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Abstract. Diffusion of two model drugs—benzyl nicotinate and
ibuprofen—and the plasma macromolecule albumin across athero-
sclerotic rabbit aorta was studied ex vivo by attenuated total
reflection–Fourier transform infrared �ATR–FTIR� imaging. Solutions of
these molecules were applied to the endothelial surface of histologi-
cal sections of the aortic wall that were sandwiched between two
impermeable surfaces. An array of spectra, each corresponding to a
specific location in the section, was obtained at various times during
solute diffusion into the wall and revealed the distribution of the sol-
utes within the tissue. Benzyl nicotinate in Ringer’s solution showed
higher affinity for atherosclerotic plaque than for apparently healthy
tissue. Transmural concentration profiles for albumin demonstrated its
permeation across the section and were consistent with a relatively
low distribution volume for the macromolecule in the middle of the
wall. The ability of albumin to act as a drug carrier for ibuprofen,
otherwise undetected within the tissue, was demonstrated by multi-
variate subtraction image analysis. In conclusion, ATR–FTIR imaging
can be used to study transport processes in tissue samples with high
spatial and temporal resolution and without the need to label the
solutes under study. © 2009 Society of Photo-Optical Instrumentation Engineers.
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Introduction
ass transport between blood and the arterial wall, and within

he wall itself, plays important roles in the maintenance of the
all tissue, which can be up to �1 mm thick but is largely

vascular. For example, smooth muscle cells within the wall
equire delivery of small solutes such as oxygen, ions, glu-
ose, and amino acids, and macromolecules such as growth
actors and lipoproteins. Imbalances in the transport of such
olecules, and particularly in the transport of lipoproteins,

ave been implicated in the development of atherosclerosis,
he underlying cause of most heart attacks and strokes, which
s characterized in its early stages by the deposition of lipids
ithin the inner layers of the wall. Supporting this view, areas
f the wall prone to atherosclerosis are characterized by an
nhanced uptake of macromolecules from plasma.1 Mass
ransport is also key to the delivery of drugs to the arterial

edia, including the antiproliferative drugs released by drug-
luting stents and drugs to control vascular diameter and stiff-
ess through an influence on smooth muscle tone. Conse-
uently, the transport of plasma-borne molecules into and
ithin the arterial wall has been intensively studied, both ex-

ddress all correspondence to: Prof. S. G. Kazarian, Department of Chemical
ngineering and Chemical Technology, Imperial College London, London SW7
AZ, UK. Tel: +44 �0�20 7594 5574; E-mail: s.kazarian@imperial.ac.uk.
ournal of Biomedical Optics 044008-
perimentally and theoretically, over the past half-century.2

Studying the diffusion and distribution of macromolecules has
generally involved the use of radioactive or fluorescent labels.
Much attention has focused on the transport of low density
lipoproteins �LDL�,3–7 serum albumin,8,9 and horseradish
peroxidase.10,11 Similar methods have been used to study the
transport and distribution of drugs in the wall.12–17

In the present study, we show that arterial wall mass trans-
port can be studied ex vivo by Fourier transform infrared
�FTIR� spectroscopic imaging using an attenuated total reflec-
tion �ATR� approach. No dyes or labels are required since the
FTIR spectrum contains the signatures of vibrational modes
involving specific functionalities of a molecule. A focal plane
array �FPA� detector is combined with an FTIR spectrometer
to obtain FTIR spectroscopic images using different ATR
accessories.18–21 Thousands of infrared absorption spectra are
acquired simultaneously from different locations along a
specimen surface; the sample depth probed by ATR–FTIR im-
aging is restricted to a few micrometers from the surface of
the specimen in contact with the ATR crystal. The distribution
of different constituents within a sample can be obtained by
analyzing the acquired spectral dataset for different bands in
the mid-IR region: qualitative analysis of the FTIR spectrum

1083-3668/2009/14�4�/044008/9/$25.00 © 2009 SPIE
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ives information about the state and environment of the mol-
cule, whereas quantitative analysis through the Beer-Lambert
aw can be performed by assessing the integrated absorbance
f the bands. Studying samples containing water or in contact
ith aqueous solutions can be challenging because of the ab-

orption of infrared radiation by water. However, we have
ecently demonstrated the applicability of ATR–FTIR imaging
o the study of pharmaceutical and biomedical samples in
ontact with water and imaged the distribution of water within
therosclerotic rabbit abdominal aorta.20

Chemical specificity is the major advantage of this analyti-
al tool, allowing a broad range of applications in different
elds.22–31 The high speed of acquisition offered by the FPA
etector is also valuable, enabling kinetic �e.g., pharmacoki-
etic� properties of different materials to be determined and
llowing the study of permeation, diffusion, and
issolution.32–36 The use of ATR–FTIR imaging to study dy-
amic properties of biomedical systems �e.g., drug release and
orption� is a rapidly developing area with applications rang-
ng from organs, namely skin,24 hair,37 to tablet
issolution.32,35,38

In our previous work, micro ATR–FTIR spectroscopic im-
ging was applied to histological sections of the thoracic aorta
f cholesterol-fed rabbit in order to map the chemical compo-
ition and location in the wall of experimental atherosclerosis
nd, in particular, to examine the effects of age and dietary
-arginine on lesions around branch ostia.39,40 Here, we dem-
nstrate that imaging such sections while applying model
rugs or albumin to their endothelial surface allows a tempo-
al series of concentration profiles across the wall to be ob-
ained, without the need for radioactive or fluorescent labels.

oreover, spectroscopic imaging in conjunction with multi-
ariate analysis allows simultaneous observation of the distri-
ution, and hence transport, of at least two biomolecules si-
ultaneously.

Materials and Methods
.1 Materials
enzyl nicotinate ��98.0% pure� was obtained from Sigma-
ldrich, ibuprofen from Whitehall International, and bovine

erum albumin �fatty acid free� from First Link.

.2 Solutions
enzyl nicotinate, poorly soluble in aqueous media, was dis-

olved in Ringer’s solution �composition in g/L: NaCl, 9.0;
Cl, 0.2; CaCl2, 0.2; NaHCO3, 0.1� at the saturation limit,

nd the resulting solution was used. Albumin 6% �w/w� was
issolved in phosphate buffered saline �PBS; 0.15M, pH 7.4�.
buprofen, also sparingly soluble in water, was added to the
lbumin solution; the supernatant of the drug-saturated solu-
ion was used.

.3 Tissue Samples
nimal procedures complied with the Animals �Scientific
rocedures� Act 1986. Immature �2-months old� male New
ealand white rabbits �HSDIF strain, Harlan� were used in

his study. They were housed at 18��2� °C under a 12-h
ight cycle and fed 75 g per day of normal chow �9603 TRB
abbit; Harlan Teklad, Bicester, UK� supplemented for
ournal of Biomedical Optics 044008-
8 weeks with 1% �w/w� cholesterol �Sigma�. The cholesterol
was added in ether �inhibitor-free spectrophotometer grade,
Sigma�, which was then evaporated.

Each rabbit was sacrificed with an overdose of pentobar-
bital �Euthatal, Rhône Mérieux, iv�, and the descending aorta
was excised after fixation in situ at physiological pressure for
10 min with 10% neutral buffered formalin. A segment of
thoracic aorta containing the third pair of intercostal branches
was post-fixed for at least 24 h in further formalin solution
and then opened along the ventral wall. The segment was
immersed in a 2M sucrose solution overnight to inhibit the
subsequent formation of ice crystals, before being embedded
in Bright cryo-m-bed �Bright Instruments, Huntingdon, UK�
and frozen. Longitudinal sections 15 �m thick were cut in a
cryostat and mounted on standard microscope slides.

2.4 Spectroscopy
ATR–FTIR images were acquired using a rapid scan Varian
system comprising an FTIR spectrometer �Bio-Rad FTS-60A�
coupled to a large sample compartment containing a macro-
ATR accessory with diamond crystal �Specac Ltd.� and a liq-
uid nitrogen–cooled 64�64 FPA detector. Each image corre-
sponded to a 550�610 �m2 area of the specimen. Spatial
resolution with this experimental setup is about
15 to 20 �m.41

Sections of rabbit aorta were soaked with Ringer’s solution
and gently detached from the microscope slide before being
transferred onto the ATR crystal for imaging. A piece of glass
slide was placed on top of the section to seal and create a
diffusion compartment. Only a low contact pressure was ap-
plied, through an anvil, to avoid damaging the tissue; this
generally ensured a good contact between specimen and crys-
tal and prevented the leakage of diffusing solution underneath
the tissue �see schematic diagram of the experiment in Fig. 1�.
The evanescent wave from the crystal has a depth of penetra-
tion of approximately 2 �m at a wavenumber of 1000 cm−1.

Before each experiment, the tissue sections were rehy-
drated by applying Ringer’s solution and allowing them to
equilibrate on the ATR crystal. �Generally 30 min was suffi-
cient.� Rehydration will have further improved the seal be-

Fig. 1 Schematic diagram of the diffusion experiment using a solution
�liquid, L� and a specimen �section of rabbit aorta, S�, in contact with
the surface of a diamond crystal �C� for ATR–FTIR spectroscopic mea-
surements. A piece of glass slide �G� is placed above the tissue to seal
the compartment, and a gentle pressure is applied through an anvil.
The solution is added at the endothelial edge of the tissue; the solute
then diffuses toward the adventitial edge by permeating the aortic
wall. The experiment mimics the diffusion process that brings drugs
and solutes from the lumen to the adventitia of the artery.
July/August 2009 � Vol. 14�4�2
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ween the section and the glass or crystal. It was monitored by
easuring spectroscopic images until no change was ob-

erved in the absorbance of water bands between successive
napshots. Solutions of drug or protein were then applied to
he endothelial surface of the section, between the glass slide
nd crystal. Experiments were conducted at least in duplicate.

Varian Resolution Pro 4.0 software was used for acquisi-
ion and manipulation of the data. An IR absorption spectrum
as obtained for each detector pixel by co-adding 32 inter-

erograms. Spectra were obtained over the range
000 to 900 cm−1 at 4 cm−1 resolution with a zero filling fac-
or of 2, achieving a collection time of approximately two

inutes per image. For all image measurements, a back-
round was acquired in the absence of a sample.

Each spectroscopic image is a 3-D dataset of absorbance
alues at various combinations of wavenumber and position
n the image plane. The fingerprint region
1800 to 900 cm−1� of the mid-infrared spectrum was ana-
yzed for each detector pixel, and chemical images were gen-
rated by integration of characteristic bands contained therein.
o calculate the absorbance of each band, a linear baseline
as drawn through the troughs either side of the peak, and the

bsorption profile above this line was integrated with respect
o wavenumber.

Multivariate analysis was also performed on an FTIR im-
ge of ibuprofen diffusion using ISys 4.0 software. The image
easured at the beginning of the experiment, before the ap-

lication of the drug, was subtracted from the image collected
t the end of the experiment to remove the spectral contribu-
ion due to the tissue. Factor analysis was employed in the
ngerprint region of the resulting dataset; a linear baseline
as drawn through the extremes of this spectral range to

void spurious baseline effects. Selection of relevant factors
as based on visual inspection of the score images and load-

ng spectra, as previously described.40

Results
.1 Diffusion of Benzyl Nicotinate
enzyl nicotinate in its liquid state readily diffuses across

ections of thoracic aorta from cholesterol-fed rabbits �data
ot shown�; however, this process has no in vivo relevance. To
eproduce a more realistic situation, a saturated solution of
enzyl nicotinate in Ringer’s solution was applied to the sec-
ions. Note that the concentration of benzyl nicotinate at the
aturation limit was too low for the drug to be detectable in
he FTIR spectrum of the solution.

Figure 2 shows ATR–FTIR images from a representative
xperiment to assess diffusion across a longitudinal section of
abbit thoracic aorta at a location upstream of the intercostal
ranch ostium. No atherosclerotic lesion was visible in this
egion. The images showing the tissue at different times dur-
ng the experiment are derived from the amide II band
1580 to 1480 cm−1�, corresponding mainly to N–H bending
f the peptide group �Fig. 2�a��. The benzyl nicotinate solu-
ion was applied to the endothelial edge of the arterial section.
he spectroscopic images showing the distribution of the drug
t different times during the experiment were obtained using
he asymmetric CuO stretching band of the benzyl nicoti-
ate �1294 to 1260 cm−1� �Fig. 2�b��. The presence of benzyl
icotinate in the tissue was detected a few minutes after the
ournal of Biomedical Optics 044008-
start of the experiment. It penetrated the endothelial surface of
the tissue in contact with the drug solution and progressively
accumulated within the intima, while the interior of the wall
�media� was almost spared. The concentration of drug within
the inner wall appears higher than that in the solution in con-
tact with the tissue �see Fig. 2�b��; hence a partitioning effect
of benzyl nicotinate, possibly into lipids that accumulated in
the intima during the cholesterol-feeding, seems to have oc-
curred. The increase of band absorbance in the adventitia may
reflect seepage of the solution around the section and subse-
quent entry from the adventitial side. A more likely explana-
tion, however, is that it also results from partitioning, since
the adventitia is rich in lipids.

Figure 3�a� shows the evolution of the FTIR spectrum as a
function of the time at a pixel within the intima, indicated by
the asterisk in Fig. 2. The spectrum of pure benzyl nicotinate
is also presented for comparison. The accumulation of the
drug into this area of the tissue is indicated by an increase in
the asymmetric CuO stretching band. The graph in Fig. 3�b�
displays the integrated absorbance of this band for this loca-
tion as a function of time after the start of the experiment; the
drug concentration increases rapidly at the beginning of the
experiment and then continues to increase at a less rapid rate.

The diffusion of benzyl nicotinate was also studied across
specimens of immature rabbit aorta containing an atheroscle-
rotic lesion �at the downstream margin of the branch ostium�.
The ATR–FTIR images for this experiment are shown in Fig.
4. Concentration of benzyl nicotinate was observed in the
lesion �see Fig. 4�c��, while no permeation of the medial lay-
ers of the aortic wall was detected, supporting the idea of
partitioning. Note the different scales required in Fig. 2�b� and
Fig. 4�c�, indicating that the concentration of drug in the le-

Fig. 2 Spectroscopic images of the diffusion experiment using a ben-
zyl nicotinate–saturated Ringer’s solution and a longitudinal section of
rabbit thoracic aorta without any lesions. �a� ATR–FTIR images of the
tissue at a location upstream of the branch ostium obtained from the
spatial distribution of the integrated absorbance of the amide II band,
in the range 1580 to 1480 cm−1. No lesion is revealed by integrating
between 1760 and 1710 cm−1, in the v�CvO�ester region. In these
images, the outermost media/adventitia layer forms the left edge of the
tissue, whereas the endothelium is at the right edge. The intensity
scale associated with each image is such that blue and red extremes
respectively correspond to low and high absorption values as given by
spectral integration; this is directly related to a density scale �Beer-
Lambert law�. �Scale bar: 100 �m.� �b� ATR–FTIR images of the ben-
zyl nicotinate distribution at this location of the tissue as given by the
integrated absorbance of the vasym�CuO� band in the range
1294 to 1260 cm−1. �The arrow indicates the sense of the diffusion—
from the endothelial to the adventitial edge of the aortic wall. The
asterisk refers to the pixel-region of the images from which FTIR spec-
tra were extracted.� �Color online only.�
July/August 2009 � Vol. 14�4�3
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ion was more pronounced than that in the inner healthy wall
t comparable times.

The spectra corresponding to a single-pixel location within
he lesion �asterisk in Fig. 4� show an increase of absorbance
f the benzyl nicotinate bands with time �Fig. 5�a��. The con-
entration of benzyl nicotinate, expressed by the integrated
bsorbance of the band in the range 1294 to 1260 cm−1, ap-
eared to increase linearly during the course of the experi-
ent �Fig. 5�b��. Comparing the plots in Figs. 5�b� and 3�b�,

onfirms that the diffusion and accumulation of benzyl nico-
inate within the lesion is higher than in the normal aortic
ntima.

ig. 3 �a� FTIR spectra extracted from a region within the intima �see
min to 4 h 33 min�. The spectrum of pure benzyl nicotinate is al

icotinate band in the range 1294 to 1260 cm−1.� �b� Plot of the
294 to 1260 cm−1 as a function of time.

ig. 4 Spectroscopic images of the diffusion experiment using a ben-
yl nicotinate–saturated Ringer’s solution and a longitudinal section of
abbit thoracic aorta with an atherosclerotic lesion. �a� ATR–FTIR im-
ges of the tissue downstream of the branch ostium obtained from the
patial distribution of the integrated absorbance of the amide II band,
n the range 1580 to 1480 cm−1. �b� A lesion is revealed by integra-
ion of the v�CvO�ester band between 1760 and 1710 cm−1. �Scale
ar: 100 �m.� �c� ATR–FTIR images of the benzyl nicotinate distribu-
ion at this location of the tissue given by integrating the vasym�CuO�
and, in the range 1294 to 1260 cm−1. �The arrow indicates the sense
f the diffusion—from the endothelium to the interior of the aortic
all. The asterisk refers to the pixel-region of the images from which
TIR spectra were extracted.�
ournal of Biomedical Optics 044008-
3.2 Diffusion of Ibuprofen-Saturated Albumin
At saturation, the concentration of ibuprofen in aqueous solu-
tion was too low to produce detectable levels of the drug in
tissue sections unless albumin was added as a carrier. A solu-
tion of ibuprofen and 6% BSA in PBS was used for the rep-
resentative experiment reported here. As before, the drug so-
lution was applied to the endothelial edge of the aortic tissue.
Figure 6 shows spectroscopic images of the diffusion of
ibuprofen-saturated albumin across a specimen of rabbit aorta
without visible atherosclerotic lesions. The images of the tis-
sue at different times during the experiment were obtained
using the amide II band absorbance, in the range
1580 to 1480 cm−1 �Fig. 6�a��. The images showing the dis-
tribution of the drug as a function of the time were derived
from integration of the ibuprofen band in the range
1294 to 1260 cm−1 �CuO stretching �COOH� and OuH
bending� �Fig. 6�b��.

Figure 7 shows the evolution of FTIR spectra with time for
two locations in the tissue, one in the intima �indicated by an
asterisk in Fig. 6� and the other in the media �circle in Fig. 6�.
For both sites, the fingerprint profile gradually increases in
intensity as the diffusion time increases; in particular, the
amide I and II band absorbance increases due to the penetra-
tion of albumin within the tissue. Note that the spectral evo-
lution is greater in the case of the intima �Fig. 7�a��, which is
the part of the tissue directly in contact with the solution, than
in the medial layer �Fig. 7�b��. The plots in Figure 8 show the
evolution of the FTIR spectra at the same locations �Fig. 8�a�:
intima; Fig. 8�b�: media� as a function of time after the
ibuprofen–albumin solution was removed from the sample
compartment. These results demonstrate the reversibility of
the transport process.

3.2.1 Analysis of albumin diffusion
Spectra were extracted from the ATR–FTIR images described
earlier along a horizontal line of the detector array corre-
sponding to a line across the aortic wall �see Fig. 9�b��. Inte-
gration of the spectral region between 1800 and 1480 cm−1,

in Fig. 2�a�� at different times after the start of diffusion �from 1 to 8:
wn. �The arrow indicates the increase in absorbance of the benzyl
rated absorbance of the benzyl nicotinate band in the range of
asterisk
so sho

integ
July/August 2009 � Vol. 14�4�4
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hich corresponds to the amide I and II bands, was performed
ccording to the method in Fig. 9�a�. Figure 9�c� shows the
ransmural concentration profiles for albumin across the artery
all at different times, obtained in this way. �The correspond-

ng absorbance at the start of the experiment was subtracted
o that no contribution arose from the tissue itself.� The trans-
ural concentration plots show that the penetration of albu-
in occurs first in the inner layers of the tissue in contact with

he solution ��50 �m thickness�. An increase in the albumin
ontent is observed with time, especially within the intima/
nner media. Low permeation of the outermost media/
dventitia is detected, although an increase in protein levels is
bserved towards the end of the experiment.

ig. 5 �a� FTIR spectra extracted from a region within the lesion �see
min to 2 h 43 min�. The spectrum of pure benzyl nicotinate is also s

icotinate bands in this spectral region.� �b� Plot of the integrated abs
unction of time.

ig. 6 Spectroscopic images of the diffusion experiment using an
buprofen-saturated albumin solution �6% in PBS� and a longitudinal
ection of rabbit thoracic aorta without an atherosclerotic lesion. �a�
TR–FTIR images of the tissue derived from the integrated absorbance
f the amide II band, in the range 1580 to 1480 cm−1. The outermost
edia/adventitia layer is at the left side of the images, whereas the

ndothelium is at the right side. �Scale bar: 100 �m.� �b� ATR–FTIR
mages of the ibuprofen distribution given by integration of the band
n the range 1274 to 1258 cm−1. Ibuprofen crystals were detected at
he right side of the images during the time of the experiment; how-
ver, no drug permeation of the aortic wall tissue is revealed here.
The arrow gives the sense of the diffusion. The asterisk and circle
ndicate the pixel-regions within the intima and media, respectively,
rom which FTIR spectra were extracted.�
ournal of Biomedical Optics 044008-
3.2.2 Multivariate image analysis
Factor analysis was applied to the dataset collected at the end
of the experiment �315 min�, after the dataset for the begin-
ning of the experiment had been subtracted. Two factors were
selected, based on the spectral features of the loading spectra
and on visual inspection of the score images. The first factor
yielded the distribution shown in Fig. 10�a�. The correspond-
ing loading spectrum showed the signature of albumin.42 The
image reveals a greater concentration of albumin outside the
tissue than inside it, as expected.

The second factor �Fig. 10�b�� showed a distribution that
we attribute to the ibuprofen–albumin complex; the loading
spectrum contained signals due to both components �see pure
ibuprofen spectrum in Fig. 10�c��. The undissolved ibuprofen
observed by univariate analysis �FTIR images in Fig. 6�b�� is
here depicted at the right-hand edge of the score image �see
Fig. 10�b��. The complex is clearly detected within the tissue
�see oval in Fig. 10�b��; this result could not have been ob-
tained by integration over the original dataset because the
absorbance of the ibuprofen bands in the spectra of the tissue
was too low.

Figure 10�d� is the transmural concentration plot of the
ibuprofen–albumin factor across a horizontal line of the array
�see Fig. 10�b��. The graph shows the presence of the complex
in approximately half the overall thickness of the wall.

4 Discussion
We previously used micro ATR–FTIR imaging to examine the
location and chemical composition of atherosclerotic lesions
in sections of the aortic wall of rabbits that had been fed a
cholesterol-enhanced diet.39,40 The approach, dubbed “chemi-
cal photography,”39,40 gave good discrimination between the
composition of the normal and diseased wall and revealed
effects of age and dietary L-arginine supplements on the dis-
tribution and extent of atherosclerosis. Here, we have demon-
strated using sections of the same tissue that ATR–FTIR im-

in Fig. 4�c�� at different times after the start of diffusion �from 1 to 8:
�The arrows indicate the increase in absorbance of prominent benzyl
e of the benzyl nicotinate band in the range 1294 to 1260 cm−1 as a
asterisk
hown.
orbanc
July/August 2009 � Vol. 14�4�5
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ging can also be used to assess transport of small and large
olutes across the aortic wall. We studied albumin �69 kDa�
s an inert model of the macromolecules that play critical
oles in the development of atherosclerosis; its concentration
rofile across the aortic tissue was followed as a function of
ime. We also studied two model drugs: benzyl nicotinate
relative molecular mass 213 Da� and ibuprofen �206 Da�.
enzyl nicotinate is the benzyl ester form of niacin. It is more

ipophilic than the parent compound �which lowers circulating
ipid levels, is a potent vasodilator, and is frequently used in
linical practice43,44� and was employed in the present study
ecause its partitioning into lipid-rich lesions provides a good
est of the ability of ATR–FTIR imaging to discriminate be-
ween uptake by overtly healthy and diseased tissue. Ibupro-
en is a cyclo-oxygenase inhibitor with potent anti-
nflammatory effects; recent studies have investigated its
nfluence on experimental atherosclerosis in animals.45,46 It

ig. 7 �a� FTIR spectra extracted from a region within the intima �see a
f the tissue at the steady state without the drug solution is also shown
�a�� at different times of the diffusion. The spectrum of the tissue at s
ncrease in absorbance of the prominent peptide bands, i.e., amides

ig. 8 �a� FTIR spectra extracted from a region within the intima �see
rug from the tissue. �b� FTIR spectra extracted from a region within
iffusion of the drug from the tissue. �The arrows indicate the decrea
ournal of Biomedical Optics 044008-
was used in the present study because the facilitation of its
transport into the wall by albumin provides a good test of the
ability of multivariate analysis to increase the discriminatory
power of ATR–FTIR imaging.

The image area was 550�610 �m2 and the spatial reso-
lution approximately 15 to 20 �m. The sample depth probed
is restricted to few micrometers by the depth of penetration of
the evanescent wave into the specimen. This compares favor-
ably with the large number of radiotracer-based studies in
which solutes have been detected by counting radioactivity in
whole sections of the wall, with typical dimensions on the
order of 1 cm�1 cm�10 �m. Although higher resolutions
can theoretically be obtained with radiotracers by using auto-
radiography, very few such studies have been published; the
low uptake of plasma molecules into the wall means that im-
practicably high concentrations and long exposures are re-

in Fig. 6�a�� at different times after the start of diffusion. The spectrum
IR spectra extracted from a region within the media �see circle in Fig.

tate without the drug solution is also shown. �The arrows indicate the
.�

k in Fig. 6�a�� at different times after the start reverse diffusion of the
dia �see circle in Fig. 6�a�� at different times after the start of reverse
sorbance of the prominent peptide bands, i.e., amides I and II.�
sterisk
. �b� FT
teady s
I and II
asteris
the me
se in ab
July/August 2009 � Vol. 14�4�6
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ig. 9 �a� Integration method applied to derive transmural concentration profiles of albumin across the aortic wall. �b� ATR–FTIR image of the tissue
t steady state obtained by integration of the amide II band, in the range 1580 to 1480 cm−1; the line shows the pixels of the image from which
TIR spectra were extracted. �c� Transmural concentration profiles of albumin across the artery wall for different times after the start of diffusion.
ig. 10 Results of factor analysis performed on the subtraction image at the end of the ibuprofen–albumin diffusion experiment �time=5 h 15 min�.
a� Score image and loading spectrum of the first factor, giving the distribution of albumin in this imaged area. �b� Score image and loading
pectrum of the second factor, representing the distribution ofibuprofen–albumin complex. �The oval indicates the region of the tissue showing the
ccurrence of this complex; the line shows the pixels of the image from which FTIR spectra were extracted.� �c� F1 and F2 loading spectra along
ith a spectrum of pure ibuprofen �powder�. �The dotted and solid lines indicate that the spectral positions of the main FTIR bands are reproduced
etween the different profiles.� �d� Transmural concentration profile of the ibuprofen–albumin complex across the artery wall at the end of the
iffusion experiment.
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uired. Since both these radiotracer detection methods destroy
he sample, they can be used only at one time point, whereas
he ATR–FTIR-based method can follow transport continu-
usly.

Methods employing fluorescence microscopy in conjunc-
ion with dye-labeled solutes have somewhat greater reso-
ution than we obtained in the present study. Furthermore, it is
ossible to make frequent measurements on the same
ample47 so long as care is taken to limit photobleaching of
he dye during the repeated exposures to the fluorescence-
xciting illumination. However, the need to bind large dye
olecules �typically, �500 kDa� to the solute is a substantial

isadvantage; even proteins may be significantly modified by
uch conjugation,48 while the size of the label may equal or
ven exceed that of smaller solutes. ATR–FTIR imaging
voids this problem since its chemical specificity is alone suf-
cient to discriminate between the solute and tissue sample.
n additional advantage arising from this chemical specificity

s that mixtures of solutes can be examined and separated. In
he present study, for example, we were able to demonstrate
hat albumin acts as drug carrier49 for ibuprofen, which was
therwise not observed to enter the aortic wall; factor analysis
evealed the presence of an ibuprofen–albumin complex
ithin the artery wall that was undetected by univariate analy-

is.
A disadvantage of the method used for assessing arterial

ass transport in the present study is that no pressure gradient
s applied across wall, unlike in vivo, where there is a higher
ressure inside the vessel lumen than outside. Additionally,
he tissue was dead and had been fixed, ruling out the possi-
ility of active or vesicular transport within the endothelial
ayer. These disadvantages reflect limitations of the specimen
andling and mounting procedures, and would be surmount-
ble with suitable apparatus; they do not alter conclusions
bout the fundamental utility of ATR–FTIR imaging for such
tudies. Transport of small molecules across the wall in vivo is
redominantly diffusive and independent of active or vesicu-
ar processes within endothelial cells, but the significance of
ressure-driven convection and vesicular transport increases
or larger solutes. Nevertheless, diffusional, endothelium-
ndependent properties are of interest even for arterial macro-

olecular transport �and have been examined with radiotracer
echniques9�, while for vessels not exposed to high luminal
ressures �such as veins� and for nonvascular tissues, they are
f paramount importance. The in situ fixation of the tissue at
hysiological pressure prevented it from collapsing when ex-
ised but will have altered the chemistry of wall components.
e previously showed40 that it has only minor influences on

bsorbances in the spectral regions examined here; others
ave shown an absence of effects of fixation on transport
roperties such as hydraulic conductance of the endothelium50

nd permselectivity of intact vascular beds51 which may ex-
lain why our results are consistent with earlier work employ-
ng dead but unfixed tissue.

The fact that ATR–FTIR imaging allows repetitive mea-
urement of the same sample is important because the evolu-
ion of concentration profiles across the wall with time pro-
ides additional information about transport processes. After
hort times, when concentrations of solute in the wall are low,
ptake depends primarily on the resistance to entry. After sev-
ral hours, however, an equilibrium is reached, and concen-
ournal of Biomedical Optics 044008-
trations then depend on the space available for solutes within
the wall. Consistent with previous results,9 we found that at
these longer times, concentrations of macromolecules were
higher in the inner and outer layers of the wall than in the
middle; this phenomenon is thought to reflect a looser packing
of the ground substance of the wall in these regions. The
packing density is in turn likely to influence the resistance of
the different layers to transport across the wall.

5 Conclusions
We have demonstrated that ATR–FTIR imaging allows mea-
surement of the diffusion of small solutes, such as drugs, and
macromolecules into the arterial wall in vitro. The model drug
benzyl nicotinate showed higher affinity for atherosclerotic
plaque than for healthy tissue, while ibuprofen required albu-
min to act as a drug carrier; it was otherwise undetected
within the tissue. The presence and distribution of ibuprofen
in the artery wall, transported by albumin was demonstrated
by multivariate subtraction image analysis. The results were
obtained by a chemically specific method, as a function of
time with the same specimen, and without labeling the sol-
utes, a unique combination of advantages.
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