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Purpose. To identify the physiological structures in hairless mouse
skin responsiblefor the generation of electroosmotic flow during ionto-
phoresis. Also, to determine the effects of changing the pH of the
contacting solution on the magnitude of electroosmotic flow in these
structures.

Methods. Localized diffusive and iontophoretic fluxes of a neutra
molecule, hydroquinone (HQ), across hairless mouse skin were quanti-
fied using scanning electrochemical microscopy (SECM). The ionto-
phoretic flux was determined as a function of the direction of the
applied current and pH of the contacting solution.

Results. SECM images of HQ transport recorded during iontophoresis
at moderate current densities (+0.1 mA/cm?) demonstrate that elec-
troosmotic flow is localized to hair follicles. The direction of flow is
from anode to cathode at pH > 3.5 and from cathode to anode at
pH <3.5.

Conclusions. Electroosmotic flow through hair folliclesis an efficient
and controllable means of transporting small, electrically neutral mole-
cules across hairless mouse skin. Transport through the appendages is
sensitive to the pH of the solution in contact with the skin. Theisoelec-
tric point of hair follicles, pl, isestimated to be 3.5 from the dependence
of electroosmotic flow on the solution pH.

KEY WORDS: scanning electrochemical microscopy; iontophoresis,
hair follicle; electroosmotic flow; isoelectric point.

INTRODUCTION

New strategies for controlled-release drug delivery are
being developed in responseto difficulties associated with tradi-
tional methods of drug administration. Many drugs can not be
administered orally dueto extensive metabolism in the gastroin-
testinal tract or weak absorption into the bloodstream. Intrave-
nous delivery avoids these problems, but is invasive and
generaly requires hospitalization. Advances during the past
decadein transdermal drug delivery asan aternateto traditional
methods of drug administration suggest that many drug mole-
cules, including delicate peptides (1,2), proteins (3), and oligo-
nucleotides (4-5) can be delivered across skin at a controlled
rate and in an essentially non-invasive fashion. lontophoretic
transderma drug delivery, which uses electrical currents to
drive drug molecules across the skin, is a particularly attractive
method since, in principle, the rate of delivery can be controlled
with high precision by adjusting the electrical current (6). lonto-
phoretic transport of lidocaine and fentanyl is currently being
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employed for local and systemic anesthetic administration in
clinical trials (6—7). Reverse iontophoretic transdermal trans-
port, in which molecules in the blood stream are transported
across the skin for analytical detection, is being developed for
the noninvasive monitoring of blood glucose levels by diabetic
patients (8).

In iontophoretic drug delivery, the molecule of interest is
contained in a solution that is in contact with the outer layer
of skin, the stratum corneum. An electrical current, typically a
few hundred microamperes per square centimeter, is passed
through the solution, driving charged molecules by electrical
migration into the underlying dermal tissue. A number of exper-
imental studies, based on staining of pores during iontophoresis
of charged dyes, aswell as using scanning microel ectrode tech-
niques, have shown that skin appendages (e.g., hair follicles
and sweat glands) are associated with regions of high electrical
current density (9—12). For instance, scanning electrochemical
microscopy (SECM), combined with dye staining techniques,
has been used to quantitatively demonstrate that iontophoretic
current across hairless mouse skin is predominantly transported
through hair follicles (13).

Recent studies have demonstrated that the el ectrical current
can aso enhance the rate of transport of electrically neutral
molecules (6,14—18). This result suggests that iontophoresis
induces an electroosmoatic flow of solution across skin tissues
(14). Transport of a drug molecule by electroosmosis requires
that the epidermal layers contain a porous permsel ective phase.
To our knowledge, no physiological structure in skin has been
directly associated with this type of flow. Herein we report
direct observations of electroosmotic flows in hairless mouse
skin during iontophoresis at moderate applied current densities
(0.1 mA/cm?) and at different solution pH’s. Specifically, our
experiments demonstrate that electroosmotic flow is localized
to hair follicles in hairless mouse skin and that varying the pH
of the solution contacting the epidermal and dermal tissues can
control the direction and magnitude of flow. The results suggest
that the permsel ective characteristics of skin that areresponsible
for electroosmotic flow are associated with the epithelia cell
layers that define the hair follicles (19).

MATERIALS AND METHODS
Chemicals

Hydroquinone was obtained from Aldrich Chemical Com-
pany and was used as received. Diluted hydrochloric acid (Mal-
linckrodt) was used to adjust the pH of the contacting solutions.
All solutions were prepared using deionized water (resistivity
= 18 m() cm) obtained from a Barnstead E-Pure™ water purifi-
cation system.

Skin

The skin was excised from 7 week-old male hairless mice
(Charles River SKH-1) immediately after euthanasia by CO,
asphyxiation. The excised skin was stored in phosphate buffered
sdline (Dulbecco's, D-PBS) saturated gauze pads. The tissue
was then kept under refrigeration and used within 24 hours of

sacrifice. The research adhered to the “ Principles of Laboratory
Animal Care” (NIH publication #85-23, revised 1985).
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Scanning Electrochemical Microscopy

In the present report, scanning el ectrochemical microscopy
(SECM) (20) is used to image and quantify the rate of electroos-
motic transport across hairless mouse skin (HMS). A detailed
description of the microscope and methodology for imaging
porous membranes has been previously reported (20,21). Figure
1 shows the iontophoresis cell and key components of the
microscope. A sample of full-thickness HMS is placed in the
diffusion cell (21), separating the donor (lower) and receptor
(upper) solutions. In the present studies, aneutral electrochemi-
cally active permeant, hydroquinone (HQ), is dissolved in the
donor solution and is allowed to diffuse across the skin sample
to the receptor solution. HQ is a weak acid with pK, = 10.4
(22); dl investigations were performed at pH below 7, ensuring
that HQ exists in its protonated and electrically neutral form.
To study iontophoretic transport, a constant electrical current,
iapp: 1S @pplied between the two Ag/AgCI electrodes that are
positioned on opposite sides of the HMS sample (Fig. 1). HQ
iselectrochemically detected at the SECM tip through the redox
reaction, eqg. (1),

HQ = BQ + 2H" + 2e~
E°" = 0.477V vs Ag/AgCl ()

as it emerges from the skin into the receptor solution. In Eq.
(2), BQ is the product species, benzoquinone, and E*' is the
reversible potentia of the HQ/BQ redox couple (). The SECM
tip is an electrochemically etched Pt wire insulated by a thin
layer of polyphenylene oxide except at the very tip of the wire
(20). The radius of the exposed tip varies between 0.5-5.0 pum.
The tip position is controlled using three piezoelectric (, v, 2)
inchworm motors, as previously described (20,21). A video
camera with 100X magnification is used to observe the tip
above the skin surface. The height of the tip is determined by
lowering the tip until it touches the skin surface, then retracting
it using the z-inchworm motor. Because skin has a fairly rough
surface, the height of the tip is known only to within =2 pum.
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Fig.1. Schematic diagram of the scanning electrochemical microscope
(SECM) and iontophoresis cell used for imaging the molecular flux
of HQ across hairless mouse skin. The two large Ag/AgCI electrodes
and galvanostat are used to apply iontophoretic current (i,). The skin
separates a donor solution containing supporting electrolyte (0.2 M
NaCl) and the electroactive molecular permeant (0.2 M HQ) from a
receptor solution containing only supporting electrolyte. The SECM
tip is rastered above the strateum corneum surface at a fixed height
(~20 pm) and is used to electrochemically detect HQ as it enters the
receptor compartment.
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RESULTS AND DISCUSSION

SECM Measurement of Localized Molecular Flux

Fig. 2a depicts the SECM tip positioned above a HMS
sample. Typicaly, in the experiments reported herein, the tip
is positioned ~20 pwm above the stratum corneum surface. Fig.
2b showsthe steady-state voltammetric response of thetip when
it is positioned directly above a hair follicle opening (curve 1)
and at alateral distance of ~150 wm from the opening (curve
2). Both responses are obtained without applying a current
acrosstheskin (i.e., iz = 0). The sigmoidal shaped voltamme-
tric wave recorded above the hair follicle (curve 1) corresponds
to oxidation of HQ molecules that have diffused across the
skin sample through the hair follicle. The magnitude of the tip
voltammetric current is proportional to the local rate at which
HQ permeates the skin (20). The SECM tip current decreases
to background levels (curve 2) when the tip is moved away
from the pore opening, demonstrating that the diffusive flux of
HQ is localized to the hair follicle. The sites of high diffusive
flux areidentified ashair follicles using adye stai ning technique
in which colloidal prussian blue is precipitated at the opening
of the follicle (13,23).

SECM images presented in Fig. 3 demonstrate that elec-
troosmotic transport of HQ is operative inside the hair follicle
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Fig. 2. (a) Schematic drawing illustrating the SECM tip positioned
directly above the opening of ahair follicle. (b) Voltammetric response
of a2.7 pm-radius SECM tip positioned directly above a hair follicle
opening (curve 1) and 150 wm away from the opening (curve 2). The
voltammetric current corresponds to oxidation of HQ (eg. (1)) that has
diffused through the hair follicle.
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(in addition to diffusion) when a constant iontophoretic current,
iapp 1S @pplied across the skin sample. The donor and receptor
solutionsweremaintained at pH = 6.0in thisset of experiments.
The SECM images were recorded by rastering the SECM tip
at afixed height (~20 p.m) above the opening of a hair follicle
while biasing the tip potential at 0.9 V vs. Ag/AgCl in order
to detect HQ. The middle image was obtained at iy, = O,
corresponding to diffusion of HQ. The bottom image, obtained
at iz, = 50 pA, clearly demonstrates that a positive iontopho-
retic current enhances the rate of molecular transport through
the hair follicle. Because HQ is electrically neutral at pH =
6.0, itstransport isnot directly influenced by the applied current.
Rather, the enhancement in molecular transport must result
from electroosmotic flow of solution inside the hair follicle.
In our experiments, the application of apositive 4, corres-
ponds to the upward migration of electrolyte cations (Na’)
from the donor to the receptor solution and/or the downward
migration of anions (Cl™), i.e,, the anode is in the donor com-
partment. The direction of electroosmotic flow that is induced
by the current depends upon the permselective properties of
the skin sample. HM'S, which exhibits a net negative charge at
pH = 6.0 (24,25), displays cation-sel ective membrane proper-
ties (24) (the transference number for Na* in HMS is twice as
large as that for Cl~ (30)). Thus, the majority charge carrier in
skin at pH = 6.0 is Na". The cation permselectivity of HMS
may arise from protein chemistry similar to that of human skin;
it is reported that the observed permselectivity results from a
larger number of carboxylate (—COO~) than ammonium
(—NH3) groups (associated with protein amino acid residues)
that reside in epidermal and dermal tissues (26). The increase
in HQ flux at positivei, (Fig. 3) isconsistent with the reported
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Fig. 3. SECM images of HQ emerging from the opening of a hair
follicle as a function of the applied iontophoretic current at pH = 6.0.
The center image corresponds to diffusion of HQ from the donor to
the receptor solution. The lower image corresponds to positive current
(iapp = 50 pA), inducing electroosmatic flow in the same direction as
diffusion. The upper image corresponds to a negative current (i, =
—50 wA), resulting in electroosmotic flow opposing diffusion. A 2.6
pm-radius SECM tip, biased at 0.9 V vs. Ag/AgCl, was used to record
the images.
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cation-selectivity of HMS. Na* transport and electroosmotic
flow at positive iy are in the same direction as diffusion of
HQ, thus enhancing the transport of the molecule relative to
diffusion alone.

When the direction of the current is reversed, i.e., when
iapp 1S NEgative and the anode is in the receptor compartment,
the directions of Na® migration and electroosmotic flow are
also reversed. In this case, electroosmotic flow should oppose
the diffusion of HQ through the hair follicle, resulting in a
decrease in the total flux of HQ. SECM images recorded at
negative i, (top image, Fig. 3) show that the HQ transport
rate is indeed reduced when electroosmotic flow opposes the
diffusion of HQ.

As noted above, the direction of electroosmotic flow is
determined in part by the acid-base properties of the epidermal
and dermal tissues. The isoelectric point, pl, of skin, i.e., the
pH at which skin is electrically neutral, is estimated by Pikal
and Shah to be dlightly below 3.8 (25) and has been measured
to be between 4.5 and 4.6 by Luzardo-Alverez et a. (27). HMS
is negatively charged at pH'’s above the pl and, thus, exhibits
cation permselectivity at pH = 6.0, as demonstrated by the
transport studies described above. At pH’s below the pl, skin
is expected to have a net positive electrical charge, and should
exhibit anion permsel ectivity. Thus, assuming that the pl of the
epithelia cells lining the hair follicle is between 3.8 and 4.5,
it should be possible to reverse the direction of electroosmotic
flow by lowering the pH of the contacting solutions from a
value above the pl to a value below the pl.

Fig. 4 shows the results of iontophoretic experiments per-
formed at pH’'s above, below, and near the pl of HMS. The
SECM tip was positioned above a hair follicle to voltammetri-
cally detect HQ as a function of i, At pH = 6.0, Na’ is the
predominant current carrier, and the application of a positive
iapp results in an enhanced HQ flux due to electroosmotic flow
of solution from the donor to the receptor solution (analogous
to the results in Fig. 3). At pH = 3.5, which corresponds
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Fig. 4. Electroosmotic flow as a function of the pH of the donor and
receptor solutions. The SECM tip is positioned directly above a hair
follicle and the voltammetric response is recorded as a function of
iontophoretic current (i ,50) and pH. At pH = 3.5 (middle), theiontopho-
retic current has a negligible effect on the transport of HQ indicating
that electroosmotic flow does not occur at this pH. The schematic
diagrams show the relative directions of HQ diffusion, ion transport,
and electroosmotic flow at iz, = 50 pA.
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approximately to the isoelectric point of a hair follicle (see
discussion below), the application of an electrical current has
no significant effect on the rate of transport of HQ in the hair
follicle. Thus, at this pH, Na" and Cl~ carry approximately the
same fraction of the current and electroosmotic flow is not
operative. At pH = 1.5, the application of a positive iy, IS
observed to cause a decrease in the transport of HQ. This is
consistent with skin bearing anet positive charge at pH’s below
the pl of HM S. The dependence of the direction of the electroos-
motic flux on pH isreversible. Increasing the pH from 1.5 back
to 6.0 results in an enhancement in HQ flux at positive iy,
(data not shown), indicating that the observed dependence of
electroosmotic flow on pH is not a result of damage to the skin
in the acidic solutions (25).

The dependence of electroosmotic flow on pH may be
guantified using the enhancement factor, E, which is defined
as the ratio of the fluxes of HQ under iontophoretic (N;o) and
diffusive (Ngf) conditions, i.e., E = Njo/Ngs. Because the
SECM tip current above a hair follicle is proportiona to the
local flux (20), values of E can be readily determined from the
ratio of the voltammetric currents measured under iontophoretic
and diffusive conditions. Fig. 5 shows E as a function of pH
for igp = —50 and 50 wA. The data correspond to average
values of measurementsontwo hair follicleslocated on different
skin sections. Fig. 5 demonstrates that E is equa to unity at
pH ~ 3.5, indicating that electroosmotic flow is not operative
near the reported pl of HMS. This finding, in addition to the
sigmoidal shape of the E vs. pH curves, suggests that the
direction and magnitude of electroosmotic flow in the hair
follicle is determined by the acid-base equilibria of the protein
amino acid residues located in the epithelia cells comprising
the hair follicle structure.

Analysis of Electroosmotic Flow in Hair Follicles

The relationship between E and the electroosmotic veloc-
ity, Veo, iS0btained from the expression for the diffusive-convec-
tive flux, Nion, Of a neutral molecule (20):
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Fig. 5. Flux enhancement factor, E, at positive and negative iontopho-
retic currents as a function of pH. E is equa to unity at pH ~ 3.5,
corresponding to the pl of the epithelial cell layers comprising the hair
follicle structure. The donor solution contains 0.2 M HQ and 0.2 M
NaCl; the receptor solution contains 0.2 M NaCl. The pH of the
solutions were adjusted by addition of hydrochloric acid. Error bars
for data at pH = 1.5, 3.5, and 6.0 represent one standard deviation
and are computed based on five replicate measurements (Table ). The
remaining data points represent the average of two measurements.
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aC
_th a_zhf + VeoChf. (2)

Niont =
Ineg. (2), C,; and Dy are thelocal concentration and diffusivity,
respectively, of HQ in the hair fallicle. In the absence of an
applied iontophoretic current, the diffusive flux of HQ is given
by Nyt = —Dp(9Ci/02). Following the procedure described
in ref. (28), integration of the expressions for Nioy and N
over the length of a hair follicle, ¢, yields E in terms of Ve,

E = Niont/Naitt = (Veol/Dpi){1 — eXp(—Veof D)} (3)

If € and Dy; are known, then the experimental value of E can
be used to estimate the electroosmotic velocity of HQ in the
hair follicle (eg. (3)).

The thickness of HMS has been measured to be ~500
pm (29). In order to estimate ¢, we assume that HQ enters the
interior of the hair follicle by traversing the epithelial cell layers
that line the hair follicle between the bulb and the dermis/
epidermis boundary (Fig. 2a). Because HQ most likely enters
into the hair follicle throughout this range, we use an average
value of € ~ 300 pm. We assume that diffusion of HQ in the
bulk dermis is relatively rapid and that molecular transport is
limited by convective-diffusion once the molecule has entered
the narrow hair follicle. A value of Dy; is estimated from the
tempora response of an SECM tip above a hair follicle in
response to a step increase or decrease in igy,. The time required
to obtain a steady flux of HQ in ahair follicle (t) was measured
and used to compute Dy; from the relation, €2 = 6Dt (30).
We find that Dy ~ 0.83 X 10~ cm?/s, approximately one order
of magnitude smaller than the diffusivity of HQ in bulk agueous
solution (20).

Table | summarizes values of E and the corresponding
values of v, as afunction of pH. At pH = 6.0 and i, = 50

Tablel. lontophoretic Enhancements and Electroosmotic Velocities
as a Function of pH

Hair

pH follicle? E (50 pA) E (=50 pA)
6.0 1 14 0.86

2 1.9 0.44

3 25 0.49

4 2.1 0.64

5 19 0.62

20+ 04 0.61 = 0.2
Ve = 042 (+ 0.15) um/s  — 0.26 (= 0.13) wmis

35 1 0.81 1.2

2 0.92 1.0

3 0.99 1.1

4 1.0 1.0

5 0.97 1.1

0.94 = 0.08 11+01
Ve = —0.037 (+ 0.049) um/s 0.043 (= 0.040) wm/s

15 1 0.65 14

2 0.63 1.8

3 0.45 2.3

4 0.44 2.8

5 0.48 2.1

0.53 = 0.10 21+ 05

Veo = —0.33 (+ 0.09) pm/s  0.46 (= 0.19) pm/s

@ One hair follicle per skin section was analyzed. Each skin section
was taken from a different animal.
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A, electroosmotic flow enhances the diffusional flux of HQ
by a factor of 2. 0 = 0.4. Using this value, we compute (eqg.
(3)) an electroosmotic velocity of 0.42 = 0.15 pm/s(the positive
signindicatesflow occursin the samedirection asHQ diffusion,
from the donor to receptor solution). Reversing the current
(iapp = —50 pA), results in an enhancement factor less that
unity, E = 0.61 £ 0.2, corresponding to an electroosmotic
flow velocity of —0.26 = 0.13 pwm/s. The results indicate that
electroosmotic flow in hair follicles occurs in both directions,
albeit slightly slower when flow is directed from the epidermal
to dermal side. The data in Table | aso illustrate that the
electroosmotic flow occurs at the same vel ocity, but in opposite
directions, at pH = 6.0 and 1.5, illustrating the pH-dependent
permselectivity of HMS.

The SECM images and analysis reported above demon-
strate that electroosmotic flows in HMS are localized to hair
follicles. It is most likely that these flows originate in the
(pH-dependent) charged epithelial cell layers comprising the
structure of the hair follicle. The electroosmotic flow generated
in the cell layers “pumps’ solution along the length of the
hair follicle. To our knowledge these are the first quantitative
measurements that directly identify physiological structures
associated with electroosmotic transport in skin. Preliminary
SECM measurements in our laboratory indicate that electroos-
motic transport of hydroquinoneis also localized to appendages
in human cadaver skin.

Our results demonstrate that hair folliclesin HMS provide
an efficient and controllable pathway for delivery of small
moleculesinto the body at moderate current densities. Advances
in the fundamental understanding of iontophoretic transport
across skin may assist in the future design and engineering of
controlled-rel ease and diagnostic devices. For instance, thetime
required for a molecule to traverse HMS tissues by electroos-
motic flow can be estimated from ty, = €/Vg. Using € = 300
pm and the value of v, in a single hair follicle at iz, = 50
rA (0.42 pm/s, Table I) yields ty, ~ 12 minutes. This value
represents the minimum time for transdermal delivery of an
electrically neutral molecule across HMS by electroosmotic
transport.
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