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While altered cellular free radical and redox metabolism are
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, *N-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 wm 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 uwm of the skin, the epidermis region,
whereas the second band was centered at a depth of 1000 um in
the subcutaneous region with a thickness about 400 um. These two
bands decayed and merged into a single band with time. The
results are important in the understanding of the permeability and
metabolism of free radicals in human skin. © 2001 Academic Press
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INTRODUCTION

small living animals {-5). Imaging of free radicals, redox
metabolism, and oxygen is performed using EPR imagir
techniques with magnetic field gradien, 6—9. Imaging
of whole biological objects requires the use of resonato
with a large sample volumex(1 cn?) and low frequency
(1.4 GHz or less). On the other hand, topical imaging, whe
the imaging depth is on the order of only a few millimeter:
can be performed at higher frequencies with higher sen
tivity and resolution {0, 17).

Skin is an ideal target organ for the clinical application c
EPR spectroscopy and imaging because of the limited thic
ness of the skin layers, which in turn facilitates the use |
higher frequency microwave fields along with topical reson
tors and locally applied paramagnetic labels. Alterations in fr
radical generation and metabolism have been proposed to b
critical importance in the process of skin aging, skin phot
damage, and a variety of skin diseases. This has received m
attention from the cosmetic industry and the public at larg
Traditional methods for studying the properties of skin such
the mechanical measurement of elastic properties lack ref
ducibility because of their dependence on many uncontrollal
factors (L2). In addition, these past methods provide little, i
any, insight into the redox state of the skin. Thus, there h
long been a need to develop effective noninvasive and non
structive methods to characterize the properties and redox s
of human skin.

EPR spectroscopy and imaging has been previously appl
to study skin cells in culture or skin biopsies using convel
tional X-band EPR instrumentatioi3-20Q. The inability of
conventional X-band instrumentation to accommodateivo
systems has limited the application of this technology to tl

Alterations in cellular free radical generation and cellulastudy ofin vivo properties of skin and prevented application c
redox metabolism are thought to be of critical importance ithis powerful technology to important clinical applications
the pathogenesis of many human diseases. Therefore, théftgle S-band instrumentation has been previously reported
has been a great need to develop methods suitable fersuitable foin vivosurface EPR spectroscopy of human ski
measurement of these processes in humans. Electron p#td), it has not been previously possible to perform noninv:
magnetic resonance (EPR) spectroscopy has been showsite measurement and imaging of the spatial distribution
be an effective noninvasive method capable of measurifrge radicals and the localized process of radical clearance
the spatial distribution and pharmacokinetic decay of freaetabolism in humans.
radicals in biological systems including isolated organs andTherefore, we developed topical S-band EPR instrumen
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tion suitable for noninvasive localized EPR spectroscopy anga
imaging of human skin. A skin-permeable nitroxide radical
probe was used and its metabolism and spatial distribution in
the skin were measured. A kinetic model is proposed for the Gradient
penetration and clearance of this radical in the skin. Differentaggembly
human subjects were found to have different skin permeability

and metabolism. Holder

Magnet Pole

MATERIALS AND METHODS

Chemicals Support

4-Ox0-2,2,6,6-tetramethylpiperidirtgz-1-*N-1-oxyl (*°N- Plate
perdeutero temponéN-PDT) (CDN Isotopes, Quebec, Gan
ada) was used as spin probe. TH&I-PDT gives a well-
separated doublet EPR spectrum with a hyperfine-coupling
constant of 22.5 G. It provides for enhanced sensitivity and a
narrower linewidth than nonisotope enriched natural abunResonator
dance tempone, which is of particular importance for EPR

imaging. The nitroxide solution was prepared at 100 mM Cap
concentration in deaerated double-distilled water, subali- Resonator Modulation
quoted, and kept frozen until use. Coils

FIG. 1. Experimental setup for topical EPR spectroscopy and imagir
of the skin of human volunteers. (A) A sketch of the instrumentation ar
The EPR spectroscopy and imaging experiments We??éup used. The distal n_1agnet pole aqd gradient set are shown while
formed on an S-band spectrometer set up for to i(frimmal magnet pole piece and gradient set are not shown so that
per . P P . p Q onator, skin holder, and support plate on which the forearm rests car
meas_uremenFS of the_Skm of human volunteers (Fig. 1A). &en. The volunteer is seated next to the magnet and extends his/her
specially designed bridged loop—gap surface resonator wias the magnet gap, resting it on the support plate. The specially desigr
built with a loop diameter of 7 mm and a sensitive volumekin positioning holder is shown in (B). The disk on the bottom of this ski
depth of up to 6 mm in the direction perpendicular to th@older locks into a complementary well in the resonator cap precisely fixir

£ f th t Th £ tor h the position of the skin with respect to the resonator. (C) A photo of tt
surface o € resonator. € suriace resonator has a OQ(?n_ holder attached to the forearm of a human volunteer. Five minut

loop two-gap structure inside a cylindrical shield and gker nitroxide application, the holder is fixed to the skin with adhesiv
working frequency of 2.2 GHz when loaded with the humarapes and the arm is positioned on the support plate such that the ho

forearm skin. There is an inductive coupling loop close tigcks into the resonator cap.
the opposite end of the cylindrical loop that pivots to vary

the coupling of microwave power to the resonator. The = NE )
surface resonator was fixed through a support board that faSYlindrical phantom of 1 mM"N-PDT in aqueous 0.5 N

fixed between the pole pieces of the magnet at a vertiGiine was performed. The sensitive diameter and dep
position to keep the resonator surface centered at the riififined as diameter or depth within which the image inte
gradient position. A specially designed cap was attached Y 1S >20% of maximum, were 7 and 6 mm, respectively
the top of the resonator to fix the position of the sample ard'€ Image intensity was-80% uniform to a depth of 2 mm.
loading of the resonator. A detailed description of thi's_|
resonator design is to be reported separately. Three sets
water-cooled gradient coils were used attached to the magA human volunteer’s forearm skin, about a 6-mm-dian
net pole pieces and powered with a specially constructeter circular spot, typically at the ulnar surface of the wris
power amplifier capable of generating up to 150 G/cmvas washed thoroughly with alcohol and 3k of 2100 mM

gradient field along, y, andz for the imaging applications, nitroxide solution (about 2 10" spins) was applied to the
similar to that reported previousl® (). Sustained gradients marked skin area. Five minutes later, when the deposit
of up to 75 G/cm could be maintained for hours withousolution dried, a specially designed positioning holder wit
problems due to heating. Customized computer softwase7-mm-diameter well and bottom disk that locked into
capable of performing spectral data acquisition and imageell in the resonator cap was attached to the skin to fix th
reconstruction was use®1, 22. To determine the homo- region of skin to the surface resonator (Figs. 1B and 1C
geneity of theB, field and the sensitive diameter and serEPR and EPRI measurements were then started. Meast
sitive depth of the resonator, 3-dimensional EPR imaging ofents on the volunteers were performed for 15- to 20-m

EPR Spectroscopy and Imaging Instrumentation

uman Skin Preparation
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FIG. 1—Continued

periods after which there were 30-min rest periods in whidhg holder was left attached to the arm for the entire seri
the volunteer removed their arm from the resonator and tbé measurements, lasting up to 8 h. The preparation of t
magnet. The holder fixed the skin positioning and assuredaearm skin and the dimensions of the spacer are shown
constant filling factor of the loaded resonator. The positiofig. 1.
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FIG.2. S-band, 2.2 GHz, EPR spectroscopy and imaginghfPDT in a layered disc phantom. (A) The low-field peak & + 3) of the nitroxide doublet
was scanned in the absence (0 G/cm, dotted line) and presence (75 G/cm, solid line) of field gradient applied normal to the surface of the disc fahan
acquisition parameters are given in the text. The splitting observed in the presence of the field gradient is due to the spatial separation otshie tive di
phantom. (B) 1-D spatial image of disc phantom obtained from the projections in (A), shown as a color-coded intensity image or 1-D spatial profil
nitroxide distribution in the direction perpendicular to the disc face. The data show that a spatial resolutib®0gim can be obtained.
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Penetration, Metabolism, and Spatial Distribution

% 5 min of Nitroxide in Skin
23 min The nitroxide solution was applied to the skin of normal hume
MWWW 51 min volunteers at the ulnar surface of the wrist as described above.
MW 86 min holder was attached to the skin and the wrist was placed on tof
WW 136 min the resonator with the holder locked into the resonator openi
MW\/JM 178 min EPR _spectroscopy _and imaging measurements were p(_arforme
MMW 277 mic described above. Figure 3 shows the EPR spectra obtained frc
WW/\WW“”W 334 min volunteer as a fun(_:t|on of time. At the begln_nlng, there was
, strong and broad signal around tpe-~ 2.00 region. This broad
m 22(1) 2:: signal was due to electron spin exchange interaction of the nitr
ide radicals in the concentrated solution at the surface of the s
755 770 785 800 815 (23, 29. With time, the broad central peak gradually becarn
narrower and weaker. In addition, another component with tv
sharp peaks (doublet) appeared, increased over the first 30 |

FIG. 3. Time course of the EPR spectra BN-PDT applied to human and then gradually declined. This component is due to the dilu

forearm skin. The spectra were obtained at S-band using the topical resonatg; e . . . . .
A 3.5-ulL solution of 100 mM™N-PDT was applied to the skin and the spectraKN PDT within the skin which gives rise to a doublet witf

acquisitions were started 5 min later. Data acquisition parameters are as st erfme-coupllng constaal, = 22.5 G.
in the text.

Magnetic Field (Gauss)

Skin Model and the Kinetics

In order to understand the process of penetration and cleara
of the applied nitroxide in the skin, we developed a kinetic mod
to simulate the time evolution of both the exchange-broader
and the hyperfine doublet components. As can be seen from

To validate the measurement range, sensitivity, and resoliin€ course spectra (Fig. 3), there are two components: a bri
tion of the topical resonator, EPR imaging experiments weséglet from the concentrated nitroxide layer at or near the surf
performed on a specially constructed phantom. The phant@fnthe skin and a sharp doublet from dilute nitroxide that pen
consisted of two layers of nitroxide solution separated by a thiiated into the skin. The penetration of the nitroxide from the sk
200-um film spacer. The phantom was prepared as followstrface into the skin depletes the radical concentration on top
two 6-mm-diameter discs of mutilayer tissue paper, thicknet¥ skin. The emergence of the sharp doublet component is du
approximately 60Qum, were allowed to absorb 5 or 78 of ~ dilution of the nitroxide as it diffuses and dilutes into the deep:
5 mM ®N-PDT in water, after which each disk was covere8Kin layers after penetration from the surface. A diagramma
and sealed with self-stick paper tape to the top or the bottometch of the nitroxide penetration and the clearance process
the 200pm film spacer. occur across the skin depth is illustrated in Fig. 4. The layer at t

The EPR spectroscopy and imaging parameters were tg of the skin is enriched with concentrated nitroxide. TF
follows: frequency, 2.2 GHz; microwave power, 50 mW; moda@mount of nitroxide in this layer is representedvais Below this
ulation amplitude, 0.5 G; scan width, 16 G; scan time, 15 kyer, there is a much thicker layer distributed with diluted nitro»
time constant, 80 ms; gradient field, 75 G/cm. The spectra of
the phantom measured with and without the gradient field are
shown in Fig. 2A. A single peak, with a peak—peak width of M,

0.74 G, was observed in the absence of the field gradient, while M.k
a well-resolved profile with two peaks corresponding to the ) 1
two layers of the nitroxide was observed in the presence of the Dermis and

75 G/cm field gradient. The nitroxide distribution profile per- Sybcutaneous M,

pendicular to the plane of the layers of the phantom was Tissue

obtained by 1-D spatial imaging, acquiring spectral projections

in the presence and absence of the gradient. Deconvolution was M_k,

then performed and the resulting profile is the 1-D spatial

image (Fig. 2B). The image showed two well-resolved bright FIG. 4. Pharmacokinetic model of nitroxide distribution in the skin. The
bands corresponding to the nitroxide layers. The distance Jjedel assumes a nitroxide concentratibh, and a penetration rate constant,

k,, in the surface (epidermal) layer and a nitroxide concentratibn,and a
tween the two layers of the phantom was accurately measuE% rance rate constatt, in the deeper (dermis and subcutaneous) region

to be 200um. In general, it was observed that a spacinge skin. The clearance may include metabolic conversion of the nitroxide
between the layers as small as At could be resolved. EPR-silent forms and washout by perfusion.

RESULTS

Imaging of a Phantom

p
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FIG. 5. Time course of nitroxide penetration and clearance in the skin of a human volunteer measimadvbytopical EPR spectroscopy. The points
represent (A) intensity of the central broad peak and (B) intensity of the whole spectrum, which includes the broad peak and the doublet congsakats.
lines are theoretical fits using the kinetic model described in the text (Egs. [1]-[5]). The fitting gave rate constarts 13.81in"* for penetration and 16.4
10°® min~* for clearance of nitroxide in the skin.

ide labels. The amount of nitroxide in the thicker layer is repref the middle broad peak. The data was fitted to EqQ. [3]
sented ad,. The overall kinetic process is assumed to involvebtain the rate constai,. The intensity data and the best fi
two major processes: the first process is the penetration of #tre shown in Fig. 5A. A penetration rate constant of 3329
nitroxide and the second process is the clearance of the nitroxitie.* min " was obtained from the data of this subject. As se¢
The penetration process is assumed to be pseudo first order and iE§g. 5A, the exponential decay function of Eq. [3] provide
rate constant is defined &g such that the amount of radicala reasonably good fit to the experimental data points.
penetrated into the skin in a unit imeNgk,. When the radicals ~ The clearance rate constantwas obtained from the inte
are inside the skin, there are two clearance processes that gyated intensity of the whole spectrum. The time depender
occur. One is the reduction of the nitroxide to nonparamagnetitthe intensity is shown as the solid data points in Fig. 5B. W\
(EPR-inactive) forms that may occur due to enzymatic andffitted the experimental data points using Eq. [5]. The best fit
chemical reduction by the reducing equivalents in the skin. Teaown as the solid line in the figure. From this fitting, w
other is vascular washout, which may physically remove tlubtained the clearance rate constant of this subject as*16.
nitroxide molecules from the active volume of the resonator. W& > min ™.

use an overall rate constdqtto represent these two processes, so We performed similar measurements of the nitroxide phe
that the total amount of the radicals that is cleared in a unit timeacokinetics in the skin of a series of four normal hume
is M,k.. We further suppose that both the penetration and tkielunteers. Two of the volunteers were chosen to repeat f
clearance processes can be described by a single exponeetiperiment 3 days later to check the reproducibility. Th
function. If M, is the total amount of nitroxide that was initiallykinetic results are shown as bar graphs in Figs. 6A and 6

applied to the skin, we can write the rate equations as Figure 6A shows the nitroxide penetration rate constants a
Fig. 6B shows the clearance rate constant of the voluntee

dM, The bars marked with asterisks are the repeated experime

at - %M Mili-o = Mo; [1] " data from the corresponding volunteers. From these two f

dM, dM, ures, we can see that while the rate constants are quite vari

- dt kM,, Myli—o=0. [2] from person to person, in repeated experiments the results

very consistent in the same individual.

The solution to the above differential equations is Skin Blood Elow Measurement

M, = Mqoe ™ [3] The clearance of the applied nitroxide radicals in biologic
KMo 0 systems can occur through bioreduction or vascular wash
M, = k — K (e —e ™), (4] (2). while with topical application of the nitroxide label to the

P
Mok Mok,
K — K, k — K,

skin surface vascular washout would be greatly limited cor
pared to that in other tissues, as the label penetrates into dec
layers of the skin this vascular clearance might significant
contribute to the clearance. Therefore, we performed expe

In order to obtain the penetration rate constanve used a ments to measure the microvascular flow of the skin. In o
fitting procedure of the time course of the integrated intensigxperiment setup, we attached a specially designed holdel

Ml+ M2:

e« [5]
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FIG. 6. Penetration and clearance rate constants for the nitroxide in the skin of human volunteers. The rate constants of penetration, A, and cle:
were measured from the normal human volunteers (1-4) as described in the text and shown in Fig. 5. *Data from repeat measurements on the sam
3 days later. While prominent differences were observed among the individuals, data from the same individuals show good reproducibility.

the skin which was taped to the forearm with the volunteer&gorithms 25). The 1-D spatial profile and the 1-D spatia
forearm resting on top of the resonator by it's own weight. loolor-coded image of the distribution 6IN-PDT in the skin
this situation, the microvascular blood flow of the covered skire illustrated in Figs. 7 and 8. The image shows two discre
could be markedly restricted. If so, then bioreduction would dEnds of maximum intensity. The top band is located over t
the only significant clearance process. outer 400um of the skin where the epidermal layer is preser
Skin microvascular blood flow was measured using a laséhe second band is centered about 1000 from the surface
Doppler detector (floLAB Laser Doppler blood flow monitor,
Moor Instruments Limited, England) with a MP2 probe of
30-mm length and 6-mm diameter. The same type of skin
holder was used and a hole was drilled at the bottom and then
the probe was fixed to the bottom so that when the holder was 5q
attached to the skin, the surface of the probe is in contact with Wiy
the skin surface. To measure baseline normal flow, the probe 134 iy,

Intensity

was carefully set to touch the skin surface with no mechanical 13 m;

pressure against the surface of the skin. After taping the EPR n

positioning spacer to the wrist, the flow was decreased by 277 g
In

>85%. After the applied pressure of the weight of the wrist N
resting on the resonator, the blood flow was decreased by 85 My,

>90% from the baseline value. Thus, the localized microvas- 4g5

cular flow of the skin within the positioning spacer was largely Min

abolished. Therefore, the observed clearance of the nitroxide

inside the skin would be expected to be primarily due to the B
metabolic bioreduction. This may explain why the observed b ‘dermis
clearance corresponded to a single exponential decay process.

8
- . . 0 0 ubcutan
Depth Profiling by 1-D Spatial Imaging Sy 4 i Soyg tis
Mg L Sy
The depth profiling of the nitroxide deposited on the surface Pty tnr,,)z g

of the skin was investigated using 1-D spatial EPR imaging. A
field gradient of 50 G/cm was applied normal to the surface.FIG. 7. Imaging of the time course of nitroxide distribution as a functior
The low-field peak of the nitroxide doublet spectrum was us@éiskin depth in human volunteers. A total of 315 of 100 mM *N-PDT was
as the imaging component. This ensures that only the amoapﬂlled to the sk}n and 1-D EPR imaging of .the distribution of the nitroxid

f label that penetrated inside the skin lavers is imaaed long the direction perpendicular to the skin surface was performed. T
0 p - - y ; g . Q)files shown were obtained from the low-field line of the doubistPDT
general, we utilize the low-field peak rather than the high-fielghnal by deconvolution of projections measured in the presence and abs
peak in order to be able to apply our hyperfine correctiai a 50 G/cm field gradient normal to the surface.
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FIG. 8. Color-coded image of the time course of spatial distribution of the nitroxide as a function of skin depth. This image was obtained from the
profiles shown in Fig. 7. Two bands in the distribution of the label along the skin depth are seen. The first band appears in the outerf 408 skin, the
epidermis region, whereas the second band is centered at a depth qfrhAahe subcutaneous region with a thickness aboutd@0These two bands decay
and merge into a single band with time.

0.8 mm

at the level of the subcutaneous tissue with a thickness of 408s imaged using a set of 16 projections per image obtair
rm. The distribution of the label changes with time at differerfor every 15 s. A field gradient of 10 G/cm was used to resol
depths (Figs. 7 and 8). After 8 h, the distribution merged inthe spatial distribution of the label. The 2-D spatial image
one central band centered about 500 from the surface.  obtained from an individual volunteer are shown in Fig. 9. Tr
time course images show that the intensity of the image (t
amount of the label) inside the skin first increased and th

To obtain the time course of the distribution of the label ifecreased. This is consistent with the proposed kinetic mo
the plane parallel to the skin surface, 2-D spatial imaginghere the amount of the label in the skin is considered
experiments were also performed on the nitroxide-treated skittermediate controlled by two opposing exponential process
of the human volunteers. A circular area of 20-mm diametépenetration and clearance). The extension of the distributi

Lateral Profiling by 2-D Spatial Imaging

: . [ !
0 intensit —_— 255 20 M

FIG. 9. Color-coded 2-D spatial image showing the time course of the nitroxide distribution along the plane of the skin surface. These images were
from the same human subject and experimental series shown in Figs. 7 and 8. The acquisition of these 2-D images along the skin surface was éttezspers
that of the 1-D images perpendicular to the skin surface. The imaging was performed in the plane of the skin using a field gradient of 10 G/cm. Decor
of the zero gradient spectrum was performed. The distribution of the nitroxide in the skin at 1, & Bhaafter the application of 3 6L of 100 mM *N-PDT
is shown. Image acquisition parameters are as described in the text.
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of the radicals along the skin surface is about 6 mm in diaror in water olive oil emulsions, it was observed to remain at tt
eter. This was exactly the area over which we applied the lalséin surface for long periods of time with little if any skin
on the surface of the skin and confirms that the label remaingenetration. Therefore, in our studies where the main goal w
within the sensitive area of the surface resonator. to image the penetration of the nitroxide into the skin, we cho
to use 100 mM concentrations of tempone in aqueous vehic
In contrast to the earlier studies where the nitroxide wi:
DISCUSSION applied to the skin, allowed to adsorb for a time, and the
wiped away with isotonic saline, we chose to apply a fixe
The major goal of our studies was to develop instrumentamount of nitroxide to the skin and to allow this to be corr
tion and methodologies to be able to noninvasively measyketely adsorbed so that the number of applied nitroxide mc
and image the distribution and clearance of nitroxide radicatules would not be altered by differences in skin absorbar
spin labels in the skin of normal human volunteers. While theoe permeability and would be constant in all studies. In adc
have been extensive prior studies measuring and imaging tien, the skin positioning piece served the double purpose
troxide free radicals and spin labels in isolated cultured celtsecisely fixing the skin for imaging and limiting microvascu
and in skin biopsies1Q, 11, 15, 16—20 no prior group has lar flow, enabling bioreduction to be the major source ¢
reported the successful imaging of nitroxides or other freadical clearance. Thus, with our measurement protocol \
radicals inin vivo skin. In the prior studies, important pioneerwere able to obtain information regarding the permeation a
ing work was performed by Herrlingt al. (11), who were the penetration of the label into the skin as well as its metabol
first to apply nitroxide labels to human skin. They performedearance. In addition, this protocol enabled the performance
surface EPR spectroscopy at S-band and measured the kinaetiadvo EPR imaging of the spatial distribution of the nitroxide
of clearance of millimolar concentrations of nitroxide labelsn human skin with well-resolved images of the radical distr
applied to the skinX1). However, as they reported, they couldution.
not achieve sufficient sensitivity fan vivo imaging of free  Another difference in our approach from that used in th
radicals in human skin. They did, however, report interestirgarlier studies is with regard to the method used for spect
studies imaging the distribution of nitroxide free radicals igquantitation and analysis for the measurement of nitroxic
skin biopsies 11). clearance. In our experiments, we observed that the E
In theirin vivo human studies, Herrlingt al. applied 10ul lineshape of the spectral components of the nitroxide lak
of 1 mM TEMPO and TEMPOL in an emulsion vehicle to theapplied to the skin changes over time. This is especially tr
skin with 4 min of incubation 11). After that, they used when high concentrations of nitroxide are applied to the sk
isotonic sodium chloride to wash off the skin and perforrited such that spin—spin exchange occurs. In addition, howev
vivo EPR spectroscopy measurements. As a comparison, thiess was also a concern with lower nitroxide concentratiol
used 3.5ul of 100 mM “N-PDT solution in aqueous vehiclesince the lineshape of the diluted nitroxide spectrum with
(water) applied to the skin surface resulting in a small definglde skin also changes over time. Therefore, we performed
2.5-mm spot of nitroxide on the skin surface. After 5 mirspectral quantitation and kinetic analysis by integration
without washing the surface of the skin, the positioner wake whole EPR absorption function with fitting of individua
attached to precisely fix the skin position and largely isolate tlspectral components. This is in contrast to the prior studi
measured skin surface from vascular perfusion and EPR m#eat used the signal intensity of only one peak to meast
surements were performed. Our protocol fixed the number thie reduction ratel(l).
applied nitroxide molecules radicals left on the skin and greatly It is interesting that the clearance rate of the signal is mu
limited skin vascular flow, in principal leaving bioreduction aslower when higher concentrations of the label are used, st
the major source of nitroxide clearance. In addition, the use thfat penetration of the nitroxide into deeper skin layers occu
a high initial concentration of nitroxide where spin exchangé is possible that there may be a given concentration
occurs enabled measurement and modeling of the procesasforbate or other reducing equivalents that rapidly chemice
label diffusion and permeation in the skin as well as the procegsact with the nitroxide at the skin surface, and that once t
of clearance. level of nitroxide exceeds the level of these reducing equiv
In preliminary experiments, we observed that when loVents, skin penetration occurs. This might be accompanied b
millimolar concentrations of nitroxide labels such as tempomauch slower clearance process occurring due to other mec
in aqueous vehicle were applied to the skin surface, the signéms such as cellular reduction by the mitochondrial respir
rapidly disappeared typically in less than 10 min. With imagery enzymes or cellular processes. Indeed, it has been repo
ing, it was seen that the nitroxide did not penetrate the skimat thein vivometabolism of nitroxides is largely governed by
surface with an observed depth of less than 0.1 mm. Howeveellular reduction Z6). Overall, it is clear that further studies
with concentrations in the range of 50 to 100 mM, persistewill have to be performed in the future to better understand t
signal and penetration of the label within the skin were seerhemical and cellular processesm¥ivo nitroxide metabolism
When tempone was applied in a lipid vehicle such as olive ail the skin. Studies in both human subjects and animal mod



IMAGING OF NITROXIDE RADICALS IN HUMAN SKIN 163

will be of critical importance to resolve these important questate and free radical metabolism in the skin and thus

tions. great promise in the study of dermatological disease a
The properties of the skin including its permeability andevelopment of skin treatment formulations.

redox metabolism could vary in different human individu-

als. This could be due to differences in diet, skin care, and ACKNOWLEDGMENTS

sun exposure, as well as genetic or other factors. Indeed, we

observed in the skin of a series of normal human volunteergVe are grateful to Michael Chzhan for his technical help in the constructi

that while the rate of nitroxide penetration and clearan®éthe resonator and the volunteers for their time and cooperation. This w

was quite reproducible in a given individual, it was highl;ﬁﬁﬁ;ﬁ‘?gﬁg%;\r‘:H Grants RR 12190, GM58582, and CA 78886 and 1

variable from person to person. Differences in the penetra-
tion rate constant of greater than two-fold were seen, as well
as differences of more than four-fold in the clearance rate
(‘jons_tant (Flg_s' 5 and 6)'_The Imag_es of nitroxide dlsmbui. L. J. Berliner and H. Fujii, Magnetic resonance imaging of biological
tion in the skin of all subjects studied showed a character- specimens by electron paramagnetic resonance of nitroxide spin
istic pattern of two high-intensity bands with a region of low Ilabels, Science 227, 517-519 (1985).
intensity in between. The first band appeared in the outex J.L. Zweier and P. Kuppusamy, Electron paramagnetic resonance
400 um of the skin, corresponding to the epidermal region, measurements qf free radicals in t_he _intact beating _heart:_ A tech-
whereas the second band also had a thickness of about 40g"aue _for dgtectlon and characterization qf free radicals in whole
. biological tissues, Proc. Natl. Acad. Sci. USA 85, 5703-5707
pwm and was centered at a depth of 1Q0@, corresponding (1988)
to the location qf subcutane_ous tl_ssue beneath the dermis. , ; Halpern, D. P. Spencer, J. V. Polen, M. K. Bowman, A. C.
The central region of low intensity occurred at a depth Nelson, E. M. Dowey, and B. A. Teicher, Imaging radio frequency
corresponding to the dermis. These studies suggest that theelectron spin resonance spectrometer with high resolution and
dermis has either a higher concentration of reducing equiv- sensitivity for in vivo measurements, Rev. Sci. Instrum. 60, 1040-
alents or a greater capability for cellular nitroxide reduction 1050 (1989). _ _
than the deeper subcutaneous tissue. Future studies will feK: Chen. C Ng, J. L. Zweier, J. D. Glickson, and H. M. Swartz,
d to characterize the chemical and cellular basis for the Measu_rement of the intracellular concentration of oxygen in a cell
_nee R ) . . . perfusion system, Magn. Reson. Med. 31, 668-672 (1994).
interindividual differences in the skin permeability and me-

. . ! ] .~ 5. P. Kuppusamy and J. L. Zweier, Evaluation of nitroxides for the
tabolism as well as the differences in radical metabolism study of myocardial metabolism and oxygenation, Magn. Reson.
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