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ABSTRACT
The article describes the development of the optical phantom mimicking flavin adenine dinucleotide (FAD) and skin
collagen fluorescence. The results of experimental studies using fluorescence imaging and fluorescence spectroscopy
methods are demonstrated. The method of optical phantom production for quick calibration of fluorescence imaging
devices for further application in clinical practice is proposed.
Keywords: optical phantom, optical biopsy, fluorescence imaging, fluorescence spectroscopy, riboflavin, gelatin.

1. INTRODUCTION
Oncological diseases rank second in mortality worldwide1. According to the World Health Organization statistics, almost
18 million new cases of cancer were detected in 2018 and 9.6 million deaths from cancer occurred. One of the causes of
this situation is difficulties of cancer diagnosis in the course of the treatment. Detection and differentiation of tumors
before and during surgical treatment is usually done by visual inspection followed by a biopsy of suspicious tissue sites.
Histological examination of the samples taken takes quite a long time, however, during the operation itself, it is difficult
to detect all areas of tumor infiltration.
Modern preclinical and clinical studies show that application of optical imaging methods may allow the surgeon to
receive more detailed information on the localization of tumor tissue in real time, which can significantly improve the
quality of surgical interventions by reducing a false negative results rate. Methods of fluorescence spectroscopy (FS) and
fluorescence imaging (FI) demonstrate significant sensitivity to the presence of pathological changes in tissues, in
particular malignant ones2-5. While the FS and FI approaches can be successfully used for the fluorescence contrasting at
selected wavelength of the emission6, 7, the transcutaneous fluorescence measurements of endogenous fluorophores in
living tissues can be challenging due to the intersection of the emission spectra and variable absorption. Extensive
studies have been conducted in this direction to develop methodologies and devices for effective distinguishing of
normal and tumor tissues in various human organs (lungs, breast, colon, cervix, etc.) 8-11.
It is known that cells undergo certain transformations during carcinogenesis leading to morphological and biochemical
changes, which can be detected by fluorescence diagnostic methods. Active proliferation under hypoxia conditions
forces tumor cells to switch to the glycolytic type of metabolism. A characteristic feature of tumor cells in this case is an
increase in the concentration of nicotin adenine dinucleotide (NADH), change in redox ratio of NADH and flavin
adenine dinucleotide (FAD), as well as the accumulation of porphyrins12-14. Several clinical studies of FAD showed that
changes in its fluorescence are associated with pathological processes in the tissues15, 16. As FAD is one of cofactors
participating in various processes of cellular metabolic activity (tricarboxylic acid cycle, oxidative phosphorylation,
acetyl coenzyme A synthesis, etc.)17, the increase in FAD fluorescence can be explained by an increase in metabolic
activity in abnormal tissues18, which, compared with healthy biological tissue, indicates tumor growth 19.
However, biological tissues are heterogeneous complex structures containing various fluorophores in different
concentrations and at different depths20, 21. To correctly interpret the experimental data and determine the contribution of
each fluorophore in total signal, it is necessary to create optical phantoms. Optical phantoms possess optical properties
close to biological tissues to simulate typical interaction of optical radiation with biological tissue, in case of our work,
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the fluorescence process22. Therefore, the aim of this work was to create an optical phantom mimicking the fluorescence
of biological tissue, which can be used to calibrate a FI system.

2. MATERIALS AND METHODS
Optical phantoms described in most publication are based either on a liquid structure, which allows one to model infinite
or semi-infinite single-layer media with absorption, scattering, and fluorescence effects 23, 24, or on a solid base, which
allows one to preserve the desired geometric shape, thickness, and heterogeneity, such as in the case of multilayer
fabrics25, 26 The optical phantom created in this work includes both a solid base for collagen fluorescence modeling and
FAD fluorescence modeling fluid.
To produce optical phantoms simulating collagen fluorescence, it is possible to use gelatin – a hydrolyzed form of
collagen. In the presented work, a multilayer model was created, consisting of <1 mm thick sheets of edible gelatin of <5
g weight. The optimal number of gelatin sheets was experimentally selected by comparing the fluorescence intensity
levels of gelatin sheets and skin collagen.
To simulate the FAD fluorescence spectrum, a 1% solution (26.57 μM/g) of riboflavin mononucleotide was used. This
substance belongs to flavin group and has the fluorescence spectrum similar to the spectrum of FAD. Riboflavin has a
higher quantum yield, and, unlike FAD, its quantum yield within pH 4-8 does not depend on acidity27. It is known that
the concentration of FAD in human body usually varies from 0.1 to 1 μM/g28. In accordance with this data, four
concentrations of riboflavin were selected close to the actual concentrations of FAD. The solution of riboflavin
mononucleotide was diluted with distilled water in the following ratios: 1:32, 1:64, 1: 128 and 1: 256. Thus, the optical
phantom was composed of two sheets of gelatin and the solutions of four different concentrations (0.84; 0.42; 0.21; 0.1
μM/g) of riboflavin were distributed in four different areas of the phantom.
The developed phantom was studied using an experimental setup implementing FS and FI methods (Fig. 1).

Figure 1. The general scheme of the experimental setup.

Radiation from a 455 nm LED source LLS-455 (Ocean Optics, USA) passes through a condenser and MF445-45
bandpass filter (Thorlabs, Inc. USA) and directed to an optical phantom to excite the fluorescence of gelatin and
riboflavin. In FI channel, backscattered radiation of the source is removed by the FGL495 cut off filter (Thorlabs, Inc.
USA) and the remaining fluorescence radiation is detected using a 340M-USB monochrome CCD camera (Thorlabs, Inc.
USA) with a high frame rate and a 16 bit resolution. In FS channel, riboflavin fluorescence spectra are recorded using an
optical fiber connected to the spectrometer of the LAKK-M multifunctional laser diagnostic complex (SPE “LAZMA”
Ltd, Moscow, Russia). A stabilized broadband radiation source of 360-2600 nm range SLS201L-M (Thorlabs, Inc. USA)
is used to obtain white light images. The methodology and process of experimental measurements are shown
schematically in Figure 2.
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Figure 2. Research methodology.

The research methodology includes the sequential registration of fluorescence using the CCD camera and the
spectrometer. Drops of the same volume (20 μl) with different concentrations of riboflavin were applied to gelatin sheets
using a micropipette. The optical phantom was located on a non-fluorescent non-reflective surface. At the first stage, a
495 nm filter was installed in front of the camera and fluorescence images were recorded 3 times. Then the image of the
phantom in white light was recorded without a filter. At the second stage, the fluorescence spectra of each drop of
riboflavin were recorded 3 times. The results were processed on a personal computer using specially developed software
in Matlab environment.

3. RESULTS AND DISCUSSION
As a result, the image of an optical phantom in white light was obtained (Fig. 3, a), as well as fluorescence images under
illumination by an LED source (Fig. 3, b) and images contrasted in pseudocolor (Fig. 3, c) with an intensity scale from 0
to 16000. The image in white light was recorded with exposition time of 0.02 seconds, fluorescence images were
recorded with 0.4 seconds exposition time.

Figure 3. Images of an optical phantom: (a) image in white light, (b) fluorescent image, (c) contrasted fluorescent image.

In addition, the intensity values of riboflavin fluorescence were averaged in similar areas of each drop. The data on the
maximum fluorescence intensity values obtained with the spectrometer were averaged as well and compared with the
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results of FI. The results of measurements and calculations of fluorescence intensity for four concentrations of riboflavin
using both optical modalities are presented in Figure 4.

Figure 4. Average values of fluorescence intensity measured using FI and FS methods.

For the three lowest concentrations of riboflavin solutions, it was noticed that the fluorescence intensity recorded by FI
decreases in proportion to the decrease in riboflavin concentration. As for the fluorescence intensity of the droplet with
the highest concentration, the disproportionality of the measurement result indicates the need for exposure time
correction during further measurements, which clearly shows one of the future functions of the phantom developed in
this work. Fluorescence imaging data were also confirmed during measurements with a fluorescence spectroscopy
channel. Future studies will be dedicated to the combining of the hyperspectral measurements29 with the fluorescence
measurements to effectively compensate the influence of the presence of the tissue/phantom absorbers on the registering
fluorescence intensity.

4. CONCLUSION
As the result of this work, it was showed that the proposed phantom is relatively easy to produce and use for the
measurements. The phantom simulates the tissue fluorescence for specific research tasks, taking into account the effect
of collagen presence. As an option for the further research on this direction, it is planned to develop a more complete
optical model of biological tissue using other endogenous fluorophores, such as NADH and FAD themselves,
porphyrins, etc.
The obtained experimental data indicate the sensitivity of the developed fluorescence imaging unit to the changes in the
concentration of flavins. The use of the developed optical phantom will allow us to validate fluorescence imaging
systems more accurately to improve the quality of implementation of this technology. The data obtained will be used to
correct fluorescence images of pathological biological tissues and to more clearly determine the boundaries of a
developing tumor.
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