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ABSTRACT: Meso-tetra-[4-sulfonatophenyl]-porphyrin (TPPS,) is a charged porphyrin

derivate used in photodynamic therapy (PDT) by parenteral administration. This study
means to investigate potential enhancement for its topical delivery by determining the
TPPS, dependence on the environmental characteristics and applying iontophoresis. In
order to accomplish this task, cathodal and anodal iontophoresis as well as passive
delivery of the drug were studied in vitro and in vivo in function of its concentration,
pH and ionic strength. A reduction in drug concentration as well as the NaCl elimination
from donor formulation at pH 2.0 increased TPPS, passive permeation through the
skin in vitro. Iontophoresis improved TPPS, delivery across the skin when applied in
solutions containing NaCl at pH 2.0, regardless electrode polarity. However, at pH 7.4,
the amount of TPPS, permeated by iontophoresis was not different from that one
permeated after passive experiments from a solution containing NaCl. Despite the
fact that iontophoresis did not improve TPPS, transdermal delivery at this specific
condition, in vivo experiments showed that 10 min of iontophoresis quickly and homo-
geneously delivered TPPS, to deeper skin layers when compared to passive adminis-
tration, which is an important condition for topical treatment of skin tumors with PDT.
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INTRODUCTION

Photodynamic therapy (PDT) is a new form of
local cytotoxic treatment that may be effective
for a wide variety of conditions: corneal neo-
vascularization, sterilization of freshly frozen
plasma, actinic keratosis, hair removal, psoriasis,
Kaposi’s sarcoma and several types of cancer
which includes: lung, T-cell lymphoma, breast,
esophageal, bladder, gastric, cervical, head and

Correspondence to: Renata Fonseca Vianna Lopez (Tel./Fax:
+55-16-3602-4202; E-mail: rvianna@fcfrp.usp.br)
Journal of Pharmaceutical Sciences, Vol. 97, 4249-4257 (2008)
© 2008 Wiley-Liss, Inc. and the American Pharmacists Association

ST @WILEY )
(< InterScience®

DISCOVER SOMETHING GREAT

neck, brain, intestine and skin cancer among
others.! Fundamentally, a photosensitizing agent
(PS), which preferentially accumulates in target
tissues, interacts with visible light and molecular
oxygen. Then, two types of photodynamic
reactions can occur: one involves the generation
of free radicals (type I photochemical reactions),
and the other involves the production of singlet
molecular oxygen O, (type II), which is the main
photoproduct responsible for cell inactivation. The
type Il reaction has an important effect on the cell
death, although the photodynamic mechanism of
the PS on neoplastic tissues is not fully under-
stood.? PDT efficiency is affected by various
factors, including PS photo physical properties,
wavelength of the activation light, depth of the
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light penetration in the biological tissue and drug
distribution in the specific tissue.?

The most widely applied PSs for PDT in human
medicine are porphyrin derivatives. They are
composed by tetrapyrrolic macro cycles, with
distinct effects in biological systems.* Meso-tetra-
[4-sulfonatophenyl]-porphyrin (TPPSy; Fig. 1) was
first used by Winkelman, in 1962.° It is a stable
drug, water soluble at room temperature, which
provides a greater yield of singlet oxygen.® How-
ever, depending on its synthesis and purification
TPPS, can be neurotoxic.®” Therefore, its topical
administration, especially for the treatment of skin
diseases, can avoid this problem. Nevertheless,
TPPS,; molecule can be protonated in acid
media, which changes drastically its spectral and
energetic properties® and can also affect its skin
penetration. In order to administer this porphyrin
topically with higher efficacy, it should be dis-
persed in an adequate formulation or drug delivery
system and a complete understanding of its
behavior in the formulation is required.

Iontophoresis is a method which transports
hydrophilic and charged molecules into and
through tissues, by application of a small direct
current (no more than 0.5 mA cm 2).° It has been
widely used for topical anesthesia'® and for topical
and transdermal delivery of a great variety of
drugs, including aminolevulinic acid (ALA), which
is a porphyrin precursor widely used in PDT. 1114
The two main mechanisms involved in ionto-
phoretic delivery of drugs are electromigration
and electroosmosis. Both positively or negatively
charged molecules are typically delivered by
electromigration, as the charged drug stands in
the same charged compartment, while neutral
molecules can be transported via electroosmosis.

In the present study, the potential of ionto-
phoresis as a method to enhance the TPPS,

SOy"

Figure 1. Chemical structure of TPPS,.
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delivery for topical PDT was analyzed in vitro and
in vivo in function of drug concentration, pH of
the formulation and ionic strength in the donor
solution by comparing the passive delivery with
cathodal and anodal iontophoresis.

MATERIALS AND METHODS

Materials

The TPPS, 2HCI (TPPS, acid dihydrochloride) was
obtained from Frontier (Logan, USA), Ag-wire
(99.99%, ¢ =1.5 mm), AgCl (99.99%) and Pt-wire
were all purchased from Sigma-Aldrich (Steinheim,
Germany), HEPES from J.T. Baker (Phillipsburg,
USA), NaCl from Synth (Diadema, Brazil), Tissue
Tek™ (0.C.T. Compound) from Sakura (Torrance,
CA) and p-phenyllenediamine from Sigma-Aldrich.
All other reagents were BDH or HPLC reagents.
The water used in all preparations was of Milli-Q
grade (Millipore, France).

The membrane used for the in vitro experiments
was fullthickness skin from porcine’s ear. It was
obtained less than 2 h after the slaughter of the
animal (Frigorifico Pontal Ltda., Pontal, Brazil).
The whole skin was removed from the outer region
of the ear, it was separated from the underlying
layer and stored frozen for a maximum of 7 days
before use.

Analytical Chemistry

A method for TPPS, quantification was developed
using an UV/Vis Spectrophotometer (Femto—
800XI) operated at 412 nm. A linear calibration
graph (y=0.274x+0.001; »r=0.999) was obtain-
ed over the working concentration range 0.1-
1.0 pg/mL. Intra- and interdays precision and
accuracy of the method showed a variation
coefficient and a relative error not greater than
1.3% and 4.2%, respectively. The method was
validated and showed precision and accuracy. It
was also sensitive and selective during all the
analyses.

In Vitro lontophoretic Experiments

The skin was mounted between the upper and
lower parts of vertical, flow-through iontophoretic
cells (LG-1088-IC—Laboratory Glass Apparatus,
Inc., Berkeley, CA). The area of skin exposed in
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each electrode chamber was 0.8 cm? Ag/AgCl
electrodes were prepared according to Green
et al.,'® and a constant current of 0.4 mA was
passed between the electrodes from a Kepco APH
500 DM power supply (Kepco Power Supply,
Flushing, NY). The voltage of the complete circuit
and of each cell was measured hourly with a
voltmeter (Freak, MY-63) to guarantee the both
the intactness of the skin and that the Ag/AgCl
electrodes reactions are occurring in according to
the expected.

Three sets of experiments were performed. The
first series aimed to determine the influence of
drug concentration at pH 2.0. TPPS, transport
from the cathode compartment was followed over
a period of 6 h at a constant current of 0.5 mA/cm?.
The TPPS; formulation comprised a solution
of the drug at 0.1% and 0.5% with 89.5 mM of
NaCl. The anodal and receptor chambers of the
diffusional cells simply contained a physiological
buffer (133 mM NaCl, 25 mM HEPES) at pH 7.4.
The receptor solution was stirred at 300 rpm and
kept at 37°C by a circulating water system
(Ecoline 003, E100 from Lauda, Lauda-Koénigsho-
fen, Germany). The receptor was perfused con-
tinuously at 3 mL/h using a peristaltic pump
(Pump Pro MPL580—Watson-Marlow Bredel
Pumps, Falmouth, United Kingdom) and samples
were collected automatically every hour (Fraction
collector PTFCII—Pharmatest, Hainburg, Ger-
many) for 6 h. At the end of the experiment, the
amount of transported TPPS, was analyzed as
described above.

In the second series of experiments the donor
pH effect (2.0 and 7.4) in solutions containing 0.5%
of the drug and 89.5 mM of NaCl was evaluated
on both cathodal and anodal iontophoresis. The
counterelectrode and receptor solution was main-
tained at pH 7.4. The same current conditions and
background electrolyte (HEPES-buffered NaCl)
were employed as before.

In the last series, the ionic strength was
appraised by the presence or absence of 89.5 mM
of NaCl in solutions containing also 0.5% of the
drug at pH 2.0 and at pH 7.4. In the experiments
realized in the absence of NaCl, the electro-
chemistry reactions within the Ag/AgCl electrodes
were ensured by the presence of 10 mM of C1™, the
TPPS, counterion, and by monitoring the voltage
in each diffusion cell during all the period of
the study. The donor solution pH was also
measured after the experiment.

“Passive” experiments were also performed for
all series of experiments: all conditions were
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identical to those described above except that no
current was applied.

In Vivo Experiments

TPPS, skin penetration after passive and ionto-
phoretic in vivo experiments was investigated in
male Wistar rats, 4 weeks old (“Bioterio Central,”
University of Sdo Paulo, Brazil). The animals
were housed at 24-26°C, exposed to daily 12:12 h
light/dark cycles (lights on at 6 a.m.), and had free
access to standard rat chow and tap water. The
animal protocol was approved by the University of
Sao Paulo Animal Care and Use Committee
(Authorization number: 06.1.492.53.9).

The hair on abdominal skin of the animals was
trimmed of 48 h before the experiments. Few
minutes before the experiments the rats were
anesthetized with an intraperitoneal injection of
ketamine (50 mg/Kg) and xylazine (10 mg/Kg) and
placed on its back. Formulations (1 mL) contain-
ing 0.5% of TPPS, and 89.5 mM of NaCl, at pH 7.4,
were applied to the skin surface via open glass
chamber (1.1 cm?) and sealed to the skin with
silicone grease. AgCl electrode was then intro-
duced and maintained at least 5 mm from the skin
surface by means of a plastic lid that covered
the cell. Ag counterelectrode was introduced in
another glass chamber, also sealed to the animal’s
skin surface, containing only buffer solution
and 133 mM of NaCl. A Phoresor II (model PM
850, Tomed, Inc., Salt Lake City, UT) delivered
a constant current of 0.4 mA for 10 min. At the
end of the experiment the rats were sacrificed
by carbon dioxide vapor. The drug-exposed
skin areas were cleaned with cotton soaked in
methanol and removed from the animals for
fluorescence microscopy analysis.

Fluorescence Microscopy

Skin samples obtained following in vivo passive
and iontophoretic treatment had their fluo-
rescence preserved by an application of Tissue-
Tek® (O.C.T. Compound) solution and frozen in
liquid nitrogen. Cryosections (16 pwm) were made
by a cryomicrotome (Microm D-6900, Heidelberg,
Germany) and, subsequently, all slices were
mounted in a p-phenyllenediamine mounting
medium to support fluorescence stability as well
as to protect slices against photobleaching effects.
Skin slices were then fluorimetrically analyzed by
a Fluorescence Microscope (Zeiss Axioskop) with a
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Microaktueal barrier filter (470-520 nm). The
photographs were captured by using a Zeiss MC
80-DX microscope camera system and a 4000x
objective (Zeiss Plan—Neofluar).

Data Analysis

At least 4-6 replicates of each experiment
were used. Results are presented in text as
means = SDs. Data were analyzed by ANOVA
followed by parametric Tukey’s test. Statistical
significance was fixed at p < 0.05.

RESULTS AND DISCUSSION

The 5-aminolevulinic acid (ALA), precursor of the
endogenous photosensitive agent protoporphirin
IX (PpIX), is the most used drug in topical
PDT. Due to its relatively low molecular weight
(168 Da) ALA can penetrate the damaged skin
rather easily, leading to PpIX accumulation
specially in tumor cells.* Nevertheless, there
are many variables that may interfere in PpIX
local bioavailability—the most noticeable ones
are: (i) the irregular ALA skin penetration; (ii) the
ALA conversion in PpIX, which depends on the
quantity of pro-drug that penetrates the skin as
well as on the local metabolism; and (iii) the
heterogeneous distribution of ALA-induced PpIX
in the tumor.* Therefore, the direct administra-
tion of a photosensitive agent, as TPPS,, can be
advantageous once the administrated drug is
already photosensible and does not need to be
converted into another molecule to be active.
However, the efficacy of porphyrin in PDT
depends on its excited state lifetime and quantum
yields which, in turn, depend on formulation
environment.®'?. It is probable that the known
drug aggregation®!” that happens in some for-
mulations conditions affects drug skin penetra-
tion. In this way, passive and iontophoretic
permeation of TPPS, were evaluated as a function

of its concentration, pH, electrode polarity, and
ionic strength of the formulation.

Drug Concentration

To evaluate the drug concentration’s effect on the
TPPS, passive and cathodal iontophoresis, for-
mulations containing (i) 0.1% and (ii) 0.5% of the
drug with 89.5 mM NaCl at pH 2.0 were studied.
This pH was chosen for this first study as it is the
pH presented by the solution when the drug is
dispersed without any adjustment. The NaCl was
added in order to guarantee the electrical current
(0.4 mA) transport for the 6 h of the iontophoretic
experiments.

As it can be seen in Table 1, when only the
passive delivery is observed, the increase in drug
concentration seems to prevent its delivery. It is
well documented'” 22 that in acid media TPPS, is
being biprotonated (HiJ’TPPSi_), changing dras-
tically its spectral and energetic properties.
According to Aggawarl and Borissevitch,!” TPPS,
tends to form aggregates at high concentrations,
in acid pH and also in the presence of NaCl. Our
results have demonstrated that this aggregation
also decreases porphyrins permeation across the
skin, therefore affecting their efficacy in topical
applications.

Table 1 also shows the cathodal iontophoretic
delivery of the TPPS, at pH 2.0. As already
described, at such pH TPPS; molecules are
biprotonated (HZ*TPPSf), thus presenting two
net negative charges which can suffer electro-
repulsion in case they are put in contact with the
negative electrode (cathode). Moreover, this pH
was a recourse applied in attempt to reverse the
skin negative charge in physiological conditions.
Lopez et al.!' showed that anode-to-cathode
electroosmotic flow is significantly reduced at
pH 4. Delgado-Charro and Guy?® and Hoogstraate
et al.?* demonstrated that the skin negative
charge can be reduced, neutralized, or even

Table 1. TPPS, Passive and Cathodal Iontophoretic Delivery, as a Function of
Drug Concentration, From Solutions Containing 89.5 mM of NaCl, at pH 2.0

Drug Concentration

TPPS, in the Receptor Solution
After 6 h of Experiment (pg/cm?)

in the Donor Compartment (%) Passive Cathodic Iontophoresis
0.1 2.64 (£0.34) 4.25 (+£0.53)
0.5 1.44 (+£0.19) 5.43 (£0.71)

Data shown are the mean + SD of six replicates.
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reversed by the iontophoresis of certain cationic
species. In the present work, at pH 2.0, there are
hydrogen ions in the donor solution which
associate with the fixed negatively charged sites
in the skin, leading to a net convective solvent flow
in the cathode-to-anode direction, since skin is
positively charged and anion permselective in this
pH; and facilitating drug transport from the
cathode besides electrorepulsion.

It is possible to notice in Table 1 that the amount
of TPPS, delivered on cathodal iontophoresis was
greater than those in passive experiments. When
0.5% of the drug was placed in the negative
compartment there was an increase of about four
times in the total amount delivered. Other studies
have also reported that charged molecules,
when placed in same charged compartment, tend
to benefit from the electrorepulsion and this
electrorepulsion is amplified with the increase
of ions present in the formulation.?® Nevertheless,
a fivefold increase in drug concentration improves
only 1.3 times drug iontophoretic delivery, pro-
bably due to the TPPS, aggregation phenomenon.
This greater amount of the drug (0.5%) was
chosen for further studies on the attempt to verify
the real influence of the drug concentration in skin
permeation when the drug is not in its aggregated
form,'” that is, at pHs above the TPPS, pK, and in
the absence of NaCl.

pH

It is well described by Aggawarl and Boris-
sevitch'” that TPPS, does not aggregate at any
pH above the drug pK, (TPPS, pK, =4.8), regard-
less its concentration and NaCl presence. In
addition, at physiological pH drug molecules are
nonprotonated (H2TPPS§7),17 presenting four net
negative charges. Therefore, passive and ionto-
phoretic experiments were also realized at pH 7.4
to take advantage from the nonaggregate state of
the molecule as well as from its four negative
charges that may, theoretically, improve electro-
repulsion when compared to the two negative
charges presented by the molecule at pH 2.0.
Passive, cathodal and anodal iontophoretic
fluxes of a solution containing 0.5% of TPPS,
and 89.5 mM of NaCl at pH 7.4 are presented in
Figure 2. It can be seen that the passive delivery
at pH 7.4 was even greater than the iontophoretic
delivery at pH 2.0. The most probable reason
for this expressive passive permeation could be
attributed to the nonaggregate state of the
molecule at pH 7.4. The nonaggregated TPPS,
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Figure 2. TPPS, permeated after 6 h of passive,
cathodal and anodal iontophoretic experiments from
solutions containing 0.5% of the drug in the presence
or absence of 89.5 mM of NaCl, at different pHs. Data
shown are the mean + SD of six replicates.

permeated passively through the skin around
7.5 times more than the aggregated drug at
pH 2.0 in the presence of NaCl.

Due to TPPS, great passive permeation at
pH 7.4 solutions with NaCl, its cathodal ionto-
phoresis at this same pH did not seem to be
effective, once the amount passively delivered
was numerically and not statistically different
(p>0.05) from the total amount delivered after
the electrical current application. One suitable
explanation is that in this case (at pH 7.4, in
the cathode, in the presence of NaCl) the
electroosmosis is in the counterdirection of the
electrorepulsion, thus objecting the drug flow in
cathode-to-anode direction. It must be empha-
sized that the skin at pH 7.4 is negatively charged
and also that there is a solvent electroosmotic
flow in anode-to-cathode direction.?® Kochhar
and Imanidis'* obtained a similar result: besides
the greater ionic valence of Leuprolid at pH 4.5
compared to pH 7.2, the permeation rate almost
doubled at the latter, because at pH 4.5 the
electroosmotic flow was in cathode-to-anode direc-
tion and, in that case, the drug was placed in the
anode compartment.

The influence of the donor solution pH on the
anodal iontophoretic flux of 0.5% of TPPS, was
also studied and the results are shown in Figure 2
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as well. It can be observed that the amount of drug
delivered after 6 h of anodal iontophoresis in
the presence of the salt from the pH 7.4 solution
was even lower than the amount delivered
passively. Despite the fact that HzTPPSif does
not suffer electrorepulsion when in contact
with the positive electrode, it was expected that
at pH 7.4 the anodal iontophoresis could take
advantage of the anode-to-cathode electroosmotic
flow. Nevertheless, the positively charged elec-
trode is probably attracting the negatively
charged drug, objecting its delivery.

The anodal iontophoretic flux of TPPS, in the
presence of NaCl was studied at pH 2.0 as well. It
can be observed in Figure 2 that there was a
considerable increase on the total amount deliv-
ered after anodal current application compared to
cathodal iontophoresis also at pH 2.0. This fact is
a difficult understanding matter, as in this case
(TPPS, in the anode, pH 2.0) the electroosmotic
flow is in the opposite direction (cathode-to-anode)
and should hinder drug delivery. TPPS, is not
expected to suffer electrorepulsion either, as it is
placed in the opposite charged compartment.
However, it can be speculated that the attractive-
ness by the electrode is somehow being compen-
sated by the attractiveness performed by the skin,
that at pH 2.0 has a positive charge residual.’*?¢

In conclusion, it has been found that at pH 7.4,
in the presence of NaCl, when TPPS, is on its
nonaggregated state, its passive permeation is
favored. Otherwise, at this physiological pH,
neither cathodal nor anodal iontophoresis has
a significant role on TPPS, permeation. At pH 2.0
the aggregation reduces passive permeation of
TPPS,, and in this case, both cathodal and anodal
iontophoresis have shown to increase significantly
drug skin permeation.

lonic Strength

It is known that NaCl presence can affect
iontophoretic flux, normally decreasing drug per-
meation by competition.?’” Nevertheless, it also
affects the TPPS, aggregation.®>!” In this way,
in vitro skin permeation experiments in the
absence of this salt were also studied.

Passive Permeation

For passive permeation at pH 2.0, as it can be
noticed in Figure 2, the absence of NaCl increases
five times the H2'TPPS), skin permeation if
compared to its permeation in the presence of the
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salt. According to Aggawarl and Borissevitch,'”
NaCl presence leads to the formation of “clouds”
of Na™ counterions around the H2"TPPS; ", which
can reduce the electrostatic repulsion between the
drug molecules, consequently increasing the drug
aggregation at this pH. Therefore, it is clear that
the aggregates of H2"TPPS; , which are formed
in acid pH in the presence of NaCl,'” permeate the
skin less than the free drug molecules.

At pH 7.4, however, Aggawarl and Boris-
sevitch!'” observed an absorption band centered at
413 nm that was characteristic for deprotonated
TPPS, form (HyTPPS; ). In their work they des-
cribed that at pH 7.0 in the NaCl presence,
this absorption band can be associated with a
[TPPS, x nNa'] complex, which NaCl addition
could bind TPPS,; molecules in that mentioned
complex. Therefore, at pH 7.0 the presence of salt
did not stimulate the aggregation of the non-
protonated form of the porphyrin in any concen-
tration. Nevertheless, as it can be observed in
Figure 2 the presence of the salt at pH 7.4
significantly increases the drug passive permea-
tion if compared to the formulation that does
not have NaCl at the same pH. It is likely that
[TPPS, x nNa'] complex formed in the presence
of NaCl partially neutralize the negative charge of
HgTPPSi’, increasing, in this way, its passive flux
through the skin.

Finally, analyzing only the influence of pH in
TPPS, skin passive permeation in the absence of
the salt, Figure 2 shows that pH 2.0 environment
leads to a greater drug permeation. The presence
of four negative charges in the molecule at pH 7.4
instead the two negatives charges at pH 2.0 can
explain this results once ionized molecules
have more difficult in crossing physiological
membranes.

lontophoresis

Comparing the influence of the iontophoresis on
the skin permeation of TPPS, from formulations
at pH 7.4 in the absence of the NaCl to drug
passive skin permeation at this same condition, it
is possible to notice that cathodal and anodal
iontophoresis expressively contributed to arise
the TPPS, flux. In the cathodal iontophoresis,
despite of the counterconvective flow at pH 7.4,
the drug’s 4 negative charges have contribut-
ed to its electrorepulsive transport. Furthermore,
there was not any significant amount of com-
petitive ions in this compartment that could have
disturbed drug electrorepulsion. In the anodal
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iontophoresis, electroosmosis is the only mecha-
nism that may have contributed to the HyTPPS;
iontophoretic flux, once the drug does not have
any positive charge to suffer electrorepulsion at
this pH. Nevertheless, all this improvement
caused by iontophoresis over the passive drug
permeation at pH 7.4 was still lower than the
passive drug permeation in the NaCl presence.

NaCl absence influences on iontophoresis at pH
2.0 over passive nonaggregated drug permeation
at this same pH can be seen in Figure 2 as well.
At pH 2.0, cathodal iontophoresis was able
to contribute to the drug permeation when it is
compared to its passive delivery. The passive
contribution after 6 h of experiment was 7.36 +
0.89 pg/em? while the cathodal iontophoresis
delivered 9.08 +0.71 pg/cm?. Therefore, the real
increase caused by the cathodic iontophoresis was
about 1.72 pg/em?. This increase was obtained by
both electrorepulsive and electroosmotic fluxes,
respectively due to the two negatives charges of
H2"TPPS; electrorepulsion role and the cathode-
to-anode convective solvent flux through the skin
which must be present at pH 2.0. Also in the
absence of NaCl and at pH 7.4, the cathodal
iontophoresis increased about 2.44 pg/cm? the
TPPS, skin permeation in comparison to passive
delivery at same conditions. As at pH 7.4
the electrorepulsive contribution in the cathode
should be dominant (the electroosmotic flux was in
anode-to-cathode direction), it is concluded that
the improved permeation conferred by cathodal
iontophoresis in both studied pHs must be mainly
related to the electrorepulsive contribution, since
TPPS, is nonaggregated in the absence of NaCl.
Therefore, there is a connection between the
increase of iontophoresis contribution and the
increase of the charge density of the molecule with
the pH change (pH 2.0=-2, pH 7.4=—4).

Anodal iontophoresis at pH 2.0 in the absence of
NaCl, however, was not significant different from
passive drug permeation at this same condition.
This result can be partially explained by both
countereletroosmotic flow and drug-to-electrode
interaction of the nonaggregated molecules. By
comparing the anodal iontophoresis on either
presence or absence of NaCl at pH 2.0, it can be
noticed that the NaCl presence increased anodal
iontophoretic drug permeation. It is possible
that the presence of the Na®, which in according
to the literature®!” “neutralizes” in part the
H2'TPPS: ", has lowered drug-to-electrode inter-
action, thus increasing the anodal iontophoretic
flow.
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It is relevant to point out that the well known
influence of NaCl in both electrorepulsive and
electroosmotic®'%27 jontophoretic transport, that
is, NaCl competes with drug molecule for charge
transport decreasing its flux, was rather different
from TPPS, iontophoretic delivery, due to the
dominant role of the electrostatic interaction at
its aggregation. Therefore, TPPS, iontophoretic
transport number seems to be more influenced by
the great passive permeation than by the presence
of NaCl. At pH 2.0, for instance, in the absence of
NaCl (when the passive permeation is great), the
cathodal iontophoresis was able to make TPPS,
transports only 1.54% of the current applied
against 3.57% transported in the presence of
NaCl. On the other hand, at pH 7.4, the presence
of NaCl, that expressively improved the passive
permeation, leads to an insignificant contribution
of the iontophoresis for drug permeation. The
passive permeation, in its turn, seems to be
strongly influenced by NaCl presence: at pH 2.0,
the presence of NaCl leads the TPPS, to form
aggregates, decreasing its passive permeation and
increasing the iontophoretic transport number
when compared to experiments realized in the
absence of NaCl. At pH 7.4, the NaCl presence
leads to the formation of TPPS, x nNa*] complex
that improved considerable drug passive permea-
tion making iontophoretic transport insigni-
ficantly in 6 h of experiment.

In Vivo Studies

It is well known that when iontophoresis is
applied, the main pathway for drug permeation
is represented by hair follicles, sweat glands
and other shunts which often give passage to
epidermis. For that reason, there is no propor-
tionality between the amount of drug accumu-
lated inside the tissue and the amount permeated
into the receptor compartment. Therefore, the
presence of the fluorescent TPPS, into the skin
was analyzed by fluorescence microscopy after
passive and cathodic iontophoresis experiments
from a solution containing 0.5% of the drug with
89.5 mM NaCl at pH 7.4. This pH was chosen
based on high passive and iontophoretic in vitro
permeation through the skin of TPPS, at this
condition. In addition, Goncalves et al.® showed
that the nonprotonated TPPS, posses higher
quantum yield of the triplet state and therefore,
should be promising for PDT.
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As it can be seen in Figure 3, only 10 min
of iontophoresis increased expressively the rat
epidermis and dermis red fluorescence compared
to drug passive delivery. Furthermore, after
iontophoresis, drug fluorescence showed to be

Figure 3. Fluorescence photomicrographs of vertical
slicing of Wistar rat skin before (A) and after 10 min
of passive (B) and cathodic iontophoresis (C) of a solu-
tion containing 0.5% of TPPS, and 89.5 mM of NaCl at
pH 7.4; 4000x. (EP) Epidermis; (DE) Dermis.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 10, OCTOBER 2008

homogenously distributed all over the skin sur-
face and layers. After passive experiments, on the
other hand, a heterogeneously red fluorescence
can be observed only in superficial skin layers.

Despite the fact that, on first demand, these
in vivo results do not seem to be in accordance
with the ones expected by the in vitro results, it
must be taken into account that, in the in vivo
experiments, the drug was monitored into the
viable skin and not in the receptor solution as in
the in vitro studies. Moreover, in vivo experi-
mental time was plenty reduced to one that is
considered suitable for an iontophoresis therapy.
The cathodal iontophoresis, in this way, was able
to increase the skin penetration of TPPS, in a
short period of time.

CONCLUSIONS

In vitro experiments showed that the reduction of
TPPS, aggregation by decreasing drug concentra-
tion, by increasing pH or by NaCl retreat from
acidic pH formulations improved TPPS, passive
skin permeation significantly. Reduction of drug
negative residual charge by the addition of Na* to
a physiological pH formulation also increased
significantly its passive permeation. At pH 2.0, in
the presence of NaCl, iontophoresis increased
TPPS, skin permeation in comparison to passive
permeation regardless the polarity of the elec-
trode. At pH 7.4, however, TPPS, iontophoretic
permeation through the skin in the presence of
NaCl was not more efficient than its passive
transdermal permeation that was already expres-
sive. Finally, despite the fact that drug passive
and iontophoretic delivery from the best formula-
tion (pH 7.4 with NaCl) leads to almost the same
amount of TPPS, in the receptor solution in vitro,
in vivo experiments showed that the presence
of TPPS, into the skin, characterized by tissue
red fluorescence, was significantly improved and
homogenously distributed by iontophoresis. It
is still to be studied whether the formulation
conditions for topical TPPS, administration
revealed on this paper are finally transposed to
drug skin tumor penetration.
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