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Abstract. Based on the combined use of polymerisable polyacryl-
amide, cotlagen and an aquecns solufion of Favin adesine digncleo-
fide {FAD), we have developed a new technique for fabrication of
comsposite phantoms mimickiog foorescence properties of human
skin, A comparafive analysis of the absorption and scattering coef-
ficients, refractive indices, as well as flnorescence specira of phan-
soms with different concentrations of FAD measured with the com-
bined wse of a {CD spectrometer and a hyperspeciral camera is
presented. To obtain values of seattering coefficients close & those
for humas skin, zine oxide {00} nanoparticles are added o the
polyacrylamide polymer structure. Variations both in the shape of
the spectrum and in the infensity of the flnorescence signal in the
phantoms are provided by the changes in the volume fraction of
FAD and collagen. 1t is shows that the model Suorescence specira
are in good agreerment with the results of direct human skin mea-
surements in rivo.

Kepwards: optical properties, fruman skin, phamtoms, coflagen, flavin
adenine dinudeotide, kyperspeciral imaging, flucrescence Spectroscopy.

Y.V, Shupletsoy, £.Y. Potapova, A.V. Dunaev Research and
Dievelopment Centre of Biomedical Photomics, State Federal-Funded
Edacational Tnstitation of Higher Edacation ‘Orel State University
named after 1.8, Turgenev’, Naugorskoe sh. 29, 302020 Orel, Russia;
c-mail: valerv.shupletsovigbmesenter.ry;

E.A. Zherebtsey Research and Development Centre of Biomedical
Bhotonics, State Federal-Funded Bducational Institution of Higher
Fducation "Orel State University named alter 1S, Turgeney’, Nangorskoe
i1, 29, 302020 Grel, Russia; Optoelectronios and Measurement
Techniques Unit, University of Oulu, Oulu, 90374, Finiand;

V.V, Dremin Kescarch and Dovelopment Centre of Biomedical
Photonics, State Federal-Funded Educational Institution of Higher
Vducation ‘Orel Stare University namead after LS. Turgenev’,
MNaugorskoe sh. 29, 302020 Orel, Russia; College of Enginesring and
Physical Sciences, Aston University, Birmingham, B4 TET, UK
AF. Popovy VIT Technical Research Centre of Finland, Oulu, 80571,
Finland;

AY. Bykev Optoclectronics and Measurement Techniques Unit,
Vndversity of Guly, Culy, 80570 Finland;

LY. Meglioski College of Hnginesring and Physical Sclences, Aston
Undversity, Birmoingham, B84 7TET, UK, National Research Nuclear
University MEPRI, Kashirskoe sh. 31, 115409 Moscow, Russia;
Optoelectronics and Measurement Techniques Unit, University of
Guln, Gulu, 86570, Finland; Sechenov First Moscow State Medical
Unidversity, ol Trubetskava §, stroenie 2, 119951 Moscow, Russia

Received 31 December 2020
Fvantovaya Flekironika 51 (2) 1HIE-123 (2021
Transiated by M. Yu. Kidillin

1. Introduction

Owing to the currently observed steady acceleration of the
development of medical diagnostic technologies, the spee-
trum of optical technigues emploved or being introduced i
dav-to-day clinical practice has significantly widened, includ-
ing optical coherence tomography (OCTY photoacoustic
tomography; optical, Raman, and flucrescence speciroscony:
dynarmic light scattering spectroscopy; ote. [1] Development,
calibration measurements, verification and standardisation
of an optical diagnostics technique require ifs comprehensive
testing using control blological tissue samples or calibration
maodel phantoms {(MPs) with known and guantitatively con-
firmed optomechanical properties, meluding structural geo-
metric featores and shape. Using MPs as test objects allows
for high sccuracy calibration of measurement svstems,
adiustment of measurement technigque for obtaining a useful
signalfimage from a certain depth, and localisation of mea-
sured volume, as well as for standardisation of the measure-
ment results obtained by devices from different manufactur-
ers. Note that the standardisation quality significantly
depends on the use of materials with controlled optical prop-
erties, satisfying the stationarity condition. Since optical the
properties of biological tissues vary significantly depending
om storage conditions and duration. MPsarehighly demuanded
both at the development stage, and during calibration mea-
strements in the conrse of the device emplo vinent.

Ower the past 15-20 vears, MPs mimicking optical prop-
erties of various biotissues {2} have been developed for a num-
ber of diagnostic techniques, such as polarimetry [31, OCT 4],
Doppler OCT [5], terahertz spectroscopy [6], fluorescence
spectroscopy {71, laser speckle contrast imaging [8], ete. For
reproduction of fluorescence parameters in the simplest MPs,
agueous colloidal solutions (for example, infralipid y with the
addition of absorbing dyes are used, as well as substances
with a pronounced endogenous fluorescence excited in the
required in the wavelength range [9--12] In such MPs, buffer
solutions with the required pH value can be used as a mairix
material to ensure an environment compatible with the natu-
ral structure of organic molecules mimicking certain proper-
ties of a Hving organism [13, 14]. When developing MPs mim-
icking a vascular capillary bed, different personal porous
structures are used allowing one to achieve the best similarity
of structural and geometric features of a fest object under
development for verification of optical measurements [15]. To
imitate soft tissues, MPs with hvbrid structure are used, such
as gel-wax or mineral-oil material based ones [16]. MPs
containing dimethylformamide as a solvent and protopor-
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phyrin IX as a fluorophore were proposed, mimicking the
fluorescence parameters of tumour tissues [11].

To develop an MP with the required dimensions, geomet-
ric shape and the presence of a heterogeneity, the use of plas-
tic layers with specified absorbing, scattering and fluorescent
properties is typical. In their manufacturing, such materials
like carrageenan, polysaccharide, agar, agarose, polyvinyl
alcohol, polyurethane, silicone, as well as elastomeric (rub-
ber-like) substances are used [17, 18]. Produced test objects
satisfy the stationarity requirement and allow for reproduc-
tion of a multi-layer tissue structure with the specified proper-
ties of each individual layer [19]. The use of plastic materials
allows designing shapes with hollow areas and solid inclu-
sions, for example, to imitate blood vessels [20] and other
macroinhomogeneities within biotissues [21]. The use of a
silicone base mixed with glycerin allows designing MPs of
biotissues that have their own scattering, which significantly
improves the stability of obtained properties [22], while the
use of a plastic matrix base allows the fabrication of compos-
ite MPs with liquid fragments, for example from alcohol-sol-
uble nigrosine and bovine hemin [23], or flexible mesh struc-
tures from polyamide [24].

MPs of skin and brain based on polyvinyl chloride and sili-
conethat have demonstrated their effectiveness and stability
when verifying measurements by various techniques, including
hyperspectral imaging, OCT, laser speckle contrast imaging,
etc., which were previously described in [19, 20, 22, 25-28].
However, such MPs have significant limitations in mimicking
fluorescent properties of biotissues. The conditions of the
polymerisation processes (increased temperature, use of
chemically active polymerising substances) lead to destruc-
tion or significant variation in the properties of fluorescence
dyes, especially in the properties of such endogenous fluores-
cent substances as nicotinamide adenine nucleotide (NADH)
and flavin adenine nucleotide (FAD).

This work presents for the first time a manufacturing
technique and main optical properties of a new human skin
MP type based on polymerisable polyacrylamide (PAA), col-
lagen and aqueous solution of FAD. PAA is an optically
transparent elastic material with a good temporal photosta-
bility, which is actively used in biomedical practice. To simu-
late the base level of skin connective tissue fluorescence, the
collagen contained in gelatin was used. Hard gelatinous MPs
were used to mimic normal and dysplasic biotissue states in
diagnostics with fluorescent techniques [29, 30]. For the
developed approach, moderate polymerisation modes are
typical, which do not affect FAD fluorescence. In order to
design a denser elastic structure, not subject to mold, the PAA
gel was used as a bounding material with stable thermal and
chemical properties [31].

An important feature of the developed fluorescent MPs is
the lack of own pronounced fluorescence of PAA in UV and
visible ranges. An aqueous FAD solution, which is one of the
main skin fluorophores upon excitation at a wavelength of
450 nm was used as a fluorophore. In the human body, FAD
plays a key role in processes of cellular respiration and cell
death, as well as in the continuous utilisation of endogenous
catecholamines (such as dopamine, adrenaline, norepineph-
rine, ete.), being a co-factor of two known varieties of FAD-
dependent monoamine oxidases primarily responsible for the
processes of deamination in the majority of organism’s cells.
Alterations in the FAD fluorescence parameters (intensity,
spectrum shape, and lifetime) are essential diagnostic signs of
a pathology development [32]. For example, previously con-
ducted clinical studies show that alterations in FAD fluores-
cence correlate with oncological processes [33-35].

Thus, the aim of this work is the development of an elastic
MP mimicking FAD fluorescence in the skin for calibration
measurements and verification of endogenous fluorescence
registration systems.
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Figure 1. Sequences of the main stages of fabrication of human skin MPs based on collagen, PAA gel, zinc oxide and aqueous FAD solution, as

well as the appearance of the plastic composite base.




120

V.V. Shupletsov, E.A. Zherebtsov, V.V. Dremin, et al.

2. Materials and methods

Designing a model skin phantom. Preliminary preparation of
an elastic matrix base of human skin MPs was carried out by
mixing and homogenising powdered gelatin (0.2 g) with
20 mL of distilled water until a homogeneous structure is
obtained upon heating to 40°C for 15 min. Subsequent
homogenisation of the obtained solution was carried out
by mixing acrylamide (AA) (6 g) and bisacrylamide (BAA)
(0.16 g) at room temperature for 15 min. To reproduce
scattering properties, zinc oxide (ZnO) in the amount of
0.03 g was added to the manufactured polymer structure
[36, 37].

To reproduce the fluorescence properties, FAD (which
concentration normally varies in human body from several
units up to several tens of pumoles per 100 g of tissue [38]) was
added to the obtained mixture, and they were mixed for
10 min. Five skin MPs were fabricated: without FAD and
with FAD concentrations of 5, 15, 20, and 25 pmoles per
100 g of material.

Subsequent polymerisation until elastic light-scattering
structure was performed by adding 15 pl. of ammonium per-
sulfate [((NHy),S,0g) and 2.4 pl. of tetramethylethylenedi-
amine (TEMED).
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Figure 2. Spectral dependences of (a) absorption coefficients and re-
duced (b) scattering coefficients of the fabricated composite base with-
out FAD and with the addition of 15 uM of FAD.

Diffuse reflectance, diffuse and collimated transmittance
of the manufactured plastic composite base (Fig. 1), as well as
the base with the addition of 15 uM FAD were measured with
a spectrophotometer equipped with an integrating sphere
(Gooch & Housego, USA) [39]. Absorption coefficient (u,)
and reduced scattering coefficient (u,) were calculated by the
inverse add-d-oubling technique in the range 400—1000 nm
(Fig. 2).

The absorption spectra clearly show water absorption
bands (760 and 975 nm) and a FAD absorption band
(450 nm). Since the main aim of this work is mimicking fluo-
rescence, no additional absorption components aiming to
achieve absorption equivalent to that of skin tissues were
added to PAA based bounding matrix in course of MP manu-
facturing. Refractive indices g, of MPs were measured using
an Abbe multiwave refractometer (Atago, Japan) at different
wavelengths: n = 1.358 (450 nm), 1.350 (589 nm), 1.348
(632 nm), and 1.343 (930 nm).

Experimental equipment. Fluorescence parameters were
measured using a setup including a hyperspectral camera and
a CCD spectrometer (Fig. 3). Radiation from a M450LP1
LED at a wavelength of 450 nm (Thorlabs, USA) passes
through a bandpass filter MF445-45 (Thorlabs). Transmitted
radiation band goes to a dichroic filter MD416 (Thorlabs)
and is then directed to a skin MP for FAD fluorescence exci-
tation. The back-reflected LED radiation is removed from the
light flux with a dichroic filter and a light filter FELH0500
with a cut-off wavelength of 500 nm (Thorlabs). Remaining
sample fluorescence emission is recorded by a Specim hyper-
spectral camera (Spectral Imaging 1.td., Finland) in the spec-
tral range of 400—1000 nm. In the fluorescence spectroscopy
channel, the spectra are registered with a CCD spectrometer

Figure 3. Setup for hyperspectral fluorescence imaging and fluores-
cence spectroscopy: (/) hyperspectral camera; (2, 9) long-wavelength
emission filter; (3) dichroic filter; (4) test object; (5) LED source; (6)
bandpass filter; (7) CCD spectrometer; (8) filter holder.
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FLAME-T-VIS-NIR-ES (Ocean Optics, USA) in the spectral

range of 350820 nm using optical fibre.

3. Results and discussion

The acquired hyperspectral fluorescence images of five skin
MPs with different concentration of FAD are shown in

Fig. 4a. The images were registered with a camera exposition
time of 300 ms and an average irradiance of 0.5 mW ¢cm 2. For
further analysis the fluorescence intensity values were aver-
aged within the region of interest (ROI) boundaries, similar
to those marked with a square in Fig. 4a. For comparison of
fluorescence properties of elastic MPs with a real biological
object, fluorescence images of human finger skin and forearm
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Figure 4. Fluorescenceimages of (a) MPs, (b) finger skin in vive, and (c) forearm skin én wvo, obtained using a hyperspectral camera at a wavelength

of 530 nm.
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Figure 5. (a, b) Fluorescence spectra of skin MPs obtained using (a) a hyperspectral camera and (b) a CCD spectrometer, {(c) dependences of maxi-
mum MP fluorescence intensity vs. FAD concentration and (d) spectra of maximum MP fluorescence for two FAD concentrations and maximum
fluorescence of the finger and forearm skin obtained with a hyperspectral camera; (HC) hyperspectral camera, (CS) CCD spectrometer.




122

V. Shupletsov, B.A. Zherebisov, V.V, Dremin, et al.

skin of a healthy volunteer were acguired {Figs 4b and 4ol
Data from the selected ROIs after spatial averaging were used
for construction and analysis of Huorescence mtensity spectra.

The maximum ntensity values measured with a CCD
spectrometer were averaged over three spectra for cach MP
and compared with the dats obtained using a hyperspectral
camera.

Figures 5a-5¢ show normalised fuorescence spectra and
curves for dependence of the maximum MP flucrescence
intensity versus FAID concentration obtained using Livper-
spectral imaging and CCD spectroscopy. Fluorescence spec-
tra of MPs and skin {(Fig. 54) were normalised to the maxi-
mum fluorescence value for a concentration of 25 M and
forearm fluorescence infensify, respectivelv. FAD fluores-
cence intensity registered in the channel of Quorescence imag-
ing with a hyperspectral camera varies in proportion to fluo-
rophore concentration, which was also confirmed by CCD
spectrometer measurements (Fig. 3¢ Moreover, the highest
intensity variation rate with a FAD concentration change is
observed in the range of 510 uM, which is of greatest inter-
est in mimicking healthy tissue properties, The obtained flvo-
rescence intensity values for MPs have a high correlation with
FAD  concentration  {(Peavson’s  correlation  coeflicient
hetween measurements with two technigues 8 7= (.99, p <
0.001) Variation of the fluorescence mntensity signal o the
Huorophore concentration ratio 15 a nonlinear function due to
absorpiion of the excitation radiation by a flucrophore and
vartations i the useful MPAssue volume, the signal from
which is measured. In the general case, determination of this
dependence 15 a nontrivial problem, the final degision of
which is affected by floorophore concentration. ohject
absorbing and scatfering properties, as well as the parameters
of the detection system. Spectra of manufactured MPs and
spectra of human skin have similar fluorescence peaks corre-
sponding to the FAD spectrom (4, .. & 330540 nm)yunder
excitation with blue hight (450 nm . However, the shape of the
skin fluorescence spectra, as well as the general signal inten-
sity Tevel are different from those for MPs, which is explained
by the effect of blood on fluorescence absorption in skin.
Moreover, the presented phantoms can be modified to
account for absorbing properties at no sigmificant cost,

A higher initial fluorescence level {Fig. S¢) obtained dur-
ing measurernents with a fibre-optic CCL spectrometer with-
out FAD is explained by the contribution of radiation o the
measured signal from a greater depth of the MP probe vol-
ume. A significant difference i skin fluorescence intensity for
finger and forearm (Fig. 5d}is due to a sufficiently large num-
ber of capillaries and arteriovenudar anastomoses i hand
palm skin [40], which significantly affects fluorescence signal
absorption.

4. Conelusiens

The paper presents a fechnique for fabricating a new type
human skin MP based on PAA, collagen, zine oxide, and
FAD agueous solntion. The main advantage of the developed
M¥Ps is that the conditions for PAA polymerisation do not
affect FAD Mluorescence properties in final phantoms. At the
same time, fabricated polymeric MPs with confirmed seatter-
g and fluorescence properties gllow reproduciion of skin
fuorescence spectra in the specified wavelength range with a
sufficiently high accuracy. The developed elastic MP matrix
satisfies the stationarity condition required for calibration
measurements. Manufactured forms should be stored at a

temperature of 4°C and air humidity at a level of 90%:-95%.
AppHeation of the developed MP manufacturing technology
will allow testing, standardising and calibrating systems for
fluorescence tmaging, as well as instruments for fluorescence
spectroscopy, coupled with fibre-optic detection of optical
radiation. For improvement and further development of the
presented technigue a design of MPs is planned containing
fluorophores that are endogenous markers of neoplastic
changes in tssues, such as NADH and protoporphyrin XL
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