo, Japan) were freely 
available. Animal care and experiments were conducted in accordance 
with the Josai University Experimental Animal Regulations after 
obtaining the consent from the Josai University Animal Experiment 
Management Committee (JU19007). 

2.3. Application of PS to skin 

A re-usable thermal ablation PS device consisted of a handheld 
applicator and a porator. The porator in PS involves 200 resistive 
stainless filaments distributed within 1cm2 and connected with thick 
conductive copper traces/paths (Fig. 1). Filament are simultaneously 
heated for designated periods (1.1 ms, 2 ms, or 4 ms), and achieve 600◦C 
to 700◦C. Initially, the applicator equipped with the porator was placed 
over the skin surface. The skin was adhered to the porator using suction 
force, the porator in the loaded applicator then applied thermal energy 
by passing electrical energy to the filaments for microseconds, which 
was activated by pressing a button. 

2.4. In vitro skin permeation experiment 

Yucatan micropig (YMP) dorsal skin was purchased from Japan 
Charles River Corporation (Yokohama, Japan) and stored frozen at 
-80◦C before the in vitro skin permeation experiment. Frozen YMP skin 
was thawed in warm water at 32◦C. After thawing, the skin surface of the 
YMP was carefully washed with purified water to avoid damaging the 
SC. Then, the skin was split using a dermatome (Acculan 3Ti Derma
tome; Aesculap-a B. Braun Company, Melsungen, Hessen, Germany) to 
adjust the thickness to 550 μm from the skin surface. The thickness of the 
dermatomed skin was confirmed using a thickness gauge (SM-112, 
Teclock Co. Ltd., Okaya, Nagano, Japan). The dermatomed skin was 
mounted in a vertical diffusion cell (effective transmission area: 1.77 
cm2), then 1.0 mL and 6.0 mL of phosphate-buffered saline (PBS) was 
applied to the SC side (donor compartment) and the dermis side 
(receiver compartment), respectively. The skin was hydrated for 1 h 
with PBS, then the applied PBS in the donor compartment was removed, 
and the excess water on the SC was blotted with a sheet of Kimwipe. FD- 
4 solution at a concentration of 10 mg/mL was prepared by completely 
dissolving FD-4 in PBS. The FD-4 solution (1.0 mL) was applied to the 
donor compartment. The permeation experiments were performed at 
37◦C, and the receiver solution was stirred continuously with a star- 
head-type magnetic stirrer. At predetermined times, an aliquot (0.5 

Fig. 1. Array pattern of filaments on the PassPort® 
system 
(a) Overall array observation (200 filaments), (b) 
Close-up one of the filaments 
The porator in PS involves 200 resistive stainless fila
ments distributed within 1cm2 and connected with 
thick conductive copper traces/paths. Filament are 
simultaneously heated for designated periods (1.1 ms, 2 
ms, or 4 ms), and achieve 600◦C to 700◦C degrees.   
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mL) was withdrawn from the receiver solution and the same volume of 
fresh solution was added to keep the volume constant. Each experiment 
was performed with three to four replicates. Stripped skin was prepared 
by tape-stripping of the SC 30 times with adhesive tape. 

The concentration of FD-4 in the receiver solution was assayed using 
a fluorescence spectrophotometer (RF-5300PC, Shimadzu Corporation, 
Kyoto, Japan) to determine the cumulative amount of FD-4 that 
permeated through the skin. The excitation wavelength and emission 
wavelength for FD-4 were 490 and 520 nm, respectively. 

2.5. Calculation of skin permeation parameters 

The flux and apparent permeation coefficient, P, of FD-4 were 
calculated from the time course profile of the cumulative amount of FD- 
4 that permeated through skin with the use of the following equations. 

Flux = P⋅Cv (1)  

where Cv is the applied concentration of FD-4. Flux was calculated by 
dividing the slope of the linear portion of the regression line with three 
to four successive points over 5–8 h of the application period. 

2.6. Measurement of micropores created by PS treatment 

After PS treatment on the dermatomed skin (thickness was set to be 
550 µm), a small amount of methylene blue aq. solution was applied to 
the PS-treated area of skin for 5 min. After excess methylene blue so
lution was removed with a sheet of Kimwipe, the skin surface was 
observed using an optical microscope (VHX-5000, KEYENCE Corp., 
Osaka, Japan). The size of the pore created by PS treatment was calcu
lated using three-dimensional shape-measurement software (VHX-H4M, 
KEYENCE Corp.). The depth of the pore was determined using a depth 
composition image, which was obtained by compiling images in 
different focal planes. The depth of the center of the long side of the 
created rectangular pore was measured. The average dimension of pores 
was calculated from 600 pores (three replicates). 

2.7. In vivo experiment 

2.7.1. Blood insulin concentration profiles 
Under triple anesthesia (intraperitoneal administration of 0.15 mg/ 

kg medetomidine hydrochloride, 2.5 mg/kg butorphanol, and 2 mg/kg 
midazolam tartrate), insulin solution (0.5 U/mL) was administered 
subcutaneously (s.c.; 0.25 U/kg) using a 26 G needle into the right 
lateral abdomen or administered transdermally (0.5 U/kg) to the PS- 
treated area (right lateral abdomen of male Wistar rats). The PS appli
cation site was shaved using an electric shaver 1 day before insulin 
application. Then, a cylindrical glass cell was attached with a glue to 
keep the applied insulin solution on the application site under occluded 
conditions with parafilm. Blood was collected from the left jugular vein 
over time, and the same volume of saline solution was injected into the 
right jugular vein. The blood was collected in a heparin-treated tube and 
centrifuged (15,000 rpm, 5 min) to obtain plasma. The concentration of 
human insulin in the plasma sample was measured using an ELISA kit 
(Mercodia, Uppsala, Sweden) in accordance with the manufacturer’s 
protocol. The detection limit of the ELISA assay kit used in the study was 
0.07 mU/mL. 

2.8. Skin barrier recovery after PS treatment 

PS treatment was done to the abdomen of hairless rats under intra
peritoneal administration of triple anesthesia as above. 

Skin barrier recovery after PS treatment was evaluated by measuring 
the change in skin impedance over 12 h. Skin impedance was measured 
using an impedance meter (AS-TZ1, Asahi Techno Lab, Yokohama, 
Japan). For the measurement of skin impedance, PBS was applied to the 
PS-treated area and non-PS-treated area 30 s before the measurement, 
then Ag and AgCl electrodes were placed on the PS-treated and non-PS- 
treated areas, respectively, to measure the impedance. Changes in the 
skin impedance were calculated using the following Eq. (2);   

2.9. Statistical analysis 

All experiments were conducted at least in triplicates. JMP® Pro 
software (ver. 14.0.0, SAS Institute Inc., Cary, NC, USA) was used for 
statistical analyses. Experimental data were tested for statistical signif
icance (p < 0.05) using one-way ANOVA and Tukey’s honestly signifi
cant difference post hoc analysis. All data were expressed as the mean 
with standard error. 

3. Theoretical 

According to skin anatomy and barrier function, skin is generally 
divided into two or three different layers: SC, viable epidermis, and 
dermis. The skin permeation of drugs can be expressed using a parallel 
skin permeation-resistance model Wu et al., 2006). The total skin 
resistance (Rtot), where permeation resistance, R, is represented as the 
reciprocal of the permeability coefficient obtained from skin permeation 
experiments with intact skin (1/Ptot). Rtot is composed of resistance in 
the SC (Rsc) and the viable epidermis and dermis (Rved), as shown in Eq. 
((3). 

Rtot = Rsc + Rved (3)  

where Rved is obtained from permeation experiments with stripped skin. 
Rsc is the difference between Rtot and Rved. Furthermore, Rsc can be 
considered as the sum of a number (n) of the same resistance (rsc) con
nected in parallel, as shown in Fig. 2. The Rsc is expressed as follows: 

1
Rsc

=
1
rsc

+
1
rsc

+ ⋯ +
1
rsc

=
n
rsc

(4)  

where n is number of created pores. When 200 pores were created by PS 
application in the SC, the skin resistance, R′

sc, could be expressed as 
follows: 

1
R′

sc
=

1
rsc

+
1
rsc

+ ⋯ +
1
rsc

+
1
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+
1
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+ ⋯ +
1
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(5)  

=
n − 200

rsc
+

200
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(6) 

Then, R′

sc is 

R′

sc =
rscrp

(n − 200)rp + 200rsc
(7) 

Changes in skin resistance (%) =
Skin resistance at time − skin resistance before PS − treatment

skin resistance just before PS − treatment
× 100 (2)   
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where rp is the permeation resistance through one created pore. 
In the present study, YMP about 20 µm thick and consisting of about 

15 layers (Fujii et al., 1997) was used the in vitro skin permeation test. 
According to the depth of the micropores created after PS treatment, 
Eqs. 3 or 4 were applied to calculate the P value. 

4. Results 

4.1. Measurement of the size of pores in PS-treated skin 

Fig. 3 shows the top view (a and b) and composite three-dimensional 
images (c) of PS-treated skin. Methylene blue solution was applied to the 
skin surface after PS treatment to observe the pores. No distinct pores 
were observed from a wide field microscopic view (Fig. 3a), whereas 
200 pores with dimensions of about 40 µm by 320 µm were observed in 
the enlarged view independent of the PS treatment period. Fig. 3b shows 
one of the pores created by PS treatment. The three-dimensional images 
(Fig. 3c) were successfully composited, and the pore depth was 
measured from the obtained images. Fig. 3d shows measurement depth 
results of created pore from constructed three-dimensional images. The 
depth of the center of the long side of the rectangular pore (shown in a 
light blue color) was measured, and the obtained depth in this case was 
21.44 µm. 

Table 1 shows the average values obtained using the microscopy 
measurements. The dimensions of the observed pores from the top view 
were almost the same as expected from the PS treatment period. On the 

other hand, pore depths were 13.0, 17.7, and 21.2 µm as increasing of 
energy duration (1.1, 2.0, and 4 ms). Pore depths over 20 µm were 
observed after PS treatment. The Tarea calculated from an area of 
approximately 40 µm by 320 µm was about 2.8%. 

4.2. Skin permeation profile of FD-4 after PS treatment 

Fig. 4 shows the results of the effect of PS treatments on the skin 
permeability of FD-4. Stripped skin and intact skin (with no PS treat
ment) were used as positive and negative controls, respectively. When 
FD-4 solution was applied on the stripped skin, approximately 4500-fold 
higher cumulative amount of FD-4 permeated over 8 h (Q8h). PS treat
ment improved the skin permeation of FD-4, and the enhancement ef
fects on Q8h were 930-, 648-, and 474-fold for PS4.0ms, PS2.0ms, and 
PS1.1ms, respectively. 

4.3. FD-4 permeation through pores created using PS treatment 

Obtained Ptot and Pved through intact skin and stripped skin were 
(2.55 ± 0.25) × 10− 10 cm/s and (1.15 ± 0.11) × 10− 6 cm/s, respec
tively, and the calculated Psc from the subtraction of 1/Pved from 1/Ptot 
was 2.55 × 10− 10 cm/s. On the other hand, the Ptot values after PSs and 
PSw treatments were (2.38 ± 0.44) × 10− 7 cm/s and (1.47 ± 0.17) ×
10− 7 cm/s, respectively. The n calculated from the dimension of the 
pores created using PS treatment was 7813, and rsc was determined to be 
3.06 × 1013 s/cm using Eq. 3. In addition, the rp values of the PS4.0ms and 

Fig. 2. Schematic representation of a skin permeation resistance model. 
a: Resistance model for intact skin; b: Parallel resistance model for intact skin; c: Resistance model for punctured skin. 
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PS1.1ms treatments were 6.67 × 108 s/cm and 1.19 × 109 s/cm, 
respectively. 

4.4. Blood glucose and insulin profiles after transdermal administration of 
insulin through PS-treated skin 

Fig. 5 shows the blood concentration profile of insulin after s.c. in
jection as well as the transdermal application after PS4.0ms treatment. 
Only PS4.0ms was applied in the present study because it showed the 

highest skin permeation effect for FD-4, and two-fold higher insulin dose 
was applied for transdermal application in order to obtain quantitative 
blood concentrations of insulin. Rapidly increased blood concentrations 
of insulin were observed after s.c. injection, and the concentrations 
decreased after reaching the maximum concentration (Cmax) approxi
mately 30 min after administration. The insulin concentration reached a 
level lower than the minimum detectable concentration (3.3 µU/mL) at 
360 min after administration. On the other hand, PSs application pro
vided a gradual increase in the blood concentration of insulin. The 
concentration reached Cmax after approximately 360 min and was still 
detectable until 720 min after application. The areas under the blood 
concentration–time curve up to 12 h after administration (AUC12h) 
(calculated using the trapezoidal equation) were 3345 and 1413 
μU«min/mL for s.c. injection and transdermal application with PS4.0ms, 
respectively. The relative bioavailability was 21.1% after transdermal 
application of insulin with PS4.0ms. 

Fig. 3. 3D microscopic observation of the skin surface after PS application. Treatment of the skin with methylene blue aqueous solution was conducted to observe the 
pores created. Dotted line: PS application area, solid line; created micropore. (a) top view, (b) enlarged top view, (c) 3D view, (d) Measurement depth results of the 
created pores (right part) from the constructed three-dimensional image (left part) (The arrow shows the measurement part) (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.). 

Table 1 
Measurement of the size of pores created by thermalporation.   

Average ± S.D. (μm) 

Treatment Length Width Depth 
PS4.0ms 321.3 ± 1.7 42.1 ± 1.4 21.2 ± 5.9 
PS2.0ms 322.4 ± 1.4 40.7 ± 1.4 17.7 ± 4.2 
PS1.1ms 326.8 ± 2.2 41.9 ± 5.4 13.0 ± 2.2  
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4.5. Barrier recovery of PS-treated skin 

Change in the barrier function of the SC was investigated with the 
change in the skin resistance value to evaluate barrier function recovery 
after PS treatments (Fig. 6). Skin resistance value decreased dramati
cally just after PS treatments and about 90% of decreased skin resistance 
was obtained irrespective of the type of PS treatment. Then, the resis
tance value gradually returned to the initial skin resistance value over 12 
h, independent of the created pore depth. 

5. Discussion 

PS4.0ms treatment exhibited approximately 930-fold higher skin 
permeation of FD-4 than that without PS treatment. A skin permeation 
resistance model shown in Fig. 2 was used for analysis of the enhance
ment effect by PS treatment. The rp values calculated with permeation 
profiles through PS4.0ms- and PS1.1ms-treated skin were 6.67 × 108 and 
1.19 × 109 s/cm, respectively. The ratio of 1/rp obtained from PS1.1ms 
treatment against that from PS4.0ms treatment was 0.56. This value was 
almost same as the ratio of the depth of pores created using PS1.1ms 
versus those using PS4.0ms (0.61). This result suggested that FD-4 

permeation through PS-treated skin was dependent on the depth of 
pores created in the SC. In addition, R′

sc values may be changed by the 
pore size (height and width) and the number of pores. The present 
resistance model may be useful to estimate the skin permeation of drugs 
even when the number and size of stainless filaments in the PS device 
was changed. FD-4 is more stable in the skin compared with insulin. 
Thus, FD-4 was selected as a model drug, and estimation of insulin ab
sorption was done using the FD-4 permeation date, which has almost the 
same molecular size as insulin. 

Topically applied insulin after PS4.0ms-treatment was absorbed into 
the systemic circulation via blood capillaries in the epidermis. Needle- 
free injections and hollow microneedles can directly deliver drugs into 
the epidermis and dermis, and rapid drug absorption may be obtained by 
drug administration with these devices (Harvey et al., 2011; Inoue et al., 
2010). On the other hand, PS treatment provided gradually increased 
insulin concentrations in the blood, as shown in Fig. 5, because it took 
time for the insulin to reach capillaries in the epidermis through the 
viable epidermis. The drug absorption rate may be influenced by the 
vicinity of the dermal vasculature. A tight junction barrier is located in 
the granular layer of the epidermis (Pummi et al., 2001). Thus, appli
cation of tight junction modulators such as sodium caprate and AT1002 
might be effective in increasing the skin permeation rate of a middle 
molecular weight biomedical agents (Gopalakrishnan et al., 2009; 
Kurasawa et al., 2009). When blood insulin concentration was compared 
between s.c. injection and PS4.0ms treatment, PS4.0ms treatment provided 
a gradual increase in insulin concentration and maintained a constant 
concentration. This obtained profile seemed to exhibit the characteris
tics of drug delivery with PS treatment very well. In other words, PS 
treatment may be suitable as a drug administration device that does not 
require rapid blood migration after application. 

Assuming that insulin permeates through PS4.0ms-treated skin with a 
P value of 2.38 × 10− 7 cm/s with a 2 h lag-time, which was obtained 
from FD-4 permeation experiments, the amount of permeated insulin 
was about 9 × 10− 3 U at 8 h after application. If the permeated insulin 
had migrated completely into the systemic circulation, about 9.0% of 
the applied insulin was absorbed in the present experimental conditions. 
However, the bioavailability obtained from in vivo experiments was 
21.1%. The absorption ratio calculated from the in vitro experiment with 

Fig. 4. Cumulative amount of FD-4 permeated through hairless rat skin. 
Symbols: ⬤; intact skin (without PS application) ○; stripped skin, □; PS1.1ms 
applied intact skin, ▴; PS2.0ms applied intact skin, ⬛; PS4.0ms applied intact skin. 
Each point shows the mean ± S.E. (n = 3–4). P<0.05 compared with Q8h of 
intact skin. 

Fig. 5. Blood insulin concentration–time profiles 
Symbols; ⋄; s.c. injection, ⬛; transdermal application after PSs treatment. Each 
point shows the mean ± S.E. (n = 3–4). 
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YMP skin was about 0.43-fold underestimated from in vivo experiment 
results with rats, suggesting that differences between species in skin 
permeation between rat and porcine models might have affected the 
results. However, the skin resistance model obtained from in vitro 
experiment can be utilized to roughly estimate in vivo absorption ratio. 

Unlike the above problem, the applied insulin solution tended to 
gather in the peripheral area of the glass cell easily over time because the 
abdomen at the application site was not horizontal. This phenomenon 
might affect the blood concentration–time profile of insulin. Formula
tion to hold applied solution on the PS treated site and a combination of 
other driving forces, such as electroosmosis generated by iontophoresis, 
is necessary to increase utilization of the applied drug after PS 
application. 

The barrier function of the SC had almost recovered by 12 h after PS 
treatment. Kam et al. reported barrier recovery evaluated in guinea pigs, 
and the transepidermal water loss (TEWL) value recovered 24 h after 
radiofrequency microchannel treatment, which is a thermal abrasion 
technique (Kam et al., 2012). Lee et al. also evaluated the change in 
barrier function recovery with TEWL. They reported that pores created 
by laser abrasion with microchannels of about 150 µm in diameter and 
25 µm in depth were restored at 16 h after irradiation (Lee et al., 2003). 
In addition to thermal ablation, TEWL recovery within 24 h after the 
application of physical means to produce microchannels in the SC, such 
as microneedle treatments (Haq et al., 2009), and electroporation 
(Sugibayashi et al., 2010), has also been reported. In the present study, 
skin resistance almost recovered to the initial level by 12 h. In addition, 
TEWL values after the application of PS treatment returned to the level 
before PS treatment after 12 h (Supplemental Fig. S1). Furthermore, 
micropores created after the application of PS4.0ms treatment was closed 
gradually, with the passage of time, although it was a visible observation 
(Supplemental Fig. S2). 

From a safety perspective, a rapid recovery after PS treatment will be 

preferable. However, a slow recovery might be preferable in order to 
obtain skin permeation enhancement effects after PS treatment because 
a quick recovery may decrease the skin permeation of a drug. Tokudome 
et al. reported that delays in repair of the SC after treatment using 
electroporation provided a higher skin permeation of macromolecules 
(Tokudome and Sugibayashi, 2003). Thus, from the point of view of 
enhancement of skin permeation, the lifetime of the created pore route 
will be important in governing drug transport. A hydration process may 
prolong the recovery period of the abraded SC, and negatively charged 
materials on the skin might accelerate repair of the barrier function of 
the SC. Currently, there are no criteria for the repair of barrier function 
after skin abrasion, which has the skin permeation enhancement effect 
and enables safe use. However, control of repair of the skin barrier will 
be an important point for practical use of thermal ablation as well as 
other physical means. In the present study, recovery of the skin barrier 
was investigated; however, measurement of the recovery of skin resis
tance does not evaluate pathological damage to the skin by PS treat
ment. Further studies with histological observations should be done to 
evaluate the safety of PS treatment. 

In addition to PS treatment, other physical devices such as solid type 
microneedles and electroporation can also create micropores in the SC. 
Understanding the differences in the characteristics of skin permeation 
among these devices will help in the selection of devices that allow 
increased permeation of specific drugs depending on the therapeutic 
purpose. PS treatment applies from the surface of skin, and then the 
transdermal patch is covered on the microporated skin. Unlike with 
microneedles, PS treatment may be safer and have advantages due to 
needle-free injection. In the present study, in vivo experiments were done 
with insulin only. Other middle molecular weight drugs should be 
applied to confirm the features of the blood concentration–time profiles 
after PS treatment. Furthermore, a resistance model should be applied 
with different filament sizes and arrangements. Further experiments are 

Fig. 6. Change in skin resistance value 
(a) ⬛; PS4.0ms applied intact skin, (b) ▴; PS2.0ms applied intact skin, (c) □; PS1.1ms applied intact skin. Dotted lines show the skin resistance value before PS 
application. Each point shows the mean ± S.E. (n = 3–4). 
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needed to clarify the differences in efficacy and safety. 

5. Conclusion 

Pores created by thermalporation were effective in improving the 
skin permeation of FD-4 and insulin. In the present study, it was not 
examined whether PS treatment caused skin irritation or lipohyper
trophy, which are known to be caused by repeated s.c. injection (Gentile 
et al., 2016). Although further study on the safety of the application of 
the device should be considered, PS treatment was associated with the 
maintenance of blood concentrations of drugs for a long period, 
although their absorption rate was slow. Therefore, considering the 
characteristics of drug absorption through PS-treated skin, PS treatment 
was considered to be suitable for the transdermal application of hor
mones and central nervous system drugs. 
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