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BIOPHOTONICS
Testing a Fine-Needle Optical Probe for Recording Changes
in the Fluorescence of Coenzymes of Cellular Respiration

K. Yu. Kandurovaa,*, E. V. Potapovaa, E. A. Zherebtsova, b, V. V. Dremina, b, E. S. Seryoginaa,
A. Yu. Vinokurovc, A. V. Mamoshina, d, A. V. Borsukove, Yu. V. Ivanov f, g, and A. V. Dunaeva

aResearch and Development Center of Biomedical Photonics, Orel State University, Orel, 302026 Russia
bUniversity of Oulu, Optoelectronics and Measurement Techniques Unit, Oulu, 90570 Finland

cDepartment of Industrial Chemistry and Biotechnology, Orel State University, Orel, 302026 Russia
dOrel Regional Clinical Hospital, Orel, 302028 Russia

eProblem Research Laboratory “Diagnostic Researches and Mini-invasive Technologies,”
Smolensk State Medical University, Smolensk, 214006 Russia

fFederal Scientific and Clinical Center for Specialized Medical Service and Medical Technologies,
Federal Biomedical Agency of Russia, Moscow, 115682 Russia

gCentral Research Institute of Tuberculosis, Moscow, 107564 Russia
*е-mail: kandkseniya@gmail.com

Received December 10, 2019; revised January 31, 2020; accepted February 28, 2020

Abstract—A device for optical biopsy with a f luorescence spectroscopy channel and a fine-needle optical
probe for use in fine-needle aspiration biopsy of liver tumors is described. To test the developed device, exper-
imental measurements of the f luorescence of internal organs of a laboratory rat were carried out in vivo while
exposing the tissue surface to mitochondrial uncoupling to induce changes in cell respiration. The results of
the model experiment showed the ability of the developed channel to detect changes in f luorescence due to
changes in the processes of oxidative phosphorylation of mitochondria.
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INTRODUCTION
According to the World Health Organization’s sta-

tistics, cancer is the second leading cause of death in
the world [1]. Liver cancer is the type of oncopathol-
ogy that is difficult to diagnose. Primary liver cancer is
the sixth most prevalent in the world and the fourth
most fatal among other types of malignant neoplasms
[2, 3]. The number of registered cases of this disease
tends to increase [4, 5]. Metastases in the liver most
often occur due to malignant neoplasms in other
organs [6]. The possibility of earlier diagnosis is
among the factors that improve prognosis in patients
with liver tumors.

Despite the current technical and methodological
level of medicine, the diagnosis of liver cancer still
meets certain difficulties. Histological and cytological
studies of tissue and cell samples are the “gold stan-
dard” of preoperative diagnosis of malignant tumors
[7]. For these studies, fine-needle aspiration biopsy
(FNAB) is performed [8, 9], in which a tissue sample
is collected from several areas of the pathological site
under investigation using a thin needle with a normal
or cutting edge under the control of visualization

methods such as ultrasound, computer tomography,
or magnetic resonance imaging. The advantages of
this procedure include minimal invasiveness, low like-
lihood of complications, high accuracy, and cost effi-
ciency [10]. The tissue obtained during FNAB is sent
for routine histopathological and cytological studies.
The surgeon receives the results 5–10 days after the
procedure, while obtaining information about the
state of the tissues of the affected organ during this
period is of interest for selecting tactics for further
treatment. Another problem of the method is the
probability of collecting noninformative material, for
example, due to physiological displacement of organs,
manipulations preceding FNAB, involuntary patient
movements, or insufficient visualization of the tumor
site due to its small size and heterogeneity. The above
factors lead to the fact that even experienced surgeons
collect up to 15–29% of inadequate samples [11–13].
A false negative result leads to the need for a second
procedure, which may be associated with a risk of
complications for the patient and increases the dura-
tion of treatment. To improve the treatment of patients
with liver malignant neoplasms, the urgent task is to
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develop and introduce new diagnostic methods that
allow obtaining real-time information.

Optical biopsy is one of the rapidly developing
fields of application of biomedical optics for solving
surgical problems [14]. It combines the advantages of
conventional biopsy and compensates its main draw-
back, that is, the need to remove a tissue sample and
spend significant time to analyze it. The optical biopsy
includes several spectroscopic and visualization meth-
ods [15, 16], which yield additional diagnostic in vivo
information about various parameters of the morphol-
ogy and metabolism of biological tissues [17, 18]. In
optical fine-needle aspiration biopsy using small
outer-diameter needles (14–22 G or 0.7–2.1 mm), the
development of fine-needle optical probes for imple-
menting various spectroscopic diagnostic methods is
the most common field of preclinical studies [19–24].

Among optical diagnostic methods, f luorescence
spectroscopy (FS) has found widespread use for
studying the metabolic activity of healthy and patho-
logically altered tissue cells (inflamed, malignant,
etc.) in some medical fields [25, 26]. This method is
based on the excitation of f luorescence of endogenous
or exogenous f luorophores in biological tissue by
monochromatic radiation of the near ultraviolet (UV)
or visible ranges and further recording of the resulting
spectrum for analysis and comparison. In several stud-
ies, f luorescence spectroscopy is used as the main
diagnostic method or as part of multimodal devices
having fine-needle fiber optic probes for the diagnosis
of tumor formations of the lungs [27, 28] and mam-
mary glands [29, 30].

Many forms of coenzymes of nicotinamide ade-
nine dinucleotide (NAD) and flavin adenine dinucle-
otide (FAD), contained in the cytosol and mitochon-
dria of cells, have pronounced endogenous f luores-
cence spectra, changes in the intensity of which can be
recorded in vivo. This phenomenon is the base of
studies of tissue metabolic activity [31–34]. These
coenzymes are an integral part of cellular metabolism
reactions, acting as electron donors and acceptors for
the synthesis of adenosine triphosphate (ATP) mole-
cules, which supply energy for other numerous bio-
chemical reactions [35]. Both coenzymes undergo
oxidation and reduction reactions, while of all forms,
reduced NAD (NADH) and oxidized FAD make the
largest contribution to the formation of tissue f luores-
cence spectra. Previous clinical studies have shown
that changes in the f luorescence intensities of NADH
and FAD in tissues are associated with the occurrence
of pathological processes in them, including the devel-
opment of oncological processes [36]. The tissue f lu-
orescence spectrum recorded by the spectrometer is a
consequence of the addition of f luorescence signals
not only of NADH and FAD but also of other endog-
enous f luorophores, like collagen, elastin, porphyrins,
lipofuscin, bilirubin, etc. Fluorescence of these sub-
stances is also excited by light with short wavelengths
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close to the wavelengths of excitation of redox coen-
zymes. For this reason, we should take into account
the contribution of NADH and FAD to the total
recorded fluorescence signal to interpret the differ-
ences observed between healthy and pathologically
altered tissues correctly.

The development of the FS channel for optical
biopsy of malignant neoplasms requires reliable and
reproducible measurements of the spectral character-
istics of normal and pathological tissues in the test
area. For the further introduction of the technology
into clinical practice, it is necessary to conduct studies
aimed at assessing the sensitivity of optical biopsy
devices to changes in the f luorescence signal, reflect-
ing metabolic activity in cell mitochondria, and devel-
oping methods for adjusting the recorded spectrum for
a more accurate interpretation of the data. A common
way to test f luorescence diagnostic devices is to use
specially developed test objects (phantoms). Such
phantoms possess optical properties close to biological
tissues; they are made to simulate spectral characteris-
tics determined by the concentration of various f luo-
rophores [37–39]. Another direction is in vitro and in
vivo studies evaluating the effect of factors that can
cause changes in metabolic activity in tissues. One of
these factors is the use of a wide range of mitochon-
drial inhibitors and uncouplers that directly affect
mitochondrial function. Their action manifests itself
in an abnormal increase or decrease in the accumula-
tion of coenzymes NADH and FAD during biochem-
ical reactions and, therefore, gives a response when
measuring f luorescence intensity [40–42]. However,
most protocols for such studies have been developed
and are used for measurements in cell cultures [43–
47]; few works are devoted to studies adapting this
approach to the whole organs of model animals [32,
48].

The goal of this work was to study the sensitivity of
the measuring channel of an FS device for fine-needle
optical biopsy to the concentration of the main target
endogenous f luorophores associated with cellular
metabolism, to demonstrate the capability of the
developed device of assessing the state of biological
tissues in situ and in vivo.

EXPERIMENTAL
A model experiment was carried out using a device

specially designed for optical biopsy [49], which con-
tains two measuring channels: FS and diffuse reflec-
tance spectroscopy (DRS). In the FS channel, NADH
and FAD autofluorescence was excited by LED radia-
tion at a wavelength of 365 nm and a laser diode radi-
ation with a wavelength of 450 nm [50]. The output
power of the sources used was not more than 1.5 and
3.5 mW, respectively, which ensures compliance with
safety requirements for effective illumination of tissues
[51, 52] and lowers the effect of photobleaching of
coenzymes. To attenuate the backscattered radiation
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Fig. 1. (a) Arrangement of optical fibers in a fine-needle
optical probe of an optical biopsy device: (1) fiber to the
spectrometer, (2) fiber from a 365-nm source, (3) fiber
from a 450-nm source, and (4) fiber from a broadband
source. (b) Location of the optical probe in the standard
needle 17.5 G.
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of the sources, FGL400 and FGL495 filters (Thor-
labs, United States) with cut-off wavelengths of 400
and 495 nm were used with the sources, respectively.
To record the f luorescence spectra in the range of
350–1000 nm, we used a FLAME-T-VIS-NIR-ES
small-size CCD spectrometer (Ocean Optics, United
States).

The DRS channel is necessary to compensate for
the effect of tissue blood supply on the f luorescence
signal; it can also be used to obtain additional infor-
mation about the morphological structure of tissues.
The channel contains an HL-2000-FHSA broadband
tungsten-halogen radiation source (Ocean Optics,
United States) with a range of 360–2400 nm. The con-
trol of the device and processing of the obtained data
were carried out using specially developed software in
the MATLAB environment.

We used a specially developed fine-needle optical
probe with an outer diameter of 1 mm to transmit radi-
ation from sources and collect secondary optical radi-
ation from biological tissue. The probe can be intro-
duced into the studied area through a fine needle with
an outer diameter of 17.5 G (Fig. 1). The probe con-
tains ten optical fibers: a central fiber with a diameter
of 200 μm is used to collect radiation and transmit it to
the spectrometer, and nine fibers with a diameter of
100 μm (three fibers for each source) serve to illumi-
nate the study area uniformly during measurements.
The end of the fiber probe has a bevel of 20° to ensure
tight contact with the tissues. The value of the numer-
ical aperture of the optical fibers in the probe is 0.22.

We used an oxidative phosphorylation uncoupler
(protonophore), namely, carbonyl cyanide m-chloro-
phenyl hydrazone (CCCP), to simulate rapid changes
in the metabolic activity of tissues. The CCCP com-
pound is an inhibitor of oxidative phosphorylation,
increasing the permeability of the mitochondrial
membrane, thereby violating the proton gradient [53].
The application of CCCP to the surface of the tissue
decreases the concentration of NADH in the cells; the
content of FAD, on the contrary, increases. Disrup-
tion of proton transfer along the electron transport
chain leads to the insufficient synthesis of ATP mole-
cules, which causes the gradual destruction of cells
and the death of the body [54].

To obtain the initial CCCP solution from a con-
centrate (Sigma-Aldrich, United States), we selected
dimethyl sulfoxide (DMSO) as a solvent [46]. This
substance is widely used in chemical research as an
organosulfur solvent for other substances. In biopho-
tonics, DMSO is used for optical bleaching of biolog-
ical tissues [55], its antireflection properties are
retained after a long time after exposure [56]. Another
feature of DMSO, essential for this work, is its ability
not only to penetrate biological tissues but also to
transfer other chemical compounds into them [57,
58], which can be used to observe the effect of using a
CCCP solution more clearly.
OP
To select the optimal values of the reliable signal of
tissue f luorescence, depending on the type of tissue
itself and the characteristics of the developed FS chan-
nel, various concentrations of CCCP solution were
tested during the experiment. We used a stock CCCP
solution at a concentration of 1 mM and dilute solu-
tions at a concentration of 0.1 and 0.01 mM, obtained
by dilution of the stock solution with a sodium phos-
phate buffer solution (PBS). The DMSO solution at
the initial concentration of 100% and concentrations
of 10 and 1% after dilution in PBS was used for a blank
experiment without uncoupler.

A clinically healthy male Wistar rat (3 months old)
was used in the study. The rat was anesthetized with
Zoletil 100 (Vibrac, France) in a standard dose and
fixed on a special platform. At the first stage of the
experiment, the measurements were carried out after
applying DMSO and CCCP solutions with a micropi-
pette on the previously prepared abdominal skin. At
the second stage, a laparotomy was performed, fol-
lowed by the application of solutions on the surface of
the liver, heart, and skeletal muscles of the back rat
limbs. The f luorescence spectra were recorded with an
interval of 1 s. A schematic representation of the
experiment is shown in Fig. 2.

After recording the f luorescence spectra, the max-
imum values of the f luorescence intensity in the
ranges of 480–530 nm (for the radiation source of
365 nm) and 500–550 nm (for the radiation source of
450 nm) were selected to analyze the dynamics of the
signal over time. We estimated the relative change in
the f luorescence intensity during the experiment by
calculating the ratio of the f luorescence intensity in
the Nth second of the IFN experiment to the f luores-
TICS AND SPECTROSCOPY  Vol. 128  No. 6  2020
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Fig. 2. Schematic diagram of an experimental setup using a f luorescence spectroscopy channel of a device for conducting fine-
needle optical biopsy. 
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Fig. 3. Changes in the maximum fluorescence intensity in the ranges of 480–530 nm for a radiation source of 365 nm after apply-
ing various concentrations of DMSO; areas of study: (a) skin, (b) muscle, and (c) liver.
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Fig. 4. Changes in the maximum fluorescence intensity in the ranges of 500–550 nm for a radiation source of 450 nm after apply-
ing various concentrations of DMSO; areas of study: (a) skin, (b) muscle, (c) liver, and (d) heart.
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cence intensity recorded at the beginning of IF0 mea-
surements. Based on the obtained relations, the curves
of changes in the maximum fluorescence intensities
with time were constructed.

RESULTS AND DISCUSSION

The power of the radiation sources was selected
regarding the measures to lower the effect of photo-
bleaching. At the beginning of each measurement,
before applying the DMSO and CCCP solutions, f lu-
orescence spectra were recorded under continuous
illumination of the tissue to take into account the pres-
ence of this effect. Slight photobleaching of tissues was
observed in some cases; on average, this effect was
more pronounced for a radiation source of 450 nm. If
photobleaching was not expressed, solutions of sub-
stances were applied, and an array of spectra was
recorded. Part of the signals at various concentrations
OP
of substances acting on the tissues of organs were
found to be unsatisfactory due to the low signal-to-
noise ratio and were not taken into account when ana-
lyzing the data.

The dynamics of changes in the maximum fluores-
cence intensity under exposure to DMSO solutions
(Figs. 3 and 4) show that the f luorescence spectra of
the skin and muscle tissue have satisfactory reproduc-
ibility. The f luorescence of muscle tissue remained
relatively stable (the signal drop was no more than
10%) under the effect of a DMSO solution with differ-
ent concentrations upon excitation by radiation of
both 365 and 450 nm. The signal drop at the skin was
10% or higher in the case of tissue interaction with a
higher (100%) concentration of DMSO. The fluores-
cence intensity in the tissues of the liver and heart
decreased more significantly; in particular, in the liver,
the decrease reached more than 25% (when excited by
TICS AND SPECTROSCOPY  Vol. 128  No. 6  2020
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Fig. 5. Changes in the maximum fluorescence intensity in the ranges of 480–530 nm for a radiation source of 365 nm after apply-
ing various concentrations of CCCP; areas of study: (a) skin, (b) muscle, and (c) liver.
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radiation of 450 nm) even at low concentrations of the
active agent.

Upon excitation at 365 nm, the signal drop was sig-
nificant only when the liver tissue was exposed to a
pure solution of DMSO. We took measures to record
data without the effect of photobleaching; therefore,
we assumed that this might be caused by the toxic
effect of DMSO, which may manifest itself in changes
in the structure of the cell membrane at certain con-
centrations. It is believed that in vivo studies, DMSO
has no toxic effect at concentrations up to 10% [59,
60], but at higher concentrations, this substance
exhibits the properties of a mitochondrial respiration
inhibitor and leads to apoptosis of cells [61, 62]. Also,
data are published about the mechanisms of the toxic
effects of DMSO when using concentrations of 2–4%
[63].

As with measurements with DMSO solutions, we
noted that skin and muscle tissues showed a lower
OPTICS AND SPECTROSCOPY  Vol. 128  No. 6  2020
response to CCCP, regardless of the substance con-
centration, in contrast to liver and heart tissues. Per-
haps this is because CCCP and DMSO had a multidi-
rectional effect on the f luorescence signal and par-
tially compensated each other.

After exposure of liver tissue to a CCCP solution
with a concentration of 0.1 mM, the f luorescence
induced by 365-nm radiation decreased as much as
upon exposure to a 100% DMSO solution (Fig. 5c),
while the main decrease the f luorescence intensity
occurred for the first 20 s. The violation of oxidative
phosphorylation due to the uncoupling of proton tran-
sition leads to increased electron consumption, which
results in more active oxidation of the electron donor
NADH to NAD. Since NAD does not have the same
pronounced fluorescence spectrum as NADH, a
decrease in the concentration of the reduced form of
coenzyme in cells becomes noticeable by a character-
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Fig. 6. Changes in the maximum fluorescence intensity in the ranges of 500–550 nm for a radiation source of 450 nm after apply-
ing various concentrations of CCCP; areas of study: (a) skin, (b) muscle, (c) liver, and (d) heart.
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istic decrease in the maximum fluorescence intensity
over time [46].

Upon excitation of the tissues of the heart and liver
with 450-nm radiation, the application of a 1 mM
CCCP solution caused a significant increase in f luo-
rescence (Fig. 6). The dynamics of the signal growth in
time may be explained as follows. As CCCP causes
increased mitochondrial activity by stimulation of oxi-
dative phosphorylation reactions and increases elec-
tron consumption, an increasing number of reduced
FADH2 molecules are oxidized to FAD, which leads
to an increase in f luorescence intensity [64].

The results of experimental studies showed that the
skin and skeleton parietal muscles of the rat hind paw
were less susceptible to the described chemical expo-
sures, while the internal organs (liver, heart) were
more sensitive and underwent both the expected effect
of uncoupling of oxidative phosphorylation upon
exposure to CCCP and the toxic effect of the DMSO
OP
solvent. The use of different concentrations of solu-
tions did not cause differences in the rate or magnitude
of changes in the f luorescence intensity of the skin and
muscles, while the use of high concentrations of solu-
tions for the liver and heart tissues made it possible to
achieve a more pronounced and faster manifestation
of changes in f luorescence intensity due to the effect
on the metabolic activity of cells in tissues in vivo.

CONCLUSIONS

The use of a wide variety of optical biopsy methods
currently seems to be a promising direction for the
introduction of into clinical practice, since they allow
obtaining additional diagnostic information about the
metabolic state and morphological structure of bio-
logical tissues in real time, which can be essential in
the treatment of oncological diseases. Fluorescence
spectroscopy is one of the promising methods for an
TICS AND SPECTROSCOPY  Vol. 128  No. 6  2020
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initial diagnostic assessment of liver neoplasms
already in the process of FNAB, which can be intro-
duced even in conventional biopsy needles. In this
work, we tested in vivo the sensitivity of the FS chan-
nel of a device developed earlier for optical biopsy
during the FNAB procedure to metabolic changes in
the mitochondria of cells. This is essential for evaluat-
ing carcinogenesis processes in biological tissues,
including the liver, one of the distinguishing features
of which is metabolic disorders caused by active tumor
growth.

The development of protocols and in vivo studies of
the effect of factors that can cause changes in the pro-
cesses of oxidative phosphorylation of mitochondria
can form the basis for a more accurate interpretation
of FS data. The results obtained in this work show the
possibility of adapting the in vitro methodology for
analyzing cell metabolism to such in vivo measure-
ments in organ tissues. However, further studies are
needed aiming at experimental selection of the opti-
mal concentrations of CCCP and DMSO, taking into
account the results obtained in this work, including
conclusions about the toxicity of DMSO on tissues in
vivo. The results presented in this work demonstrated
a more pronounced effect for the f luorescence spectra
contributed mainly by the change in the FAD concen-
tration; therefore, it is of interest to observe a similar
effect caused by changes in NADH. We suggest the use
of other mitochondrial inhibitors and uncouplers in
further studies. For these purposes, a rotenone inhibi-
tor can be used blocking the electron transfer through
complex I, an excess of which is reflected in the rapid
increase in the NADH concentration without signifi-
cant changes in the FAD concentration [65].

The results showed the capability of the FS channel
of an optical biopsy device of detecting f luorescence
changes caused by metabolic changes in tissues, which
confirms the validity of using the device for FNAB in
clinical practice, including in the diagnosis of liver
tumors.
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