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The purpose of the present study was to evaluate whether iontophoresis (IP) accelerates the intrader-
mal migration rate of medium molecular weight drugs. Sodium polystyrene sulfonate (PSA) and fluorescein
isothiocyanate-dextran (FD) were used as model medium molecular weight acidic and non-electrolyte drugs,
respectively. Low molecular weight acid and non-electrolyte drugs were also used for comparison. Drug-
loaded excised split-layered skin (SL skin) was used in the experiment. SL skin was prepared using (i) whole
skin was split once, (ii) the drug solution was applied on the lower skin, and (iii) the upper skin was layered
onto the lower skin containing the drug solution as in the original skin. The effect of constant-current cath-
odal or anodal IP was applied to the SL skin, and the time course of the cumulative amount of drug migra-
tion from the SL skin through the dermis to the receiver was followed. In cases without IP and with anodal
IP, the intradermal migration rates of medium molecular weight drugs were much lower than those of small
molecules. The driving force for drug migration was thought to be simple diffusion through the skin layer.
In contrast, cathodal IP significantly increased the intradermal migration rate of PSA not but of FD or low
molecular weight drugs. This IP-facilitated migration of PSA was probably due to electrorepulsion. These re-
sults suggest that IP can be used to increase the intradermal migration of medium molecular weight charged
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drugs.
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Introduction

Recently, many biopharmaceuticals comprised of medium
to high molecular weight drugs have been produced. They
include bioactive proteins and peptides produced by gene re-
combination and cell culture technologies, which have devel-
oped rapidly and become top selling pharmacological products
around the world. In contrast, low molecular weight drugs of
300-500Da are becoming less prominent.” However, most
biopharmaceuticals are degraded or not absorbed in or from
the gastrointestinal tract when administered orally.? In addi-
tion, biopharmaceuticals are generally expensive, which not
only imposes an economic burden on patients but also has a
negative impact on medical insurance systems in each coun-
try. Furthermore, patients require frequent visits to hospitals
to receive drug treatment, because most biopharmaceuticals
are administered by healthcare professionals. By requiring
patients to visit and be hospitalized frequently, their potential
working hours are reduced. A means to resolve these prob-
lems related to biopharmaceuticals may include: (i) develop-
ment of biopharmaceuticals at a lower cost; (ii) sustaining the
efficacy of biopharmaceuticals to avoid frequent administra-
tion; or (iii) development of self-administered biopharmaceuti-
cals. Self-injectable formulations have already been developed
for some biopharmaceuticals.” However, it is difficult to man-
age medication by self-injection, especially for infants and the
elderly, who often need long-term care. In addition, infusion
shock may occur when biopharmaceuticals are intradermally
injected, so it is necessary to control the administration rate.

Another choice that can be self-administered easily, other
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than the oral formulations and self-injections, is use of trans-
dermal drug delivery systems (TDDS). TDDS has merits such
as maintaining the plasma level of a drug, avoiding first pass
metabolism effects in the liver, and easy discontinuation of
administration if side effects occur.¥ However, due to the stra-
tum corneum barrier, the transdermal delivery rate of drugs
is significantly lower than the absorption rate through the
gastrointestinal mucosa. Against this background, solid mi-
croneedles (MN),” which can form micropores in the stratum
corneum, and hollow MN,® which can infuse drug solutions
by bypassing the stratum corneum into the cutaneous tis-
sues have been developed recently using Bio-Micro Electro-
Mechanical Systems. These tools have opened the possibility
for the cutaneous tissues to administer biopharmaceuticals.
Electroporation” and thermal poration® have also been tested
as methods for forming micropores in the stratum corneum.

Even when such transdermal administration bypasses the
stratum corneum barrier, medium to high molecular weight
compounds must have a moderate to high intradermal migra-
tion rate (for easy accessibility to cutaneous microcapillaries).
In other words, the migration rate of medium to high mo-
lecular weight compounds in the dermis layer becomes rate-
determining for the overall systemic absorption.

We previously evaluated whether iontophoresis (IP) can
increase the migration rate of medium molecular weight com-
pounds in the dermis layer. IP has been broadly utilized to
deliver drugs through the stratum corneum.’™'? The promoting
mechanism by IP is electrorepulsion and electroosmosis. In
the present study, IP effects were determined and mathemati-
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cally evaluated on the intradermal migration of medium mo-
lecular weight acidic and non-electrolyte (uncharged) drugs
(about 4 and 10kDa) using sodium polystyrene sulfonate
(PSA) and fluorescein isothiocyanate-dextran (FD), respective-
ly. Low molecular weight acid and non-electrolyte compounds
were also used for comparison. Table 1 summarizes the model
drugs used in this experiment. High molecular weight com-
pounds were excluded in this study due to their extremely low
intradermal migration rate.

Since MN were developed as a new tool to administer
drugs by bypassing the stratum corneum as mentioned above,
they have been used it to administer drugs into cutaneous tis-
sues. Hollow type MN,'? drug-coated solid MN,"® and drug
solubilized MN' have been designed for intradermal admin-
istration. The latter one dissolves immediately after injection.
The length and thickness of the MN can be easily modified,
so the puncture depth also varies.'*”'¥ In the present study, we
set the injection depth of the drug solution to 400 um.

Split-layered skin (SL skin) was prepared as follows: (i)
whole skin (thickness: about 1000um) was split once at a
thickness of about 400 um from the skin surface, (ii) the drug
solution was applied onto the lower skin (thickness: 600 um),
and (iii) the upper skin was layered back onto the lower skin
containing the drug solution as in the original skin. The effect
of constant-current cathodal or anodal IP was applied to the
SL skin containing the drug, and the time course of the cumu-
lative amount of drug migration from the SL skin through the
dermis end to the receiver was followed over time.

Table 1. Chemical Structures and Molecular Weights of the Model
Compounds Used in This Experiment

Drug category Drug Chemical structure M.W.
PSA-4 43k
Acidic
Medium MW
PSA-10 b0 10 k
O N
FD-4 3-5k
Non-electrolyte
Medium MW
FD-10 10 k
le ¥
FL-Na ° 376.27
w LI,
Acidic © ° °
Low MW
ES 208.2
0=5=0
3
HO, m
Non-electrolyte ;
191.14

"~ 0
ISMN @
Low MW " o\N/O
%
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Experimental

Materials Medium molecular weight acids, PSAs (M.W.
4.3kDa, PSA-4 and MW. 10kDa PSA-10) were purchased
from Sigma-Aldrich (St. Louis, MO, U.S.A.). Medium molecu-
lar weight non-electrolytes, FDs (M.\W. 3-5kDa, FD-4 and
M.W. 10kDa, FD-10) were purchased from Sigma-Aldrich.
In addition, low molecular weight acids, fluorescein sodium
salt (FL-Na) and sodium 4-ethylbenzenesulfonate (ES) were
purchased from FUJIFILM Wako Pure Chemical Corpora-
tion (Osaka, Japan) and Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan), respectively. Low molecular weight non-elec-
trolyte, isosorbide 5-mononitrate (ISMN) was purchased from
Tokyo Chemical Industry Co., Ltd. Table 1 summarizes these
structural formulas and molecular weights.

Hydroxypropyl cellulose (HPC, grade H) used as a formula-
tion base was purchased from Nippon Soda Co., Ltd. (Tokyo,
Japan). Other solvents and reagents were of special or HPLC
grade without purification.

The ear skin from edible pigs was used in the experiment.
The porcine ears were purchased from the Central Research
Institute for Agricultural Feed and Livestock (Tsukuba, Ibara-
ki, Japan) and stored frozen at —30°C until use.

Determination of Intradermal Migration Rate of
Various Model Drugs

Applied Solution into Skin

PSA-4, PSA-10, FD-4, FD-10, ES, ISMN (10mg/mL each),
and FL-Na (0.5mM) solutions were prepared using 5% HPC
aqueous solution and used for intradermal application (see
Table 1).

Preparation of SL Skin

Frozen porcine ear skin was thawed in warm water at 32°C
and carefully washed with purified water so as not to damage
the skin surface. Excess moisture was wiped off and the skin
was shaved with a clipper and shaver. Then, the porcine ear
skin was cut off using a scalpel, and the fat on the dermis side
was carefully removed using scissors, and the skin was sliced
with a dermatome to adjust the thickness to 1000um from
the skin surface. Then, the skin was sliced into two pieces,
400 4m upper skin and 600um lower skin. Drug solution
(200 uL, see "Applied solution into skin”) was applied onto the
600 um lower skin (drug application area was 1.77cm?), and
the upper skin was layered onto the lower skin containing the
drug solution as in the original skin to prepare split-layered
(SL) skin. Skin thickness was determined using a thickness
gauge (SM-112, Teclock Co., Ltd., Okaya, Nagano, Japan).

Determination of Drug Migration Rate

The SL skin was set in a vertical-type diffusion cell (re-
ceiver cell volume: 6.0mL, effective diffusion area: 1.77cm?).
Phosphate buffered saline (PBS) (1/30M, pH 7.4) (6 mL) was
added to the receiver cell. During the drug migration test, the
receiver cell was stirred constantly with a magnetic stirrer.
Samples of the receiver solution (0.5mL) were periodically
collected, and the same amount of PBS was replenished at
each sampling time to determine the time course of the cu-
mulative amount of each drug migrating from the SL skin
through the dermis end into the receiver cell. Since small mo-
lecular drugs diffuses faster than medium molecules through
skin, the measurement period for small ones and medium
ones were set to 4 to 6h, 8 to 60h, respectively. In addition,
the fluorescein compounds FD-4 and FD-10 were not stable
against the pH change, the measurement period for FD-4 and
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Fig. 1. Schematic Representation of the Experimental Setup for IP
Application
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Electrode setting in the case of cathodal IP (vice versa for anodal IP). Each elec-
trode is in PBS, whereas the drug solution is applied in the skin tissue.

FD-10 were shorter than PSA-4 and PSA-10. The quantitative
sensitivity of a fluorescent substance FD changes with the
pH changes in the solution. Since the pH in the receiver cell
changes when IP is used for a long period, the experiment was
conducted in a short period with little pH change.

IP Application Figure 1 shows a schematic diagram of
IP application. In the case of cathodal IP, the cathode was set
on the stratum corneum and the anode was in the receiver
cell. The electrodes were set the opposite way for anodal IP.
A multichannel DC power supply VII002 (Precise Gauge
Co., Ltd., Hamamatsu, Japan) was used as an IP device. An
Ag electrode and AgCl electrode were used for the anode and
cathode, respectively. The voltage was set to deliver a cur-
rent density of 0.3mA/cm? (constant current IP). The voltage
was applied throughout the drug migration experiments. The
receiver solution was sampled periodically, and the drug con-
centration in the sample was measured using a fluorescence
spectrophotometer, HPLC system, or ultra-HPLC (UHPLC).

Determination of Each Penetrant

FL-Na, FD-4 and FD-10

Receiver sample solution (200 #L) containing FL-Na, FD-4,
or FD-10 obtained in the diffusion experiment was transferred
to a quartz glass cell (T-9-UV-10-1, Tosoh Quartz Corp., Ya-
magata, Japan) and assayed for fluorescence intensity using a
fluorometer (RF-5300PC, Shimadzu Corp., Kyoto, Japan). The
excitation and emission wavelengths for FL-Na were 485 and
535nm, respectively, and those for FD-4 and FD-10 were 490
and 520nm, respectively.

ISMN, PSA-4, and PSA-10

The receiver solution containing ISMN was mixed with

Chem. Pharm. Bull. 641

acetonitrile at a ratio of 1:1 and that containing PSA-4 and
PSA-10 was mixed with acetonitrile at a ratio of 6:4, and
then centrifuged at 21500 X g and 4°C for 5min. Superna-
tant volumes of 10uL (for ISMN) or 30uL (for PSA-4 and
PSA-10) were injected into the HPLC system, which consisted
of a pump (LC-20AD, Shimadzu Corp., the same as below),
an injector (SIL-20AC), a column oven (CTO-20AC), a UV-
VIS detector (SPD-M20A) or a spectral fluorescence detec-
tor (RF-10AXL), a system controller (CBM-20AC), and an
analytical data processing system (LC solution). All samples
were quantified using the absolute calibration method. Table 2
summarizes the column, determination method, mobile phase,
and its flow rate.

ES

The receiver solution containing ES was mixed with aceto-
nitrile at a ratio of 3:1 and centrifuged at 21500 X g and 4°C
for Smin. A sample of the supernatant (8uL) was injected
into a UHPLC. The UHPLC system consisted of a pump
(LC-30AD, Shimadzu Corp.), injector (SIL-30AC), column
oven, UV-VIS detector, and a system controller (same type as
above). The absolute calibration method was used. Other con-
ditions are also shown in Table 2.

Analysis of Intradermal Migration Kinetics of Drugs
The lower layer in the SL skin may be assumed to be a plane
diffusion sheet, or the whole SL skin layer may be a drug ma-
trix if drug diffusion immediately takes place. Then, the time
course of the cumulative amount of drug migration from the
SL skin through a unit area of the dermis end to the receiver,
0O, was analyzed as a function of time, ¢, using a following
general equation.'

O=k" )

where £ is the migration rate constant.

The n-value is 1.0 when the lower skin layer is assumed
to be a plane diffusion sheet, but n is 0.5 when the SL skin
becomes like the drug matrix and drug diffusion mainly con-
tributes to drug migration.'” The n-value becomes 1.0 when
constant-current IP facilitates the intradermal migration of
drugs, because drug migration is generally proportional to the
electric current. In the present data analysis, logQ was plot-
ted against log?, excluding the data in the lag time period as
follows:

logQ =logk +nlogt 2)

Results and Discussion

Effect of Electrode Setting for IP on the Intradermal
Migration of Various Model Drugs Most of the following
IP tests were performed in an in vitro system using excised
SL skin, and the cathode (or anode) electrode was set on the
stratum corneum surface and the anode (or cathode) was in
the receiver solution, as shown in Fig. 1."”

Table 2. HPLC and UHPLC Conditions for Used Compounds in These Experiments

PSA-4 or PSA-10/HPLC

ES/UHPLC

ISMN/HPLC
Column Inertsil® ODS-3, 5um, 4.6 X 150 mm
GL Sciences Inc., Tokyo, Japan
Detection UV 220nm
Mobile phase Acetonitrile : water = 10:90
Flow rate 1.0mL/min

Asahipak GF-7M HQ, 9 um, 7.5 X 300 mm
Showa Denko K.K., Tokyo, Japan

Ex 267nm, Em 381 nm
Acetonitrile: 50mM Na,PO,aq. =10:90
0.6mL/min

Shim-pack GIS C18, 2 um, 3.7 X 75mm
Shimadzu Corp., Kyoto, Japan
UV 254nm
Acetonitrile: 0.1% phosphoric acid ag. =25:75
0.8 mL/min
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Figure 2 shows the effect of constant-current IP on the cu-
mulative amount of drugs migrated from the SL skin through
the dermis end to the receiver cell. A high amount of small
molecular non-electrolyte ISMN (Fig. 2a) and acidic FL-Na
(Fig. 2b) and ES (Fig. 2¢) was cleared from the SL skin with-
out and with cathodal and anodal IP. The cleared percentage
reached 70% or more of the injected dose of the drugs over
4-6h. No electrorepulsion and electroosmosis effects were
found with IP application. In other words, low molecular
weight drugs, not only non-electrolyte (ISMN) but also acidic
drugs (FL™, ES"), had high migration rates (high passive dif-
fusion by concentration gradient) through the skin, so an IP
effect was hardly found. In addition, the intradermal migration
of medium molecular weight non-electrolytes FD-4 and FD-10
was not increased by cathodal and anodal IP (Figs. 2d, f). The
cumulative amount of FD-4 and FD-10 migrated (a few percent
against the applied dose) from skin was reduced to one-tenth
compared with those for low molecular weight drugs (Figs.
2a—c). This was due to the limited electrorepulsion and electro-

osmosis for medium molecular weight FD-4 and FD-10."®

On the other hand, the intradermal migration of PSA-4 and
PSA-10, which are medium molecular weight acidic drugs
(Figs. 2e, g), was remarkably promoted by cathodal constant-
current IP."” The cumulative amounts of PSA-4 and PSA-10
migrated by the cathodal IP increased to 70 and 60% of the
dose, respectively, which were like the migration amount of
low molecular weight compounds. Because anodal IP did not
change the FD and PSA migrations from that without IP, the
effect of electrorepulsion was very low. Compared with the
cathodal IP efficacy (ratio with IP/without IP) on intradermal
migration between PSA-4 and PSA-10, a higher efficacy was
observed with PSA-10. These data were consistent with the
report Guy et al.,”” which showed that higher IP efficacy was
observed with higher molecular weight compounds.

It is presumed that one of the reasons why PSA-4 showed
higher migration than FD-4 is the presence or absence of
charge of both molecules. That is, PSA-4 has a negative
charge, while FD-4 is not ionized. Since the skin is negatively
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charged, it is probable that the skin permeability of PSA-4 ad-
ministered intradermally was higher than that of FD-4 due to
electrical repulsion.”??

Analysis of the Observed Intradermal Migration Rate
of Drugs The observed intradermal migration rate of drugs
was analyzed using n-values in Eq (2). Table 3 summarizes
the calculated n-values. All cases tested with low molecular
weight drugs showed n=0.5 (0.43-0.69), not n=1. These
results suggested that low molecular weight drugs distributed
almost evenly in the whole layer of SL skin (viable epidermis
and dermis) except the stratum corneum immediately after
drug application, and that the viable epidermis and dermis
became like a drug-containing matrix to clear the drug from
the SL skin through the dermis end into the receiver over
time after the steady state period. On the other hand, medium
molecular weight non-electrolytes (FD-4, FD-10) showed
n=1.0 (0.85-1.10) not n=0.5. This result suggested that the
dermis became a diffusion-controlled membrane for medium
molecular weight drugs, resulting in membrane-controlled
release.”® In addition, n-value was also near 1.0 (0.69—1.04)
when medium molecular weight acidic drugs (PSA-4, PSA-10)
were applied to skin without IP or with anodal IP treatment.
No difference was observed in the migration rates with and
without anodal IP, suggesting that the migration rate was
membrane-controlled. In addition, the amount of PSA-4 and
PSA-10 cleared from the skin with cathodal IP was markedly
higher than those with and without anodal IP. PSA flux from
the dermis end during constant-current IP should be con-
stant (n = 1) because the flux is generally proportional to the
electric current as explained above. However, the n-value for
PSA-4 and PSA-10 was near 1.0 (0.98 and 1.08) until 24 h, but
then decreased with time to around 0.48 and 0.61, respectively.
This was not due to a change in the intradermal migration
mechanism but owing to the high consumption of the Ag and
AgCl electrodes: i.e., the Ag electrode became AgCl, whereas
the AgCl electrode became Ag during the migration experi-
ment. This high electrode consumption was determined by an
increase in voltage at a constant-current I[P (data not shown).

For a deeper understanding of the differences between the
above-mentioned intradermal migration rates between low
and medium molecular weight drugs, typical concentration—
distance profiles of low and medium molecular weight mole-
cules in the skin are illustrated in Figs. 3a and b, respectively.
Detailed analysis will be shown in a separate paper because it
goes beyond the scope of the present report. In addition, the
main objective in the present study was to explain the effect of
IP on the intradermal migration of medium molecular weight
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drugs. Figure 3 shows schematic illustrations from post-lag
time to about 8h during the intradermal migration experi-
ment shown in “Determination of drug migration rate.” The
migration coefficient of drugs in the 400 um upper skin should
be similar to that in the 600 um lower skin,® but the barrier
function of the stratum corneum is much higher than that in
the viable epidermis and dermis. In other words, the migration
rate in the stratum corneum was much lower than that in the
viable epidermis and dermis. Thus, almost no drug was found
in the stratum corneum and no concentration gradient of both
low and medium molecular weight drugs was observed at the
surface between the stratum corneum and viable epidermis
(dCldx =0, see Figs. 3a and b). After a short lag time, both
the low and medium molecular weight molecules distributed
evenly in the 400 um upper skin and a straight concentration
gradient was obtained in the 600um lower skin to be zero
at the interface to the receiver. The lag time for the low mo-
lecular weight molecules was shorter than that for the medium
molecular weight molecules. The concentration—distance pro-
file did not change much after the lag time to about 8h for the
medium molecular weight drugs, as shown in Fig. 3b. There-
fore, almost zero-order migration rate with n~1.0 was found
for the medium molecular weight molecules (Fig. 2 and Table
3). On the other hand, the concentration—distance profile for
the low molecular weight drugs changed with time, as shown
in Fig. 3a. It was estimated that the migration profile of low
molecular weight molecules from the dermis end to the re-
ceiver was similar to the drug release profile from the matrix
as described above, with n=0.5.

One of the goals is to have high bioavailability of intracu-
taneously applied drugs, so that we need to find out determi-
nants for the high bioavailability of drugs. For orally admin-
istered drugs, the Biopharmaceutics Classification System
(BCS) has become widely accepted as a bioequivalence source
in the academic, industrial, and regulatory world.*” The BCS
classifies drugs into 4 types using 2 parameters (solubilities
and gastrointestinal permeabilities). For transdermal applica-
tion, the partition coefficient from the formulation to skin and
diffusion coefficient through the stratum corneum of drugs
were found to be the 2 biggest determinants for the percutane-
ous absorption rate. In contrast, no clear determinants were
established for the intracutaneous absorption of drugs. Claas-
sen reported that the absorption process from subcutaneous
depots is determined by the diffusion of the compound into
the extravascular tissue, by passage through the vessel wall,
and by the capillary blood perfusion.?” Because cutaneous tis-
sues are richer in vessels than subcutaneous tissues, however,

Table 3. n-Value in Egs. (1) and (2) for Several Drugs
n
Drug category Drug Drug conc.
Without IP Cathodal 1P Anodal IP

Acidic medium MW PSA-4 10mg/mL 1.06 0.95 0.69
PSA-10 10mg/mL 1.01 1.08 1.04
Non-electrolyte medium MW FD-4 10mg/mL 1.08 1.01 0.85
FD-10 10mg/mL 1.10 1.02 0.94
Acidic low MW FL-Na 0.5mM 0.59 0.69 0.63
ES 10mg/mL 0.54 0.43 0.66
Non-electrolyte low MW ISMN 10 mg/mL 0.57 0.65 0.56

Each n-value was obtained by double logarithmic plotting as follows: log O =logk + nlogt Eq. (2).
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capillary blood perfusion may not be a big determinant.?

On the intra- and sub-cutaneous absorption rate of drugs,
Zuidema et al. reported the effect of drug lipophilicity,® and
we published the dependency by molecular weight of drugs.?”
The migration rate of medium molecular weight drugs in
cutaneous tissue was much lower than that of low molecular
weight drugs, as shown in Fig. 2. Thus, IP, which enhances
the intradermal migration rate of medium molecular weight
electrolytes, may be an effective tool to increase their absorp-
tion rate and bioavailability.

IP is well known to increase the stratum corneum perme-
ation of ionic drugs. The present study suggests that IP can
be used also to increase the intradermal migration of medium
molecular weight ionic drugs but not low molecular weight
drugs.

Conclusion

It was clarified in the present study that the intradermal
migration of medium molecular weight acidic drugs can be
promoted by cathodal IP. This IP technology can be combined
with recently developing devices such as MN?® and needle-
less syringes. Since such drug disposition and kinetics in the
dermis change depending on the injection depth of the drug
solution, it is important to further examine the effect of injec-
tion depth of drug solution on its disposition and kinetics. In
addition, further consideration will be necessary to evaluate
whether IP promotes vascular permeability and the lymphatic
migration of middle molecular weight drugs.
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