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ABSTRACT: A multispectral fiber optic probe has been infrared  fluorescence
developed that enables simultaneous analysis of various liquid
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and solid samples using attenuated total reflection mid-infrared -
spectroscopy and fluorimetry. The probe design was optimized i
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evaluation of the probe has confirmed its output signal quality that 2 B | b,
was comparable to that of respective probes for single methods. gl 3 et
The capability of the probe to deliver complementary chemical o, fat
information from the same measurement point has been illustrated
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using model samples of biological tissue. Qualitative analysis of the IR absorbance

biological tissue is one of the most important applications of the
developed multispectral probe.

Bl INTRODUCTION

Optical spectroscopy offers a number of flexible analytical
techniques for studying the sample properties at the molecular
level. Depending on the chosen spectral range and measure-
ment geometry, optical spectra can deliver various chemical
and morphological information about an object under study.
Fiber optics and probes on its basis enable sampling-free
measurements in situ, thereby essentially expanding the scope
of ?ptical analysis compared to the traditional lab spectrosco-

py-
Modern applications of fiber-probe optical spectroscopy

works have illustrated the feasibility of discrimination of
human kidney'*'® or colon'® tumors using near-infrared
(NIR), IR, and fluorescence spectroscopy as well as a LED-
based sensor equipped with a fiber probe.'* Although ATR
spectroscopy is not optimal for the analysis of solid objects, its
application for the analysis of biological tissues by fiber-based
probes is one of the most important exceptions.'’

For complex samples and challenging analytical tasks, any
single spectroscopic technique can be insufficient for reliable
analysis. Thus, in the case of tumor diagnostics, multiple
chemical biomarkers and morphological changes of the tissue
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include in-line control of industrial processes,” field analysis in
agriculture,3 ecological monitoring,4’5 and medical diagnos-
tics.”® Considerable progress in this area is associated with the
advent of new optical fiber materials on the basis of
chalcogenide glasses and polycrystalline silver halides"” having
sufficiently high transmittance in different intervals of the mid-
infrared (IR) spectral region (4000—400 cm™'). The modern
optical fiber probes together cover the entire practical range of
the optical spectroscopic analysis, thereby extending the
applicability of ultraviolet, visible, near and mid-IR spectros-
copy. They are designed to measure various effects of the light-
to-sample interaction: absorbance, diffuse reflectance, attenu-
ated total reflection (ATR), Raman scattering, and lumines-
cence (in particular, fluorescence).”' """

The application of fiber optic probes can be moreover
indispensable for the spectroscopic analysis of solid inhomoge-
neous samples, such as pharmaceutical and food products,"
soils,® and biological tissues,'> where focusing on the local
analysis of the chemical composition is required. Our previous
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should be determined at a time to distinguish between the
normal and malignant cells, especially near the border of the
tumor. Preliminary investigations on the clinical samples have
shown that optical diagnostics using a combination of
fluorimetry with diffuse reflectance NIR'® or ATR IR'®
spectroscopy results in much better accuracy of the tumor
margin detection than each of the methods individually. This
synergy was explained by the capability of methods to deliver
complementary chemical information, ie. indicate the
presence of different tumor biomarkers. Whereas the super-
ficial ATR analysis with its penetration depth of a few
micrometers acts as the single-cell level, the ultraviolet—visible
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Figure 1. Multispectral probe head design: (a) the probe photo and (b) axial cross-section, where 1, ATR crystal; 2, silica fibers; 3, CIR fibers; 4,

ferrule; and S, probe shaft.

(UV—vis) light used in fluorimetry can penetrate to the depth
of a few millimeters into the tissue'® helping to detect the
tumor border more reliably. The main challenge of such local
multispectral analysis is related to the necessity to perform
different spectroscopic measurements at the same point
simultaneously. For instance, a marking grid was applied in a
lab experiment'* to ensure the compatibility of separate
measurements on the same points using IR and fluorescence
probes. Such alternating multispectral measurements cannot
guarantee complete coincidence of the spots analyzed by both
methods and, moreover, cannot be used in the clinical surgery
practice.

The purpose of this study was to develop, assemble, and
evaluate a multispectral fiber optic probe for the simultaneous
analysis of test liquids and biological tissue samples by ATR IR
spectroscopy and fluorimetry. The main problem to be solved
in this case is the probe design, including the optimal
measurement geometry and the choice of necessary materials
in order to provide sufficient quality of the signals detected by
each technique, despite the very different optical characteristics
of the construction elements.

Bl RESULTS AND DISCUSSION

Probe Design and Evaluation. Mid-IR spectroscopy and
fluorimetry are very different in physical phenomena and
wavelength ranges used for the chemical analysis, and
therefore, their coupling within one probe is a challenging
task. The proposed solution (Figure 1) is based on a precise
determination of the optical configuration of the ATR crystal
head, which, in this case, plays the role of a common
measurement interface for both methods. ZrO, crystal was
chosen due to its high (close to the diamond) refractive index,
high transparency in the working spectral regions of both
chalcogenide infrared (CIR) and UV silica fibers, as well as
small intrinsic fluorescence.

The frustum geometry provides three total internal
reflections of the IR light with a 60° angle of incidence

instead of two reflections in a more common nontruncated
cone with the light incidence at 45°. The total transmittance of
IR light in this crystal calculated by the ray-tracing simulations
(see the Supporting Information) was 19.0% and 17.2% for air
and water, respectively. These are typical values for an ATR
crystal of zirconium dioxide.

A round platform at the top of the truncated cone
simultaneously serves to record fluorescence spectra. Silica
fiber end faces are located exactly below it, providing the
orthogonal sample illumination and reception of the
fluorescence signal emitted back by the sample. At the same
time, the CIR fiber cross sections are positioned right below
the slopes of the cone beside its truncated apex (Figure 1 as
well as Figures S-1 and S-2 in the Supporting Information).
The diameters of two silica fibers and the distance between
them were optimized for the fluorimetric analysis of a
condensed-phase sample contacting the crystal tip of the
probe. The frustum tip diameter of 1.1 mm was found to be
optimal for the fluorescence measurement. The calculated total
transmittance of the fluorescence channel was 70.4% for the air
and 76.5% for the water medium.

The proposed crystal design'” is particularly convenient for
the analysis of liquid or soft solid samples, such as biological
tissues. The most complete spectral information can be
obtained by immersing the entire crystal element into the
sample. The whole region simultaneously analyzed by both
methods is within the circle formed by the base of the crystal
cone, and the region of the most effective analysis is somewhat
smaller. It has an elongated shape with the regions of IR and
fluorimetric analysis equal to about 2 and 1 mm, respectively
(Figure S-1b). Thus, the proposed crystal geometry is
optimized for both measurements. The incomplete coinci-
dence of the areas of analysis on the sample plays no significant
role, if the spot under the measuring element is considered
homogeneous. This requirement is easily fulfilled for a number
of practical applications, e.g., for the analysis of biological
tissue. Almost point analysis is performed, if the probe contact
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Figure 2. Normalized experimental spectra of chicken breast (blue), fat (red), and liver (brown) acquired with the multispectral probe: (a) IR
spectra and (b) fluorescence spectra preprocessed by SNV. The curves and the surrounding colored regions represent the mean spectra and the

standard deviation intervals of the respective data variables.

with the sample is limited to the flat crystal tip, although at the
expense of a possible loss of IR signal intensity.

In the future, the probe size can be reduced to the critical
diameter of 2 mm that is limited by the minimal thickness of
CIR fibers, which enables endoscopic applications. ATR head
and hence the spot of multispectral measurement can then be
reduced to about 1 mm. The ATR crystal shape can also be
modified to minimize the probe and to optimize the measured
spot.

The comparison of multispectral probe with its single-
method analogues using the standard isopropanol and
fluorescein samples has shown good signal quality of the
combined techniques (see Figure S-3 and discussion in the
Supporting Information). The observed loss of intensity in the
fluorescence channel is due to a smaller number of detection
fibers, as dictated by the optimal geometry of the ATR crystal.
No mutual influence of the combined spectroscopic methods
was found. The probe design, construction, and technical
evaluation was performed by art photonics GmbH (Berlin,
Germany).

Multispectral Classification of Biological Tissue. The
developed multispectral probe was tested in the practical
analysis of biological tissue samples using different organs and
parts of the chicken: breast, fat, and liver. The general chemical
similarity of biological objects makes spectroscopic recognition
of different tissue types a nontrivial task, which requires careful
optimization of the measurement technique. Commercially
produced poultry combines the availability of fresh samples
and the variability of tissue types, making it an attractive model
system for evaluating spectroscopic methods and equipment.

To provide the necessary statistical representativeness of the
data, three samples of each tissue type were prepared. The
samples were large enough to reflect the possible heterogeneity
of the tissue. Each sample was represented by five distributed
points. This experimental design resulted in two data matrices:
a 45 X 118 Xz matrix of Fourier-transform (FT) IR and 45 X
705 Xgp of fluorescence spectra (see the Supporting
Information for more information).

Preliminary visual exploration of the obtained spectra
(Figure 2) revealed the different abilities of the two techniques
to recognize certain tissue types. The discriminative power of
mid-IR spectroscopy (Figure 2a and Figure S-4) toward rich in
lipids fat samples is related to the stretching vibration band of

the ester carbonyl C=O at about 1740 cm™, which is
characteristic of saturated triglycerides.”® At the same time, all
three sample types (fat to a lesser extent) have in the selected
region two very similar signals with maxima at 1548 and 1640
cm™L. These are, respectively, the amide I and II bands, two
major absorption peaks of the protein peptide group in the
infrared region.”’ Low measurement reproducibility of the fat
samples (broad standard deviation in Figure 2a) is explained
by higher inhomogeneity of this tissue type, because the
spectra in all points of analysis always represent a mixture of
lipids with an essential part of neighboring proteins. This fact
also explains the presence of protein amide I and II bands in
the IR spectra of fat in Figure 2a, making those bands less
useful for the sample classification.

The fluorescence spectra (Figure S-S in the Supporting
Information) after standard normal variate (SNV)** correction
look very similar below 600 nm (Figure 2b). Low standard
deviations of the preprocessed spectra indicate homogeneity of
the samples from the fluorimetric point of view (considering
larger analyzed volumes). The observed broad band with the
maximum between 520 and 530 nm is formed by the emission
of intracellular fluorophores with the dominating contribution
of flavin adenine dinucleotide (FAD)*’ that can be affected by
the overlaying laser emission peak “tail” passed through the
optical filter used (Supporting Information). This possible
distortion, however, does not play any significant role in the
sample classification. The most selective peak at 613 nm, which
can be assigned to porphyrins, has sufficient specificity to
distinguish the liver from other measured samples. The
increased content of this protein in the liver is expected,
since the liver has a central role in the metabolism of haem and
porphyrins/porphyrinogens, which are intermediates in the
haem biosynthetic pathway.**

Principal component analysis (PCA)”* was used to evaluate
the advantage of multispectral measurement with the
developed probe for multivariate sample classification. IR
and fluorescence data parts presented in Figure 2 were
analyzed both separately and jointly without any further
modification, thus enabling a direct comparison of the results.
For the joint analysis, the IR and fluorescence spectra rescaled
to have intensities between 0 and 1 were fused into a single
matrix X (45 X 823) with the augmented spectral axis: X =
[XxXpL]- The purpose of the data analysis was to investigate
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Figure 3. Score plots of the PCA models built for different data blocks of the multispectral analysis of chicken fat (red), breast (blue), and liver
(brown): (a) IR spectra only, (b) fluorescence spectra only, and (c) combined data. Different marker types designate three different samples of the

same tissue type.

the unsupervised clustering into three classes corresponding to
the chicken tissue types. The scatter plots of the first two
principal components (PCs) capturing the main spectral
information in the data are presented in Figure 3.

PCA models for individual data blocks confirmed the above
conclusions based on the spectral interpretation that IR
spectroscopy works better for the discrimination of fat (Figure
3a), whereas fluorescence is well suited for the recognition of
liver tissue (Figure 3b). However, none of the individual
techniques was sufficient to completely separate the three
sample classes on the PCA score plots (PCs one to five were
investigated). At the same time, the PCA model built on the
concatenated IR and fluorescence data revealed three distinct
groups of samples corresponding to tissue types (Figure 3c).
PCA loading plots (Figure S-6) reveal the importance of the
above-discussed IR and fluorescence peaks for the tissue class
separation in the PC1-PC2 plane and the effect of data
concatenation on the variable weights in the model. The data
preprocessing and analysis in this study were deliberately
minimized to facilitate understanding of how complementary
spectral information contributes into the joint multivariate
model. If necessary, the models can be improved using
supervised classification techniques, variable selection, and
spectral transformations (e.g., derivatives), also using the entire
available spectral range up to 4000 cm ™.

This simple example illustrates the gain that can be obtained
using the proposed multispectral probe in the qualitative
analysis of biological tissue. The same effect can potentially be
observed in various reallife applications, such as medical
diagnostics. The synergic effect of combining IR and
fluorescence spectroscopy in the point-by-point recognition
of kidney tumor shown in our earlier work'” is expected to be
strengthened due to a better spatial precision of the
simultaneous multispectral measurement (compared to two
individual probes) resulting in a more accurate determination
of the tumor margin.

Although the presented multisensor probe was inspired by
the analysis of biological samples, it has a broader scope of
potential applications. Of course, it is limited to the samples
containing at least one fluorescent component that often has a
biological or natural origin. In addition to biological liquids
and tissues, they include, for example, many vegetable
products, mineral oils, and their derivatives. Another require-
ment is the suitability of analyzed samples for ATR
measurements, which is true for liquid or soft solid samples

and their components, allowing a tight contact with the probe
head. Solid samples are typically represented by nonhomoge-
neous mixtures having complex matrixes with water (or
another liquid component) as the major constituent. In fact,
any spectral analysis of fluorescing mixtures suitable for ATR
measurement can benefit from adding vibrational signals of the
component molecules and vice versa.

The main focus of the proposed technology is on analyzing
nonhomogeneous solid samples, because it enables simulta-
neous measurements at the same point on the sample surface.
The proven ability of combined fluorimetry and ATR IR
spectroscopy to detect the tumor boundary' is expected to
have an impact on the oncological diagnostics. Optical
methods are increasingly used in this practically important
area, and the suggested technical approach becomes just
indispensable here, because any sequential measurements in
the same point using separate probes can hardly be done in
practice, e.g., in clinical surgery.

Toward the Sensor System. One of the main
disadvantages of the multispectral analysis limiting its wide
dissemination is the use of two separate spectrometers to
register IR and fluorescence spectra. This can be avoided in
multisensor systems, where specialization for a particular
application enables a technological simplification of the
spectroscopic methods so that they can be combined in one
compact analytical device. The developed concept of
combining infrared and fluorescence spectroscopy provides a
viable solution for the measurement interface in a multisensor
system of this kind. The potential of limiting the analysis to
only two relevant information channels is illustrated in Figure
4, where the full separation of different types of the chicken
tissue was achieved on a plane of two spectral variables, one of
each spectral method, whereas either single variable cannot
classify them all. The fluorimetry can be adjusted to a
particular application by choosing an appropriate excitation
wavelength. Further development of the probe may include its
modification to enable diffuse reflectance UV—vis and NIR
measurements instead of the fluorimetry, thus opening new
application areas.

B CONCLUSION

A conceptually new approach to combining CIR and silica
fibers in a single probe head has been developed.'” It was used
to construct a multispectral fiber optic probe that successfully
solves the problem of simultaneous analysis (at the same time
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Different markers designate three different samples of the same tissue

type.

and point) using ATR IR and fluorescence spectroscopy.
Multispectral probes of this family are highly practicable and
can be indispensable for the local analysis of complex
heterogeneous samples, such as biological tissue, when
combining spectroscopic techniques results in a synergic
effect. The developed probe provides a well suited measure-
ment interface for low-cost multisensor systems optimized for
various particular applications as an alternative to the universal
lab spectroscopy.
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