A.V. Belikov et al.: 1540 nm LIBS Investigation of Healthy and Pathological Human Nails

doi: 10.18287/JBPE20.06.020310

1540 nm LIBS Investigation of Healthy and Pathological

Human Nails

Andrey V. Belikov, Sergey N. Smirnov, Anastasia D. Tavalinskaya*, and Victoria S. Pomazanova
ITMO University, 49 Kronverksky Pr., Saint Petersburg 197101, Russia

*e-mail: ntavalin@gmail.com

Abstract. The paper discusses the possibility of using laser-induced
breakdown spectroscopy (LIBS) as a method for the diagnosis of human nail
onychomycosis. LIBS spectra obtained with excitation of plasma on the
surface of healthy and onychomycotic nails by pulses of Q switched
Yb, Er: Glass laser radiation with a wavelength of 1540 nm were compared
for the first time. The spectrum of onychomycotic nail contained unique lines
additional to characteristic spectral lines of healthy nails. These additional
lines disappeared after 90 days of sample storage in air at room temperature
20 £ 3 °C. © 2020 Journal of Biomedical Photonics & Engineering.
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1 Introduction

Laser-induced breakdown spectroscopy (LIBS) is a
technology for fast remote chemical analysis based on
the excitation of plasma on the surface of a sample by a
short laser pulse and the study of its spectral
composition. LIBS technology is applicable to many
samples, including metals, semiconductors, glasses,
biological tissues, and others. The accuracy of LIBS
allows one to quantitatively characterize the elemental
composition with high spatial and temporal resolution,
as well as detect substances at their relatively low
concentration — from 2 ppm [1, 2]. The ability to
identify chemical elements is limited only by the
spectral resolution of the used spectrometer (usually
~0.3 nm). LIBS analysis compares favorably with many
other analysis technologies: it is sensitive to elements
with a low atomic number, unlike, for example, X-ray
Fluorescence analysis, and it is sensitive to trace
concentrations of materials, unlike, for example, Prompt
Gamma Neutron Activation Analysis [3]. The extremely
short time required for sample preparation is also an
advantage of LIBS analysis. Of particular interest is the
spectral region from 180 to 850 nm, which includes the
spectral lines of most of the known elements [4].
Onychomycosis is a widespread fungal disease of
the nails. Early rapid diagnosis and treatment of
onychomycosis are very important. If treatment is not
done on time, the infection can progress penetrating
deeper into the nail and destroying it. In addition to
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aesthetic discomfort, onychomycosis can be a cause of
pain during walking, which limits a person's ability to
work. For diabetics, mycoses can provoke the
appearance of ulcers or secondary infection by bacteria
[5, 6]. When detecting onychomycosis, the remoteness
of the analysis performed is very important in order to
avoid contact with the affected tissue and to eliminate
infection of medical personnel. Traditional diagnosis of
onychomycosis requires extraction of the sample and its
study in the laboratory, which takes considerable time
and does not exclude contact with the affected
biological tissue [7]. An optical diagnostic method is
also possible. Traditionally, the color of the nail is
analyzed [8, 9]. Healthy and onychomycotic nails have
different optical properties, as fungi contain unique
chromophores. For example, one of these chromophores
is a polysaccharide chitin present only in fungal cell
walls. Spectral studies are being carried out. In
Ref. [10], the absorption spectra of healthy and
onychomycotic nails were measured. Trichophyton
rubrum showed a unique absorption peak at 415 nm.
This peak most likely corresponds to mitochondrial
cytochrome absorption. However, in medical practice
when diagnosis of onychomycosis the spectral methods
are not currently widely used. All this necessitates the
search for new effective remote sensing methods as one
of which LIBS analysis can be considered.

The nail consists of a large number of chemical
elements, 26 of which relate to essential and structural
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micro- and macroelements (Cl, I, B, V, Fe, K, Ca, Co,
Si, S, Li, Mg, Mn, Cu, Mo, Na, Ni, Se, P, Cr, Zn, O, N,
C, H, F), the rest are toxic [10]. The 82 emission lines
belonging to the atomic and ionic lines of 13 elements —
Al C, Ca, Fe, H, K, Mg, N, Na, O, Si, Sr, and Ti — can
be identified in the LIBS spectrum of the nail [11-14].
LIBS analysis does not require sample extraction, as it
can be performed in vivo. Elemental analysis of nails
can be used not only for the diagnosis of nail diseases,
but also for detecting an imbalance of elements and the
presence of pathological processes in the human body as
a whole [14, 15]. In the latter case, an analysis of the
intensities ratios of emission lines in the LIBS spectra
can serve as an indicator of the level of a pathology.
Using the LIBS technology, it is possible to identify
various types of fungi and bacteria [16, 17]. For
example, the Candida LIBS spectrum reveals the
elements C, N, H, O, and CN [17]. Thus, depending on
the type of pathogen, the spectrum of the
onychomycotic nail can probably change.

A difference was found [14] in the LIBS spectra of
normal and pathological nails when analyzing the
intensities of calcium, sodium, and potassium lines. To
excite the plasma, the radiation of a frequency-doubled
Nd: YAG laser (A=532nm) was used, which is the
main drawback, because does not exclude damage to the
eyes of the doctor and patient during LIBS excitation at
this wavelength. The radiation of a Yb, Er: Glass laser
(A = 1540 nm), in contrast to the radiation of frequency-
doubled Nd: YAG laser (A =532 nm), belongs to the
eye-safe spectral range, since the radiation of this laser
is absorbed by hydrated tissues of the anterior segment
of the eye and does not reach the more sensitive
retina [18-20]. In this regard, 1540 nm LIBS analysis
can be an effective, remote and safe method for
diagnosing a wide range of diseases, including the
diagnosis of onychomycosis.

The main goal of this work was to study the
possibility of using the radiation of a compact
Q-switched Yb, Er: Glass laser (A = 1540 nm) for LIBS
detection of the nail region affected by onychomycosis.

2 Materials and Methods

The in vitro study involved one sample of healthy
fingernail and one sample of onychomycotic human
fingernail obtained from the same volunteer in order to
avoid the influence of physiological, genetic and other
factors when comparing the spectra obtained from a
healthy and diseased nail. The 30 healthy human
fingernail samples obtained from 5 other volunteers
were also investigated. After separation from the nail,
samples were stored in a dark place at a temperature of
20+ 3 °C for no more than 24 h for the spectral
measurements just after extraction and 90 days for the
measurements after longer storage. Photos of the
healthy fingernail and the onychomycotic fingernail of
the same volunteer before their separation from the nail
are shown in Fig. 1.
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Fig. 1 Photos of healthy (a) and onychomycotic
(b) fingernail of the same volunteer (dashed line marks
the border of onychomycotic area)

During the LIBS investigation, the laser beam was
focused on the dorsal layer of the nail plate. The change
of the nail plate color, its delamination and crumbling
are typical signs of onychomycosis. The area of the nail
affected by onychomycosis usually becomes white or
yellowish [8, 9]. Thus, the color serves as an indicator
of the presence of infection in the nail. For present LIBS
analysis, a sample of a nail affected by onychomycosis
was taken from a region having a yellow color (this
region is indicated by a dashed line in Fig. 1b).

The scheme of experimental setup for LIBS analysis
of nail samples is shown in Fig. 2a.

I

SD2000

(a)
5 ns/div.

(b)
Fig. 2 Scheme of the experimental setup (a):
1 — Yb, Er: Glass-laser, 2 — focusing system,
3 — nail sample, 4 — sample positioning system,
5 — receiving fiber of spectrometer, 6 — fiber-optic
spectrometer, 7 — computer; (b) oscillogram of

Yb, Er: Glass-laser pulse.
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Plasma was excited on the surface of human nail
plate samples by pulses of passively Q-switched
YD, Er: Glass laser (Nela Ltd., Russia) with a
wavelength of 1540 nm. The laser pulse energy was
E=2.40+0.05mJ, the pulse duration was t=28ns
(FWHM) (Fig.2b). The radiation intensity on the
surface of the nail plate reached 1.4x10'° W/cm® and
was close to the radiation intensity of neodymium lasers
commonly used for LIBS analysis [15]. The emission
spectra of laser-induced plasma were recorded using a
“USB-2000” (OceanOptics, Inc., USA) fiber-optic
spectrometer with spectral resolution of 1.5 nm. This
model has the ability to external trigger by a TTL
signal. The start of the spectrometer was synchronized
with a laser pulse exciting the plasma. The laser pulse
was detected by a photodiode placed in the laser
housing, which triggered the pulse generator. The signal
from the pulse generator with duration of 2 us and a
delay of 10 us relative to the laser pulse was used as an
external  hardware trigger. The “SpectraSuite”
(OceanOptics, Inc., USA) software package was used to
control the spectrometer. The integration time 10 ms
was set in this program and the spectral signal was
recorded within this period after laser exposure.

Radiation from the plasma plume was captured by
the receiving fiber of a spectrometer with a core
diameter of 125 pm. The input end of the receiving fiber
was located at ~10 mm from the sample surface at an
angle of ~45° to its normal line. A thin (~200 um) silica
glass plate was placed in front of the input fiber end
preventing it from being contaminated by particles of an
erosion plume leaving the mnail surface. Spectra
collection was performed by averaging the spectra
obtained as a result of exposure to ten consecutive laser
pulses.

The emission spectra of laser-induced plasma
excited on the surface of healthy nail samples were
recorded just after extraction. The spectra of the nail
sample affected by onychomycosis were recorded both
just after extraction and after 90 days of longer storage.
The intensity of the obtained spectra was normalized
(normalized intensity) to the line of air N+O at a
wavelength of 500 nm, which was chosen as the
reference, since air is always present during the
experiment, in addition, it does not change significantly
its composition under laboratory conditions.

3 Results and Discussion

The emission spectra of the plasma induced by the
radiation Q-switched Yb, Er: Glass laser with a
wavelength of 1540 nm on the surface of healthy nail
samples just after extraction, as well as the nail affected
by onychomycosis, just after extraction and after
90 days of longer storage are presented in Fig. 3a. The
LIBS spectrum of a healthy nail shown in Fig. 3a was
obtained by averaging the spectra of healthy nails of all
volunteers studied just after extraction. It should be
noted that the LIBS spectra of healthy nails of all
volunteers did not have any significant differences
between themselves.
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It can be seen that the LIBS spectra of human nail
samples contain a continuous component of the
emission of plasma electrons, as well as lines of
individual chemical elements against its background.
The presence of a continuous component is due to the
fact that the spectrum was recorded immediately after
laser irradiation. The contribution of the continuous
component to the recorded spectrum may be reduced by
introducing a time delay between the moment the laser
exposure begins and the moment the spectrum is
recorded [21]. This is relevant in the case when the
continuous component of the spectrum does not allow
resolving the lines of elements. In our case, the lines of
the elements were well resolved against the background
of the continuous spectrum.

It can be seen that the main elements in the LIBS
spectra of healthy nails are Call (393 nm),
Cal (423 nm, 434nm, 445nm), Na (589 nm) and
K (766 nm). The intensities of the lines of these
elements in the spectra of healthy and onychomycotic
nails differ from each other. We have not observed the
shift of these spectral lines in transition from healthy to
onychomycotic nail. In Ref. [22], the LIBS spectra of
nails of people of different age and sex were studied.
The results show that the line intensities of Ca, Al, Ti, P
and K elements are higher among women, and Mg and
Na — for men. It was found that the intensity of the lines
of Ca and K decreases with increasing age for both
sexes. As in our study, in Ref. [22] authors no shift of
spectral lines is observed.

In addition, the unique lines at 543.25, 545.75, and
611.5 nm (see Fig. 3b) may be found in the spectrum of
just extracted onychomycotic nail, while the intensity of
these lines in the LIBS spectrum of just extracted
healthy nails is at the level of the continuous component
of the emission of plasma electrons. Taking into account
the resolution of the “USB-2000” (OceanOptics, Inc.,
USA) fiber-optic spectrometer, these three lines can be
correlated with the following elements:
54325+ 0.75nm — S, Mg, Fe, Cu, Mn, I, V, Br, P;
545.75 £ 0.75 nm — S, Mn, Fe, Cu, N, Mg, Ca, Cl, As, I,
V, P, and 611.5+0.75 nm — S, Mn, Cu, Cl, S, Zn, Fe,
Cu, N, Al Ca, Br, Cd, As, V [23]. Elements missing in
a healthy nail are highlighted in bold. Fungi can collect
elements that are nutrients for them, as it was shown for
Candida [24]. These elements include S, Cu, Zn,
ammonium, Al, Ca, Mg, Fe, Br, Cd, As, I, Mn, Se, V,
sulfates, phosphates, and chlorides in small
amounts [25-27]. In Ref. [28], samples of healthy and
onychomycotic toenails were analyzed by using an
inductively coupled plasma-optical emission
spectrophotometer to detect the difference in
concentrations of such trace elements as Cr, Cu, Fe, Mg,
Mn, Se, and Zn. The study showed that Mg, Mn, and Zn
levels were significantly changed in toenails with
onychomycosis compared to healthy controls, but the
difference in Mg levels was the only element
independent of age, sex, and smoking [28]. Thus, the
unique lines found in our study in LIBS spectrum of
onychomycotic nails are difficult to final identify. This
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Fig. 3 Typical 1540 nm LIBS spectra of samples of a healthy nail, a nail affected by onychomycosis just after extraction
and the same nail after 90 days of longer storage (a), and a histogram of the relative intensity of the spectral lines of the

elements containing in these samples (b).

identification may be performed in the future using a
higher-resolution spectrometer and more amount of
onychomycotic nail samples.

Fig. 3b shows a histogram of the relative intensity of
the spectral lines of the elements contained in the
samples of a healthy nail, a just extracted nail affected
by onychomycosis and the same nail after 90 days of
longer storage. Relative intensity was determined by
subtracting the value of normalized intensity of the
continuous component of the spectrum at the
wavelength of the element's line from the value of the
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normalized intensity of this line. There are no standard
deviation bars in Fig. 3b for onychomycotic nail
because only one sample of onychomycotic nail was
used in the study, and based on the results of measuring
the spectrum from one sample, it is impossible to
conduct a standard statistical study on the effect of
possible  differences between samples on the
measurement results. In the experiment with this one
sample, we did not register statistical differences in the
LIBS spectra obtained in different regions of the sample
surface.
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LIBS spectra obtained in different regions of the sample
surface.

It is seen that for the just extracted nail affected by
onychomycosis relative intensity of the Ca II (393 nm),
Cal (423 nm), Cal (445 nm) lines are 2.2, 1.9 and
1.4 times higher than the relative intensity of these lines
in LIBS spectrum of healthy nails, respectively. The
intensity of the Ca I line (434 nm) in the spectrum of a
healthy nail is equal to the intensity of this line in the
spectrum of the onychomycotic nail just after extraction.
The intensity of the Na (589 nm) and K (766 nm) lines
in the spectrum of the just extracted onychomycotic nail
is higher than the intensity of this line in the LIBS
spectrum of a just extracted healthy nail by 18.6 times
and 3.3 times, respectively. The unique lines in the
spectrum of onychomycotic nail just after extraction
have the same relative intensity equal to 0.31 a.u. The
presence of the unique lines in the spectrum may
indicate the presence of the vital products of the fungus
in the sample.

After 90 days of longer storage the unique lines were
not detected in the LIBS spectrum of the sample
affected by onychomycosis. This may be due to the
death of the fungus as a result of sample storage, since
in the extracted nail plate it does not receive enough
nutrients to support vital activity. The intensity of Ca I
lines at wavelengths of 423 nm and 434 nm increased as
a result of longer storage, but not much — by 1.54 and
1.16 times, respectively, and at a wavelength of
445 nm — decreased by 1.2 times. The intensity of
K line (766 nm) remained practically unchanged. The
intensity of the Na line (589 nm) decreased by 1.3 times
as a result of longer storage. It is also worth noting that
the Ca Il line's intensity (393 nm) increased by 8 times
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in the spectrum of the onychomycotic sample after
90 days of longer storage, which may be due to
dehydration of the nail plate.

4 Conclusion

Pilot LIBS detection of onychomycosis with excitation
of plasma on the surface of nail with eye-safe radiation
of compact Q-switched Yb, Er: Glass laser with a
wavelength of 1540 nm was performed. The difference
was found in the LIBS spectra of a healthy and
onychomycosis-affected nail plate in vitro. Based on the
data obtained, an original method and apparatus for the
early rapid diagnosis of fungal diseases of the nail may
be developed. During the transition to in vivo studies,
the main limitations may be associated with the
contribution of the nail surface — its relief, curvature and
purity (the presence of foreign substances, including
residues of solvents, drugs, cosmetics, etc.) will affect
the measurement result. In addition, it will be possible
to encounter the variance in measurement results when
scanning the surface of the nail. All these features can
influence the result of the LIBS spectrum registration.
Under in vivo conditions, these features are difficult to
control, which will most likely require additional
research and improvement of the measurement
technique.
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