Journal of Biomedical Optics 8(2), 185-190 (April 2003)

Infrared microspectroscopic imaging maps the spatial
distribution of exogenous molecules in skin
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Abstract. Infrared (IR) microscopic imaging is used, in a series of
proof-of-principle experiments to map the spatial distribution of two
penetration enhancers, dimethylsulphoxide (DMSO) and propylene
glycol, in skin. The current instrumentation utilizes a 64X 64 array of
IR detectors imaged at the focal plane of an IR microscope, each

collecting a complete mid-infrared spectrum of the skin section on
Mark E. Rerek each pass of the interferometer. The spatial area sampled by each
ISP Corporation element in the array is ~6.3X6.3 um. Any spectral parameter (e.g.,
1360 Alps Road arising from lipid or protein vibrational modes of the endogenous
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tissue or the exogenous component) may be quantitatively analyzed

David J. Moore across the entire array of 4096 spectra, thereby generating an IR spec-
Unilever Research US troscopic image of that particular parameter throughout the sample.
45 River Road The images directly reveal the spatial heterogeneity of the protein and
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v Ne ‘ lipid distributions. In transverse slices of skin, the depth dependencies
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of the spatial distribution of triglyceride and protein have been moni-
tored, and compared to those of the exogenous penetration enhanc-
ers. Images of both DMSO and propylene glycol suggest that each
penetrates the skin to a depth of at least 1T mm (under our experimen-
tal protocols), and reveals a spatial distribution that is essentially co-
incident with the protein constituents of the skin. These results dem-
onstrate that IR microscopic imaging has great potential for
mechanistic studies of topical, dermal, and transdermal delivery.
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1 Introduction slow image accumulation in point-by-point IR microspectros-

The molecular level determination of dermal and transdermal COPI}’H ial ilability of mid-IR detectors h

percutaneous absorption pathways is of interest in several ar- € commercial availabiity of mid-ix array detectors has
. . overcome the limitation of traditional IR microscopy sam-

eas of dermatological research and drug delivery research. For

| imal th e int i ire dell pling. This has resulted in the introduction of IR imaging
exampie, optimal tnerapeutic intervention may require deliv- spectrometers and opened up a new field; mid-IR microspec-

ery of drugs at particular concentrations to well-defined loca- o5copic imaging. Our current instrumentation consists of a
tions within the skin. In addition, knowledge of permeation g4x 4 array of IR detectors imaged to the focal plane of an
pathways of penetration-enhancing molecules would provide |R microscope. On each pass of the interferometer, a complete
a quantitative basis for understanding the thermodynamic and|R spectrum is collected from each array element, thus 4096
kinetic mechanisms of action of these substances. spectra are acquired in about the same time required to gen-
Various research groups have probed lipid behavior and erate a single spectrum with a standard IR microscope. This
protein secondary structures in epidermis, as well as stratumapproach constitutes true mid-IR spectroscopic imaging and
corneum (SO models, using infrared(IR) spectroscopy results in a gain of about 1000 in tini® achieve equivalent
techniques * Furthermorejn-vivo andex-vivoattenuated to- ~ Signal to noise ratipcompared to point-by-point IR micros-
tal reflectancgATR) techniques have been applied to exam- COPY. Acquisition of the raw sample data matrix of 64
ine the outer layers of skin and thereby probe hydration, drug < 64 Spectra takes approximately 5 min. Initial applications
delivery, and percutaneous absorptiohSeveral biomedical of this tec_hnology to tissues havg included Ségd.'?s of the hy-
studies by the Canadian National Research Council Biodiag-groxyaﬁ?t'te.agd cgllﬁgedr} cclnglst.ltuenftsl. ng lelcong n
nostics group have demonstrated the ability of infraieath reast biopsies, and fhe distribution of lipids and proteins in

d-IR and | ¢ o diff tiat tholog slices of brain tissu¥ In addition, recent studies by Diem
mid-is an near-gR spectroscopy to difierentiate patnologi- ot 5y have revived the long-standing hope that IR microscopy
cal skin sample&® However, two significant limitations of

St : _ : will be useful in the field of cancer detectioh.
traditional IR sampling techniques are: 1. the requirement that  The current study describes our initial applications of IR

samples be homogenized and that each spectrum is thus amjcrospectroscopic imaging to monitor the permeation and
average from a large sample area: or, if IR-microspectroscopy

is used to avoid sample homogenization, 2. the problem of 1083-3668/2003/$15.00 © 2003 SPIE
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tissue distribution of two known dermal penetration enhanc- to-intensity scale can be used across the entire depth of the
ers, propylene glycolPG) and dimethylsulphoxidéDMSO) skin section. However, if a particular molecular spedies-
in porcine skin, and demonstrates the potential of this tech- dogenous or exogenouis significantly more concentrated in
nique for fields such as transdermal and dermal drug delivery. particular regions of the sample, such image scaling is not
feasible without some sections appearing either all red or all
2 Experimental Section blue, and therefore proving no useful information. We believe
that a particularly powerful aspect of IR spectroscopic imag-
ing is the ability to directly map molecular species in biologi-
Full-thickness porcine skin was obtained from hairless pigs cal samples, while maintaining sample architecture. The cur-

2.1 Sample Preparation

and cut into small sectionf1.5<1.5 cn) for mounting in rent images emphasis this aspect of the technology.
cryostat for cryosectioning. For transmission IR spectroscopic
techniques, tissue sections are routinely required te-Beo 3 Results

10 um thick. Samples for the current study were prepared Figure 1 presents typical data from three spectral regions from
using a Leica 1800 cryostat and were adhered on their side toan 8.um-thick section cut perpendicular to the skin surface of
a mounting block with cryostat fixing solution. After cryofix- g sample that had been treated with deuterated propylene gly-
ing samples by freezing te-60 °C, sections were sliced to a col (DPG). The isotopic substitution of deuterium atoms into
thickness of either 5 or @m. In general, very good samples  the exogenous molecule provides a useful spectroscopic
for spectroscopy could be obtained in this orientatioe., handle, since the carbon-deuterium stretching modes appear
sections sliced perpendicular to the skin surfacgnce a  in a spectral region not overlapped by bands from tissue com-
smooth, flat surface could be prepared by making many ponents. Figure (B shows the 1000 to 1800 cth region
passes with the knife before collecting a section appropriate from a single spectrum(of the 4096 collected simulta-

for IR measurements. Prior to sectioning, skin samples were neously. Several readily identifiable spectral features are ob-
treated with deuterated PG or deuterated DMSO solutions ap-served as labeled on the figure. The intense bands near 1650

plied to the external stratum corneum surface for defined time and 1550 cm® arise primarily from the protein amide(pep-
periods. For this initial IR imaging study, concentrations and tide bondC=0 stretching vibrationsand amide Il(mixed
application times were taken from previously reported litera- N—H in-plane bending an6—N stretch vibrations, respec-
ture protocols:* Solutions of DMSO and DPGapproximately  tively. The feature near 1720 crharises from esteE—0

15 ulL/en?) were applied to the SC surface of porcine skin  stretching modes of lipids such as triglycerides and phospho-
and left for 3 h, after which the skin surface was wiped clean |ipids, which constitute the vast majority of lipids in the epi-

to remove all remaining material. dermis and dermis. We anticipate that in future studies it may
) ) ) ) be possible to image the distribution of distinct lipid classes
2.2 Fourier Transform Infrared Microscopic Imaging by comparing images of ester, acid, and methylene modes

Spectra were collected on a Bio-Rad “Sting Ray” instrument across a biological section. Weaker bands from 1200 to 1500
equipped with an IR microscope, a step-scanning interferom- cm™! are attributable mostly to protein components of the
eter, and an infrared detector consisting of an array64f skin and arise from both backbone and amino acid side-chain
X 64 Merucury Cadmum TelluridéMCT) elementgtotal size vibrations. The high frequency regiq2700 to 3150 cm?)
~4X4 mm) imaged to a sample area 6f400x 400 um. shown in Fig. 1b) (again from a single spectryntontains
Samples were visualized through an opti¢akible) micro- C—H stretching vibrations ofCH, and CH; groups. The
scope monitoring the same area as the IR beam. Samples werérmer occur primarily in lipid constituents of tissue, the latter
positioned as required for data acquisition from the desired in protein constituents. Two spectra are shown in Figp).1
region. Interferograms were routinely collected at 87¢m  The top spectrum arises from a protein-rich region of the tis-
spectral resolution, and spectra were generated by Fouriersue section. The weak broadbands, marked in the spectrum at
transformation of the 4096 interferograms. Each detector ele-2870 to 2880 cm' and 2960 cm'® arise from stretching
ment was sampled 80 times at each stopped position of themodes of the methyl group vibrations of the protéamino
moving mirror. Thus the final datasets consist of 4096 IR acid side chains. The bottom spectrum arises from a lipid-
spectra spanning the frequency rang®00 to 4000 cm®. rich region of the tissue section. Bands near 2850 and 2920
The effective range of the MCT elements defines the lower cm™%, strongest in the bottom spectrum, arise primarily from
spectral limit. The large datasefs-4 million data points/ the symmetric and asymmetrieH, stretching modes of the
image were analyzed with ISYS software supplied by Spec- lipids.
tral Dimensions, Incorporated. The software permits a variety  Figure 1c) presents an expanded vidaveraged from 25
of univariate and multivariate manipulations to be performed pixels out of the 4096 spectra acquiyed the spectral region
rapidly on a data cube. In addition, we have on occasion per- 2000 to 2300 cm, which reveals the presence of tBe—D
formed principal component analysBCA) to enhance image  stretching modes from deuterated propylene glycol
quality. (CD3;CD(OH)CD,0OH) present in the skintop spectrum

In the current proof-of-principle study, we have chosen to This assignment is confirmed by comparison with the spec-
highlight the spatial variation of a given molecular species trum of pure DPG shown at the bottom of the figure.
within each section, rather than a comparison of concentra-  Figure 2 shows the spatial distribution of the protein, lipid,
tions over the entire sample depth. Therefore, the color distri- and DPG components in skin in four images generated from
bution in each image is “normalized” to the mean intensity spectra acquired from a skin section cut perpendicular to the
for that spectral parameter across the 4096 pixels used to consurface. A visible micrograph of each section is shown in the
struct that image. For many parameters, an equivalent color-left-hand panel. The distance from the skin surfaéice mi-
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Fig. 1 (a) Typical IR spectrum of the 1000 to 1700 cm™' region of skin.
The major spectral features arising from lipid and protein constituents
are labeled.?® (b) Typical C—H stretching regions (2750 to 3150 cm™)
from lipid-rich (bottom trace) and protein-rich (top trace) areas of a
skin section. (c) Top trace: The C—D stretching region (2000 to 2300
cm™') from a skin section containing deuterated propylene glycol. 25
spectra from the set of 4096 have been added to improve the signal-
to-noise ratio. Bottom trace: The C—D stretching region (2000 to
2300 cm™') from a pure sample of deuterated propylene glycol.

Infrared Microspectroscopic Imaging Maps . . .

crong is given on the right-hand side of the figure. The color
scaling used ised>yellow>green>blue and corresponds to
the relative integrated intensity of the given spectral param-
eter. Relative protein concentration was determined from the
intensity of the amide Il vibration near 1550 cf while the
spatial distribution of polar lipids was estimated from the in-
tensity of the este€=0 stretching mode near 1720 ¢t
The spatial distribution of DPG is depicted in the third verti-
cal panel and was monitored directly from the integrated in-
tensity under the contour formed from the various D),

and CDj stretching modes depicted in Figicl

In Fig. 3, the spatial distribution dMSO-d; is depicted
using the same general approach as for the DPG in Fig. 2. A
series of visible and IR images, the latter corresponding to the
spatial distributions of the protein, DMSO, and lipid compo-
nents of four images were generated from spectra of a skin
section cut perpendicular to the surface layer. The spatial dis-
tribution of the protein and lipid constituents were derived
from the amide Il andC=0 intensities, respectively. The
DMSO distribution was determined from the peak areas under
the CDj; stretching vibrations. The DMSO distributions as de-
picted have been subjected to simple image processing meth-
ods to improve contrast, as shown in Fig. 4.

An original image of DMSO distribution in a region clos-
est to the skin surface is shown in Fig. 4. This image clearly
exhibits substantial noise, traced to the weakness of the origi-
nal spectral features. This is best demonstrated in the data
acquired from the top 5@&m of the image. This area in the
field of view does not monitor the skin section, yet shows a
pixilated distribution of intensities even though there cannot
be any real DMSO intensity present. The absence of substan-
tial numbers of pixels in the histogram of the raw image con-
taining values of zero for the integrated intensity parameter
(abscisspis consistent with this image.

Significant improvement in image quality can be achieved
with principal component analysis. This well-known tech-
nique yields the eigenvalues of the variance-covariance ma-
trix, and defines components that are responsible for the ob-
served spectral variance. To create an enhanced image, four
principal components were retaind@hich accounted for
99.7% of the variance in the datand the image was recon-
structed with only these four components. The improved im-
age quality is evident, and the histogram of the image shows
the expected number of values with a spectral parameter close
to zero.

4 Discussion

For elucidation of the mode of action of specific penetration
enhancers, as well as for a general understanding of dermal
drug delivery mechanisms, it is essential to develop methods
that permit direct observation of the spatial distribution of
exogenous materials within the skin. The purpose of the cur-
rent study was to determine the utility of IR imaging mi-
crospectroscopy for this purpose. The data clearly demon-
strate that IR spectroscopic imaging provides the means to
examine the relative concentration of the substance of interest
with a spatial resolution approaching the mid-IR diffraction
limit. In the current case, the pixel size of G provides the
limiting resolution. We have chosen to examine DPG and
DMSO-d; to develop the IR imaging method for elucidation
of penetration pathways in skin.
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Fig. 2 The spatial distribution of protein, deuterated propylene glycol, and lipid from a section of skin cut perpendicular to the surface. An optical
micrograph is included in the left-hand column. Relative protein distribution is estimated from the intensity of the amide Il mode; propylene glycol
distribution is estimated from the area under all the various C—D stretching vibrations; lipid distribution (phospholipids and triglycerides) is
estimated from the ester C=0O band intensity. The right-hand scale is the depth from the surface in microns. The vertical images overlap to varying
extents as noted. The intensities are color coded as red>yellow>green>blue.

Lipid C=0 Depth (um)

Fig. 3 The spatial distribution of protein, deuterated DMSO, and lipid from a section of skin cut perpendicular to the surface. An optical micrograph
of each imaged section is included as the left-hand column. Relative protein distribution is estimated from the intensity of the amide Il mode;
DMSO distribution is estimated from the area under the CDj stretching vibrations (these images are generated after PCA analysis); lipid distribution
(phospholipids and triglycerides) is estimated from the C=O band intensity. The right-hand scale is the depth from the surface in microns. The
vertical images overlap to varying extents as noted. The intensities are color coded as red>yellow>green>blue.
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Infrared Microspectroscopic Imaging Maps . . .
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Fig. 4 The effect of image processing on the visualization of deuterated DMSO distribution in a skin section. Top left: Integrated intensity under the
CDj stretching vibrations. Top right: The histogram of intensity distribution. Bottom left: Integrated intensity under the CDj; stretching vibrations
following application of principal component analysis and reconstruction of the image with the first four principal components. Bottom right:
Histogram of intensity distribution in the enhanced image.
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As is evident from an examination of Fig. 3, DMSO pen-
etrates skin to a depth of at least 1 njumder our experimen-
tal protocol3, and reveals a spatial distribution that is coinci-
dent with the protein constituents of the skin. Particularly
noteworthy in this regard is the observation in the second row
of a dark object at a depth e¥600 um in the visible image

lipid poor. The DMSO is strongly partitioned into this ana-
tomical feature.

Our results substantially extend the earlier work of Higo
et al., who used attenuated total-reflectafd€R-IR) spec-

troscopy to follow the penetration of 4-cyano-pher@lP) 3.

across human SE.A comparison with tape stripping mea-
surements allowed Higo et al. to validate the equivalent of

Beer’s Law for CP and, with some limitations, to determine 4.

the depth of the CP penetration. Our measurements permit
near diffraction-limited spatial resolution of the relative con-

centration of the exogenous substance, as seen in Figs. 2 and>

3 for DPG and DMSO, respectively. Since sections can be

prepared either parallel or perpendicular to the skin surface, a 6.

reasonably comprehensive spectral mapping of molecular dis-
tribution can be obtained in a few images. The penetration of
DMSO was mappedFig. 3 at depths exceeding 1 mm.

An advantage of the imaging IR approach is that in addi-

tion to mapping of exogenous substances in skin, the spatial 8.

relationships between the exogenous and endogenous compo-
nents may be monitored and correlated. It is evident from

Figs. 2 and 3 that both DPG and DMSO localize with the 9.

protein-rich components of the tissue and suggests that the
penetration pathway of these molecules through the epidermis
involves protein.

The current proof-of-principle studies clearly demonstrate
that IR spectroscopic imaging technology will be a powerful
tool in facilitating advances in several areas of dermatological

and drug-delivery research. It has been suggested through a™

combined FT-IR/DSC study that some penetration enhancers,
when present during heating processes, enhaneehaiix to
B-sheet conversion in the keratin component of porcingSC.

PG was found to be quite effective in this process. DSC spec- (5

troscopic techniques have also been used to evaluate the ef-
fects of DMSO on skirt! Several studies have provided evi-

dence that high concentrations of DMSO promote steady-statel#:

drug permeation, and delipidation and protein denaturation ;¢
were suggested as being responsible for the penetration en-
hancing activity!® With current IR imaging technology, it is
feasible to examine intact skin sections for the spatial charac-
terization of this process, and to seek relationships between
the structural alteration and the relative concentration of the
enhancers. Along similar lines, Clancy, Corish, and Corrigan
suggested that DMSO caused extensive lipid extraction in ad-
dition to protein denaturatiolf. The spatial distribution of
these processes should also be readily elucidated with IR im-

aging. As this technology is further developed, our ability to 18.

generate images that map changes in protein secondary struc-
ture, or relative ratios of specific endogenous components,
will provide a fast and direct method to characterize the mo-
lecular changes discussed before. Thus, for example, by map-
ping the intensity of two distinct components of the protein

amide | mode, it will be possible to directly image the relative

distribution of protein secondary structure changes across a
sample. With these developments, IR spectroscopic imaging

190 Journal of Biomedical Optics ¢ April 2003 * Vol. 8 No. 2

2.

7.

10.

12.

technology will move beyond a distribution mapping of com-
ponents to a mapping of molecular structures and interactions
across tissue sections.
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