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Abstract. The paper discusses the active delivery of a drug (methylene blue 
solution) through the Er:YLF-laser-perforated nail plate using pulsed 
radiation of microsecond Yb,Er:Glass laser. Different methods of laser impact 
on liquid drug are considered: by focused and diverging laser beam. It was 
established that both discussed methods can provide sufficient dose of the 
drug for the treatment of onychomycosis. © 2019 Journal of Biomedical 
Photonics & Engineering. 
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1 Introduction 
Drug delivery remains an important task, including in 
the treatment of one of the common pathologies of the 
nail – onychomycosis. Currently, the treatment of 
onychomycosis with the help of local drugs, including 
photodynamic preparations, is ineffective, since the low 
permeability of the nail plate limits the delivery of a 
therapeutically sufficient amount of the drug to the 
lesion. Solutions of methylene blue [1], radachlorin [2], 
photoditazine [3], etc. are often used as photodynamic 
preparations. The permeability of the nail plate can be 
increased using chemical (acids, alcohols, glycols, etc.), 
physical (microperforation, iontophoresis, sonophoresis, 
electroporation; ultrasonic and laser drug delivery) and 
mechanical (injection, nail plate removal or mechanical 
perforation) [4–12] methods. Delivery can be passive or 
active. The latter occurs as a result of any external 
impact. 

To accelerate the delivery of drugs under the nail 
plate, an array of microholes is used, created, among 
other methods, as a result of exposure to laser radiation. 
Amount of the drug delivered increases in proportion to 
the increase in the number of microholes in the array. In 
the paper [11] CO2-laser-produced microperforation of 
the nail plate allowed to target the “Exelderm” in the 
form of liquid solution and cream with 1% Sulconazole 
nitrate concentration to the depth of more than 370 µm. 
In Ref. [13] the fractional CO2-laser assisted drug 
delivery for effective and safe treatment of 
onychomycosis is discussed. It is shown that tazarotene 
0.1% gel and tioconazole 28% solution are effective in 

onychomycosis treatment, moreover, the thermal impact 
of CO2-laser radiation is suggested to play a positive 
role in fungi destruction. For efficient microperforation, 
Er:YLF laser radiation [14] can also be used.  

Unfortunately, drugs have an extremely low 
penetration rate in passive delivery including through an 
array of microholes. The passive drug delivery of water-
alcohol methylene blue (MB) solution requires about 
60–120 s, and water solution of MB do not penetrate 
through microholes with diameter 220–350 µm [15]. 

The impact of pulsed radiation of near and middle 
IR lasers can initiate hydrodynamic effects in liquids. 
Experimental studies shown that irradiation of water 
with pulses of Er:YAG [15], Er:YSGG [17], 
Ho:YAG [17,18] and Yb,Er:Glass [19–21] lasers, 
whose wavelengths lie near its intense absorption bands, 
can stimulate the appearance of thermoelastic waves 
and cavitation processes in water, accompanied by the 
generation of pressure transients. In Refs. [19–21] the 
hydrodynamic effects initiated in water by microsecond 
pulses of Yb,Er:Glass laser with a wavelength of 
1.54 µm are considered in detail. A significant influence 
of these effects on the removal efficiency of soft tissue 
was established [20, 22]. 

The rate of penetration of drugs into biological 
tissue can be increased due to the excitation of laser-
induced hydrodynamic effects [23, 24]. In Ref. [24], a 
method used laser‐induced hydrodynamic shock waves 
was proposed and investigated for the rapid delivery of 
solid microparticles, nanoparticles and fluids into 
tissues through multiple microchannels created as a 
result of Er:YAG laser fractional microablation. Among 
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other things, it was shown that the active delivery of 
ZrO2 particles to microchannels induced by 
hydrodynamic shock waves generated by Er:YAG laser 
pulses performed at very high speed. 

Unfortunately, the method combining effective laser 
microperforation and effective active laser delivery of 
drugs for the treatment of onychomycosis is not still 
described in literature. This stimulated the authors of 
this work to study the active delivery of a photodynamic 
drug (0.25% methylene blue aqueous solution) to the 
nail bed through a single microhole (created in the nail 
plate by Er:YLF laser pulses) as a result of the 
excitation of hydrodynamic processes in the drug 
solution by the radiation of Yb,Er:Glass laser. 

Thus, the purpose of the current study is to 
determine the possibility of active laser delivery of the 
aqueous solution of methylene blue through a single 
microhole in the nail plate in vitro, determining the 
dependence of the number of pulses required for active 
laser drug delivery and the mass of the drug penetrated 
under the nail plate on the thickness of the drug layer, 
with diverging and focused Yb,Er:Glass laser radiation. 

2 Materials and methods 
In experiments in vitro, the samples used represented 
fragments of healthy nail plates of 7 volunteers aged 
22–45 years (2 men and 5 women). Fragments were 
obtained as a result of mechanical cutting of the upper 
edge of the nail as it grows normally. A total of 250 
samples were examined. Samples were stored outdoors 
at room temperature in a dark place for no more than 30 
days. Before experiments, the samples were 
mechanically cleaned of dirt and washed with distilled 
water. The average thickness of the samples was 
350 ± 20 µm. 

To produce microholes in the nail plate, Er:YLF 
laser radiation (λ = 2.81 µm) was used. The scheme of 
the experimental setup is shown in Fig. 1(a). The pulse 
duration of the Er:YLF laser was 270 ± 10 µs (base) 
(Fig. 1(b)).  

The laser pulse energy (E) was 4.0 ± 0.1 mJ at a 
pulse repetition frequency (f) of 30 Hz. The diameter of 
the laser beam on the surface of the nail plate was 
220 ± 15 µm. To control the shape and depth of the 
microholes, an optical microscopic registration of the 
appearance of laser-induced microdamages of the nail 
plate and the appearance of their longitudinal sections 
was carried out using an “Axio Scope A1” microscope 
(Carl Zeiss, Germany). A single through microhole with 
a diameter of ~300 µm was formed in the nail plate 
when exposed to 30 pulses of laser radiation. In 
Ref. [15] was obtained that at 300 µm hole’s diameter 
the rate of 0.25% alcohol MB solution penetration is 
closed to maximal. The further increase in hole’s 
diameter influenced the penetration rate not significant. 

Experimental setup for the study of the process of 
active delivery of the aqueous methylene blue solution 
through a single microhole in the nail plate is presented 
in Fig. 2(a). 

The time structure of Yb,Er:Glass laser pulse was 
obtained using the “FGA01” (Thorlabs, Inc., USA) 
InGaAs photodiode with 300 ps rise time connected to 
oscilloscope through a 50 Ω load. The pulses of 
Yb,Er:Glass laser radiation used for active delivery had 
a pronounced high-intensity “leading” spike (Fig. 2(b)), 
which makes it possible to amplify the excitation 
hydroacoustic effects [20]. The energy of Yb,Er:Glass 
laser pulse varied in the range from 10 to 100 mJ, the 
pulse duration was 1.5 ± 0.5 µs (base). 

To visualize the penetration of the drug the paper 
with a density of 80 g/m and a thickness of 100 µm was 
placed under the sample. Coloration of the paper 
indicated the penetration of the drug through a 
microhole in the nail plate. The nail plate and paper 
were pressed against the glass substrate in such a way as 
to ensure tight contact between them. A 0.25% aqueous 
solution of methylene blue (250 mg of methylene blue 
powder per 100 g of distilled water) was used as a drug.  

 

 
a       b 

Fig. 1 Scheme of the experimental setup for creating microholes in the nail plate (a): 1 – Er:YLF laser;  
2 – plano-convex lens (F = 50 mm), 3 – nail plate on a glass substrate; 4 – germanium photodetector, 5 – oscilloscope; 
Er:YLF laser pulse (E = 4 mJ) (b). 
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a 

 
b 

Fig. 2 Scheme of the experimental setup for 
investigating the process of active delivery of a 
methylene blue solution through a perforated nail plate 
(a): 1 – Yb,Er:Glass laser (λ = 1.54 µm); 2 – Fresnel 
attenuator; 3 – beam splitter; 4 –“PE50BF-C” sensor 
(Ophir Optronics Ltd., Israel); 5 – unit for coupling 
laser radiation into the optical fiber; 6 – energy meter 
“Nova II” (Ophir Optronics Ltd., Israel); 7 –
 oscilloscope; 8 – InGaAs photodetector; 9 – computer; 
10 – fiber output; 11 – drug injection needle (methylene 
blue solutions); 12 – glass substrate; 13 – “DTX 50” 
USB digital microscope (Levenhuk, Inc., USA); 14 – 
“Prima Expert” digital USB-microscope (LOMO OJSC, 
Russia); 15 – nail plate; 16 – paper; Yb,Er:Glass laser 
pulse (E = 100 mJ) (b). 

This concentration is safe for the human body and 
effective against fungi and bacteria. Methylene blue is a 
widely used photosensitizer for photodynamic therapy 
of fungal diseases [1]. The choice of this drug is also 
because it has a rich blue color and is well visualized on 
the paper. A layer of the aqueous methylene blue 
solution was applied to the surface of the nail plate with 
a single microhole using a micropipette. The thickness 
of the drug (MB) layer h was controlled by an optical 
method, while photographs of the nail plate without and 
with the drug layer were analyzed. 

Active delivery was carried out in two ways: 1) by 
diverging Yb,Er:Glass laser radiation from the output of 
quartz fiber (NA = 0.18, d = 470 µm, the distal end of 
the fiber was placed at different distances from the drug 
solution surface); 2) by focused radiation of 
Yb,Er:Glass laser (F = 11 mm, laser beam diameter 
db = 250 ± 20 µm, focus on the surface of the nail plate). 

The laser impact was implemented coaxially to the 
center of the microhole. The moment of paper 
coloration as a result of penetration of the drug under 
the nail plate was recorded using a digital USB 
microscope “Prima Expert” (LOMO OJSC, Russia). 
This moment corresponded to the “initialization” of the 
drug delivery. So, the fact of active drug delivery was 
detected by paper coloration. The experiment 
determined the number of laser pulses required for this 
“initialization”. 

The mass of the drug applied to the surface of the 
nail was determined by multiplying the drop volume by 
the density of the drug solution, which was taken equal 
to the density of water due to the low concentration of 
the dye. The mass penetrated under the nail plate with a 
single microhole was determined by weighing a piece of 
paper before and after the “initialization”. For 
methylene blue, a dose of 5–10 mg/cm2 can be 
considered as therapeutically sufficient [25]. In the 
experiment, the dose of the drug penetrated under the 
nail plate was determined as the ratio of the mass of the 
drug penetrated during "initialization" to the area of a 
single microhole in the nail plate. 

3 Research results 
Using pulsed diverging Yb,Er:Glass laser radiation 
delivered via optical fiber whose distal end is located at 
a distance of H = 0.1 mm from the surface of drug drop 
applied to the nail plate it was possible to initiate the 
active drug delivery (detected by paper coloration) for h 
up to 1 mm at pulse energies E ≥ 20 mJ (Fig. 3(a)).  

In the studied range of h (0.1 ÷ 1.0 mm), except for 
the range h = 0.9 ÷1 mm for E = 20 and 30 mJ, an 
increase in h resulted in a decrease in the number of 
pulses required for “initialization”. The fastest 
"initialization" was obtained for h = 1.0 mm with 
E = 40 mJ, the number of pulses required for 
"initialization" in this case was N = 1. 

The dependences of the mass of the drug (PM) 
penetrated through a single microhole in the nail plate at 
“initialization” on h at different energies of Yb,Er:Glass 
laser pulses and N = 50 are shown in Fig. 3(b). It can be 
seen that the dependences are not monotonic, but have a 
pronounced maximum, which depends on the pulse 
energy. For E = 20 mJ, the maximum PM = 2 mg was 
observed at h = 0.8 mm; for E = 30 mJ, the maximum 
PM = 3 mg was also observed at h = 0.8 mm; for 
E = 40 mJ, the maximum PM = 3 mg was observed at 
h = 0.6 mm and for E = 50 mJ – at h = 0.2 mm 
(maximum PM = 1 mg). 

The influence of the distance H from the distal end 
of the optical fiber to the surface of drug drop on its 
“initialization” was also investigated. The diameter of 
laser spot ds in a plane perpendicular to the beam axis 
and passing through the upper point of the drop, took 
values 0.83 ÷ 3.35 mm. It was established that when the 
optical fiber is at the distance H = 1 mm up from the 
drop surface (ds = 0.83 mm), the “initialization” of drug 
delivery through a microhole occurs when applying 
three Yb,Er:Glass laser pulses with an energy of 60 mJ.  
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a 

 
b 

Fig. 3 Dependence of the number of pulses necessary 
for active laser drug delivery from the energy of laser 
pulse (a) and the mass of the drug penetrated (PM) 
under the nail plate from the thickness of MB layer h (b) 
when using diverging Yb,Er:Glass laser radiation 
(H = 0.1 mm, N = 50). 

When E = 80 mJ and 100 mJ, “initialization” occurs 
after just one pulse. When the optical fiber was at the 
distance H = 5 mm up from the drop surface 
(ds = 2.27 mm), “initialization” of drug delivery was 
observed only when applying 100 mJ Yb, Er:Glass laser 
pulse, but also after the one laser pulse. When the 
optical fiber was at H = 8 mm (ds = 3.35 mm), there was 
no “initialization” of drug delivery under the nail plate. 

Similar dependences were obtained during the 
“initialization” of drug delivery by focused radiation of 
a Yb,Er:Glass laser (Fig. 4). The number of pulses 
required for initialization in this case also first decreases 
with increasing h and then increases (Fig. 4(a)). The 
fastest initialization was obtained with h = 0.2 ÷ 0.8 mm 
and E = 30 mJ, the number of pulses required for 
“initialization” in this case was N = 1. 

As for diverging radiation, dependencies of the mass 
(PM) of the drug penetrated through a single microhole 
in the nail plate at “initialization” on h at different 
energies of Yb,Er:Glass laser pulses and N = 50 (Fig. 4 
(b) had maxima but, in this case, these maxima were 
observed at h = 0.8 mm for all pulse energies.  

 
a 

 
b 

Fig. 4 Dependence of the number of pulses necessary 
for active laser drug delivery from the energy of laser 
pulse (a) and the mass of the drug penetrated (PM) 
under the nail plate from the thickness of MB layer h (b) 
when using focused Yb,Er:Glass laser radiation 
(F = 11 mm, ds = 250 ± 20 µm, focus on the nail plate 
surface, N = 50). 

In Figs. 3(a) and 4(a), the decrease of pulse number 
N with the increase in laser pulse energy E occurs 
because with increasing E decreases the number of 
pulses required to achieve a pressure at the entrance to 
the microhole sufficient for MB to enter it. The pressure 
changes as a result of laser-induced heating of MB and 
the resulting hydrodynamic effects. The magnitude of 
this pressure is determined by the parameters of laser 
radiation, the properties of MB, properties of the nail 
and the size of the microhole. In Figs. 3(b) and 4(b), it is 
possible to note the presence of a maximum PM. In 
Fig. 3(b), the maximum PM shifts from h = 0.8 mm to 
h = 0.2 mm with increasing E from 20 mJ to 50 mJ. In 
Fig. 4(b), the position of the maximum does not depend 
on E and corresponds to h = 0.8 mm. The shift of PM 
maximum can be attributed to the MB spatter observed 
during this experiment, which is associated with the 
formation of a steam-gas bubble near the MB surface 
and its exit to the drug surface. The contribution of 
spatter to the reduction of PM for diverging Yb,Er:Glass 
laser radiation increases with increasing E and does not 
depend on E for focused laser radiation. The last one 
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can be associated with a significant excess of the power 
density of the focused laser radiation over the spatter 
effect threshold. One can also see that PM for focused 
laser radiation is significantly higher than PM for 
diverging laser radiation. This effect can also be related 
to the difference in power densities for both of these 
modes. The power density of focused laser radiation is 
greater than the power density of diverging laser 
radiation, since for focused radiation, db = 250 ± 20 µm, 
and for the defocused at H = 0.1 mm, the spot diameter 
is about 500 µm. It should also be noted that the PM 
maximum at h = 0.8 mm correlates with the depth of 
water absorption of laser radiation with a wavelength of 
1.54 µm. 

 

a 

 

b 

Fig. 5 The percentage of PM relative to the mass of the 
applied drug (PMR) at different thickness of MB, pulse 
energies E and N = 50 when using diverging 
Yb,Er:Glass laser radiation with H = 0.1 mm (a) or 
when using focused on the nail plate surface 
Yb,Er:Glass laser radiation with F = 11 mm and 
ds = 250±20 µm (b). 

Fig. 5 shows the percentage of PM relative to the 
mass of the applied drug – PMR. Fig. 5(a) shows the 
relationship of the mass of the drug applied to the nail 
plate surface with the PM at different h, pulse energies 
of the diverging Yb,Er:Glass laser radiation, 
H = 0.1 mm and N = 50. Fig, 5(b) shows the 

relationship (PMR) of the mass of the drug applied to the 
nail plate surface with the PM at different h and pulse 
energies of focused Yb,Er:Glass laser radiation and 
N = 50. 

It can be seen that the maximum percentage of PM 
relative to the mass of the drug applied to the nail 
surface reaches 47.8% at h = 0.6 mm, N = 50 and 
E = 40 mJ, while the dose of the penetrated drug is 
85.7 ± 10 mg/cm2 and exceeds therapeutically sufficient 
dose. A further increase in h and energy E (at 
h > 0.3 mm) leads to a decrease in this ratio due to 
splashing of the drug. 

It can be seen that in active delivery by focused 
Yb,Er:Glass laser radiation, the mass ratio of the applied 
drug to PM at best (at E = 30 mJ and h = 0.8 mm) 
reaches 4.2%, which is almost an order of magnitude 
less than in active delivery by diverging radiation. 
However, the maximum dose of the penetrated drug in 
active delivery with focused radiation was 
225.7 ± 15 mg/cm2, which is higher than with active 
delivery by diverging radiation and also exceeds the 
therapeutically sufficient dose. This effect is because 
when exposed to focused radiation, the drug solution is 
sprayed (splashing) and requires additional application 
after every two-laser pulses. Splashing of the drug 
during active delivery by focused Yb,Er:Glass laser 
radiation can be associated with both a change in the 
geometry of the laser impact and an increase in power 
density as a result of a decrease in laser spot diameter  

4 Conclusion 
The features of the active delivery of 0.25% methylene 
blue aqueous solution through the nail plate 
microperforated by Er:YLF laser radiation are 
investigated under various conditions of excitation of 
hydrodynamic effects in this solution by Yb,Er:Glass 
laser radiation. It is established that active delivery is 
most effective when using diverging Yb,Er:Glass laser 
radiation (E = 40 mJ, h = 0.6 mm, H = 0.1 mm). In this 
case, the drug is delivered under the nail plate when 
exposed to a single laser pulse, and within 50 laser 
pulses 3 mg of solution can be delivered. At the same 
time 47.8% of the drug mass applied to the nail surface 
penetrates the nail plate and the drug dose penetrated 
under the nail plate is 85.7 ± 10 mg/cm2. The highest 
dose of the drug penetrated under the nail plate was 
fixed when exposed to focused radiation of Yb,Er:Glass 
laser (E = 30 mJ and h = 0.8 mm) and amounted to 
225.7 ± 15 mg/cm2. 

Thus, in active laser delivery a quantity of the drug, 
well above the therapeutically sufficient dose, 
penetrates under the nail plate due to the excitation of 
hydrodynamic effects by the radiation of Yb,Er:Glass 
laser. 
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