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Abstract.  Based on the combined use of polymerisable polyacryl-
amide, collagen and an aqueous solution of Flavin adenine dinucleo-
tide (FAD), we have developed a new technique for fabrication of 
composite phantoms mimicking fluorescence properties of human 
skin. A comparative analysis of the absorption and scattering coef-
ficients, refractive indices, as well as fluorescence spectra of phan-
toms with different concentrations of FAD measured with the com-
bined use of a CCD spectrometer and a hyperspectral camera is 
presented. To obtain values of scattering coefficients close to those 
for human skin, zinc oxide (ZnO) nanoparticles are added to the 
polyacrylamide polymer structure. Variations both in the shape of 
the spectrum and in the intensity of the fluorescence signal in the 
phantoms are provided by the changes in the volume fraction of 
FAD and collagen. It is shown that the model fluorescence spectra 
are in good agreement with the results of direct human skin mea-
surements in vivo. 

Keywords: optical properties, human skin, phantoms, collagen, flavin 
adenine dinucleotide, hyperspectral imaging, fluorescence spectroscopy.

1. Introduction

Owing to the currently observed steady acceleration of the 
development of medical diagnostic technologies, the spec-
trum of optical techniques employed or being introduced in 
day-to-day clinical practice has significantly widened, includ-
ing optical coherence tomography (OCT); photoacoustic 
tomography; optical, Raman, and fluorescence spectroscopy; 
dynamic light scattering spectroscopy; etc. [1]. Development, 
calibration measurements, verification and standardisation 
of an optical diagnostics technique require its comprehensive 
testing using control biological tissue samples or calibration 
model phantoms (MPs) with known and quantitatively con-
firmed optomechanical properties, including structural geo-
metric features and shape. Using MPs as test objects allows 
for high accuracy calibration of measurement systems, 
adjustment of measurement technique for obtaining a useful 
signal/image 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 
on storage conditions and duration, MPs are highly demanded 
both at the development stage, and during calibration mea-
surements in the course of the device employment.

Over the past 15 – 20 years, MPs mimicking optical prop-
erties of various biotissues [2] have been developed for a num-
ber of diagnostic techniques, such as polarimetry [3], OCT [4], 
Doppler OCT [5], terahertz spectroscopy [6], fluorescence 
spectroscopy [7], laser speckle contrast imaging [8], etc. For 
reproduction of fluorescence parameters in the simplest MPs, 
aqueous colloidal solutions (for example, intralipid) 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 matrix 
material to ensure an environment compatible with the natu-
ral structure of organic molecules mimicking certain proper-
ties of a living 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 test object under 
development for verification of optical measurements [15]. To 
imitate soft tissues, MPs with hybrid 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, etc.), 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.
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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 °С 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 mmoles 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 mmoles per 
100 g of material. 

Subsequent polymerisation until elastic light-scattering 
structure was performed by adding 15 mL of ammonium per-
sulfate [(NH4)2S2O8) and 2.4 mL of tetramethylethylenedi-
amine (TEMED). 

Diffuse reflectance, diffuse and collimated transmittance 
of the manufactured plastic composite base (Fig. 1), as well as 
the base with the addition of 15 mM FAD were measured with 
a spectrophotometer equipped with an integrating sphere 
(Gooch & Housego, USA) [39]. Absorption coefficient (μa) 
and reduced scattering coefficient ( ms' ) 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 μs 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 Ltd., Finland) in the spec-
tral range of 400 – 1000 nm. In the fluorescence spectroscopy 
channel, the spectra are registered with a CCD spectrometer 
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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 mM of FAD. 
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Figure 3.  Setup for hyperspectral fluorescence imaging and fluores-
cence spectroscopy: ( 1 ) 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 350 – 820 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 500 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.  Fluorescence images of (a) MPs, (b) finger skin in vivo, and (c) forearm skin in vivo, 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.
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skin of a healthy volunteer were acquired (Figs 4b and 4c). 
Data from the selected ROIs after spatial averaging were used 
for construction and analysis of fluorescence intensity spectra. 

The maximum intensity values measured with a CCD 
spectrometer were averaged over three spectra for each MP 
and compared with the data obtained using a hyperspectral 
camera.

Figures 5a – 5c show normalised fluorescence spectra and 
curves for dependence of the maximum MP fluorescence 
intensity versus FAD concentration obtained using hyper-
spectral imaging and CCD spectroscopy. Fluorescence spec-
tra of MPs and skin (Fig. 5d) were normalised to the maxi-
mum fluorescence value for a concentration of 25 mM and 
forearm fluorescence intensity, respectively. FAD fluores-
cence intensity registered in the channel of fluorescence imag-
ing with a hyperspectral camera varies in proportion to fluo-
rophore concentration, which was also confirmed by CCD 
spectrometer measurements (Fig. 5c). Moreover, the highest 
intensity variation rate with a FAD concentration change is 
observed in the range of 5 – 10 mM, which is of greatest inter-
est in mimicking healthy tissue properties. The obtained fluo-
rescence intensity values for MPs have a high correlation with 
FAD concentration (Pearson’s correlation coefficient 
between measurements with two techniques is r = 0.99, p < 
0.001). Variation of the fluorescence intensity signal to the 
fluorophore concentration ratio is a nonlinear function due to 
absorption of the excitation radiation by a fluorophore and 
variations in the useful MP/tissue volume, the signal from 
which is measured. In the general case, determination of this 
dependence is a nontrivial problem, the final decision of 
which is affected by fluorophore concentration, object 
absorbing and scattering 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 spectrum ((lmax » 530 – 540 nm) under 
excitation with blue light (450 nm). However, the shape of the 
skin fluorescence spectra, as well as the general signal inten-
sity level 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 significant cost. 

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

4. Conclusions

The paper presents a technique for fabricating a new type 
human skin MP based on PAA, collagen, zinc oxide, and 
FAD aqueous solution. The main advantage of the developed 
MPs is that the conditions for PAA polymerisation do not 
affect FAD fluorescence properties in final phantoms. At the 
same time, fabricated polymeric MPs with confirmed scatter-
ing and fluorescence properties allow reproduction of skin 
fluorescence 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 %. 
Application of the developed MP manufacturing technology 
will allow testing, standardising and calibrating systems for 
fluorescence imaging, as well as instruments for fluorescence 
spectroscopy, coupled with fibre-optic detection of optical 
radiation. For improvement and further development of the 
presented technique a design of MPs is planned containing 
fluorophores that are endogenous markers of neoplastic 
changes in tissues, such as NADH and protoporphyrin IX. 
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