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ABSTRACT: The aim of the present study was to evaluate the skin permeation of naltrexone
(NTX) under the influence of a pulsed electromagnetic field (PEMF). The permeation of NTX
across human epidermis and a silicone membrane in vitro was monitored during and after
application of the PEMF and compared to passive application. Enhancement ratios of NTX
human epidermis permeation by PEMF over passive diffusion, calculated based on the AUC of
cumulative NTX permeation to the receptor compartment verses time for 0—4 h, 4-8 h, and over
the entire experiment (0—8 h) were 6.52, 5.25, and 5.66, respectively. Observation of the curve
indicated an initial enhancement of NTX permeation compared to passive delivery whilst the
PEMF was active (0—4 h). This was followed by a secondary phase after termination of PEMF
energy (4-8h) in which there was a steady increase in NTX permeation. No significant

enhancement of NTX penetration across silicone membrane occurred with PEMF application

in comparison to passively applied NTX. In a preliminary experiment PEMF enhanced the
penetration of 10 nm gold nanoparticles through the stratum corneum as visualized by multi-

photon microscopy. This suggests that the channels through which the nanoparticles move must
be larger than the 10 nm diameter of these rigid particles. © 2009 Wiley-Liss, Inc. and the American
skin penetration enhancement; dermatology; noninvasive; inductive energy;
tigated. However the latter cannot be easily discon-
tinued if the patient requires opiate analgesia for
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pain. Transdermal delivery may offer a route to
circumvent the liver-related problems by allowing

lower doses to be administered whilst also providing
the convenience of easy discontinuation when
required, however, passive delivery is not sufficient
to provide therapeutic NTX levels. Stinchcomb’s
group have shown that lipophilic prodrugs of NTX
increase the delivery rate across human skin by
two- to sevenfold compared to NTX base. '™
More substantial NTX delivery was achieved with
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INTRODUCTION
Naltrexone (NTX: Fig. 1) is a potent competitive
opioid antagonist which has been used in several
countries to assist in the maintenance of a drug-free
state in the management of opioid addiction’ and as
an adjunct in the treatment of alcohol dependence.?3
Following conventional oral administration, NTX
undergoes extensive first-pass metabolism in the
liver resulting in oral bioavailability estimates in the

range of 5-40%.*® Adverse effects reported in oral
therapy include abdominal pain, nausea, and vomit-
ing. NTX is also capable of causing dose-related
hepatocellular injury.® Consequently an alternative
NTX delivery route that would decrease the required
drug dosage could benefit the therapeutic outcome,
particularly in already hepato-compromised alcohol
or opioid dependent patients. Buccal delivery”® with
chemical and electrical enhancement and injectable

sustained release depot devices®!? have been inves-

microneedles.
fields (PEMF) to enhance the movement of substances

through the skin. The technique utilizes a time
varying electromagnetic field that is believed to
interact with the skin to enhance transdermal
delivery. At the heart of the Dermaportation system
is a low-energy time varying quasi-rectangular
electromagnetic (i.e., PEMF) pulse packet. Each

PEMF pulse has a rapidly rising and falling edge
(Fig. 2) that is hypothesized to induce localized

electromagnetic field effects in the stratum corneum

15-17
Dermaportation is a novel transdermal drug
delivery technology that uses pulsed electromagnetic
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Figure 1. Chemical structure of naltrexone (NTX).

environment. The technique is noninvasive and has
been demonstrated to be painless in volunteer
studies.'® In this study a local anesthetic was applied
topically to the upper arms of human volunteers with
the aid of PEMF over a 30 min period. Electromag-
netic fields have been shown to induce changes in a
number of cell types including fibroblasts, endothelial
cells and keratinocytes.'® 2! It has been reported to
induce wound healing®®?3 and improve chronic skin
ulcers,?*?® stimulate collagen® and bone growth,?’
and enhance the photodynamic effect on cancer
cells.?® We have previously demonstrated enhanced
human epidermal permeation of 5-aminolevulinic
acid®® and a dipeptide®® using the PEMF system
utilized in this study. Murthy reported enhanced skin
permeation of benzoic acid, salbutamol sulphate and
terbutaline sulphate by magnetophoresis.?* 3 These
studies involved the use of stationary permanent
magnets in close proximity to the donor formulation.
Murthy et al. suggested that the enhanced skin
permeation observed in response to a 10mT sta-
tionary magnet field may be due to the diffusion of the
diamagnetic drug away from the magnetic field,
electrosmosis or possibly altered barrier function due
to the magnetic field. Electro-osmosis and increased
membrane permeability have also been previously
reported for increased transport of mercuric chloride
and glycine through a cellulose acetate membrane
under a magnetic field.?*

A time varying magnetic field was employed in the
present study. The field consisted of an asymmetrical
repetition of quasi-rectangular pulses of 400 s
duration delivered at a duty cycle of 5% and a peak
magnetic field of 5mT. While the momentary peak
magnetic field was consistent with Murthy et al. the
average field of 0.25 mT was substantially less.

B-fleld
Repefition Packet Structure
E-fleld

Figure 2. Schematic of a PEMF-Dermaportation wave-
form.
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The aim of the present study was to investigate the
effect of this electromagnetic energy based skin
penetration enhancement technique (OBJ Derma-
portation technology) on the skin penetration of NTX
using an in vitro human epidermis diffusion model.
A comparison of the effect of the PEMF on NTX
permeation across human epidermis and a silicone
membrane (poly-dimethylsiloxane PDMS) was incor-
porated to provide an insight into the mechanism of
the PEMF enhanced delivery. If the PEMF energy
acts primarily on the epidermal membrane there is
likely to be limited NTX permeation enhancement
seen with the silicone membrane but if the effect is
predominately via diamagnetic repulsion or some
other drug molecule-related effect enhanced permea-
tion across silicone membrane is likely. In addition
a preliminary experiment utilizing multiphoton
microscopy—fluorescent lifetime imaging microscopy
(MPM-FLIM) was conducted to visualize the stratum
corneum penetration of 10nm gold nanoparticles
applied to human epidermis with and without PEMF.

MATERIALS AND METHODS

Materials

All the chemicals and reagents listed below were used
as supplied: naltrexone hydrochloride (NTX-HCI)
(>98% purity, SALARAS s.p.A, Como, Italy) was a
gift from Go Medical, Perth; methanol and acetoni-
trile HPLC solvents from JT Baker Philipsburg, NdJ;
orthophosphoric acid, Ajax Finechem (Taren, Point,
Australia); sodium hydroxide, analytical grade,
Merck Pty Ltd. (Darmstadt, Australia). Phosphate-
buffered saline solution, pH 7.4, (PBS) was prepared
according to the United States Pharmacopoeia.
Silicone membrane (polydimethyl siloxane mem-
brane PDMS: “0.005” nonreinforced sheets) was
obtained from Specialty Manufacturing, Inc. (Sagi-
naw, MI). Gold nanoparticles (10 nm diameter) were
obtained from the National Institute of Standards
and Technology, USA.

PEMF—Dermaportation Technology

The Dermaportation technology (OBJ Ltd) used
in these experiments generates an asymmetrical
pulse packet type electromagnetic field comprised
of a series of repeating quasi-rectangular waves of
electromagnetic energy with peak maximum field
strength of 5mT. The electromagnetic pulse is
propagated through the energizing of a small spirally
wound monofilament air-filled coil which is placed
externally to the donor compartment of a Franz type
diffusion cell so that the energizing coil was 7mm
above the skin surface. The PEMF system utilizes a
secure microprocessor smart card technology with
automatic CRC data integrity testing and systems
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integrity testing to ensure the quality and repeat-
ability of the field characteristics between experi-
ments. The PEMF system used in this experiment has
no user alterable controls.

HPLC System and Operations

The HPLC system (Agilent 1100) consisted of a binary
pump (G1312A), 1100 thermostat autosampler
(G1313A), and degasser (G1379A) equipped with
1100 photo diode array detector (G1315B). Separation
of NTX.HCl was achieved on a C;5 (150 mm x 4.6 mm)
Alltech column with 5pm particle size. Peak inte-
gration was undertaken using a personal computer
equipped with Chemstation revision A 08.01 Soft-
ware.

All NTX chromatographic standards were prepared
by dissolving NTX-HCI in PBS (which is also used as
the diffusion experiment receptor fluid), diluted with
PBS and stored at 4°C until required. The mobile
phase consisted of acetonitrile/water with 10 mM
orthophosphoric acid (adjusted to pH 3 with sodium
hydroxide) (15:85). NTX was eluted at the retention
time of 4.6 min at ambient temperature at a flow rate
of 1mL/min with a 20pL injection volume and
detection wavelength of 210 nm. The assay was fully
validated prior to analysis of experimental samples.

In Vitro Skin Diffusion Studies
Preparation of Membrane

Ethical approval for using human skin was obtained
from the Human Research Ethics Committee of
Curtin University prior to the study. Briefly, the
subcutaneous tissue was removed by dissection from
skin samples (abdominal region following abdomino-
plasty surgery at Perth Hospitals). Epidermal mem-
branes from human skin were obtained by the heat
separation method®® where the full thickness human
skin was immersed in water at 60°C for 1 min. The
epidermal membrane was then teased off the dermis;
placed onto aluminium foil with stratum corneum
layer facing upward, air dried for 15min and then
stored at —20°C (for not more than 2 months) until
required. For diffusion experiments with artificial
membrane silicone membrane (polydimethyl siloxane
membrane PDMS: “0.005” nonreinforced sheets)
was cut in squares using scissors and soaked over-
night (18 h) in MilliQ water prior to the experiment.
When mounted in the Franz cells a cross sectional
area of 1.18 cm? was available for diffusion.

In Vitro Diffusion Studies

In vitro permeation studies across human epidermis
or PDMS membrane were performed using Pyrex
glass Franz-type diffusion cells (enabling permeation
across skin sections of cross sectional area 1.18 cm?);
receptor volume ~3.5 mL. The membrane was placed
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between the donor and receptor compartment of the
cell and allowed to equilibrate for 1 h with PBS in the
receptor compartment that was stirred continuously
with a magnetic stirrer. PBS (1 mL) was placed in the
donor and receptor compartments of the cell which
was placed in a water bath maintained at 37 +0.5°C.
The membrane integrity was then determined by
visual inspection over a bright light and electrical
resistance (k()), capacitance (nF), and impedance
(kQ)) measurements using a digital portable LCR
meter (TH2821/A/B, Changzhou Tonghui Electronic
Co., Ltd, Jiangsu Province, China). TH2821B is a
microprocessor-controlled portable meter with low
power consumption. It was operated at 1kHz with
maximum voltage of 300 mV root-mean-square (rms)
in the parallel equivalent circuit mode. The measure-
ments were taken by immersing the stainless steel
probe lead tips, one each in the donor and receptor
compartments.?® Membranes exhibiting an electrical
resistance <20 k() were rejected from the study. The
diffusion cells were emptied, receptor compartments
refilled with fresh preheated PBS at 37 +0.5°C and
1mL of 0.45% NTX in PBS placed in the donor
compartment that was then occluded. PEMF coils
were placed around the exterior of the donor
compartment (Fig. 3) and energy applied for 4h,
whilst passive cells had no external PEMF energy

Figure 3. Inuitro diffusion cell with PEMF-Dermaportation
coil applied to the exterior of the cell.
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applied. This was taken as time 0 and PEMF energy
initiated on the active cells immediately. At different
time points, aliquots from the receptor phase were
withdrawn from the sampling arm and replaced
with fresh preheated (at 37°C) PBS over an 8 h period.
The total NTX concentration (NTX base and ions)
permeating the skin into the receptor solution
samples obtained from individual experiments was
determined by HPLC analysis. At time 8 h the donor
and receptor fluids were recovered, the cell disas-
sembled and the skin epidermal membrane examined
on a light microscope for obvious tears (any cells with
torn membranes were rejected). Experiments were
repeated for both the PEMF and passive applications
4 times for PDMS membrane and 13 times for human
epidermal experiments. The cumulative amount of
drug permeated through the epidermis and silicone
membrane to the receptor compartment was plotted
as a function of time. The area under the NTX
cumulative permeation versus time curves (AUC) for
PEMF and passive delivery was calculated (Sigma
plot 8.0) and expressed as pg/cm?h. Enhancement
ratios based on AUC were determined to compare
NTX permeation in the presence of the PEMF with
passive diffusion.

MPM-FLIM Analysis of Nanoparticle Penetration

A droplet of 20 pL containing a well-characterized
solution of 10nm gold nanoparticles at 51.56 +
0.23mg/g Au (National Institute of Standards and
Technology, USA) was placed onto the stratum
corneum of the human skin. The skin was exposed
for 30 min prior to rinsing with 100 mL saline followed
by MPM-FLIM analysis. A Dermainspect instrument
with a Mai Tai laser at 740 and 850 nm was used
to excite the gold nanoparticles. Second harmonic
generation was quantified at lifetimes of 0-250ps
using a time-correlated photon counting module and
analyzed using SPCimage software (Becker and Hickl
GmbH, Berlin, Germany). Gold nanoparticle positive
pixels were quantitated and graphed in untreated/
unexposed and treated samples; two skin samples
were treated with gold nanoparticles where one was
exposed to the PEMF device and the other was not
exposed to the PEMF device.

Statistical Analysis

Differences in the permeation of NTX between the
PEMF and passive application were analyzed for
statistical significance (p < 0.05) using the repeated
measures ANOVA (implemented with the SAS soft-
ware program using Proc Mixed). The data consist of
measurements at 12 time periods on 12 samples
(except that the 5h time point was only available for
9 of the samples). Because of the skewness in the
concentrations, the regression model was applied to
the log-transformed data (in order to obtain the
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p-values for comparison of treatments). The repeated
measures on each sample were taken into account,
and the model essentially stated that the concentra-
tion was a function of the time delay from start and
the treatment. The overall p-values were highly
significant for both the treatment differences and the
differences between times.

RESULTS AND DISCUSSION

In Vitro Permeation Studies of NTX Across
Human Epidermis

The quantitative analysis for NTX that permeated
the skin was carried out by HPLC. The samples were
analyzed on a linear range 1.56-100 pg/mL with the
LOD and LOQ of 134 and 449 ng/mL, respectively.
The in vitro permeation profiles of NTX across
silicone membrane and human epidermis are pre-
sented in Figures 4 and 5, respectively. The permea-
tion parameters are given in Table 1. The data was
compiled from 4 cells in silicone membrane and 13
cells in human epidermis obtained from the abdom-
inal region of three female donors (44, 39, and
59 years). A comparison of the cumulative amount
of NTX penetrating the epidermis to the receptor
solution versus time was plotted for passive and
PEMF applications. NTX penetration was signifi-
cantly increased compared to passive application over
the time period of the experiment (p < 0.0001). The
results indicated an increase in the mean cumulative
permeation of NTX over 8 h in cells where PEMF was
applied, as compared to cells without PEMF applica-
tion (80.2+43.5, 406.9+137.1 Figure 5; Tab. 1).
Based on the mean cumulative permeation graph the
area under the curve (AUC, Sigma Plot 8.0) was
calculated (Tab. 1). PEMF energy was applied for the
initial period only (0—4 h) and cumulative amount of
NTX permeating to the receptor compartment during
this period (mean + SEM) was 60.6 +35.6 and 319.8 +
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Figure 4. Cumulative amount of NTX (ug/cm?) perme-
ated through silicone membrane to the receptor compart-
ment by PEMF-Dermaportation (@) and passive (O)
application (mean+SEM, n=4 cells; ANOVA p > 0.05).
PEMF applied 0-8 h.
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Figure 5. Cumulative amount of NTX (pg/cm?) perme-
ated through human epidermis to the receptor compart-
ment by PEMF-Dermaportation (@) and passive (O)
application (ANOVA p <0.001). PEMF applied 0—4h only
as indicated by line on x-axis. Data represent mean + SEM,
n =13 cells using skin from three human subjects.

96.7 ng/em? for passive and PEMF, respectively

(Tab. 1). AUC of the cumulative amount of NTX in
the receptor compartment verses time graph during
PEMF application (0—4 h) yielded values of 859.5 and
131.7 pg/em®h for PEMF and passive, respectively,
representing an enhancement ratio of 6.52. Enhance-
ment ratios based on AUC for the entire duration of
the experiment (0-8h) and post-PEMF application
(4-8h) were 5.7 and 5.3, respectively. It is clear from
observing the cumulative amount of NTX permeating
human epidermis verses time profile (Fig. 5) that
there is an initial PEMF enhancement effect that is
maximal in the first 1.5h of application. Post-PEMF
application there is a steady increase in permeability
of NTX for the remainder of the experiment.
Energy-based skin permeation enhancement of
NTX has not been previously reported. However
Stinchcomb’s group have investigated prodrugs as a
means of skin delivery.®!! In this case, approximately
two- to sevenfold enhanced flux of lipophilic alkyl
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ester prodrugs compared to NTX base was achieved
using NTX-3-acetate compared to NTX base in
mineral oil in this experimental series.® These highly
oil soluble prodrugs provided a higher NTX flux and
underwent significant metabolic conversion in the
skin. Similarly a duplex “Gemini” prodrug approach
was studied where two molecules of NTX were bonded
together by a carbonated ester.'* The prodrug was
hydrolyzed into two NTX moieties via skin enzymes,
appearing as mainly NTX in the receptor compart-
ment. A twofold increase in flux compared to NTX
base was achieved. Transdermal delivery of NTX
across microneedle-treated skin has recently been
reported with clinically relevant systemic drug levels
achieved in humans.'®

In contrast to the human epidermal data, compar-
ison of the cumulative amount of NTX penetration
across silicone membrane (Fig. 4) shows only a minor
difference between the PEMF and passive applica-
tions. In this study PEMF energy was applied for the
entire experimental period (0-8h) and cumulative
amount of NTX permeating to the receptor compart-
ment (mean+SEM) was 104.9+4.6 and 112.8+
5.1ug/em? for passive and PEMF, respectively.
PDMS membranes provide a hydrophobic reproduci-
ble barrier that allows water passage equivalent
to transepidermal water loss during permeation
studies. This offers a simple barrier to mimic the
hydrophobicity of the stratum corneum but is not
subject to potential stratum corneum lipid perturba-
tion by skin penetration enhancement techniques.
For example, comparison between permeation of a
solute across human skin and PDMS has been used
to investigate the effects of co-solvents.?’” The
comparison between the human epidermis and PDMS
membrane data (Tab. 1) suggests that the mechanism
of action of the PEMF may involve an interaction with
the epidermal structure to provide enhanced permea-
tion rather than a predominately drug repulsion

Table 1. Permeation Characteristics of Human Epidermal and Synthetic PDMS Membrane Under Passive and PEMF-

Dermaportation Treatments

Treatment and Time

0-8h 0—4h 4-8h
Parameters P DP P DP P DP
Human epidermis
Mean cumulative permeation (pg/cm?) 80.2+43.4 406.9+137.1 60.6 +35.6 319.8+96.7
Flux (pg/em?h) 9.7 44.1 14.0 69.8 11.3 46.3
AUC (pg/em?h) 411.7 2329.0 131.7 859.5 1469.4 280.0
Enhancement ratio (based on AUC) 5.6 6.5 5.2
PDMS membrane
Mean cumulative permeation (pg/cm?) 104.9+4.5 112.8+5.1 54.6+2.1 61.0+2.2
Flux (p.g/em®h) 12.9 14.2 13.6 14.7 12.2 12.4
AUC (pg/em®h) 434.2 484.9 114.9 124.8 319.3 360.1
Enhancement ratio (based on AUC) 1.1 1.0 1.1
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effect as minimal enhancement was seen with the
synthetic membrane.

Studies reported on the biophysical effects of other
magnetic energy applications and other energy based
skin permeation enhancement techniques may pro-
vide insights into the mechanism of PEMF skin
permeability enhancement. There have been previous
reports of the creation of cell membrane pores by
magnetic particles®® and a number of other biophy-
sical effects of magnetic energy.?>*° Electromagnetic
waves of both high- and low-voltage pulse have been
shown to perturb phospholipid layers due to electro-
poration and depending on the voltage and duration
of pulse, molecular transport could be transcellular or
intercellular. The pore size induced by electromag-
netic electroporation depends on the duration and
number of pulses used.*! Typically electroporation
involves higher energy, short duration pulses and
therefore may not be directly relevant to PEMF
effects on skin.

It could also be hypothesized that application of
PEMF may increase or induce thermal transition of
lipids, resulting in their restructure in the skin.
During this rearrangement period the porosity of the
skin may increase temporarily resulting in high
permeation seen particularly during the first 1.5 h of
our study with epidermal membrane (Fig. 5). Follow-
ing this initial restructure a constant permeation
becomes apparent which would relate to the steady
NTX permeation increase post-PEMF. Silva et al.*2
showed that lipids in the stratum corneum can
undergo thermal transition at temperatures below
40°C (20-40°C). However during in vivo studies
volunteers did not report any sensation of warming
of the skin due to PEMF application therefore the
relevance of thermal effects may be minimal.

Movement of water molecules due to osmosis under
the influence of the applied electromagnetic field
could also be considered as a possible mechanism of
enhancement. This mechanism has been described
for iontophoresis.*3

MPM-FLIM Analysis of Nanoparticle Penetration

Human stratum corneum/epidermis was isolated
from full thickness skin by heat separation. The
resulting stratum corneum/epidermis was used to
assess PEMF assisted penetration of 10nm gold
nanoparticles. Initial experiments identified the
major lifetime contribution of 10 nm gold nanoparticle
second harmonic generation as <250 ps (Fig. 6, Panel
a). This lifetime range has minimal activity (~4 x 10°
pixels per 224 pm x 224 pm field of view) in untreated
human skin and gold nanoparticle-treated skin
without exposure to the PEMF device (Fig. 6, Panel
b). Gold nanoparticle-treated human skin exposed to
the PEMF device had 200 times more gold nanopar-
ticle positive pixels than the nonexposed, but gold
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Figure 6. MPM-FLIM analysis of nanoparticle penetra-
tion enhancement by PEMF (Dermaportation). Panel a
shows the lifetime profile of 10 nm gold nanoparticle second
harmonic generation. The primary peak between 0 and
250 ps was used to indicate the presence of gold nanopar-
ticles (AuNP) within the stratum corneum (white bars) and
epidermis (black bars). The presence of gold nanoparticle
positive pixels was quantified in both untreated (—) and
treated (AuNP) human skin were analyzed by MPM-FLIM
(Panel b). The treated group contained one unexposed and
one PEMF-exposed (Dermaportation) piece of skin. Typical
lifetime images (0—250 ps) are shown in Panels c-h and the
treatment shown to the left. Panels c—h are pseudo-colored
according to lifetime (bar in Panel ¢) where 0 is blue to 250 is
red. The background levels of the stratum corneum/epider-
mis can be seen in Panels ¢ and d. The major lifetime
contribution of gold nanoparticle second harmonic is teal/
green/yellow and can be seen particularly in the treated/
PEMF-exposed samples (Panels g and h).
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nanoparticle-treated group (Fig. 6, Panels b—h). The
images in Panels c-h show no major differences in
stratum corneum/epidermis microanatomy between
the treatment groups, indicating no obvious tissue
damage. This suggests that the PEMF generated
magnetic field facilitates 10nm gold nanoparticle
penetration through the human stratum corneum.
Furthermore, these data illustrate that the channels
through which the nanoparticles move must be larger
than the 10nm diameter of these rigid particles.

CONCLUSION

Magnetic fields of both stationary and time varying
type have now been shown to enhance the skin
penetration of a number of solutes, including NTX,
however the precise mechanism for this enhancement
remains poorly understood. The difference in the level
of enhancement by PEMF-Dermaportation through
excised human epidermis verses silicone membrane,
and the greater level of enhancement by PEMF-
Dermaportation (low magnetic field strength) verses
the stationary magnetic field (higher magnetic field
strength), suggests that diamagnetic repulsion of a
susceptible molecule is not the predominant mechan-
ism. A potential mechanism is by interaction between
the PEMF and the epidermal structure to form
transient pores through which drug and water can
diffuse more readily. A preliminary experiment
demonstrated that PEMF enhanced the stratum
corneum penetration of 10nm particles suggesting
that the channels through which the nanoparticles
move must be larger than the 10 nm diameter of these
rigid particles. The induction proprieties of time
varying fields may play an important role in the
interactions between magnetic fields and epidermal
structures. Further studies are required to determine
the precise mechanism of enhancement by this
electromagnetic field technology.
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