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Abstract Transdermal drug delivery is advantageous over
other conventional drug administration routes. However, it
can be inefficient because of the natural barrier of the stratum
corneum which is the uppermost layer of the skin. A previous
study verified that the treatment of magainin pore-forming
peptide with N-lauroylsarcosine (NLS) on human skin can
increase skin permeability by 47-fold. However, NLS is well
known as a potential skin irritant. The irritation potential of
NLS is known to decrease when mixed with sorbitan
monolaurate (S20). Encouraged by these results, we com-
bined S20 with magainin-NLS to enhance transdermal drug
transport with less skin irritation. In this study, nine groups
with magainin and NLS:S20 mixtures at different concentra-
tions and weight fractions were screened to maximize their
synergistic effect. To quantify the efficacy to toxicity ratio of
each formulation, we defined the ratio as the Benhancement
ratio/irritation potential (ER/IP).^ The ER was observed by
Franz cell diffusion of the target drug fluorescein, and the IP
was measured by the cytotoxicity of the NIH/3T3 mouse fi-
broblast cell line. As a result, the magainin with the NLS:S20
mixture increased the permeability of porcine skin as well as
decreased the toxicity. Among the various combinations, a
formulation of 2% (w/v) NLS:S20 with a weight fraction of
0.6:0.4 had the largest ER/IP. ATR-FTIR spectroscopy of the
formulations and skin was done to analyze the interactions in
the formulations themselves and between the formulations
and the skin. Both the intercellular lipidic route and transcel-

lular route through the stratum corneum protein were involved
in the delivery of fluorescein. This study turned pore-forming
peptides into an efficient and safe penetration enhancer by
combining them with other chemical penetration enhancers.
Moreover, this discovery could be a possible method for en-
abling the transdermal delivery of macromolecules.
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Introduction

Transdermal drug delivery offers numerous advantages over
other drug administration routes [1]. It is painless and can be
terminated rapidly by removal of the application and therefore
offers better compatibility [2]. However, transdermal delivery
still possesses some limitations due to the natural barrier func-
tion of the stratum corneum (SC) which is the uppermost layer
of the skin. It forms a highly organized brick-and-mortar struc-
ture composed of corneocytes surrounded by a lipid matrix to
protect the inner organs of the human body from foreign sub-
stances such as toxins or pathogens [3, 4]. Various methods
have been developed to overcome this SC barrier using either
physical or biochemical method.

Chemical penetration enhancers (CPEs) have been gaining
interest among the chemical methods due to its direct effect on
the SC barrier and simple application. Awide variety of CPEs
have been discovered including azone derivatives, fatty acids,
alcohols, esters, sulfoxides, pyrrolidones, glycols, surfactants,
and terpenes. Several studies have been conducted so far to
increase the permeation of the skin using chemical enhancers
either alone or mixed together for their synergistic effects [5].
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In addition to CPEs, skin permeability enhancement strategies
using peptides have been investigated in recent years [6–8].
Skin-penetrating peptides (SPPs) including SPACE, DLP, or
polyarginine have been shown to enhance the penetration of
the hydrophobic macromolecule cyclosporine A [9, 10].
Previous studies showed that magainin pore-forming peptide
also has the ability to increase the skin penetration of the
fluorescein molecule 47-fold in the presence of N-
lauroylsarcosine (NLS) and ethanol [11, 12].

Magainin is an antimicrobial peptide isolated from the skin
of a frog, Xenopus laevis, and its amphipathic alpha helical
structure has a critical role in its pore-forming activity [13,
14]. It is the only naturally occurring antimicrobial peptide
which promotes skin permeation [12]. Because of its wide
antimicrobial activity and low toxicity in mammals, it has
great potential as a penetration enhancer [15, 16]. However,
magainin can enhance drug permeation through the skin only
when applied together with the anionic surfactant NLS dis-
solved in a 50% (v/v) phosphate buffered saline-ethanol (PBS-
EtOH) solution [11]. NLS has been reported to be a skin
irritant [17] which produces superoxide anions that can disrupt
skin keratinocytes followed by skin erythemawith a score of 2
[18, 19]. Because the ultimate utility of CPEs is strongly re-
lated to both their effectiveness and safety, the toxicity of NLS
is a serious limitation of the magainin and NLS mixture.

In this research, we combined S20 with NLS and magainin
to not only enhance transdermal transport but also prevent
skin irritation. According to previous research [20], the binary
mixture of NLS and the non-ionic surfactant sorbitan
monolaurate (S20) can synergistically enhance permeability
with reduced irritancy when compared to that of individual
enhancers. Especially, NLS:S20 mixtures with a total concen-
tration of 1% (w/v) and a weight ratio of 0.6:0.4 and 1.5% (w/
v) with a weight ratio of 0.3:0.7 had the best synergistic inter-
action. Based on the compositions above and a report that 2%
(w/v) NLS exhibits the maximum enhancement when treated
with 1 mM magainin [11], we screened for the enhanced per-
meability of the target drug fluorescein and skin irritation
using nine groups consisting of different concentrations and
weight ratios of the NLS:S20 mixture with 1 mM magainin.

Herein, we report that the addition of S20 to magainin-
NLS can both improve the permeability and reduce the
toxicity on the skin. Additionally, we determined the most
efficient composition of the NLS:S20 mixture from
among different concentrations and weight ratios as a skin
penetration enhancer. The efficiency was quantified by the
enhancement ratio (ER) and the irritation potential (IP),
while the ER/IP was considered as the parameter of for
the efficacy to toxicity ratio. Additionally, as the first
study to investigate the synergistic application of a pore-
forming peptide with a binary CPE mixture, we did a
mechanistic assay with attenuated total reflection
Fourier-transform infrared spectroscopy (ATR-FTIR) of

the formulations and SC to identify the mechanism re-
sponsible for increasing the ER/IP value.

Materials and methods

Chemicals

Magainin (GIGKFLHSAKKFGKAFVGEIMNS) was chemi-
cally synthesized by Shanghai Top Peptide (Shanghai, China)
at a purity of over 90%. Fluorescein, N-lauroylsarcosine
(NLS), sorbitan monolaurate (S20), phosphate buffered saline
(PBS), ethanol (EtOH), and trypsin were purchased from
Sigma Chemicals (St. Louis, MO, USA).

Skin pretreatment

Full-thickness porcine skin (Heart Research Center of
Chonnam National University, South Korea) was stored at
− 80 °C and thawed at room temperature for 2 h prior to
use. The hair was clipped first with a hair trimmer and then
with a razor, and the skin was cut into 2 cm × 2 cm samples.
The samples were washed by PBS and dried for about half an
hour. Each skin sample was mounted on the Franz diffusion
cell (FDC, Labfine, South Korea) between the donor and re-
ceiver chambers. Nine groups of formulations were prepared
by dissolving 1 mMmagainin and NLSwith or without S20 in
50% (v/v) PBS-EtOH solution with different concentrations
and weight ratios: (A) 1% (w/v) NLS; (B) 1% (w/v)
NLS:S20, weight fraction of NLS, 0.6; (C) 1% (w/v)
NLS:S20, weight fraction of NLS, 0.3; (D) 1.5% (w/v) NLS;
(E) 1.5% (w/v) NLS:S20, weight fraction of NLS, 0.6; (F)
1.5% (w/v) NLS:S20, weight fraction of NLS, 0.3; (G) 2%
(w/v) NLS; (H) 2% (w/v) NLS:S20, weight fraction of NLS,
0.6; and (I) 2% (w/v) NLS:S20, weight fraction of NLS, 0.3
(Table 1). Skin samples were pretreated with the formulations
filling the donor chamber of the FDC with a total volume of
0.3 ml. The control group was pretreated with 50% (v/v) PBS-
EtOH solution. The receiver chamber was filled with PBS
solution through the sampling port. The pretreatment proce-
dure was done for 12 h at 4 °C to prevent degradation of the
skin samples.

Fluorescein penetration

After the 12-h skin pretreatment, FDCs were kept at 37 °C for
an additional 3 h to re-equilibrate them. Then, both the donor
chamber and receiver chamber were emptied. The receiver
chamber was filled with fresh PBS, and the donor chamber
was filled with 0.3 ml of 0.5 mM fluorescein (Sigma Aldrich,
USA) dissolved in PBS. The receiver chamber was sampled
every 3 h for 12 h by emptying and re-filling with fresh PBS.
The fluorescence intensity of the target molecule was
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measured with a spectrofluorophotometer (Dong-il Shimadzu,
South Korea) at a wavelength of 480 nm. The enhancement
ratio (ER) was quantified by the cumulative fluorescence in-
tensity of the skin sample pretreated with each formulation
divided by that of the control. We defined the ER of each
sample as follows:

ER ¼ Fluorescence intensity of the formulation
Fluorescence intensity of the control

� �
� 100: ð1Þ

Cell cytotoxicity assay

The irritation potential (IP) was confirmed by cell cyto-
toxicity assay of the NIH/3T3 mouse fibroblast cell line
(Korean Collection for Type Cultures, South Korea). Cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Sigma Aldrich, USA) with 10% heat-
inactivated bovine calf serum (Gibco, USA) and 1% anti-
biotic antimycotic solution (Sigma Aldrich, USA) in a 75-
cm2 cell culture flask at 37 °C. Cells were subcultured
every 2–3 days and then seeded on a 96-well plate at a
density of 7–8000 cells per well. After 24 h of incubation,
old media were removed, and 100 μl of each formulation
were applied to the cells for another 24 h. Cell viability
was determined by the degree of change for yellow
3-(4,5-dimethylthiazol-2-yl)-2,5-difenyltetrazolium bro-
mide (MTT, Sigma) into purple formazan. After the incu-
bation, 20 μl of the MTT solution were added to each
well and incubated for 2 h. The incubated cells were lysed
by adding 150 μl of dimethylsulfoxide and shaken for
15 min with the Multiskan GO device (Thermo Fisher
Scientific, USA). The optical density was measured at a
wavelength of 590 nm. Cell viability was obtained by
dividing the optical density of the cells treated with each
formulation with that of the control. The IP value was
expressed as follows:

IP ¼ 100 1−
% cell viability with the formulation

% cell viability of control

� �
: ð2Þ

Attenuated total reflection Fourier-transform infrared
spectroscopy of the formulations

The formulations with the different compositions were ana-
lyzed by attenuated total reflection Fourier-transform infrared
(ATR-FTIR) spectroscopy. One milliliter of each formulation
containing magainin and NLS with or without S20 was pre-
pared 1 h prior to the collection of the FTIR spectra and kept at
room temperature. All spectra were obtained with the Nicolet
iS50 FTIR spectrometer (Thermo Fisher Scientific
Instrument, USA) at a resolution of 4 cm−1 and frequency
range of 4000–400 cm−1 and finally averaged over 32 scans.
The obtained spectra were smoothed, baseline corrected, and
deconvoluted by the OMNIC software (Thermo Fisher
Scientific Instrument, USA). The chemical environment
change of the carboxylate group in the NLS due to the addi-
tion of S20 is represented by the carboxylate peak
(1650 cm−1). The degree of the interaction was obtained by
the change ratio of the peak area divided by the peak height of
each formulation without and with S20 as follows:

Δ A=Hð Þ ¼ A=Hð ÞS20þNLS
1650cm−1 − A=Hð ÞNLS1650cm−1

A=Hð ÞNLS1650cm−1

� 100: ð3Þ

Attenuated total reflection Fourier-transform infrared
spectroscopy of the stratum corneum

Prior to the ATR-FTIR analysis of the skin lipids and proteins,
a SC sheet was isolated from the epidermis (Medikinetics,
South Korea) by trypsin digestion [21]. The epidermis was
floated over 0.25% (w/v) trypsin solution at room temperature
(25 °C) for 24 h. The isolated SC film was then rinsed with
PBS solution and dried at room temperature for another 24 h.
The ATR-FTIR spectra were first collected for each SC sheet
as a control before treatment with the formulations. Then, the
SC sheets were incubated with 500 μl of each formulation at
4 °C for 24 h. After the treatment, the SC sheets were washed
with PBS solution and dried at room temperature for 24 h. The

Table 1 Compositions of
formulations (A) to (I). Peptide
and surfactants are all dissolved in
50% (v/v) PBS-EtOH solution

Magainin (mM) NLS S20 Concentration of surfactants (%) Weight ratio (NLS:S20)

A 1 + − 1 1.0:0.0

B 1 + + 1 0.6:0.4

C 1 + + 1 0.3:0.7

D 1 + − 1.5 1.0:0.0

E 1 + + 1.5 0.6:0.4

F 1 + + 1.5 0.3:0.7

G 1 + − 2 1.0:0.0

H 1 + + 2 0.6:0.4

I 1 + + 2 0.3:0.7
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spectra of the post-treatment SC sheets were collected and
compared with those of the untreated SC sheets to analyze
the lipid bilayer and protein structure changes in the SC by
the formulation. All spectra were obtained with a Nicolet iS50
FTIR spectrometer (Thermo Fisher Scientific Instrument,
USA) at a resolution of 4 cm−1 and a frequency range of
4000–400 cm−1 and finally averaged over 32 scans. The ob-
tained spectra were smoothed, baseline corrected,
deconvoluted, and analyzed by the OMNIC software
(Thermo Fisher Scientific Instrument, USA). The skin lipid
fluidization was represented by the frequency shift of the
asymmetric (2920 cm−1) and symmetric (2850 cm−1) C–H
stretching peaks. Skin protein structure alteration was inferred
by the frequency shift of the C=O stretching peak
(1650 cm−1).

Results

Fluorescein permeation and ER

To confirm the skin penetration enhancement of the magainin
peptide with the NLS:S20 mixture and to screen for the opti-
mal composition, we measured the ER values of nine different
formulations listed in Table 1. Porcine skin was used for the
pretreatment, and the target drug fluorescein was permeated
through the FDC. The fluorescence intensity of the drug de-
livered through the porcine skin samples was measured by a
spectrofluorophotometer, and the cumulative results are
shown in Fig. 1((a)). The difference among the amounts of
fluorescein delivered by each group became significant after
about 9 h of penetration. Group (H) had the largest increase in
fluorescein permeation followed by Group (F).

The cumulative fluorescence intensity after 12 h was con-
verted into the ER relative to that of the control by Eq. (1) in
which the ER value of the control group was defined as 100%.
As shown in Fig. 1((b)), all formulations showed enhanced
permeation of fluorescein compared to the control group re-
gardless of the presence of S20. White bars represent the for-
mulations containing magainin and NLS with different com-
positions without S20, and the black bars indicate those with
S20. Groups (A), (D), and (E) without S20 had ER values less
than 1000%, and the values were proportional with their total
concentration of surfactants. All cases except (C) showed the
tendency that formulations with S20 had a larger ER value
than those with the same concentration of NLS without S20.
Noticeable ER values (***P < 0.001) of 1926.49 and
3087.30% were observed in the formulations (F) with
magainin and 1.5% NLS:S20 with a weight ratio of 0.3:0.7
and (H) with 2% NLS:S20 and a weight ratio of 0.6:0.4, re-
spectively. By adding S20 to groups with magainin and NLS
only, both (F) and (H) had a permeability enhancement of
about three or more folds (+++P < 0.001). In contrast, (B)

and (C) with a concentration of 1% had an insignificant effect
on the ER compared to (A) without S20. Although the ER
values seem to be far smaller compared to previous studies,
these results are reasonable because full-thickness porcine
skin was used here which is more than 60 times thicker com-
pared to the human epidermis [22].

Cell cytotoxicity and IP

Because the safety of enhancers should be considered in ad-
dition to their potencies, the cell cytotoxicity was measured by
performing the MTT assay on the NIH/3T3 mouse fibroblast
cell line. This cell line was chosen because fibroblasts are a
representative cell type in the skin dermis structure [23].
Among fibroblast cell lines, NIH/3T3 is widely used in stud-
ies, and because of early identification of risk factors in NIH/
3T3, it has been suggested as an alternative for in vivo animal
tests recently [24, 25]. The cell cytotoxicities from the treat-
ments of the nine formulations were converted into the IP
relative to the control according to Eq. (2). In agreement with
our hypothesis, the IP values were largest in (D) and (G) for
which the magainin was mixed only with the NLS as shown in
Fig. 2. This correlation was observed between the concentra-
tions of NLS and the IP values in groups only with magainin-
NLS without S20, (A), (D), and (G), indicated by white bars.
Their toxicity increased with the increase in NLS concentra-
tion. This result corresponds well with the irritancy of NLS
caused by the superoxide anion mentioned in the introduction.
In most of the cases except for formulation (C), the addition of
S20 decreased the skin irritation (+++P < 0.001), and this effect
was greater for NLS:S20 concentrations of 1.5 and 2%. The
toxicity of (D) and (G) without S20 was decreased by more
than 6- and 11-fold in (F) and (H) which had the same con-
centration of NLS but also included S20 at weight ratios of 0.7
and 0.4, respectively. For formulations (D) to (I) with a con-
centration of 1.5 or 2%, the ER and IP values are negatively
correlated to each other. Because toxicity is accompanied with
permeability enhancement [26], it is worth noting that formu-
lations (F) with 1 mM magainin and 1.5% NLS:S20 with a
ratio of 0.3:0.7 and (H) with 2% NLS:S20 and a ratio of
0.6:0.4 had the largest ER value and simultaneously, the low-
est toxicity among all the formulation groups. This will be
discussed later in the next session.

Relationship between ER and IP

We calculated the ER/IP value to investigate the efficacy to
toxicity ratio of each formulation group and determined the
best composition of magainin and NLS:S20 which enhances
the permeability with the least skin irritation. According to
Table 2, (H) with magainin and 2% NLS:S20 with a weight
ratio of 0.6:0.4 had the largest ER/IP value, 517.10, followed
by (F) with 1.5%NLS:S20with a weight ratio of 0.3:0.7. Both
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groups have ER values larger than 1000 and IP values less
than 10; therefore, they both have great potential as penetra-
tion enhancers. Although the ER values of (D) and (G) were
quite large, the ER/IP was even lower than that of the control
because of their irritancy. In contrast, groups containing 1%
surfactants had low toxicity; however, the ER/IP was insignif-
icant because of their low potency. Moderate characteristics
were observed for formulations (E) and (I) both with values
over 50. The ER/IP value of control group was increased
about 17-fold when compared with that of (D) and (F) and
42-fold when compared with that of (G) and (H). The addition
of a specific weight ratio of S20 to the magainin-NLS mixture
is responsible for the definite increase in utility for the NLS
concentrations of 1.5 and 2%.

The ER and IP values are plotted for each formulation in
Fig. 3 which is divided into four quadrants. Quadrant I repre-
sents potent but irritating enhancers, quadrant II potent and
non-irritating enhancers, quadrant III non-irritating but weak
enhancers, and quadrant IV irritating and weak enhancers. We

focused on the movement of the groups without S20 (white
dots) in an upper-left direction by the addition of S20 (black
dots) on the plot. Groups (D) and (G) in quadrant IVmoved to
a great extent toward quadrant II in the presence of S20 which
shows an increase in skin permeability and decrease in skin
irritation. Group (H) is located in the uppermost and also left-
most region among all the mixtures on the plot. Therefore, it is
regarded as the most effective composition when considering
both potency and safety followed by (F) and (I).

Fourier-transform infrared spectroscopy
of the formulations

To determine whether the chemical interaction between
the NLS and S20 influences skin permeability when dis-
solved in 50% (v/v) PBS:EtOH with magainin, all the
formulations were analyzed with ATR-FTIR spectroscopy.
The chemical environment change of the carboxylate
group in the NLS due to the S20 was quantified by the
change ratio of the peak area to the peak height (A/H) at

Fig. 1 (a) Cumulative fluorescein delivered in 3, 6, 9, and 12 h after the
skin pretreatment with formulations (A) to (I). (b) ER value of each
formulation. The asterisks (*) mean that the group has a statistically
significant difference compared to the control (***P = < 0.001). The plus

sign (+) means that the group has a statistically significant difference
compared to the group with the same surfactant concentration
(+++P = < 0.001, +P = < 0.05). Each data point represents the mean ±
std (n = 9)

Fig. 2 IP value of each formulation. The plus sign (+) means that the
group has a statistically significant difference compared to the group with
the same surfactant concentration (+++P = < 0.001, +P = < 0.05). Each
data point represents the mean ± std (n = 5)

Table 2 ER, IP, and ER/IP values of the formulations

Enhancement ratio (ER) Irritation potential (IP) ER/IP

Control 100 (21.70) 5.22 (3.48) 19.16

A 275.13 (57.78) 9.98 (7.34) 27.57

B 393.01 (93.36) 11.26 (15.58) 34.89

C 128.41 (21.07) 18.90 (17.17) 6.79

D 651.45 (211.03) 38.52 (3.01) 16.91

E 747.07 (166.92) 12.64 (11.62) 59.12

F 1926.49 (332.96) 6.38 (6.87) 301.89

G 812.94 (292.03) 66.77 (2.44) 12.18

H 3087.30 (583.26) 5.97 (6.49) 517.10

I 1455.71 (148.55) 26.51 (6.98) 54.90
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the C=O stretching peak (1650 cm−1) by Eq. (3) [20]. As
seen in Table 3, the A/H ratio of the peak was changed
due to the presence of S20. According to a previous study,
this chemical environment change is attributed to the elec-
trostatic interaction or hydrogen bond between the active
carboxylate group in the NLS and the three hydroxyl
groups in the S20 [20]. These interactions between these
two surfactants still occurred when mixed with the
magainin peptide.

A significant alteration (+P = < 0.05) in the chemical
environment was observed in formulation (F), three times
larger than that of group (E) which had the same surfac-
tant concentration but with a different weight ratio. This
tendency was observed also in the ER value in these for-
mulations. In a similar context, the area to height ratio
change in formulations containing 2% NLS:S20 also af-
fected the ER value in which a larger change led to more
efficient permeation of fluorescein when compared with

formulations (H) and (I). The ratio change was relatively
insignificant in the groups containing a surfactant concen-
tration of 1%, which also resulted in a low ER value. In
this manner, we believe that the degree of interaction be-
tween the NLS and S20 with magainin is responsible for
the ER value of each group.

ATR-FTIR spectroscopy of the stratum corneum

To determine the interaction of the formulations with the SC
lipids and proteins, ATR-FTIR spectroscopy was measured.
For the SC lipids, the frequency shift of the symmetric and
asymmetric C–H stretching peaks at 2850 and 2920 cm−1 was
used as a quantitative parameter. The peak spectra and peak
wavelength of untreated and treated SC samples were collect-
ed shown in Fig. 4((a)). The peak frequency clearly increased
after the treatment. For a precise analysis, four peaks consti-
tuting the C–H stretching region were used in the
deconvolution shown by the dotted lines in Fig. 4((b)). The
shifts in the wavelength from the untreated SC to the SC
incubated with each formulation are listed in Table 4. All the
formulations induced an increase in the frequency for both the
symmetric and asymmetric peaks with the presence of S20
inducing a larger shift. This upfield shift of the C–H peak
frequency indicates a change from a trans to a gauche confor-
mation which represents the fluidization of the SC lipidic la-
mellae [27]. Consistent with the ER and ATR-FTIR analysis
of the formulations, (F) and (H) had the largest degree of lipid
bilayer fluidization which was larger for the asymmetric ones
(***P < 0.001). They each showed a two- and sevenfold in-
crease in the asymmetric peak frequency compared with (D)
and (G) which have the same composition but also have S20
(+++P < 0.001).

Such a trend was also observed in the SC protein struc-
ture. Structure alteration of SC proteins was estimated by
the extent of changes in the C=O stretching peak at
1650 cm−1 shown in Fig. 4((c)). The amide band is rep-
resentative of characteristics of keratin and ceramides lo-
cated in the SC [28]. According to Table 4, all the formu-
lations contributed to the increase in peak frequency, and
it was even larger in the presence of S20. It has been
suggested that the frequency increase in the protein range
arises from an alteration in the alpha helix structure to
other less rigid secondary protein structures including beta
sheets and random coils. Such fluidizing effects in both
the SC lipids and proteins seem to correlate well with the
ER. In addition, it is clear that the formulations containing
magainin-NLS:S20 have a greater structural alteration ef-
fect which can explain the superior ER values when com-
pared with the formulations without S20. Therefore, we
suggest these conformation changes induced by S20 act as
an influential mechanism promoting the penetration of the
target drug.

Table 3 Peak area to height ratio (A/H) and the change ratio of (A/H)
due to the addition of S20 in the carboxylate stretching peak (1640 cm−1)
from the ATR-FTIR. The plus sign (+) means that the group has a
statistically significant difference compared to the group with the same
surfactant concentration (+P = < 0.05). Each data point represents the
mean ± std (n = 3)

Area to height ratio (A/H) Δ(A/H)

A 90.58 (1.47) –

B 89.36 (3.84) 1.34

C 88.05 (3.88) 2.79

D 92.69 (3.07) –

E 90.47 (1.08) 2.39

F 85.54 (0.83)+ 7.71

G 87.58 (1.57) –

H 82.97 (2.69) 5.27

I 84.04 (1.23) 4.04

Fig. 3 Plot of the ER and IP by each formulation
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Discussion

Screening of the formulations by the ER/IP

Because the final utility of the penetration enhancer is dictated
by both the potency and safety, we adopted the ER/IP value to
quantify the effects of each formulation on porcine skin. The
primary aim of this study was to confirm the hypothesis that
the addition of S20 to magainin-NLS leads to skin permeabil-
ity enhancement with reduced skin irritation. There was a
substantial difference in the ER/IP between the formulations
containing S20 compared to those without S20 except for
(A)~(C), which were samples exposed to 1% NLS:S20. Due
to the large molecular weight of the magainin peptide
(2494 Da), the role of NLS dissolved in 50% (v/v) ethanol is
to facilitate peptide penetration into the SC according to pre-
vious studies. This became obvious because there was only
little permeation enhancement observedwhen the porcine skin

samples were treated with magainin in the absence of NLS-
ethanol [11]. In this manner, the NLS:S20 mixture in the for-
mulations of the surfactants is assumed to promote the
magainin interaction with the SC lipid bilayers and proteins
more vigorously compared to NLS alone.

In addition to showing that the addition of S20 can increase
the ER/IP, we further optimized the concentration and weight
ratio of the NLS:S20 mixture. The concentration of magainin
was fixed because the permeability reached maximum at
1 mM and decreased with increasing concentrations [29]. In
the case of the two surfactants, concentrations of 1 and 1.5%
(w/v) used in this study have been well reported to increase the
efficacy to toxicity value, and 2% (w/v) was chosen because it
is known to work well with 1 mMmagainin. By adding S20, a
dramatic increase in the ER/IP was observed in (H) containing
magainin with 2% (w/v) NLS:S20, for which the weight ratio
of the NLS was 0.6, followed by (F) containingmagainin with
1.5% (w/v) NLS:S20, for which the weight ratio of the NLS
was 0.3. As expected, the synergistic effect of NLS and S20 in
certain compositions was still valid when applied together
with 1 mM magainin peptide. Based on these results, we as-
sume that 1% NLS:S20 is not sufficient to induce the pene-
tration of magainin which is a large peptide.

Structural effect of formulation on ER and IP

According to the ATR-FTIR analysis of the formulations, a
chemical environment change of the carboxylate group in the
magainin-NLS appeared when S20 was added. This change
ratio in the area to height suggests that NLS formed a mixed
micellar aggregate structure with the S20 [30]. By itself, NLS
acts as a strong extractor which deletes the lipid molecules in
the SC lipid lamellar matrix, and S20 is a weak fluidizer which
locates itself among the skin lipids. However, different from

Fig. 4 (a) ATR-FTIR spectroscopy of the symmetric (2850 cm−1) and
asymmetric (2920 cm−1) C–H stretching peak of the untreated (dashed
line) and treated (solid line) SC. Arrows indicate the upfield shift of the
maximum absorbance peaks after incubation with the formulations. (b)
Deconvolution of the spectroscopy at the C–H stretching peak. Original

spectroscopy (solid line) was fitted (dashed line) by the sum of four
deconvolution peaks (dotted line). (c) ATR-FTIR spectroscopy of the
C=O stretching peak (1650 cm−1) of the untreated (dashed line) and
treated (solid line) SC. Arrows indicate the upfield shift of the maximum
absorbance peaks after incubation with the formulations

Table 4 Frequency change in the symmetric and asymmetric C–H
stretching peaks and C=O stretching peak from the ATR-FTIR

ΔνsymCH2 ΔνasymCH2 ΔνCO

Control 0.13 (0.11) 0.08 (0.13) 0.12 (0.11)

A 0.31 (0.03) 0.10 (0.74) 2.54 (1.06)

B 0.73 (0.12) 0.33 (0.19) 2.12 (0.87)

C 0.86 (0.12) 0.81 (0.24) 1.15 (1.58)

D 0.42 (0.31) 0.83 (0.30) 1.08 (0.49)

E 0.84 (0.13)* 1.33 (0.38) 2.87 (1.12)*

F 1.44 (0.19)* + 3.41 (0.60)*** +++ 2.38 (1.08)*

G 0.44 (0.41) 0.47 (0.37) 0.85 (0.53)

H 1.32 (0.23)* 3.38 (0.39)*** +++ 3.68 (1.27)* +

I 1.04 (0.05)*** 1.23 (0.36) 1.04 (0.78)
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this characteristic, the NLS:S20 mixture has a strong fluidiz-
ing effect on skin lipid bilayers especially when dissolved
simultaneously in a PBS-EtOH solution, in which the pres-
ence of ethanol is suggested to have impact on the formation
of the mixed micellar structure. The role of ethanol was quite
clear when comparing the IP of the solutions dissolved in 50%
(v/v) PBS-ethanol and in PBS alone. The IP values of the
formulations were dependent on the weight fraction of the
NLS when the magainin-NLS:S20 was dissolved in pure
PBS regardless of the S20. This can be explained by the ab-
sence of ethanol. The mixed micellar structure either did not
form or, despite its formation, did not affect the SC. In con-
trast, the IP values were negatively correlated with the ER
rather than with the amount of NLS for the formulations dis-
solved in PBS-ethanol. This result can be explained by the
formation of mixed micelle aggregates which fluidize the la-
mella structure but do not extract the lipid molecules. Besides
the novel fluidizing effect, the decrease in the IP corresponds
well with two principles. The first one is that usually a mono-
mer state has full surfactant properties, and the surfactants
participating in the micelle structure are unlikely to have any
irritancy potential [31]. Second, mixing of anionic and non-
ionic surfactants results in lower toxicity compared to the
simple addition of those of individual monomers with their
toxicities [32].

Magainin is known to interact with the lipid bilayer causing
internal stress and membrane tension to create pores [33]. The
electrostatic interactions of the cationic part of the peptide and
negatively charged lipids are a critical mechanism in its
partitioning process [34]. The increased ER can be explained
as follows: the pore-forming action of the magainin peptide
could be more efficient when enough lipid molecules in the
SC interact with its cationic, alpha helical structure rather than
when the SC lipids are deleted. The ER can further be im-
proved by changing the pH to maximize the electrostatic in-
teraction between magainin and the target drug [2] or by using
a drug with a lower molecular weight [29]. Additionally, ter-
nary and quaternary combinations of surfactants could be
used; however, skin toxicity should be taken into
consideration.

Interaction with SC lipids and proteins

The chemical interaction of the formulations with the lipid
matrix in the SC has a major role in enhancing skin perme-
ability. ATR-FTIR spectrum was collected at the C–H
stretching region (2850 and 2920 cm−1) to investigate the
alteration in the lipid structure. The fluidization became great-
er with the addition of S20, and formulations (F) and (H) had a
far larger effect on the SC lipid bilayers. This result is strongly
associated with the transport of fluorescein. As mentioned
above, the mixed micellar aggregates of the NLS:S20 have a
strong fluidizing effect but not in their respective individual

forms. Because a great portion of the skin lipids consists of
cholesterol, the mixed micellar structure of NLS:S20 may
disrupt its crystallinity and lead to the fluidization of the
matrix.

Besides inducing disorder in the lipid bilayer, this micelle
structure changed the SC protein microstructure to a less rigid
conformation by changing the alpha helix to a beta sheet and
other secondary structures. The peak frequency shift toward
higher wavenumbers in the amide I band indicates that the
keratin and ceramide present in SC proteins interacted more
actively with the formulations containing S20. The conforma-
tion change of the SC lipids and proteins due to the magainin-
NLS:S20 indicates that both the intercellular lipid pathway
and transcellular pathway through corneocytes are involved
in the delivery of fluorescein [9]. Indeed, the formulations
containing both surfactants had a more intense effect on both
routes compared to the formulations containing only
magainin-NLS. However, the detailed structure should be fur-
ther investigated by in silico modeling analysis of the interac-
tions among the magainin peptide, surfactants, SC lipid bilay-
ers, and SC protein molecules [10, 35].

Conclusion

We investigated both the potency and toxicity of nine formu-
lations containing magainin pore-forming peptide and
NLS:S20 mixtures with different compositions. They were
quantitatively assessed by the ER/IP in this study to determine
the final utility of each formulation. First, we confirmed that
the addition of S20 has a clear effect by both increasing the ER
and decreasing the IP through FDC permeation and cell cyto-
toxicity. Among all the groups, (F) with 1 mM magainin and
1.5% NLS:S20 with a weight fraction of 0.3:0.7 and (H) con-
taining the same but with 2% NLS:S20 and a weight fraction
of 0.6:0.4 had the best ER/IP values. The ATR-FTIR spectros-
copy of the formulations and SC lipids and proteins supports
the result of an increased ER/IP value. The chemical environ-
ment change in the carboxylate group of NLS due to S20
represents the formation of a mixed micellar structure. This
structure greatly influenced the fluidization of the lipid bilay-
ers and SC proteins which subsequently enhanced fluorescein
transport and decreased skin irritation. However, the detailed
mechanism of magainin and surfactants partitioning into the
SC matrix needs to be further studied. We believe this is the
first study to use the combination of a pore-forming peptide
with more than one CPE to maximize the efficacy to toxicity
ratio of permeation enhancers. This approach can contribute to
the effective and safe delivery of macromolecules such as
functional peptides, which has been a difficult problem in this
area.

The asterisks (*) mean that the group has a statistically
s ign i f i can t d i f f e rence compared to the con t ro l
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(***P = < 0.001, *P = < 0.05). The plus sign (+) means that
the group has a statistically significant difference compared to
the group with the same surfactant concentration
(+++P = < 0.001, +P = < 0.05). Each data point represents
the mean ± std (n = 3)
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