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Metabolic imaging of tissues by infrared fiber-optic
spectroscopy: an efficient tool for medical diagnosis
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1 Introduction

Any disease process is accompanied by changes in the me-
tabolism of the affected cells or organs. This justifies the ques

Abstract. Infrared fingerprints of molecules in biology contain much
information on cells metabolism allowing one to distinguish between
healthy and altered tissues. Here, to collect infrared signatures, we
used evanescent wave spectroscopy based on an original infrared
transmitting tapered glass fiber. A strict control of the fiber diameter in
the tapered sensing zone allows high sensitivity and wide spectral
range exploration from 800 to 3000 cm™". Then, merely in depositing
the mouse liver biopsies on the fiber, this device has enable us to
differentiate between tumorous and healthy tissues. © 2004 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1646415]
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for fastin situ on-line information on metabolic alterations for

both better biological process understanding and earlier medi-

+ cal diagnosis. In this sense, lodalsitu vibrational spectros-
copy is a powerful tool, which operates at a molecular level in
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giving access to the infraredR) fingerprints of the biomol-
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Fig. 1 Schematic representation of the experimental setup used for FEWS measurements. It is composed of an IR source, a tapered chalcogenide
glass fiber and a MCT detector. (a) Is a zoomed schematic of the fiber tapering zone in which the optical beam path is shown. The number of
reflections per length at the interface between the fiber and the air is greater in the tapered part. (b) Shows the mice liver tissues in contact with the
optical fiber.

ecules through their fundamental functional chemical grdups. This fiber design offers three major advantages: high sensitiv-
This contribution presents a new approach based on the genity, which exponentially increases with the diameter reduc-
eral concept of fiber evanescent wave spectroscopy tion, great flexibility, allowing a bending radius of a few mil-
(FEWS?2° using an original design based on a new genera- limeters, and an excellent optical quality surface due to the
tion of infrared glass fibers which have been tapered, allowing chemical polishing. In using ethanol absorption bands in the
remote, sensitive, anid situ measurements in the 3000—800 1100 cm * region, it has been shown that the sensitivity was
cm ! spectral range. Mice liver tissues have been used as tesdrastically increased when the fiber diameter was reduced
materials and their medium IRVIIR) spectra recorded from  down to 75um.” It is expected that the sensitivity will be at
the mere contact between the tissues and the surface of thehe maximum in a quasisingle mode configuration, in others
fiber. For the first time, it is clearly shown that biochemical words, when the fiber diameter will be around 20—3Mh
differences reflecting metabolic alterations can be assigned inwhich will require a special design of the fiber holder to en-
liver tissues after their inherent IR signatures acquired by sure mechanical stability. The IR glass corresponds to an
FEWS. original composition of the Te—As—S&AS) ternary system.

It has been selected by keeping a good balance between the
glass temperaturgég, around 140 °C, and the IR transparency

2 Experimental . ) .
perime t.a Setup . . _domain(3000—800 cm" region which encompasses the IR
As represented in Fig. 1 the experimental setup consists in agjgnatyres of most of the chemical or biochemical species.

Fourier-transform infrared"TIR) spectrophotometer coupled  rig giass is remarkable by its viscosity-temperature depen-
with an IR glass optical fiber and a mercury cadmium tellu- yence which permits easy fiber drawing since rapid changes
ride (MCT) detector which is sensitive in the 3—18n Spec- iy the drawing speed are allowed. Also, it exhibits excellent

tral window. The principle of evanescent wave Spectroscopy qrapjlity in moisture, water, and solvents, as deduced from
is based on the fact that the light propagates in an optical fiberoqiq herformed after prolonged contacts with chemical or bio-
by total reflections at the interface between the glass, which ,4ica) materials which have ascertained that no modification
exhibits a high refractive index, and the air. At each reflection,  ¢iha glass surface occurs, if one excepts an acidic attack in
a part of the energy is absorbed by any chemical or biological ,jqizing conditions. All these experiments have been con-

species having absorption bands in the IR spectral region. Iny,cteq in order to fulfill the requirements related to any tox-
this attenuated total reflection mechanism, both theory andicity in situation ofin vivo experiments

experimental results have evidenced that the absorbency is

inversely proportional to the fiber diameferdue to multipli- . .

cation of reflections as zoomed on Fig. 1. Therefore, to in- 3 Results and Discussion

crease the sensitivity of the sensor it is crucial to taper the The biological materials used for testing are mice liver tissues
fiber to ensure good control of its diameter. This goal can be since liver participates in most metabolic pathways and is
achieved by two routes. The first one consists in accelerating particularly involved during metabolic diseases. Therefore,
on-line, the drawing speed during the fibering process, and thewe chose this organ to investigate the efficiency of FEWS to
second in using an original chemical etching process which identify metabolic abnormalities. All animals used in this
congruently dissolves the glass and thereby allows one to ac-study were maintained according to French laws and regula-
curately control the diameter and to obtain a fiber surface tions. Liver samples were slicé@0 wm) by cryogenic micro-
having low roughness and excellent optical quality. Figure 1 tome cutting and, then, deposited on the tapered fiber ensuring
represents the final device with a zoom on the sensing zone ofan optimal contact between the glass and the sample as shown
the fiber which corresponds, for instance, to a diameter of 100 in Fig. 1. In this experimental configuration the evanescent
wm while the rest of the fiber exhibits a diameter of 400. wave penetration depth allows the probing of only the very
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Fig. 2 FEWS and transmission spectra of mice liver. MIR spectra of
mice liver tissues have been collected in both the current transmission
mode, the sample being deposited on a CaF, window, and in the
FEWS mode in order to compare the sensitivity and resolution at-
tained with the fiber-optic sensor. Most of the vibrational modes ob-
served in biomolecules arise in the 4000-800 cm™' frequency do-
main, the 2000-2800 cm™' range being usually featureless. MIR
spectra have been collected on dehydrated tissues with a 4 cm™ reso-
lution at room temperature. The sole difference observed between the
transmission mode through a CaF, window (solid line) and the FEWS
mode (dashed line) is a difference in the bands intensities which arise
from the wave number-dependent depth penetration of the evanes-
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Fig. 3 FEWS IR spectra of tumoral and nontumoral mice liver tissues.
MIR spectra of nontumoral (solid line) and tumoral (dashed line) tis-
sues were collected in the FEWS mode in order to screen the spectral
markers which must reveal the biochemical alterations characterising
the tumoral process. The 1800-1700 cm™' frequency domain (left)
features the large carbonyl protein amide | band often used to resolve
protein secondary structure along with a small peak showing up at
1735 cm™ which arises from the membrane phospholipids ester
bonds (see Ref. 14). In tumoral areas, the latter is drastically increased
and shifted to 1746 cm™ which corresponds to the C=O vibration in
triglycerides (see Ref. 15). Besides, the 3000-2800 cm™' frequency
domain (right) features the fatty acids methylene and methyl symmet-
ric and asymmetric vibrational bands. In normal tissues, the most

cent wave in the low refractive index medium. i =re ;
prominent contribution to these bands arise from the membrane phos-

pholipids. The large intensities observed in tumoral areas indicate that
hepatocytes do accumulate lipids as a result of the tumoral process.
Hence, the triglycerides accumulation within tumoral hepatocytes
can warrant for the occurrence of strong absorbencies at 1746, 2850,
and 2950 cm™.

first microns of the sample. In order to qualify this spectros-
copy based on tapered fibegrsusthe traditional transmission
method usingCak windows, dehydrated mice liver sections
have been examined by both methods. Figure 2 displays for
comparison the MIR spectrum of a mouse liver sample col- tumor from mice was selected and isolated from a macro-
lected either in the transmission mo¢solid line) or in the scopically nontumoral area and both were directly frozen in
ATR mode using the optical fiber as the transdu@ashed liquid nitrogen. Histological studies indicate that selected tu-
line). Indeed, the MIR domain contains most of the vibra- moral areas were benigmadenomaand that the nontumoral
tional modes observed in biomolecules. area contains only a few microscopic proliferative lesions
If one expects the wavelength dependent distortion of the (which represent a negligible part of the studied samples
absorbencies that arises from the wavelength dependence offumoral and nontumoral areas were then examined with our
the evanescent wave penetration in the sample, it is clear thaffiber sensor. Figure 3 displays the MIR spectra of nontumoral
the two spectra essentially convey the same informafam (solid line) and tumoraldashed lingzones in the 1750—1600
2). The results also clearly show that the spectral resolution and 3000—2800 cit frequency domains corresponding to
attained in the case of the FEWS method is as good or eventhe carbonyl(proteins, lipid$ and methylene, methy(fatty
better than with the transmission mode. TAS optical fibers are, acidg stretching vibrations, respectively.
hence, well suited to collect both qualitative and semiquanti-  TheCH, andCHjs vibrations featured in the MIR spectrum
tative data as obtained in the more current transmission mode (3000—2800 cm') of normal tissues mainly arise from mem-
Biochemical imaging through infrared spectroscopy is at- brane fatty acids whereas the slight shoulder occurring at
tained by assigning vibrational frequencies to specific chemi- ~1735 cm ! arises from the €0 ester bond which links the
cal groups which in turn go back to the very nature of the fatty acid chains to their charged moiety in phospholipids.
corresponding biomolecules like proteins, lipids, or nucleic The most prominent effects observed in the cells which have
acids. Sophisticated mathematical computing methbdew undergone the tumoral process &fi¢:a dramatic increase in
allow resolving overlapping bands and interactively subtract- the fatty acidsCH; andCH, vibrational bandsgii) a 10 cm*
ing the strong absorption due to liquid water. upshift and a large increase in the=O ester band showing
Then, we studied IR signatures modifications in liver tu- up now at 1746 cm', which corresponds to the=€0 vibra-
mors. For this purpose, three C3He male mice received antion observed in triglyceride®. Altogether, these two spectral
injection of both diethylnitrosamine, a liver tumor inductbr,  alterations strongly suggest that a hepatic triglycerides accu-
and iron—dextran which induces a liver iron overldaé? The mulation, reflecting metabolic changes, has occurred during
iron load of the liver was used to reveal microscopical prolif- the tumoral process. Indeed, the presence of steatosis, sus-
erative lesions that exclude iron classicafilyAfter a few pected on hemalun eosin staining, was confirmed by O-red oil
months all animals developed macroscopic liver tumors. One staining performed on a frozen liver sectifnMoreover, to
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assess that steatosis originates the observed spectral modifica-
tions, steatotic livers were investigated. They were obtained
from three (18 weeks olyl spontaneously obesmale mice
(ob/ob which present a mutation in the leptin gene. Control
nonsteatotic livers were obtained from two heterozygote
(ob/+) mice, and three wild type mice, C57BL6, which both
do not develop obesity and steatosis. The three steatotic livers ™
exhibited similar modifications in their MIR spectra as ob-
served in the tumoral samples. 7.

4 Conclusion 8

This contribution is aimed at demonstrating that accurate local
spectroscopic information can be obtained by FEWS tech-
nique as long as the design of the tapered fiber sensor is
possible. This goal can be achieved by chemically and me- 10.
chanically shaping the fiber in order to obtain a high sensitiv-
ity and a short(i.e., few millimeter$ bending radius. Such a
finger shape device may allow the physician to receive
vivo, on-line, local spectroscopic diagnosis at early stages of
the disease. The use of unsupervised metlipdsciple com-
ponent analysisof analysis has also been successfully tested 12
in identifying particular samples in the biomedical and micro- ~
biology domains.
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