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Pathological processes in biotissues are characterized by a shift in metabolic homeostasis causing biochemical changes, which can 
be detected by fluorescence spectroscopy methods. A wide spectrum of capabilities, simple implementation, and valuable diagnostic 
information obtained attract considerable interest of the medical community. 

The aim of the study is to analyze the current problems of fluorescence spectroscopy of biotissues and demonstrate new 
capabilities of this method in a wearable multimodal version for solving various problems of practical medicine.

Theoretical part of the investigation. Factors influencing the registration of biotissue fluorescence have been considered. It has 
been established that the assessment of mitochondrial function (oxidative metabolism) by NADH and FAD fluorescence spectra is 
possible only under certain assumptions due to the difficulties in determining the contribution of collagen and some other fluorophores 
to the total spectrum. The capabilities of multimodal approach have been studied, i.e. сombining fluorescence spectroscopy and laser 
Doppler flowmetry in one diagnostic system as a wearable version of device implementation.

Experimental part of the investigation. To demonstrate the capabilities of the wearable analyzers of the oxidative biotissue 
metabolism, pilot experimental investigations have been carried out involving 8 conditionally healthy volunteers. Parameters of 
microcirculatory-tissue systems (oxidative metabolism) were recorded with a modified multimodal wearable analyzer capable of 
measuring the skin fluorescence spectra in a wide range from 320 to 900 nm. Skin fluorescence was registered in the region of forehead, 
dorsal carpal surface, the volar surface of the distal phalanx of the middle finger, and the plantar surface of the distal phalanx of the first 
toe at a 365 nm wavelength of exciting irradiation.

The conducted experiment has shown that despite the existing effect of biotissue hyperemia together with the level of melanin on 
the recorded fluorescence spectrum, the assessment of skin fluorescence intensity in dynamics and functional tests reflect changes in 
metabolic processes of biotissues and may be considered as a promising diagnostic criterion. 
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Introduction

In recent decades, methods of fluorescence 
spectroscopy (FS) and imaging become increasingly 
demanded for the diagnosis of metabolic processes in 
biological tissues [1]. FS is based on probing biotissues 
with optical radiation in ultraviolet or visible range with 
the following recording of autofluorescence spectra of 
endogenous and exogenous tissue fluorophores [2, 
3]. Biological tissues are multicomponent structures 
with a complex chemical composition and contain 
a large variety of natural endogenous fluorophores 

characterized by different regions of absorption and 
emission, various quantum yields, and fluorescence 
lifetime. A general autofluorescence signal depends 
both on the quantitative content of fluorophores in 
the biological tissue and on their spatial distribution, 
and is also closely connected with the metabolic 
status of the biotissue and its morphology in normal or 
pathological conditions. Such coenzymes as reduced 
nicotinamide adenine dinucleotide (NADH) and flavin 
adenine dinucleotide (FAD), structural tissue proteins — 
collagen and elastin, amino acids — tryptophan and 
tyrosine, as well as porphyrins, lipofuscins, and melanin 
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are referred to the substances possessing the most 
intensive autofluorescence in biological tissues [4–6]. 
In clinical practice, FS is used to diagnose pathological 
changes in biological tissues analyzing the difference 
in the parameters of intensity, lifetime, and spectral 
composition of fluorescence signal from normal and 
affected tissues [7, 8]. The fluorescence methods make 
it possible to detect at early stages the biochemical 
changes in tissues caused by pathological metabolic 
restructuring. Among the listed fluorophores, NADH and 
FAD are directly involved in the energy processes in the 
cells and are indicators of their metabolic status. Clinical 
studies have shown that variations of the parameters 
such as intensity and fluorescence lifetime of NADH 
and FAD caused by the changes in their concentration 
and interaction with different proteins reflect metabolic 
shifts induced by the pathological processes [7]. In this 
connection, monitoring of the biotissue fluorescence 
parameters may be employed to reveal oxidative 
metabolism. This approach is relevant for diagnosing 
diseases of various etiologies and for exploration of 
adaptation processes in the human body. Monitoring 
of fluorescence parameters is believed to be especially 
perspective in functional diagnosis, aerospace, and 
sports medicine [1, 9, 10]. 

Optical methods were applied for the first time in the 
1950s to determine parameters of the respiratory chain 
and evaluate the mitochondrial function in vitro [11]. 
In 1965, a work was published, which demonstrated 
the capabilities of measuring NADH fluorescence for 
tracing the dynamics of metabolic activity in biological 
tissues in vivo [12]. In the next decades, FS has 
proved to be a promising method for early diagnosis 
of pathological processes by monitoring oxidative 
metabolism in biotissues [10]. In 1980–1990, there 
appeared the results of first investigations of using FS 
for differentiation of benign and malignant tumors of 
the breast and lungs [5, 13, 14]. By the present time, 
considerable progress has been achieved in employing 
fluorescence for revealing tumors of various organs 
[6, 15–17] and assessing metabolic activity of tissues 
in inflammatory processes [10, 18]. The first studies 
on employing the FS technique in the diagnosis and 
treatment covered gastroenterology, urology, gynecology 
[19–22]. Of special interest are investigations focused on 
the diagnosis and photodynamic therapy of oncological 
diseases [23, 24]. In a number of works, FS is used as a 
basic diagnostic technique together with a set of devices 
with thin-needle fiber-optic probes of small diameter to 
recognize tumors of the lungs [25, 26] and breast [27, 
28]. In the last decades, alterations in the concentration 
of NADH, FAD and collagen in the tissues serves as a 
biomarker of tumor processes [29–31] and is used for 
determining the content of glycation end products in 
the tissues. It is especially important for patients with 
diabetes mellitus [32, 33], evaluation of skin condition 
in dermatology [34], and for other fields of biomedical 
research [35]. Thus, it is quite evident that FS has found 

a wide application in various fields of medicine, including 
oncology, transplantology, cosmetology, and surgery 
[36–40].

Nanoparticles labeled with fluorescent dyes are also 
used for blood flow analysis [41]. This method has some 
limitations connected, for example, with phototoxicity 
of ultraviolet radiation used in FS for fluorescence 
excitation. Safety of measurements in living tissues 
is ensured by limiting the radiant power density and 
duration of diagnostic procedures (for example, by 
pulsed modes of the fluorescence excitation sources).

The aim of the study is to analyze the current 
problems of using fluorescence spectroscopy of 
biotissues and demonstrate new capabilities of this 
technique in a wearable multimodal version for solving 
various problems of practical medicine.

Theoretical part of the investigation

Analysis of factors influencing the biotissue 
fluorescence recording. In the human skin there 
is a great number of natural fluorophores with close 
or overlapping spectral regions of absorption and 
fluorescence; therefore, fluorescent radiation emitted 
from the biotissue has a complex spectral composition. 
Multiple factors impact the recorded signal of biotissue 
fluorescence: temperature, optical properties of the 
examined specimen (scattering and absorption) [42], 
topological non-uniformity, technical characteristics 
of devices (the quality of excitation radiation sources, 
characteristics of photodetectors, specific features 
of the fiber optic end face, the distance between the 
source and receiver — the measurement base) [43], 
and others (Figure 1 (a)). Together, these factors directly 
influence the results of measurements, their dispersion 
and convergence, which determine the achievement of 
clinically significant and reliable results.

Currently, the following spectral ranges of skin 
fluorescence excitation are most commonly used to 
explore metabolic processes in biotissues: ultraviolet 
(350–380 nm) for recording NADH (maximal 
fluorescence in the range of 450–470 nm) and blue light 
for recording FAD (maximal fluorescence in the range 
530–550 nm) [36]. An example of recording NADH and 
FAD fluorescence spectra from the skin of the healthy 
volunteer forearm for two excitation wavelengths (365 
and 450 nm, respectively) is presented in Figure 1 (b). 

It should be underlined that when using these 
wavelengths (365 and 450 nm) for excitation of skin 
fluorescence, a considerable contribution of collagen in 
the recorded spectrum should be taken into account (it 
is present in the dermis in the form of collagen fibers — 
75% of dermal tissue) [44, 45]. Besides, in addition to 
the mentioned fluorophores (NADH and FAD), keratin, 
bilirubin, porphyrins, and carotenoids also make their 
contribution to the skin spectrum in the range of 400–
480 nm, making the analysis of the recorded data 
more difficult. Biotissue blood filling also influences 
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Figure 1. The principle of biotissue fluorescence spectroscopy implementation (a) and 
an example of recording fluorescence intensity spectra (If) from the forearm skin for two 
wavelengths, 365 and 450 nm (b)

а b

Forehead
1.7±0.9 [48]
0.9±0.1 [49]

Cheek
0.2±0.1 [50]

Forearm (dorsal surface)
1.3±0.7 [48]
1.7±0.1 [46]
0.4±0.1 [51]

Forearm (volar surface)
0.5±0.1 [51]
0.6±0.1 [52]

Distal phalanx of the right hand third finger 
(volar surface)
0.4±0.1 [48]
0.9±0.1 [46]

Buttock
0.9±0.1 [49]

Foot (dorsal surface)
2.1±0.8 [53]
3.1±0.6 [54]
3.8±0.2 [55]

Phalanx of the great toe  
(plantar surface)
0.7±0.3 [48]

Figure 2. Examples of recording amplitudes of skin fluorescence 
intensity normalized to the back-scattered radiation at the 460 nm 
wavelength and excitation by 350–370 nm wavelengths (rel. units)

considerably the skin fluorescence spectra due to 
the absorption of optical radiation by hemoglobin: the 
intensity of fluorescence decreases 
with the increase of blood volume in 
the dermis [46]. Thus, the application of 
local pressure by optical probes, which 
are used to register the fluorescence, 
impacts biotissue optical characteristics, 
since it changes blood content in the 
superficial vascular plexus of the dermis. 
This factor should also be considered 
when conducting investigations. 
Besides, presence of melanin pigment in 
the epidermis has a strong effect on the 
skin fluorescence spectrum because of a 
high absorption of ultraviolet and visible 
light [47].

Normalizing intensity maxima to 
back-scattered radiation intensity 
values at the exciting wavelength is 
one of the approaches to take into 
account the effect of various factors 
during skin fluorescence recording 
(primarily, biotissue blood filling). 
Figure 2 shows examples of fluorescent 
intensity amplitudes (in relative units) for 
different human skin regions at 460 nm 
wavelength at the excitation by the 
350–370 nm wavelengths, normalized 
to the back-scattered radiation [46, 
48–55]. The analysis of the presented 
data demonstrates their high variability, 
which results from the effect of all factors 
mentioned above. On average, individual 
variability for the fluorescence intensity 
of the main biotissue fluorophores (for 

example, in the assessment of the results of measuring 
NADH and FAD, including the collagen effect) is about 
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30%, which should be considered when interpreting the 
data of the skin FS [56].

Thus, the evaluation of the mitochondrial function 
(oxidative metabolism) using the recorded NADH and 
FAD spectra is possible only with certain assumptions, 
since the effect of collagen and other factors on the 
biotissue fluorescence recording is still unsolved 
problem. Besides, to account for different levels of 
biotissue blood filling, it is necessary to normalize 
fluorescence intensity, for example, to the back-scattered 
radiation.

Wearable implementation of biotissue 
fluorescence spectroscopy based on multimodal 
approach. In view of a number of factors limiting a wide 
introduction of FS in clinical practice, a new approach is 
proposed: to combine FS and laser Doppler flowmetry 
(LDF) in one diagnostic system [1]. 

Laser Doppler flowmetry is a widely spread method 
of non-invasive optic diagnosis used to evaluate 
functional condition of the microcirculatory part of the 
vascular bed. This method is based on probing the 
skin with coherent laser radiation with subsequent 
recording of the radiation intensity back-scattered 
from the static tissue structures and moving blood 
cells — erythrocytes. After the photometric intensity 
measurement of the back-scattered radiation 
and its analog-to-digital conversion, the index of 
microcirculation is calculated, which is proportional to 
the number of erythrocytes in the tested tissue volume 
and the mean rate of their movement. Information on 
the functioning of endothelial, neurogenic, myogenic, 
respiratory, and pulse mechanisms of blood flow 
regulation is contained in the obtained signal [1].

Combining LDF and FS in one diagnostic system 
allows one not only to assess concurrently the peripheral 
blood flow and metabolic activity of the cells but to 
calculate complex parameters (for example, oxidative 
metabolism index) [57, 58]. This indicator reflects 
efficiency and coordinated work of the systems delivering 
nutrients and oxygen to biological tissues and their 
consumption in oxidative metabolism. In a wider sense, 
this indicator helps obtain information on functional state 
of microcirculatory-tissue systems (MTS) of the human 
body [59]. Application of the oxidative metabolism index 
as one of the indicators of the organism homeostasis is 
a promising direction within the frames of personified 
medicine development. 

The multimodal approach has attracted wide interest 
of the scientific community and is being actively 
implemented into clinical practice to improve the 
quality of early diagnosis of metabolic and perfusion 
impairment in various diseases, including socially 
significant disorders. Thus, data on the differences in 
the accumulation of glycation end products in biotissues 
of patients with type 2 diabetes mellitus relative to 
conditionally healthy volunteers were obtained in clinical 
conditions [55]. The method, based on the multimodal 
approach and using signal records from FS and LDF, 

makes it possible to classify the biotissue state in 
terms of the presence or absence of microcirculatory-
metabolic disorders with the probability of obtaining 
a false-negative diagnostic result below 0.2 with 
subsequent differentiation of the pathology severity 
degree.

Until recently, application of the multimodal approach 
to MTS diagnosing was possible mainly in the conditions 
of clinical studies or research laboratories, due to the 
usage of stationary devices with fiber-optic probes 
requiring the appropriate operator qualification. An 
example of such device is LAKK-M diagnostic complex 
(SPE “LAZMA” Ltd., Russia). The presence of a fiber-
optic probe is an essential factor influencing the 
recorded signal. Difficulty of its mounting and fixation 
on the patient body as well as high sensitivity to motion 
artefacts complicate considerably the process of data 
registration for both operators and examined individuals. 

Owing to the development of technologies for the 
production of optic components, it became possible to 
create compact radiation sources and spectrometers. 
This, for example, has led to the appearance of the 
wearable multimodal LAZMA PF analyzer (SPE 
“LAZMA” Ltd., Russia), which considerably widened 
the spectrum of diagnostic capabilities relative to the 
stationary modifications. These kinds of devices may be 
fixed on symmetrical or random skin regions, creating 
a distributed system of devices on the human body. 
These analyzers implement LDF and FS methods and 
provide registration of the skin surface temperature 
and motion artifacts using accelerometer. Data are 
transmitted through wireless communication channels 
(Bluetooth or Wi-Fi). FS channel in the portable version 
is implemented using the light-emitting diode (LED) with 
the 365 nm excitation wavelength operating in the pulsed 
mode. The spectrometer serves as a receiver, allowing 
one to obtain spectral distribution of human biotissue 
fluorescence. The LED wavelength was selected based 
on the spectral excitation characteristic of the NADH 
coenzyme. 

Simultaneous implementation of LDF and FS in 
LAZMA PF system allows for the complex assessment 
of MTS taking into account metabolic activity of the 
biological tissue. Wearable devices are gradually finding 
wide application in the diagnosis of complications 
related to diabetes mellitus [60], hypertension [61], and 
vascular complications of coronavirus infection [62]. 
The LAZMA PF analyzers have been tried and tested 
in the evaluation of smoking status [63], drug therapy of 
blood microcirculation disorders [64], and the quality of 
performing breathing exercises [65]. 

Therefore, the multimodal approach, including 
several methods of non-invasive optical diagnosis, 
and implemented in the wearable version, gives the 
opportunity to synthesize novel diagnostic criteria for 
early detection of socially significant diseases, which 
speaks of a high potential of applying wearable devices 
in various fields of medicine, including telemedicine.
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Experimental part of the investigation

To demonstrate the possibilities and specific features 
of application of the proposed wearable analyzers, pilot 
experimental investigations involving 8 conditionally 
healthy volunteers aged from 18 to 23 years (6 men, 
2 women) have been carried out. All participants did not 
have any diagnosed chronic diseases and did not take 
medicines on a regular basis. Presence of harmful habits 
was the criterion for exclusion from the study. 

The study complies with the Declaration of Helsinki 
(2024) and was approved by the Ethical Committee of 
Orel State University named after I.S. Turgenev. Written 
informed consent was obtained from every participant. 

To study the MTS parameters, we used a specially 
fabricated modification of the wearable LAZMA PF 
analyzers, which allowed recording the spectra of skin 
fluorescence in a wide range of 320–900 nm. This 
modification gives the opportunity to assess spectral 
distribution of the excited fluorophore, the level of 

fluorescence intensity, and the intensity of the back-
scattered radiation at the source wavelength. Owing to 
this, individual morphological features of the biotissue 
can be taken into account by normalizing the fluorescent 
signal.

The analyzer was alternately fixed on the forehead 
skin (which is supplied with blood by the supraorbital 
artery from the basin of the internal carotid artery) and 
on the plantar surface of the distal phalanges of the great 
toes (a region with a great number of arteriolo-venular 
anastomoses). During measurements, the volunteers 
were sitting at the table with a straight back and hands 
located on the table at the level of the heart.

To study the effect of the biotissue blood filling 
level on the spectrum of skin fluorescence, a series of 
measurements of fluorescence intensity in the skin of 
the fingers and forearms was done. The study protocol 
included simultaneous recording of LDF and FS signals 
and 3 stages of the occlusion test (reactive hyperemia 
test): the basic recording of the MTS parameters was 
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Figure 3. Fluorescence intensity spectra (If) of the skin in various regions:
(а) forehead on the right; (b) forehead on the left; (c) plantar surface of the distal phalanx of the right foot 
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performed for 7 min; next, arterial occlusion was induced 
by pressing the arm artery for 3 min with a tonometer 
pressure cuff, which was inflated until pressure of about 
200 mm Hg was reached; after removing the occlusion 
and post-occlusion reactive hyperemia, restoration of the 
MTS parameters were recorded for 8 min. 

All measurements were performed in normal 
conditions at 22±1°С room temperature and at least 2 h 
after food intake. The volunteers were in a calm state 
and has been adapting to the environment for 20–30 min 
before the beginning of measurements.

Spectra of fluorescence in the region of the forehead 
skin (a), (b) and toes (c), (d) obtained for 8 conditionally 
healthy volunteers are presented in Figure 3. At 
excitation by 365 nm wavelength, a characteristic 
peak of NADH fluorescence is observed at 460 nm 
wavelength.

Volunteers’ fluorescence spectrum shapes in each 
tested region are identical, however, there are some 
differences in the spectrum shapes in various regions of 
measurement. The fluorescence spectrum of volunteer 
No.6 in the region of the forehead skin is characterized 
by the largest amplitude of the back-scattered radiation 
and NADH fluorescence, which is most likely associated 
with a lighter skin, i.e. with a smaller content of melanin 
in epidermis. High values of fluorescence intensity 
variability may also be explained by different melanin 
content of the participants. To decrease the dispersion, 
it is reasonable to normalize intensity values to the back-
scattered radiation. This will take into account individual 
optical properties of participants’ skin.

It is worth mentioning that in the region of the plantar 
surface of the great toe distal phalanges, variability of 
fluorescence intensity amplitude at 460 nm wavelength 
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absorption (a), (b) and dynamics of changes in the parameters of laser Doppler flowmetry and fluorescence 
spectroscopy (c) during the occlusion test in different measured regions:
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finger; µa — transport absorption coefficient; PORH — post-occlusion reactive hyperemia; HbO2 — oxyhemoglobin, Hb — 
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was 42 and 25% on the left and right, respectively. 
Decrease of variability may be connected with the fact 
that melanin impacts the fluorescence spectrum to 
lesser extent, since this region is actually not exposed 
to ultraviolet radiation. The differences in the shape and 
amplitudes of fluorescence spectra between the men 
and women were not found.

The data analysis has confirmed that the fluorescence 
spectrum is greatly influenced by blood filling of the 
biological tissues in the form of a characteristic signal 
decrease at about 540 and 580 nm wavelengths 
corresponding to the absorption of the radiation by 
oxyhemoglobin (HbO2), which should also be considered 
when interpreting the obtained results. The skin 
fluorescence spectra for different stages of the occlusion 
test are presented in Figure 4 (a), (b). Elevation of 
fluorescence intensity at the stage of occlusion and its 
reduction in post-occlusion reactive hyperemia also 
validates a considerable impact of tissue blood filling on 
the recorded signal. Lower peak intensity of the back-
scattered radiation in the region of dorsal wrist surface 
may be caused by high radiation absorption due to the 
increased content of melanin and angioarchitectonics of 
the tested region. 

Figure 4 (c) illustrates the dynamics of changes in 
the index of microcirculation and fluorescence intensity 
at 460 nm wavelength during the occlusion test. Despite 
the evident inverse dependence of fluorescence 
intensity on blood filling, the effect of other factors is 
also observed. For example, after removing blood flow 
occlusion, restoration of tissue reperfusion occurs up 
to the base values, although the fluorescence intensity 
remains at a lower level relative to the initial values. 
This probably reflects compensatory changes of 
oxidative metabolism in response to hypoxia seen as a 
reduction of quantitative ratio of NADH in the biotissue 
cells. Besides, it is worth noting that after the occlusion 
test, fluorescence intensity dispersion decreases in 
comparison with the period prior to occlusion, which 
may be the result of triggering a cascade of adaptation 
reactions in response to the irritating effect.

Thus, the conducted experiment has shown that 
despite the considerable impact of the biotissue 
hyperemia together with melanin on the recorded 
fluorescence spectrum at the 365 nm excitation 
wavelength, the assessment of the skin fluorescence 
intensity in dynamics by functional tests reflects the 
changes of metabolic processes in biological tissues and 
is a promising diagnostic criterion. 

Conclusion

Fluorescence spectroscopy of biotissues is a 
promising non-invasive technique allowing for objective 
assessment of functional condition of human biological 
tissues. Fluorescence of endogenous fluorophores may 
be an effective diagnostic criterion for determination of 
metabolic activity of the cellular respiratory chain, owing 

to which it is possible to detect neoplasms, including 
malignant ones.

Application of the multimodal approach, which 
consists in the simultaneous implementation of 
fluorescence spectroscopy with other methods 
of biophotonics, allows one to receive complex 
information on the efficiency and consistency of the 
processes of oxygen and nutrient delivery by the blood 
system and their utilization by the biological tissues, 
which widens considerably the diagnostic capabilities. 
New formats of fluorescence spectroscopy realization 
in the form of integration in the distributed system of 
portable devices open novel perspectives of using this 
technique in the field of functional diagnosis to improve 
the quality of personified medicine.
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