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Radicals in Human Skin
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While altered cellular free radical and redox metabolism are small living animals (1–5). Imaging of free radicals, redo
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critical factors in many human diseases, it has not been previously
possible to both measure and image these processes in humans.
The development and application of electron paramagnetic reso-
nance instrumentation capable of in vivo spectroscopy and imag-
ing of free radicals in human skin are reported. The instrumen-
tation uses a specially designed topical resonator and a 2.2-GHz
microwave bridge. Noninvasive measurements of the distribution
and metabolism of the topically applied nitroxide, 15N-perdeuter-
ated tempone (100 mM), in forearm skin were performed. A single
broad peak due to the concentrated label at the skin surface was
initially observed, followed by a sharp doublet from the diluted
label that permeated the skin. The penetration of the label into the
skin and its metabolic clearance were modeled using kinetic equa-
tions. It was observed that the penetration process from the skin
surface into the dermis and subcutaneous regions, as well as its
clearance from these regions, could be described by single expo-
nential functions. Phantom imaging experiments using the nitrox-
ide showed that a spatial resolution of up to 50 mm could be
achieved. The skin imaging measurements showed two bands in
the distribution of the label along the skin depth. The first band
appeared in the outer 400 mm of the skin, the epidermis region,
whereas the second band was centered at a depth of 1000 mm in
the subcutaneous region with a thickness about 400 mm. These two
ands decayed and merged into a single band with time. The
esults are important in the understanding of the permeability and
etabolism of free radicals in human skin. © 2001 Academic Press

Key Words: EPR imaging; skin; nitroxide; free radicals; biore-
duction; metabolism.

INTRODUCTION

Alterations in cellular free radical generation and cell
redox metabolism are thought to be of critical importanc
the pathogenesis of many human diseases. Therefore,
has been a great need to develop methods suitabl
measurement of these processes in humans. Electron
magnetic resonance (EPR) spectroscopy has been sho
be an effective noninvasive method capable of measu
the spatial distribution and pharmacokinetic decay of
radicals in biological systems including isolated organs
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metabolism, and oxygen is performed using EPR ima
techniques with magnetic field gradients (3, 6 –9). Imaging
of whole biological objects requires the use of resona
with a large sample volume (.1 cm3) and low frequenc
(1.4 GHz or less). On the other hand, topical imaging, w
the imaging depth is on the order of only a few millimete
can be performed at higher frequencies with higher se
tivity and resolution (10, 11).

Skin is an ideal target organ for the clinical application
EPR spectroscopy and imaging because of the limited t
ness of the skin layers, which in turn facilitates the us
higher frequency microwave fields along with topical reso
tors and locally applied paramagnetic labels. Alterations in
radical generation and metabolism have been proposed to
critical importance in the process of skin aging, skin ph
damage, and a variety of skin diseases. This has received
attention from the cosmetic industry and the public at la
Traditional methods for studying the properties of skin suc
the mechanical measurement of elastic properties lack r
ducibility because of their dependence on many uncontrol
factors (12). In addition, these past methods provide little
any, insight into the redox state of the skin. Thus, there
long been a need to develop effective noninvasive and no
structive methods to characterize the properties and redox
of human skin.

EPR spectroscopy and imaging has been previously ap
to study skin cells in culture or skin biopsies using conv
tional X-band EPR instrumentation (13–20). The inability of
conventional X-band instrumentation to accommodatein vivo
ystems has limited the application of this technology to
tudy ofin vivo properties of skin and prevented application
his powerful technology to important clinical applicatio

hile S-band instrumentation has been previously report
e suitable forin vivosurface EPR spectroscopy of human s
11), it has not been previously possible to perform nonin
ive measurement and imaging of the spatial distributio
ree radicals and the localized process of radical clearanc
etabolism in humans.
Therefore, we developed topical S-band EPR instrum
1090-7807/01 $35.00
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156 HE ET AL.
imaging of human skin. A skin-permeable nitroxide rad
probe was used and its metabolism and spatial distributi
the skin were measured. A kinetic model is proposed fo
penetration and clearance of this radical in the skin. Diffe
human subjects were found to have different skin permea
and metabolism.

MATERIALS AND METHODS

Chemicals

4-Oxo-2,2,6,6-tetramethylpiperidine-d16-1-15N-1-oxyl (15N-
perdeutero tempone,15N-PDT) (CDN Isotopes, Quebec, Ca-
ada) was used as spin probe. The15N-PDT gives a well
separated doublet EPR spectrum with a hyperfine-cou
constant of 22.5 G. It provides for enhanced sensitivity a
narrower linewidth than nonisotope enriched natural a
dance tempone, which is of particular importance for E
imaging. The nitroxide solution was prepared at 100
concentration in deaerated double-distilled water, su
quoted, and kept frozen until use.

EPR Spectroscopy and Imaging Instrumentation

The EPR spectroscopy and imaging experiments
performed on an S-band spectrometer set up for to
measurements of the skin of human volunteers (Fig. 1A
specially designed bridged loop– gap surface resonato
built with a loop diameter of 7 mm and a sensitive volu
depth of up to 6 mm in the direction perpendicular to
surface of the resonator. The surface resonator has a
loop two-gap structure inside a cylindrical shield an
working frequency of 2.2 GHz when loaded with the hum
forearm skin. There is an inductive coupling loop clos
the opposite end of the cylindrical loop that pivots to v
the coupling of microwave power to the resonator.
surface resonator was fixed through a support board tha
fixed between the pole pieces of the magnet at a ve
position to keep the resonator surface centered at the
gradient position. A specially designed cap was attach
the top of the resonator to fix the position of the sample
loading of the resonator. A detailed description of
resonator design is to be reported separately. Three s
water-cooled gradient coils were used attached to the
net pole pieces and powered with a specially constru
power amplifier capable of generating up to 150 G
gradient field alongx, y, andz for the imaging application
imilar to that reported previously (21). Sustained gradien
f up to 75 G/cm could be maintained for hours with
roblems due to heating. Customized computer soft
apable of performing spectral data acquisition and im
econstruction was used (21, 22). To determine the hom

geneity of theB1 field and the sensitive diameter and s-
sitive depth of the resonator, 3-dimensional EPR imagin
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a cylindrical phantom of 1 mM15N-PDT in aqueous 0.5
saline was performed. The sensitive diameter and d
defined as diameter or depth within which the image in
sity is .20% of maximum, were 7 and 6 mm, respectiv
The image intensity was.80% uniform to a depth of 2 mm

Human Skin Preparation

A human volunteer’s forearm skin, about a 6-mm-di
eter circular spot, typically at the ulnar surface of the w
was washed thoroughly with alcohol and 3.5mL of 100 mM
nitroxide solution (about 23 1017 spins) was applied to th
marked skin area. Five minutes later, when the depo
solution dried, a specially designed positioning holder w
a 7-mm-diameter well and bottom disk that locked int
well in the resonator cap was attached to the skin to fix
region of skin to the surface resonator (Figs. 1B and
EPR and EPRI measurements were then started. Mea
ments on the volunteers were performed for 15- to 20

FIG. 1. Experimental setup for topical EPR spectroscopy and ima
of the skin of human volunteers. (A) A sketch of the instrumentation
setup used. The distal magnet pole and gradient set are shown wh
proximal magnet pole piece and gradient set are not shown so th
resonator, skin holder, and support plate on which the forearm rests c
seen. The volunteer is seated next to the magnet and extends his/h
into the magnet gap, resting it on the support plate. The specially des
skin positioning holder is shown in (B). The disk on the bottom of this
holder locks into a complementary well in the resonator cap precisely fi
the position of the skin with respect to the resonator. (C) A photo o
skin holder attached to the forearm of a human volunteer. Five mi
after nitroxide application, the holder is fixed to the skin with adhe
tapes and the arm is positioned on the support plate such that the
locks into the resonator cap.
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157IMAGING OF NITROXIDE RADICALS IN HUMAN SKIN
periods after which there were 30-min rest periods in w
the volunteer removed their arm from the resonator and
magnet. The holder fixed the skin positioning and assu
constant filling factor of the loaded resonator. The posit

FIG. 2. S-band, 2.2 GHz, EPR spectroscopy and imaging of15N-PDT in a
was scanned in the absence (0 G/cm, dotted line) and presence (75 G
acquisition parameters are given in the text. The splitting observed in t
phantom. (B) 1-D spatial image of disc phantom obtained from the pro
nitroxide distribution in the direction perpendicular to the disc face. The

FIG. 1—
h
e
a
-

ing holder was left attached to the arm for the entire se
of measurements, lasting up to 8 h. The preparation o
forearm skin and the dimensions of the spacer are show
Fig. 1.

ered disc phantom. (A) The low-field peak (mI 5 1 1
2) of the nitroxide double

, solid line) of field gradient applied normal to the surface of the disc phta
resence of the field gradient is due to the spatial separation of the twocs in the

tions in (A), shown as a color-coded intensity image or 1-D spatial pr
ta show that a spatial resolution of.100 mm can be obtained.
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RESULTS

Imaging of a Phantom

To validate the measurement range, sensitivity, and re
tion of the topical resonator, EPR imaging experiments w
performed on a specially constructed phantom. The pha
consisted of two layers of nitroxide solution separated by a
200-mm film spacer. The phantom was prepared as follo
two 6-mm-diameter discs of mutilayer tissue paper, thick
approximately 600mm, were allowed to absorb 5 or 7.5mL of
5 mM 15N-PDT in water, after which each disk was cove
and sealed with self-stick paper tape to the top or the botto
the 200-mm film spacer.

The EPR spectroscopy and imaging parameters we
follows: frequency, 2.2 GHz; microwave power, 50 mW; m
ulation amplitude, 0.5 G; scan width, 16 G; scan time, 1
time constant, 80 ms; gradient field, 75 G/cm. The spect
the phantom measured with and without the gradient field
shown in Fig. 2A. A single peak, with a peak–peak width
0.74 G, was observed in the absence of the field gradient,
a well-resolved profile with two peaks corresponding to
two layers of the nitroxide was observed in the presence o
75 G/cm field gradient. The nitroxide distribution profile p
pendicular to the plane of the layers of the phantom
obtained by 1-D spatial imaging, acquiring spectral project
in the presence and absence of the gradient. Deconvolutio
then performed and the resulting profile is the 1-D sp
image (Fig. 2B). The image showed two well-resolved br
bands corresponding to the nitroxide layers. The distanc
tween the two layers of the phantom was accurately mea
to be 200mm. In general, it was observed that a spa

etween the layers as small as 50mm could be resolved.

FIG. 3. Time course of the EPR spectra of15N-PDT applied to huma
forearm skin. The spectra were obtained at S-band using the topical res
A 3.5-mL solution of 100 mM15N-PDT was applied to the skin and the spec
acquisitions were started 5 min later. Data acquisition parameters are as
in the text.
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of Nitroxide in Skin

The nitroxide solution was applied to the skin of normal hu
volunteers at the ulnar surface of the wrist as described abov
holder was attached to the skin and the wrist was placed on
the resonator with the holder locked into the resonator ope
EPR spectroscopy and imaging measurements were perform
described above. Figure 3 shows the EPR spectra obtained
volunteer as a function of time. At the beginning, there w
strong and broad signal around theg ; 2.00 region. This broa
signal was due to electron spin exchange interaction of the n
ide radicals in the concentrated solution at the surface of the
(23, 24). With time, the broad central peak gradually bec
narrower and weaker. In addition, another component with
sharp peaks (doublet) appeared, increased over the first 3
and then gradually declined. This component is due to the d
15N-PDT within the skin which gives rise to a doublet w
hyperfine-coupling constantaN 5 22.5 G.

Skin Model and the Kinetics

In order to understand the process of penetration and clea
of the applied nitroxide in the skin, we developed a kinetic m
to simulate the time evolution of both the exchange-broad
and the hyperfine doublet components. As can be seen fro
time course spectra (Fig. 3), there are two components: a
singlet from the concentrated nitroxide layer at or near the su
of the skin and a sharp doublet from dilute nitroxide that p
trated into the skin. The penetration of the nitroxide from the
surface into the skin depletes the radical concentration on t
the skin. The emergence of the sharp doublet component is
dilution of the nitroxide as it diffuses and dilutes into the de
skin layers after penetration from the surface. A diagramm
sketch of the nitroxide penetration and the clearance proces
occur across the skin depth is illustrated in Fig. 4. The layer a
top of the skin is enriched with concentrated nitroxide.
amount of nitroxide in this layer is represented asM1. Below this
layer, there is a much thicker layer distributed with diluted nit

tor.
l
ted

FIG. 4. Pharmacokinetic model of nitroxide distribution in the skin.
model assumes a nitroxide concentration,M 1, and a penetration rate consta

p, in the surface (epidermal) layer and a nitroxide concentration,M 2, and a
clearance rate constant,kr, in the deeper (dermis and subcutaneous) regio
he skin. The clearance may include metabolic conversion of the nitrox
PR-silent forms and washout by perfusion.
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159IMAGING OF NITROXIDE RADICALS IN HUMAN SKIN
ide labels. The amount of nitroxide in the thicker layer is re
sented asM2. The overall kinetic process is assumed to inv
wo major processes: the first process is the penetration
itroxide and the second process is the clearance of the nitr
he penetration process is assumed to be pseudo first order
ate constant is defined askp such that the amount of radic

penetrated into the skin in a unit time isM1kp. When the radica
are inside the skin, there are two clearance processes tha
occur. One is the reduction of the nitroxide to nonparamag
(EPR-inactive) forms that may occur due to enzymatic an
chemical reduction by the reducing equivalents in the skin.
other is vascular washout, which may physically remove
nitroxide molecules from the active volume of the resonator
use an overall rate constantkr to represent these two processes
that the total amount of the radicals that is cleared in a unit
is M2kr. We further suppose that both the penetration and
clearance processes can be described by a single expo
function. If M0 is the total amount of nitroxide that was initia
applied to the skin, we can write the rate equations as

5
dM1

dt
5 2kpM1, M1u t50 5 M0; @1#

dM2

dt
5 2

dM1

dt
2 krM2, M2u t50 5 0. @2#

The solution to the above differential equations is

HM1 5 M0e
2kpt; @3#

M2 5
kpM0

kr 2 kp
~e2kpt 2 e2krt!; @4#

M1 1 M2 5
M0kr

kr 2 kp
e2kpt 2

M0kp

kr 2 kp
e2krt. [5]

In order to obtain the penetration rate constantkp we used
tting procedure of the time course of the integrated inten

FIG. 5. Time course of nitroxide penetration and clearance in the s
represent (A) intensity of the central broad peak and (B) intensity of the
lines are theoretical fits using the kinetic model described in the text (Eqs

023 min21 for clearance of nitroxide in the skin.
-
e
the
de.
d its

ay
tic
or
e
e
e
o
e
e

ntial

ty

of the middle broad peak. The data was fitted to Eq. [3
obtain the rate constantkp. The intensity data and the best
are shown in Fig. 5A. A penetration rate constant of 3.23
1023 min21 was obtained from the data of this subject. As s
in Fig. 5A, the exponential decay function of Eq. [3] provid
a reasonably good fit to the experimental data points.

The clearance rate constantkr was obtained from the int-
grated intensity of the whole spectrum. The time depend
of the intensity is shown as the solid data points in Fig. 5B.
fitted the experimental data points using Eq. [5]. The best
shown as the solid line in the figure. From this fitting,
obtained the clearance rate constant of this subject as 13
1023 min21.

We performed similar measurements of the nitroxide p
macokinetics in the skin of a series of four normal hum
volunteers. Two of the volunteers were chosen to repea
experiment 3 days later to check the reproducibility.
kinetic results are shown as bar graphs in Figs. 6A and
Figure 6A shows the nitroxide penetration rate constants
Fig. 6B shows the clearance rate constant of the volun
The bars marked with asterisks are the repeated experim
data from the corresponding volunteers. From these two
ures, we can see that while the rate constants are quite va
from person to person, in repeated experiments the resu
very consistent in the same individual.

Skin Blood Flow Measurement

The clearance of the applied nitroxide radicals in biolog
systems can occur through bioreduction or vascular wa
(2). While with topical application of the nitroxide label to t
skin surface vascular washout would be greatly limited c
pared to that in other tissues, as the label penetrates into d
layers of the skin this vascular clearance might significa
contribute to the clearance. Therefore, we performed ex
ments to measure the microvascular flow of the skin. In
experiment setup, we attached a specially designed hold

of a human volunteer measured byin vivo topical EPR spectroscopy. The poi
le spectrum, which includes the broad peak and the doublet componene solid

]–[5]). The fitting gave rate constants of 3.33 1023 min21 for penetration and 16.43
kin
who
. [1
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160 HE ET AL.
the skin which was taped to the forearm with the volunte
forearm resting on top of the resonator by it’s own weigh
this situation, the microvascular blood flow of the covered
could be markedly restricted. If so, then bioreduction woul
the only significant clearance process.

Skin microvascular blood flow was measured using a
Doppler detector (floLAB Laser Doppler blood flow monit
Moor Instruments Limited, England) with a MP2 probe
30-mm length and 6-mm diameter. The same type of
holder was used and a hole was drilled at the bottom and
the probe was fixed to the bottom so that when the holde
attached to the skin, the surface of the probe is in contact
the skin surface. To measure baseline normal flow, the p
was carefully set to touch the skin surface with no mecha
pressure against the surface of the skin. After taping the
positioning spacer to the wrist, the flow was decrease
.85%. After the applied pressure of the weight of the w
resting on the resonator, the blood flow was decrease
.90% from the baseline value. Thus, the localized micro
cular flow of the skin within the positioning spacer was larg
abolished. Therefore, the observed clearance of the nitr
inside the skin would be expected to be primarily due to
metabolic bioreduction. This may explain why the obse
clearance corresponded to a single exponential decay pr

Depth Profiling by 1-D Spatial Imaging

The depth profiling of the nitroxide deposited on the sur
of the skin was investigated using 1-D spatial EPR imagin
field gradient of 50 G/cm was applied normal to the surf
The low-field peak of the nitroxide doublet spectrum was u
as the imaging component. This ensures that only the am
of label that penetrated inside the skin layers is image
general, we utilize the low-field peak rather than the high-
peak in order to be able to apply our hyperfine correc

FIG. 6. Penetration and clearance rate constants for the nitroxide in
were measured from the normal human volunteers (1–4) as described
3 days later. While prominent differences were observed among the in
’s
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algorithms (25). The 1-D spatial profile and the 1-D spa
color-coded image of the distribution of15N-PDT in the skin
are illustrated in Figs. 7 and 8. The image shows two dis
bands of maximum intensity. The top band is located ove
outer 400mm of the skin where the epidermal layer is pres
The second band is centered about 1000mm from the surfac

e skin of human volunteers. The rate constants of penetration, A, and c
he text and shown in Fig. 5. *Data from repeat measurements on the s
duals, data from the same individuals show good reproducibility.

FIG. 7. Imaging of the time course of nitroxide distribution as a func
of skin depth in human volunteers. A total of 3.5mL of 100 mM 15N-PDT was

pplied to the skin and 1-D EPR imaging of the distribution of the nitro
long the direction perpendicular to the skin surface was performed
rofiles shown were obtained from the low-field line of the doublet15N-PDT

signal by deconvolution of projections measured in the presence and a
of a 50 G/cm field gradient normal to the surface.
th
in t
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161IMAGING OF NITROXIDE RADICALS IN HUMAN SKIN
at the level of the subcutaneous tissue with a thickness o
mm. The distribution of the label changes with time at diffe
depths (Figs. 7 and 8). After 8 h, the distribution merged
one central band centered about 500mm from the surface.

Lateral Profiling by 2-D Spatial Imaging

To obtain the time course of the distribution of the labe
the plane parallel to the skin surface, 2-D spatial ima
experiments were also performed on the nitroxide-treated
of the human volunteers. A circular area of 20-mm diam

FIG. 8. Color-coded image of the time course of spatial distribution
profiles shown in Fig. 7. Two bands in the distribution of the label along
epidermis region, whereas the second band is centered at a depth of 10mm i
and merge into a single band with time.

FIG. 9. Color-coded 2-D spatial image showing the time course of th
from the same human subject and experimental series shown in Figs. 7 a
that of the 1-D images perpendicular to the skin surface. The imaging w
of the zero gradient spectrum was performed. The distribution of the nitr
is shown. Image acquisition parameters are as described in the text.
00
t
o

g
in
r

was imaged using a set of 16 projections per image obt
for every 15 s. A field gradient of 10 G/cm was used to res
the spatial distribution of the label. The 2-D spatial ima
obtained from an individual volunteer are shown in Fig. 9.
time course images show that the intensity of the image
amount of the label) inside the skin first increased and
decreased. This is consistent with the proposed kinetic m
where the amount of the label in the skin is considere
intermediate controlled by two opposing exponential proce
(penetration and clearance). The extension of the distrib

he nitroxide as a function of skin depth. This image was obtained from
e skin depth are seen. The first band appears in the outer 400mm of the skin, the
e subcutaneous region with a thickness about 400mm. These two bands dec

troxide distribution along the plane of the skin surface. These images we
8. The acquisition of these 2-D images along the skin surface was interspetween
performed in the plane of the skin using a field gradient of 10 G/cm. Deon
e in the skin at 1, 2, 3, and 4 h after the application of 3.5mL of 100 mM 15N-PDT
of t
th
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162 HE ET AL.
eter. This was exactly the area over which we applied the
on the surface of the skin and confirms that the label rema
within the sensitive area of the surface resonator.

DISCUSSION

The major goal of our studies was to develop instrume
tion and methodologies to be able to noninvasively mea
and image the distribution and clearance of nitroxide ra
spin labels in the skin of normal human volunteers. While t
have been extensive prior studies measuring and imagin
troxide free radicals and spin labels in isolated cultured
and in skin biopsies (10, 11, 15, 16–20), no prior group ha
reported the successful imaging of nitroxides or other
radicals inin vivo skin. In the prior studies, important pione
ing work was performed by Herrlinget al. (11), who were the
first to apply nitroxide labels to human skin. They perform
surface EPR spectroscopy at S-band and measured the k
of clearance of millimolar concentrations of nitroxide lab
applied to the skin (11). However, as they reported, they co

ot achieve sufficient sensitivity forin vivo imaging of free
adicals in human skin. They did, however, report interes
tudies imaging the distribution of nitroxide free radicals
kin biopsies (11).
In their in vivo human studies, Herrlinget al. applied 10ml

of 1 mM TEMPO and TEMPOL in an emulsion vehicle to
skin with 4 min of incubation (11). After that, they use
sotonic sodium chloride to wash off the skin and performein
ivo EPR spectroscopy measurements. As a compariso
sed 3.5ml of 100 mM 15N-PDT solution in aqueous vehic
water) applied to the skin surface resulting in a small defi
.5-mm spot of nitroxide on the skin surface. After 5 m
ithout washing the surface of the skin, the positioner
ttached to precisely fix the skin position and largely isolat
easured skin surface from vascular perfusion and EPR

urements were performed. Our protocol fixed the numb
pplied nitroxide molecules radicals left on the skin and gre

imited skin vascular flow, in principal leaving bioreduction
he major source of nitroxide clearance. In addition, the u

high initial concentration of nitroxide where spin excha
ccurs enabled measurement and modeling of the proce

abel diffusion and permeation in the skin as well as the pro
f clearance.
In preliminary experiments, we observed that when
illimolar concentrations of nitroxide labels such as temp

n aqueous vehicle were applied to the skin surface, the s
apidly disappeared typically in less than 10 min. With im
ng, it was seen that the nitroxide did not penetrate the
urface with an observed depth of less than 0.1 mm. How
ith concentrations in the range of 50 to 100 mM, persis
ignal and penetration of the label within the skin were s
hen tempone was applied in a lipid vehicle such as oliv
el
ed
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skin surface for long periods of time with little if any sk
penetration. Therefore, in our studies where the main goa
to image the penetration of the nitroxide into the skin, we c
to use 100 mM concentrations of tempone in aqueous ve
In contrast to the earlier studies where the nitroxide
applied to the skin, allowed to adsorb for a time, and
wiped away with isotonic saline, we chose to apply a fi
amount of nitroxide to the skin and to allow this to be co
pletely adsorbed so that the number of applied nitroxide
ecules would not be altered by differences in skin absorb
or permeability and would be constant in all studies. In a
tion, the skin positioning piece served the double purpos
precisely fixing the skin for imaging and limiting microvas
lar flow, enabling bioreduction to be the major source
radical clearance. Thus, with our measurement protoco
were able to obtain information regarding the permeation
penetration of the label into the skin as well as its metab
clearance. In addition, this protocol enabled the performan
in vivo EPR imaging of the spatial distribution of the nitrox
in human skin with well-resolved images of the radical di
bution.

Another difference in our approach from that used in
earlier studies is with regard to the method used for spe
quantitation and analysis for the measurement of nitro
clearance. In our experiments, we observed that the
lineshape of the spectral components of the nitroxide l
applied to the skin changes over time. This is especially
when high concentrations of nitroxide are applied to the
such that spin–spin exchange occurs. In addition, how
this was also a concern with lower nitroxide concentrat
since the lineshape of the diluted nitroxide spectrum wi
the skin also changes over time. Therefore, we performe
spectral quantitation and kinetic analysis by integratio
the whole EPR absorption function with fitting of individu
spectral components. This is in contrast to the prior stu
that used the signal intensity of only one peak to mea
the reduction rate (11).

It is interesting that the clearance rate of the signal is m
slower when higher concentrations of the label are used,
that penetration of the nitroxide into deeper skin layers oc
It is possible that there may be a given concentratio
ascorbate or other reducing equivalents that rapidly chem
react with the nitroxide at the skin surface, and that once
level of nitroxide exceeds the level of these reducing equ
lents, skin penetration occurs. This might be accompanied
much slower clearance process occurring due to other m
nisms such as cellular reduction by the mitochondrial res
tory enzymes or cellular processes. Indeed, it has been re
that thein vivometabolism of nitroxides is largely governed
cellular reduction (26). Overall, it is clear that further studi
will have to be performed in the future to better understand
chemical and cellular processes ofin vivonitroxide metabolism
in the skin. Studies in both human subjects and animal m



will be of critical importance to resolve these important ques-
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tions.
The properties of the skin including its permeability a

redox metabolism could vary in different human indivi
als. This could be due to differences in diet, skin care,
sun exposure, as well as genetic or other factors. Indee
observed in the skin of a series of normal human volunt
that while the rate of nitroxide penetration and cleara
was quite reproducible in a given individual, it was hig
variable from person to person. Differences in the pen
tion rate constant of greater than two-fold were seen, as
as differences of more than four-fold in the clearance
constant (Figs. 5 and 6). The images of nitroxide distr
tion in the skin of all subjects studied showed a chara
istic pattern of two high-intensity bands with a region of l
intensity in between. The first band appeared in the o
400 mm of the skin, corresponding to the epidermal reg
whereas the second band also had a thickness of abou
mm and was centered at a depth of 1000mm, correspondin
to the location of subcutaneous tissue beneath the de
The central region of low intensity occurred at a de
corresponding to the dermis. These studies suggest th
dermis has either a higher concentration of reducing eq
alents or a greater capability for cellular nitroxide reduc
than the deeper subcutaneous tissue. Future studies w
need to characterize the chemical and cellular basis fo
interindividual differences in the skin permeability and m
tabolism as well as the differences in radical metabo
seen in the layers of the skin.

SUMMARY AND CONCLUSIONS

Instrumentation and methods were developed that en
the first in vivo imaging of free radicals in human subje
with the use of nitroxide spin labels. Pharmacokinetic
spatial mapping of the distribution of a nitroxide la
applied to human skin were measuredin vivo using S-ban
topical EPR imaging instrumentation with a specially
signed surface resonator. Noninvasive studies of the d
bution and redox metabolism of a topically applied nitrox
label (15N-PDT) in the skin were performed. The penetra
process from the skin surface into the dermis and sub
neous regions and the clearance process from these re
were described by single exponential functions. The im
ing measurements in the skin showed two bands in
distribution of the label along the skin depth. The first b
appeared in the outer 400mm of the skin, the epiderm
egion, whereas the second band was centered at a de
000 mm in the subcutaneous region with a thicknes

about 400mm. These two bands decayed and merged in
single weaker band with time. The experiments also d
onstrate that EPR spectroscopy and imaging enable n
vasive detection and mapping of free radicals in the s
This technique can provide important data regarding re
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great promise in the study of dermatological disease
development of skin treatment formulations.
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