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Magainin is a naturally occurring, pore-forming peptide that has recently been shown to increase skin
permeability. This study tested the hypothesis that electrostatic forces between magainin peptides and
drugs mediate drug transport across the skin. Electrostatic interaction between positively charged mag-
ainin and a negatively charged model drug, fluorescein, was attractive at pH 7.4 and resulted in a 35-fold
increase in delivery across human epidermis in vitro when formulated with 2% N-lauroylsarcosine in
50% ethanol. Increasing to pH 10 or 11 largely neutralized magainin’s charge, which eliminated enhance-
ment due to magainin. Shielding electrostatic interactions with 1-2 M NaCl solution similarly eliminated
enhancement. Showing the opposite dependence on pH, electrostatic interaction between magainin and
a positively charged anti-nausea drug, granisetron, was largely neutralized at pH 10 and resulted in
a 92-fold increase in transdermal delivery. Decreasing to pH 5 increased magainin’s positive charge,
which repelled granisetron and progressively decreased transdermal flux. Circular dichroism analysis,
multi-photon microscopy, and FTIR spectroscopy showed no significant pH effect on magainin secondary
structure, magainin deposition in stratum corneum, or stratum corneum lipid order, respectively. We con-
clude that magainin increases transdermal delivery by a mechanism involving electrostatic interaction
between magainin peptides and drugs.
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1. Introduction binds to negatively charged lipid membranes by way of electrostatic

interactions. Its secondary structure is not well-defined in a neutral

Traditional approaches to increase transdermal drug delivery
have involved synthetic chemical enhancers, such as surfactants,
fatty acids, and solvents (Williams and Barry, 2004), and physical
enhancers, such as electric fields, ultrasound, heat, and micronee-
dles (Cross and Roberts, 2004). Recent work has considered the
use of biochemical enhancers, such as an 11-amino acid synthetic
peptide identified by phage display screening (Chen et al., 2006),
a polyarginine heptamer covalently bonded to a drug using a pro-
drug approach (Rothbard et al., 2000), and a naturally occurring
pore-forming peptide called magainin (Kim et al., 2007), which is
the subject of this study.

Magainin is a 23-residue peptide (sequence: GIGKFLH-
SAKKFGKAFVGEIMNS) that is naturally produced on the skin of
African clawed frogs and exhibits a broad spectrum of antimicrobial
activity properties (Zasloff, 1987). It has a net charge up to +4 and
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aqueous environment, however, it forms an alpha-helical structure
when adsorbed onto a negatively charged membrane, such as the
surface of a bacterium (Matsuzaki et al., 1997). Magainins can then
self-assemble into transmembrane pores that make the cell mem-
brane leaky and can also lead to cell lysis preferentially in bacterial
cells. The size of pores formed by magainins in lipid bilayers is esti-
mated to be approximately 1 nm diameter (Matsuzaki et al., 1994;
Matsuzaki, 1998).

We previously hypothesized that magainin could be used to
make lipid bilayers in the skin’s stratum corneum leaky as well,
and showed that magainin can increase skin permeability when
delivered from a formulation including an anionic surfactant, N-
lauroyl sarcosine, in a 50% ethanol-PBS solution (Kim et al., 2007).
Initial tests showed that magainin alone had no effect on skin per-
meability, probably because the relatively large magainin molecule
had difficulty penetrating throughout the stratum corneum to make
continuous transdermal pathways. Addition of the anionic surfac-
tant increased skin permeability and thereby facilitated magainin
penetration throughout the stratum corneum, which provided a
synergistic enhancement. This enhancement was accompanied
by increased stratum corneum lipid fluidity, as shown through
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differential scanning calorimetry, infrared spectroscopy and X-
ray diffraction measurements (Kim et al., 2007). These results
were consistent with the hypothesis that magainin makes stratum
corneum lipid layers leaky.

Building off these observations that magainin, in the presence of
surfactant, interacts with stratum corneum to increase permeabil-
ity, this study seeks to investigate the role of interactions between
magainin and a drug as it diffuses through magainin-mediated
pathways in the stratum corneum. We expect that the charge prop-
erties of magainin play a role in these interactions, especially with
charged drugs, and have therefore investigated this effect by chang-
ing the magainin charge state by changing pH. For this analysis, we
have used two model drugs - fluorescein and granisetron — which
are of similar molecular weight, but carry opposite charge. We
hypothesize that electrostatic forces between magainin peptides
and drugs mediate drug transport across the skin.

Previous studies have shown that changing pH can alter the
structure and properties of antimicrobial peptides in various ways,
such as switching between the nematic and isotropic phase of a
[3-sheet peptide (Aggeli et al., 2003), changing the charge of a trans-
membrane a-helical peptide (Subczynski et al., 2005), enhancing
antimicrobial activity (Lee et al., 1997), controlling haemolytic
activity (Moser, 1992), and altering pore-formation properties (Shai
etal., 1991).

The effect of pH on transdermal delivery has also been widely
investigated. For example, indomethacin delivery was enhanced
under acidic conditions due to increased drug solubility (Chiang
et al,, 1991), the dependence of skin permeability to cephalexin on
pH was described by a U-shaped curve (Hatanaka et al., 1995), the
effect of ionization of 5-fluorouracil on transdermal flux was deter-
mined by pH (Singh et al., 2005), and pH had a significant role in
enhancing skin permeation of acidic drugs (Katayama et al., 2001)
and lidocaine (Kushla and Zatz, 1991).

2. Materials and methods
2.1. Skin preparation

Human cadaver skin was obtained from Emory University
School of Medicine (Atlanta, GA, USA) with approval from the Geor-
gia Institute of Technology Institutional Review Board and stored
at —75°C. Immediately prior to an experiment, whole skin was
thawed in deionized water at 30 °C for 1 h. Intact epidermis was iso-
lated from dermis using the heat separation method (Kligman and
Christophel, 1963), in which thawed whole skin was immersed in
deionized water for 2 min at 60°C and the epidermis was carefully
peeled away with a spatula. Stratum corneum sheets were isolated
from the epidermis by trypsin digestion in which the epidermis was
incubated in phosphate-buffered saline containing 0.25% trypsin
and 0.01% gentamicin at 32 °C for 24 h and the resulting sheet of iso-
lated stratum corneum was rinsed with distilled water three times
and stored on polymer-coated paper under vacuum overnight at
25°C.

2.2. Skin permeability measurement

Skin permeability measurements were carried out in three
steps. As a first step, skin pretreatment was performed using epi-
dermis (0.7 cm? skin surface area) mounted in a vertical, glass Franz
diffusion cell (PermeGear, Bethlehem, PA, USA). A solution of 1 mM
magainin peptide (Microchemical and Proteomics Facility, Emory
University School of Medicine) and 2% (w/v) N-lauroylsarcosine
(NLS, 98%, Fluka, Buchs, Switzerland) in 50% (v/v) aqueous ethanol
solution was placed in the donor chamber and phosphate-buffered

saline (PBS, Sigma-Aldrich, St. Louis, MO, USA) was placed in the
receiver chamber for 12 h at 4 °C to minimize skin degradation. The
magainin solution had a pH of 3.5 and the PBS had a pH of 7.4.

As a second step, the Franz cell was removed from refrigeration
and placed in a heater/stirrer block (PermeGear) that warmed the
receiver chamber at 37 °C and maintained stirring at 455 rpm.

As a third step, fresh PBS (pH from 5 to 11) was placed in the
receiver chamber and 0.3 mL of 1 mM fluorescein (Sigma-Aldrich)
solution in PBS (pH from 7.4 to 11) or 1 wt.% granisetron hydrochlo-
ride (Ultratech SPC PVT Ltd., Mumbai, India) solution in PBS (pH
from 5 to 10) was placed in the donor chamber, which replaced
the magainin/NLS solution. Every hour for 5 h, the receiver solu-
tion was removed for sampling and then replaced with fresh PBS
(pH from 5 to 11). The pH of the sample solution was adjusted to pH
7.4 by adding 1N nitric acid to decrease pH and 1N NaOH solution
to increase pH. Samples containing fluorescein were analyzed by
spectrofluorimetry (Photon Technologies International, Birming-
ham, NJ, USA) to determine fluorescein concentration, from which
transdermal fluorescein flux was calculated. Samples containing
granisetron were analyzed by HPLC, as described below.

2.3. HPLC analysis

HPLC analysis was carried out using an Alliance HPLC system
(Waters, Milford, MA, USA) with Empower software, a fluorescence
detector (Waters 2475, 305 nm excitation, 350 nm emission gain
setting of 1) and a Spherisorb Cyano column (4.6 mm x 250 mm,
Waters). Samples were injected directly into the column and eluted
in a 72:28 mixture of acetate buffer (25 mM) and acetonitrile at a
flow rate of 1 mL/min. Calibration curves were prepared at a con-
centration range of 10-100 ng/mL granisetron. The interday and
intraday variation was less than 6.0%. The LOQ was 1 ng/mL.

2.4. Multi-photon excitation microscopy

To image magainin and fluorescein distribution within the
skin, epidermis was treated as described above for skin perme-
ability experiments, except that sulforhodamine-tagged magainin
(Microchemical and Proteomics Facility, Emory University School
of Medicine) was used instead of un-labelled magainin in the first
step and the experiment was terminated after 3 h exposure to fluo-
rescein in the third step, after which the skin sample was removed
from the Franz cell and placed on a glass cover-slip.

Imaging was carried out using a Zeiss LSM/NLO 510 Confocal
/Multi-Photon Microscope (Zeiss, Oberkochen, Germany) with a
40x oil-immersion objective used in conjunction with an oil having
an index of refraction of 1.51, which is similar to that of the stratum
corneum (Corcuff et al., 1993; Knuttel and Boehlau-Godau, 2000).

2.5. Circular dichroism spectra

Solutions were prepared containing 50 WM magainin in 50%
(v/v) aqueous ethanol. pH was adjusted to a value between 7.4
and 11. Solutions were placed in a capped quartz optical cell (1 mm
path length; Starna cells, Atascadero, CA, USA) and circular dichro-
ism spectra were acquired on a JASCO J-720 CD spectropolarimeter
(JASCO, Easton, MD). Spectra were obtained at room temperature
by scanning five times from 250 to 190 nm at a rate of 500 nm/min
in continuous scanning mode.

2.6. Fourier-transform infrared spectroscopy

Stratum corneum was exposed to magainin-NLS solution for
15h at 4°C. Then, stratum corneum samples were transferred to
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different pH buffer solutions for 5h and washed with PBS solu-
tion. Fourier-transform infrared spectra were then obtained using a
Magma-IR 560 FTIR spectrometer (Nicolet, Thermo Electron Corpo-
ration, Waltham, MA, USA). Reported spectra represent the average
of 64 scans over the frequency range of 4000-1000 cm~!. OMNIC
professional software (Thermo Electron Corporation) was used to
measure the peak position. Although the FTIR had a data collection
spacing of 4cm™1, interpolation between points is reliable because
the noise level is so low and the reproducibility of FTIR spectra
is so high. This permits one to determine the location of a peak,
even if it exists between data points that were actually collected.
This is well established in the spectroscopy literature (Cameron et
al., 1982) and is consistent with many previous studies involving
FTIR analysis of skin, where peak shifts much smaller than the data
collection spacing are reported (Anigbogu et al., 1995; Naik et al.,
1995).

2.7. Statistical analysis

Transdermal penetration of fluorescein and granisetron and FTIR
spectra were measured using at least three skin specimens, from
which the mean and standard error of the mean were calculated.
A two-tailed Student’s t-test (o =0.05) was performed when com-
paring two different conditions. When comparing three or more
conditions, a one-way analysis of variance (ANOVA; «=0.05) was
performed. In all cases, a value p <0.05 was considered statistically
significant.

3. Results and discussion
3.1. Effect of pH on transdermal flux of fluorescein

We hypothesize that electrostatic forces between magainin pep-
tides and drugs mediate drug transport across the skin. To address
this issue, we measured skin permeability to fluorescein over a pH
range of 7.4-11. Over this range, the charge of the skin (Marro et al.,
2001), NLS surfactant, and fluorescein should all remain strongly
negative. However, magainin has an isoelectric point at pH 10.5,
such that magainin changes from a +2 positive charge at pH 7.4 to
a neutral charge at pH 10.5 and a negative charge at pH 11 (Skoog
and Wichman, 1986).

We first carried out a control experiment to assess the effect of
pH on skin permeability to fluorescein after pretreatment with NLS
(without magainin). At pH 7.4, transdermal delivery was increased
16-fold by the NLS control formulation (i.e., from an average of 0.037
to 0.599 g of fluorescein), as shown in Fig. 1. Increasing to pH 11
had no additional effect (ANOVA, p =0.73), which is consistent with
the expectation that the charge of skin, NLS and fluorescein should
be unaffected by increased pH. It is also consistent with previous
observations that skin permeability is not generally changed at pH
values up to 11 (Sznitowska et al., 2001).

Transdermal permeation of fluorescein after treatment with
magainin and NLS was increased by a factor of 35 (i.e., from and
average of 0.037 to 1.302 g of fluorescein) at pH 7.4, as shown
in Fig. 1. This increase is significantly larger than for NLS with-
out magainin (Student’s t-test, p<0.01). However, raising the pH
and thereby reducing magainin charge, progressively removed
magainin’s enhancement until pH 11 (ANOVA, p <0.05). This sug-
gests that a positively charged magainin facilitated transdermal
transport of negatively charged fluorescein due to electrostatic
attraction at pH 7.4, but as the attraction decreased with
increasing pH, the skin permeability enhancement decreased as
well.
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Fig. 1. Enhancement of transdermal fluorescein delivery as a function of pH. Skin
was pre-treated with NLS (M) or magainin +NLS (O) in 50% ethanol. Enhancement
ratio represents the increase in transdermal fluorescein transported across skin over
5h at various pH values compared to delivery under identical conditions using a
formulation of fluorescein in PBS. The asterisk (*) symbol identifies enhancement
ratios for magainin +NLS that are significantly different from NLS at the same pH
(Student’s t-test, p < 0.05). The symbol (+) identifies enhancement ratios at a given pH
that are significantly different from the same formulation at pH 7.4 (Student’s t-test,
p <0.05). Data represent averages of n > 3 samples + standard error of the mean.

3.2. Effect of pH on transdermal flux of granisetron

The effect of pH on skin permeability might be mediated by
changes in the electrostatic interactions between magainin and flu-
orescein, but might also be mediated by changes in the interactions
between magainin and skin. To address this uncertainty, we mea-
sured the effect of pH on skin permeability to granisetron, which
differs from fluorescein in that it carries a positive charge, but is
similar in that its molecular weight (349 Da) is similar to fluorescein
(332Da).

The control formulation of NLS without magainin at pH 7.4
enhanced transdermal granisetron delivery 59-fold (i.e., from and
average of 2.23 to 131.44 g of granisetron), as shown in Fig. 2. Nei-
ther decreasing to pH 5 nor increasing to pH 10 had any additional
effect (ANOVA, p = 0.84). Unfortunately, we could not test pH 11 due
to precipitation of granisetron at high pH.
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Fig. 2. Enhancement of transdermal granisetron delivery as a function of pH. Skin
was pre-treated with NLS (M) or magainin +NLS (O) in 50% ethanol. Enhancement
ratio represents the increase in transdermal granisetron transported across skin
over 5 h at various pH values compared to delivery under identical conditions using
a formulation of granisetron in PBS. The asterisk (*) symbol identifies enhancement
ratios for magainin+NLS that are significantly different from NLS at the same pH
(Student’s t-test, p < 0.05). The symbol (+) identifies enhancement ratios at a given pH
that are significantly different from the same formulation at pH 7.4 (Student’s t-test,
p<0.05). Data represent averages of n > 3 samples + standard error of the mean.
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Fig. 3. Enhancement of transdermal fluorescein delivery as a function of NaCl con-
centration. Skin was pre-treated with NLS (W) or magainin +NLS (0OJ) in 50% ethanol
at pH 7.4. Enhancement ratio represents the increase in transdermal fluorescein
transported across skin over 5 h at various salt concentrations compared to delivery
under identical conditions using a formulation of fluorescein in PBS. The asterisk
(*) symbol identifies enhancement ratios for magainin+NLS that are significantly
different from NLS at the same salt concentration (Student’s t-test, p<0.05). The
symbol (+) identifies enhancement ratios at a given pH that are significantly differ-
ent from the same formulation at 0 M NaCl (Student’s t-test, p < 0.05). Data represent
averages of n >3 samples + standard error of the mean.

Unlike for fluorescein, the addition of magainin at pH 7.4 had
no additional effect on skin permeability to granisetron (Student’s
t-test, p=0.167), as shown in Fig. 2, perhaps because of repulsion
between the positively charged magainin and positively charged
granisetron. Decreasing the pH to 5, which increased magainin
charge to a value of +4, resulted in a reduction of granisetron
delivery (Student’s t-test, p<0.05) and raising the pH to 10, which
almost eliminated magainin charge, increased granisetron deliv-
ery to a peak value of 92-fold (i.e., from and average of 2.23 to
205.55 g of granisetron) enhancement (Student’s t-test, p<0.05)
due to removal of the electrostatic repulsion.

The opposite effects of pH on skin permeability to fluorescein
versus granisetron suggest that the pH changes influenced interac-
tions between magainin and each model drug and did not primarily
influence interactions between magainin and skin.

3.3. Effect of salt concentration on transdermal flux of fluorescein

To further test whether the effect of pH on skin permeabil-
ity is mediated by electrostatic interactions between magainin
and the model drug, we changed salt concentration rather than
changing pH to alter electrostatic interactions. An increase of salt
concentration screens out electrostatic effects between charged
species (Kandasamy and Larson, 2006). Thus, increased salt con-
centration should effectively neutralize charge-charge interactions
in a way similar to increasing pH to the magainin isoelectric
point.

For the NLS control formulation, skin permeability to fluorescein
was unaffected by salt concentration, as shown in Fig. 3 (ANOVA,
p=0.51). This is consistent with the expectation that skin per-
meability enhancement by NLS is not mediated by electrostatic
interactions. For skin treated with NLS and magainin peptide, skin
permeability was increased by magainin at salt concentrations of
0M and 0.5M (Student’s t-test, p<0.01). However, increasing the
salt concentration to 1 or 2 M eliminated magainin’s enhancement
effect, such that skin permeability was indistinguishable from the
NLS control (Student’s t-test, p > 0.05). This result further confirms
the interpretation that magainin increases transdermal transport
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Fig. 4. Circular dichroism spectra of magainin as a function of pH. Magainin was
dissolved in 50% ethanol at various pH values.

when there is an attractive electrostatic interaction with a fluores-
cein and loses its ability to enhance skin permeability to fluorescein
if that electrostatic interaction is blocked.

3.4. Circular dichroism analysis of magainin structure

Changing the pH could alter magainin structure, which could
additionally affect skin permeability enhancement. To assess the
effects of pH on magainin secondary structure, we collected circular
dichroism spectra of magainin solutions over a range of pH from
7.4 to 11. These spectra showed that magainin retained an a-helix
structure over the pH range studied, as indicated by the maximum
at 192 nm and the two minima at 208 and 222 nm (Fig. 4). The mean
residue ellipticity at 222 nm, commonly considered an indicator
of a-helicity, is more negative for magainin at higher pH, which
suggests that higher pH enhanced a-helicity of magainin peptide.
Although this experiment was done using magainin in solution,
rather than within the skin, these results suggest that magainin
structure was not significantly altered by pH.

3.5. Microscopy analysis of magainin and fluorescein delivery
into stratum corneum

Changing pH could alter the amount of magainin in the stra-
tum corneum, which could thereby alter skin permeability. To assess
the effects of pH on magainin content in the stratum corneum, we
imaged the amount of sulforhodamine-labelled magainin inside
stratum corneum using multi-photon excitation microscopy at var-
ious pH values. Magainin delivered to skin in the absence of NLS
surfactant had limited penetration into the skin and showed no
significant dependence on pH, as shown in Fig. 5A-C. Magainin for-
mulated with NLS was delivered to a much greater extent than in
the absence of NLS, but also did not show significant dependence
on pH, as shown in Fig. 5D-F. These data indicate that the effects
of pH on skin permeability cannot be explained by changes in the
amount of magainin peptide present in the stratum corneum.

To provide additional insight into the flux data presented in
Fig. 1, we imaged the amount of fluorescein delivered into the
skin using multi-photon excitation microscopy at various pH val-
ues. Consistent with the flux data, optical sections through the
epidermis show that the smallest amount of fluorescein was seen
in the skin at pH 10, when magainin charge was almost neutral-
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Fig. 5. Penetration of sulforhodamine-tagged magainin peptide into human epidermis imaged by multi-photon microscopy. Skin was pre-treated with magainin formulated
(A-C) without NLS and (D-F) with NLS for 15 h. Skin was then exposed to PBS solution for 5 h at (A and D) pH 5, (B and E) pH 7.4, (C and F) pH 10. Optical sections were taken
at 3 wm increments starting at the stratum corneum surface on the left and proceeding deeper on the right. Scale bar is 50 pm.

ized (Fig. 6B); a greater amount was seen at pH 7.4, when magainin 3.6. Fourier-transform infrared spectroscopy
carried a +2 charge that attracted negatively charged fluorescein

(Fig. 6A). Z-stack images showing cross-sectional views of the epi- Changing pH could directly alter stratum corneum lipid struc-
dermis in Fig. 6C and D provide similar, complimentary results. ture or could change the way that magainin alters stratum corneum
Transdermal transport was not imaged at lower pH values (e.g., lipid structure. To assess these effects, we used Fourier-transform

pH 5) due to extensive fluorescein bleaching at acidic pH (Yoshida infrared spectroscopy to measure the degree of stratum corneum
et al., 2000). lipid disruption. Representative spectra are shown for untreated
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Fig. 6. Penetration of fluorescein into human epidermis imaged by multi-photon microscopy. Skin was treated with magainin + NLS. Fluorescein was delivered to skin for 5h
at (A and C) pH 7.4, (B and D) pH 10. (A and B) Optical sections were taken at 5 wm increments starting at the stratum corneum surface on the left and proceeding deeper on
the right. Scale bar is 100 pm. (C and D) Cross-sectional images were reconstructed as z-stacks with the stratum corneum surface on top and deeper tissue below. Scale bar is

20 pm.

skin (Fig. 7A), skin treated with NLS (Fig. 7B) and skin treated with
magainin and NLS (Fig. 7C) as a function of pH. Characteristic peaks
can be seen in these spectra near 2920 cm~!, which corresponds
to asymmetric C-H stretching, and near 2850 cm~!, which corre-
sponds to symmetric C-H stretching. The frequencies of these C-H
stretching bands are related to lipid order in stratum corneum and
are significantly influenced by the degree of conformational order,
the freedom of alkyl chain motion, and possible incorporation of
chemical enhancers, such as NLS (Naik and Guy, 1997).

To address the effect of pH alone on skin, the frequency of the
two characteristic peaks showed no dependence on pH (ANOVA,;
Fig. 7D, black circles, p=0.26; Fig. 7E, black circles, p =0.89).

After treatment with formulations containing NLS or maga-
inin + NLS, there was no statistically significant difference between
pH 7 and 10 for skin treated with NLS (ANOVA; Fig. 7D, gray squares,
p=0.54; Fig. 7E, gray squares, p=0.12) and with magainin+NLS
(ANOVA; Fig. 7D, white triangles. p=0.29; Fig. 7E, white triangles,
p=0.09). However, exposure at pH 5 significantly decreased the
peak frequency (i.e., increased lipid order) for skin treated with
NLS (ANOVA; Fig. 7D, gray squares, p<0.01; Fig. 7E, gray squares,
p<0.01) and with magainin + NLS (ANOVA,; Fig. 7D, white triangles,
p<0.05; Fig. 7E, white triangles, p < 0.05), when considered over the
full range of pH 5-10.

Although the lowest pH had an effect on lipid order, there was no
effect over the pH range of 7.4-10, which is the range over which pH
was shown to have a dramatic effect on skin permeability to fluo-
rescein and granisetron in Figs. 1 and 2. These data suggest that the

effects of pH on skin permeability cannot be explained by changes
in stratum corneum lipid order.

3.7. Interpretation of the data

Our previous studies showed that NLS surfactant is needed to
drive magainin into the skin. This finding was confirmed by Fig. 5,
which showed little magainin penetration into the stratum corneum
in the absence of NLS and extensive magainin penetration with NLS.
Our previous studies also showed that the presence of magainin
increased skin permeability, which is consistent with Figs. 1 and 2,
and that increased skin permeability was associated with increased
stratum corneum lipid disorder, which is consistent with Fig. 7.

For the first time, this study examined the effects of pH on skin
permeability and other properties. Our data support the hypothe-
sis that electrostatic forces between magainin peptides and drugs
mediate drug transport across the skin. We found that transdermal
transport of negatively charged fluorescein decreased as the pos-
itive charge of magainin was reduced by increasing pH. We also
found that transdermal transport of positively charged granisetron
increased as the positive charge of magainin was reduced by
increasing pH. Finally, we found that transdermal transport of fluo-
rescein also decreased as the screening of electrostatic interactions
with magainin increased by increasing salt concentration.

These three observations are all consistent with the proposed
hypothesis and are not consistent with changes in magainin con-
formation, magainin content in the skin or magainin interaction
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Fig.7. Fourier-transform infrared spectroscopy analysis of human stratum corneum treated with different formulations as a function of pH. Representative spectra highlighting
wavenumbers characteristic of C-H stretching in stratum corneum lipids after pre-treatment with (A) PBS, (B) NLS, and (C) magainin +NLS for 15 h and soaked in PBS at pH
5, 7.4, and 10 (shown from top to bottom). Dashed lines identify peaks of interest. Change of (D) CH, asymmetric stretching frequency and (E) CH, symmetric stretching
frequency for stratum corneum pre-treated with PBS (@), NLS (W), and magainin + NLS (A) determined from graphs like (A), (B) and (C), respectively. Data represent averages

of n >3 samples + standard error of the mean.

with the skin being directly responsible for increased transdermal
transport. This is because these effects should not depend on the
charge of the molecule being delivered across the skin and should
not be affected by changing the pH and by increasing salt concentra-
tion.

In addition, CD measurements demonstrated that pH did not
change the secondary structure of magainin in solution, microscopy
indicated that pH did not affect the magainin content in the
stratum corneum, and FTIR showed that pH did not affect lipid
order, except at the lowest pH. Altogether, these data suggest
that electrostatic interactions between magainin peptides and
drugs provide the most plausible explanation for the observed
effects.

We believe that these electrostatic interactions occur between
magainins loaded into the stratum corneum and drug molecules dif-
fusing through transport pathways created, at least in part, by these
magainins. We do not believe that magainins and drugs molecules
bind and diffuse together through the stratum corneum for a num-
ber of reasons.

First, magainins were added as a pretreatment and then
removed from the donor compartment of the diffusion cell before
fluorescein or granisetron was added. Thus, there was no opportu-
nity for magainin-drug binding in the donor compartment.

Second, Fig. 5 shows magainin localized to the stratum corneum
(i.e., upper 10 wm of skin), whereas Fig. 6 shows fluorescein pen-
etrating deeply across the epidermis (i.e., >40 wm). Figs. 1 and 2
further show fluorescein and granisetron diffusing across the full
epidermis and into the receiver compartment of the diffusion
cell.

Finally, fluorescein has a molecular weight of 332Da
and magainin has a molecular weight of 2504Da. Thus, a
fluorescein-magainin complex would have molecular weight
of at least 2836 Da. Magainin’s large size precludes it from diffus-
ing across skin to an appreciable extent; it can only penetrate and
remain within stratum corneum lipid bilayers due to its special
physicochemical properties as a pore-forming peptide. Given the
large size of a fluorescein-magainin comple, it is unlikely that
such a large complex would cross the skin well. A similar analysis
applies to a possible granisetron-magainin complex.

3.8. Debye length calculations

The effect of salt concentration on skin permeability provides
an opportunity to further evaluate the transport pathways created
by magainin peptides. As salt concentration increases, the Debye
length decreases. The Debye length is a measure of the distance
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over which the electric field induced by charge separation is felt.
As greater numbers of salt ions in solution surround the charge on
a magainin peptide, they shield its electric field.

Debye length, Ap, can be calculated at the conditions used in
this study by (Goldston and Rutherford, 1995).

SOSRRT

Ap =
D 2F2C

(1)

where ¢gqg is the permittivity of an electrical field in free space
(8.8542 x 10-'2Fm™1), &R the dielectric constant (66.89 for 0.5M
saline and 59.89 for 1.0 M saline at 32 °Cand 1 atm (Lane and Saxton,
1952; Malmberg and Maryott, 1956; Stogryn, 1971)), R the gas con-
stant (8.314 NmK~! mol~1), T the absolute temperature (310.15K),
F the Faraday constant (96,485.34 Cmol~1), and C is the salt con-
centration (0.5 or 1.0 M). This analysis assumes that the pathways
created by magainin are aqueous and have the dielectric constant
of saline. If the pathway, in fact, has lipid components in it, which
would reduce the dielectric constant, then the estimates of Debye
length reported below would be smaller.

Atasalt concentration of 0.5 M, the Debye length is 4.02 A. At this
salt concentration, the electrostatic interactions between magainin
peptides and fluorescein molecules were still effective. At a salt
concentration of 1 M, the Debye length is 2.69 A. At this salt concen-
tration, the electrostatic interactions between magainin peptides
and fluorescein molecules were blocked.

Fluorescein molecules have a radius of approximately 5A
(Prausnitz and Noonan, 1998). The fact that the Debye length at
which magainin-fluorescein interactions are shielded is smaller
than the radius of the fluorescein molecule indicates that the path-
ways created by magainins in the skin are just slightly larger than
a fluorescein molecule. The screening of the attractive electrostatic
interaction by such a small change in the Debye length implies that
the fluorescein molecule must be close to the edge of this pathway.
This is consistent with our previous finding that magainin did not
enhance transdermal transport of molecules larger than fluores-
cein (Kim et al., 2008), such as calcein (623 Da, r=6 A (Edwards et
al,, 1995)) and dextran (3000 Da, r=16 A (Oliver et al., 1992)). This
is also consistent with previous studies of magainin in simpler lipid
bilayer systems, in which the pores are believed to be of Angstrom
dimensions (Ludtke et al., 1995; Matsuzaki et al., 1996).

3.9. Implications for drug delivery

Biochemical enhancers are a novel approach to increasing skin
permeability for transdermal drug delivery. However, the use of
peptides to increase transdermal transport has been addressed in
just a small number of studies. This study provides insight into
the mechanism by which magainin peptides increases skin perme-
ability, which may have broader relevance to other peptide-based
enhancement strategies.

The use of magainin peptide in combination with NLS surfac-
tant increased transdermal transport of fluorescein 35-fold at pH
7.4. Magainin with NLS also increased transdermal transport of
granisetron 59-fold at pH 7.4 and up to 92-fold at pH 10. These large
increases in skin permeability may be useful for transdermal drug
delivery. Although fluorescein is a model compound, granisetron is
a drug in clinical use to prevent nausea and is in late-stage devel-
opment as a transdermal patch (ProStrakan, 2007). There are many
chemical and physical enhancers available for transdermal drug
delivery (Asbill et al., 2000). It is not yet clear in which specific
scenarios magainins will be most useful for drug delivering appli-
cations when compared with other methods.

The dependence of transdermal transport on pH, as well as on
salt concentration, presents the opportunity to modulate or trig-

ger transdermal delivery rates by increasing or decreasing pH or
salt. Although we do not yet know the speed with which chang-
ing pH or salt concentration can alter transdermal transport, novel
approaches to initiate, terminate or otherwise modulate trans-
dermal delivery rates could be achieved by changing pH or salt
concentration.

4. Conclusion

This study supported the hypothesis that electrostatic forces
between magainin peptides and drugs mediate drug transport
across the skin. Mechanisms of transport were studied by measur-
ing rates of transdermal transport, fluorescence microscopy, and
CD and FTIR spectroscopy.

Transdermal delivery of negatively charged fluorescein was
shown to be increased 35-fold using a formulation containing
magainin peptide that carried a +2 charge at pH 7.4 and thereby
provided an attractive electrostatic interaction with fluorescein.
Increasing pH to 10 or 11, which neutralized the charge on magainin
and thereby removed the electrostatic attraction, eliminated the
enhancement due to magainin. Blocking electrostatic interactions
at high salt concentration similarly eliminated the enhancement
due to magainin.

Transdermal delivery of positively granisetron was shown to be
increased 92-fold using the same formulation containing magainin
peptide that was neutralized at pH 10. Decreasing pH to 7.4, which
gave magainin a +2 charge and thereby provided a repulsive elec-
trostatic interaction with granisetron, eliminated the enhancement
due to magainin. Decreasing pH further to 5, which gave magainin
a +4 charge, inhibited granisetron flux.

These observations are consistent with the stated hypothesis
and are not consistent with changes in magainin conformation,
magainin content in the skin, magainin interaction with the skin
or diffusion of drug-magainin complexes across the skin as being
directly responsible for increased transdermal transport. CD analy-
sis, fluorescence microscopy and FTIR spectroscopy, respectively,
provided further evidence to rule out these alternative mecha-
nisms.

Overall, magainin peptides represent a novel class of biochem-
ical enhancers of transdermal transport. Their ability to increase
skin permeability and to be modulated by pH and salt concentration
suggest applications for transdermal drug delivery.
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