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ABSTRACT

The fabrication of artificial tissue and organ models is one of the important directions of the development of
modern biomedicine. Assessment of the morphology, maturation, and viability is an important part of such
developments. Here, we report on the validation of our custom-build fluorescence spectroscopy (FS) system
with optical coherence tomography (OCT) for assessing the metabolism and morphology of the full-thickness
skin equivalence (FSE) model. FS along with OCT has been used for the metabolic activity evaluation of the
developed FSE model and 3D imaging of its structure. Thus, we have developed a multimodal optical system
that can be used in the future for a full-profile assessment of the maturation and viability of 3D-printed models
of biological tissues in time-course development.

Keywords: keratinocytes, fibroblasts, artificial full-thickness skin model, scaffolds, fluorescence spectroscopy,
optical coherence tomography.

1. INTRODUCTION

The regeneration of damaged tissues in the human body is limited, and the development of new technologies
for the creation of 3D artificial biological tissues and organs is one of the key directions of modern medical
and biological practice.1 For the generation of artificial tissues model, 3D cell culturing is gaining popularity.2

Human skin is the largest organ of the body, and artificial skin models create a platform for studying the effects
and testing the safety of new drugs, as well as open up wide opportunities in transplantology.3,4 At the same
time, the development of this industry is inextricably linked to the development of methods for controlling the
growth of models.

In this work, we validate our custom-built multimodal optical system consisting of fluorescence spectroscopy
(FS) and optical coherence tomography (OCT) channels for the evaluation of the morphology and viability of a
full-thickness skin equivalence (FSE) model grown by us on special 3D scaffolds.

2. MATERIALS AND METHODS

A spectroscopy system with a fibre optical probe was used to make fluorescence intensity measurements at
365 and 450 nm. The choice of these wavelengths was due to the requirement to excite NADH and FAD
fluorescence, as these coenzymes are known to be key elements in cellular energy metabolism.5 The output power
of both excitation sources did not exceed 3 mW. Fluorescence in the range of 400–900 nm was analysed using a
Flame spectrometer (Ocean Insight, USA). Longpass filters (Edmund Optics, USA) were used to attenuate the
backscattered radiation of the excitation sources. This is a widely used approach when building such systems.6–8

Considering the compact form factor, affordability and excellent performance, the Lumedica OCT imaging system
was chosen to evaluate the morphological features of FSE.
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Fluorescent measurements were carried out on the suspensions of two types of cells. We cultured immortalised
HaCaT keratinocytes (StratiCELL, Belgium) and primary fibroblast cells (StratiCELL, Belgium) to healthy
confluent layers. The FSE model was prepared using keratinocytes and primary fibroblasts according to the
methodology developed. Next, we evaluated the possibilities of OCT to control the growth of this FSE model.

3. RESULTS AND DISCUSSION

First, to validate the FS channel of our optical system and assess the sensitivity limit and signal-to-noise ratio
(SNR), we studied the concentration dependence of the fluorescence intensity of the NADH and FAD solutions.
PBS was used as a buffer. It was found that the developed system is able to distinguish between concentrations
of NADH and FAD in a solution below 10 µM, which corresponds to real concentration levels in biological tissues.

The performance of our system using primary fibroblasts and immortalised HaCaT cell lines was then evalu-
ated. Fig. 1 presents the statistical analysis of HaCaT and fibroblast cells suspension for two different excitation
light wavelengths. Histograms represent the statistical analysis of the fluorescence intensity of HaCaT and fibrob-
last cell suspensions that was performed for three different concentrations. With increasing the concentration of
cells, the value of intensity also increases.

Figure 1. Fluorescence intensity histograms for (a) HaCaT cells and (b) fibroblast suspensions at three different con-
centrations for 365 and 455 nm excitation light (n=3). *Confirmed statistically significant difference between different
concentrations of cell suspension (p<0.05).

Fig. 2 represents the detected fluorescence intensity of metabolic coenzymes in the suspension of HaCaT and
fibroblast cells associated with different cell ages. The decreasing trend represents the change in the intensity of
the fluorescence of metabolic coenzymes with ageing of cells.

Figure 2. Fluorescence intensity histograms for (a) HaCaT cells and (b) fibroblast suspensions at different ages. *Confirmed
statistically significant difference between different ages (p<0.05).

Fig. 3a,b presents OCT images of a scaffold used for growing the FSE model and a two-layers FSE model,
accordingly. The skin model has been developed using fibroblast and HaCaT cells, and OCT images provide
information about the morphological structure of this artificial skin. These figures show a layer of HaCaT cells
over the fibroblast cells in fibrinogen.
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Figure 3. OCT images of (a) scaffold and (b) full-thickness skin equivalence model.

The fluorescence measurements shown in Fig. 3c demonstrate the possibility of measuring the metabolic
activity of FSE models when the fluorescence of NADH and FAD is excited. The change in the fluorescence level
can serve as a reliable parameter to evaluate the effectiveness of growth and ageing of such tissue models.

4. CONCLUSION

Here, we demonstrated our custom-build multimodal optical system for assessment of the morphology, matu-
ration, and viability of human skin cells in suspension and full-thickness skin equivalence model. NADH and
FAD are important participants in cell energy metabolism, and monitoring their fluorescence can be a reliable
marker of cell growth. At the same time, an inexpensive OCT system can provide high-quality information on
the structure of artificial tissue models. Thus, we have developed an optical system that can be used in the
future for a full-profile assessment of the maturation and viability of 3D-printed models of biological tissues.

ACKNOWLEDGMENTS

This work was supported by the European Union’s Horizon 2020 Research and Innovation Programme under
Grant Agreement No. 951890 (PLATFORMA project).

REFERENCES

[1] Matai, I., Kaur, G., Seyedsalehi, A., McClinton, A., and Laurencin, C. T., “Progress in 3d bioprinting
technology for tissue/organ regenerative engineering,” Biomaterials 226, 119536 (2020).

[2] van Duinen, V., Trietsch, S. J., Joore, J., Vulto, P., and Hankemeier, T., “Microfluidic 3d cell culture: from
tools to tissue models,” Curr. Opin. Biotechnol. 35, 118–126 (2015).

[3] Yun, Y. E., Jung, Y. J., Choi, Y. J., Choi, J. S., and Cho, Y. W., “Artificial skin models for animal-free
testing,” J. Pharm. Investig. 48, 215–223 (2018).

[4] Ramasamy, S., Davoodi, P., Vijayavenkataraman, S., Teoh, J. H., Thamizhchelvan, A. M., Robinson, K. S.,
Wu, B., Fuh, J. Y., DiColandrea, T., Zhao, H., Lane, E. B., and Wang, C.-H., “Optimized construction of a
full thickness human skin equivalent using 3d bioprinting and a pcl/collagen dermal scaffold,” Bioprinting 21,
e00123 (2021).

[5] Vinokurov, A., Dremin, V., Piavchenko, G., Stelmashchuk, O., Angelova, P., and Abramov, A., [Assessment
of Mitochondrial Membrane Potential and NADH Redox State in Acute Brain Slices ], 193–202, Springer US,
New York, NY (2021).

[6] Dremin, V., Potapova, E., Zherebtsov, E., Kandurova, K., Shupletsov, V., Alekseyev, A., Mamoshin, A.,
and Dunaev, A., “Optical percutaneous needle biopsy of the liver: a pilot animal and clinical study,” Sci.
Rep. 10, 14200 (12 2020).

[7] Piavchenko, G., Kozlov, I., Dremin, V., Stavtsev, D., Seryogina, E., Kandurova, K., Shupletsov, V., Lapin,
K., Alekseyev, A., Kuznetsov, S., Bykov, A., Dunaev, A., and Meglinski, I., “Impairments of cerebral blood
flow microcirculation in rats brought on by cardiac cessation and respiratory arrest,” J. Biophotonics 14(12),
e202100216 (2021).

[8] Dremin, V., Potapova, E., Mamoshin, A., Dunaev, A., and Rafailov, E., “Monitoring oxidative metabolism
while modeling pancreatic ischemia in mice using a multimodal spectroscopy technique,” Laser Phys.
Lett. 17(11), 115605 (2020).

Proc. of SPIE Vol. 12629  126290T-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 24 Oct 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


