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Abstract.  We study several regimes of fractional laser microabla-
tion using a pulsed Er : YAG laser for producing microchannels of 
different depth and incisions that allow transcutaneous delivery of 
particles of different size, namely, Al2O3 (27 mm), ZrO2 (smaller 
than 5 mm) and TiO2 (smaller than 100 nm). The shock wave regime 
was used both for enhancing the penetration of particles into the 
ablation zones and as an independent method of particle delivery 
into the skin. Based on optical coherence tomography we assessed 
the coherent depth of particle detection in the skin in 2 hours, 3 days 
and 10 days after the administration. The maximal localisation 
depth (up to 450 mm) was obtained for TiO2 nanoparticles in the 
regime of incisions with enhancement of particle penetration by 
pulses of a multiple-beam hydrodynamic shock wave. The results of 
the study can be useful for developing new methods of transcutane-
ous delivery of micro- and nanocarriers of medicinal preparations. 

Keywords: fractional laser microablation, skin, delivery of micro- 
and nanoparticles, hydrodynamic shock wave, optical coherence 
tomography. 

1. Introduction

Transcutaneous delivery of micro- and nanoparticles attracts 
great attention of researchers. In particular, a number of 
papers is devoted to introducing titanium dioxide nanoparti-
cles into the surface skin layers with the aim of creating an 
ultraviolet (UV) filter [1 – 3]. Nanoparticles are efficiently 
used both for contrasting tissue inhomogeneities in the course 
of imaging [4 – 6] and for drug delivery and the intradermal 
depot formation [7 – 9]. Multiscale biocompatible micropar-
ticles of various types can also serve as containers for the 
transdermal transport of preparations [10,  11]. The main 
advantages of transcutaneous delivery of preparations are as 

follows: 1) minimal invasiveness or non-invasiveness; 2) 
improved pharmacokinetics; and 3) directionality [12].

The epidermal layer of skin is a natural barrier against the 
penetration of exogenous substances into the inner layers of 
dermis. The most frequently used methods of overcoming this 
barrier are 1) the use of natural transport routes, i.e., the 
appendages of skin (hair follicles and sebaceous glands) 
[7, 12 – 15]; and 2) the creation of artificial channels (various 
methods of microporation) [8, 12, 13 – 19].

The appendages of skin are routes for noninvasive and 
sometimes sufficiently efficient delivery of nanoparticles. 
However, it was noted that the particles with the diameter 
~100 nm and larger cannot exit from the skin appendages 
into the surrounding tissue [20]. In contrast to nanoparticles, 
the microparticles having a diameter of 9 – 10 mm penetrate 
neither through the follicular orifices, nor into the stratum 
corneum, and instead are concentrated around the follicular 
orifices [21]. Small microspheres (smaller than 3 mm) pene-
trate well into the skin appendages, but are observed only in 
the surface layers of stratum corneum and never in living epi-
dermis [22]. Thus, if it is necessary to introduce the particles 
of submicron or micron size into the dermis, the preferable 
method is to produce artificial microchannels in the skin. 

Fractional laser microablation (FLMA) is an efficient and 
safe method of the skin microporation that allows the thermal 
production of microscopic damages of different depth and 
diameter, depending on the parameters of laser impact 
[18, 23 – 31]. Lasers used for tissue ablation generate radiation 
at wavelengths that coincide with absorption bands of water, 
e.g., Er : YAG laser (2 940 nm) and CO2 laser (10 600 nm) [26], 
the former being used most frequently for the aims of skin 
perforation. Thus, using a micro-pulsed impact of the 
Er : YAG laser it is possible to form vertical microchannels 
with a depth from 20 to 500 mm and a diameter from 50 to 
200 mm [18, 23, 25, 29, 30], as well as horizontal cuts with a 
length of 5 mm and a depth from 150 to 300 mm [24]. In 
Ref. [31] the possibility of making channels with a depth up 
to 2 mm in the tissue in vitro using FLMA is demonstrated. 
The depth of ablation obtained with a CO2 laser is usually 
smaller than that obtained using the radiation of an Er : YAG 
laser [26].

The main advantage of FLMA as compared, e.g., with the 
micro-needle perforation or traditional injection, is the con-
tactless thermal impact that prevents infection. The surround-
ing tissue remains practically undamaged and provides a 
resource for the restoration of the damaged tissue [32]. The 
total healing of epidermis and recovery of the skin barrier 
function takes from one – two days [33] to a week [24, 34], 
depending on the radiation source and ablation regime. 
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FLMA is used to enhance the skin permeability for parti-
cles of different type and size. In particular, earlier we pre-
sented the results of intradermal delivery of microparticles of 
Al2O3 (27 mm) [23] and ZrO2 (smaller than 5 mm) [31], 
nanoparticles of TiO2 (smaller than 100 nm) [23, 24], gold 
nanocages (40 nm) [25], up-conversion nanoparticles (1.6 mm) 
and quantum dots (20 nm) [35] with preceding ablation of 
skin using the radiation of the Er : YAG laser. However, the 
problem of increasing the efficiency of transcutaneous deliv-
ery of particles remains urgent. The potentialities of FLMA 
are far from being exhausted and require further studies and 
development. In particular, still unresolved is the problem of 
exit of the major mass of particles from relatively shallow (up 
to 100 mm deep) channels produced by low-power laser pulses 
[24], as well as that of skin damage when the power of FLMA 
is increased [23, 24]. The regime of hydrodynamic wave stud-
ied earlier in the porcine skin in vitro [31] has shown that the 
efficiency of penetration of particles into the deeper layers of 
skin increases. However, this effect was not studied in vivo.

This paper is aimed at testing different FLMA regimes in 
order to develop the techniques for enhancing the delivery of 
micro- and nanoparticles into the skin dermis and to monitor 
the excretion of particles from the organism.

2. Materials and methods

2.1. Particles

In the present work we studied the particles of titanium diox-
ide (TiO2, characteristic size smaller than 100 nm) (634662-
100G, Sigma-Aldrich Co., USA), zirconium oxide (ZrO2, ~5 
mm) (Sigma-Aldrich Co., USA), and aluminium oxide (Al2O3, 
~27 mm) (LOMO PLC, Russia) as multiscale test objects.

All three types of particles are biocompatible. It is well 
known that the TiO2 nanoparticles are widely used in cos-
metic products for skin protection against UV radiation 
[1 – 3]. Al2O3 is an inert substance that is also often used in 
cosmetics as abrasive, adsorbent, filling material, etc. [36], 
and ZrO2 is a ceramic material used in dentistry for making 
dental prostheses [37]. The experiments with the rabbit skin in 
vivo demonstrated biocompatibility of ZrO2 [38]. These par-
ticles possess very weak absorption for the radiation used in 
tomography (930 ± 50 nm) [39 – 42]; therefore, the imaginary 
part of their refractive index can be neglected. The concentra-
tion of particles in the suspensions amounted to 0.5 g mL–1. 
The density was equal to ~4 g cm–3 for TiO2 [43], 5.89 g cm–3 
for ZrO2 [44], and 3.9 g cm–3 for Al2O3 [45 – 47]. For the par-
ticles of titanium dioxide the concentration was estimated as 
~2.4 ́  1014  particles  cm–3, for zirconium dioxide as ~1.3 ́  
109 particles cm–3, and for aluminium oxide as ~1.2 ́  107 par-
ticles cm–3.

The refractive indices of TiO2, ZrO2 and Al2O3 particles 
were calculated using the dispersion formulae:
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respectively, where l is expressed in micrometres. Thus, at the 
wavelength 0.93 mm the refractive index n has the following 
values: nTiO2 = 2.4948, nZrO2 = 2.1278, nAl2O3 = 1.7571.

The aqueous suspensions of particles were prepared using 
the ultrasonic (US) CT-400A bath (CTBrand, Wan Luen 
Electronic Tools Co., Ltd. China) immediately before the 
experiments.

2.2. Laser system

For FLMA we used a standard system based on the StarLux/
Lux2940 Er : YAG laser (Palomar Medical Technologies Inc., 
Burlington, MA, USA), operating in the regime of generation 
of one or six pulses (Fig. 1). The system was equipped with 
moveable fractional handpieces (      1 ), by means of which the 
ablation patterns were formed on the skin surface. By means 
of the system of lenses ( 2 ) the initial laser beam was split into 
an array of beams. To focus the beams at the skin surface, the 
distance between the lens surface and the skin was rigidly 
fixed using a spacer ( 3 ). Different handpieces allowed simul-
taneous formation either of a mesh of 169 microchannels cov-
ering the area 6 ́  6 mm2, or of five parallel incisions covering 
the area 5 ́  5 mm2 (the magnified images of the ablation pat-
terns are presented in Fig. 2).

The depth of the channels and incisions depended on the 
energy and duration of the pulses. The pulse temporal profile 
had a series of subpulses, each having the duration 135 ± 5 ms. 
In the single-pulse regime with the pulse energy 1 J and the 
duration 5 ms the laser pulse had a single subpulse, and for 
the energy 2 J and the duration 10 ms the pulse had the dou-
ble-subpulse structure. For the same parameters of the laser 
pulse, besides the different shape of the ablation zones, the 
skin damages had essentially different size in the case of using 
the channels and the incisions. The impact of a single laser 
pulse with the energy 1 J in the regime of microchannel for-
mation produced the ablation wells a the depth of ~100 mm 

3

1
2

Figure 1.  Photograph of the StarLux/Lux2940 laser system with a 
changeable moveable handpiece (inset):	
( 1 ) Lux2940 handpiece for fractional microablation; ( 2 ) system of lenses 
providing the ablation pattern (an array of microchannels or microinci-
sions); ( 3 ) fixing spacer that provides light focusing at the skin surface.



	 E.A. Genina, L.E. Dolotov A.N. Bashkatov, V.V. Tuchin504

and a diameter of ~50 mm. In the regime of incision forma-
tion using the same laser pulse parameters the depth of the 
damaged region was ~200 mm and the width was ~100 mm. 
When the laser pulse energy was increased to 2 J, the pro-
duced channels had a depth of ~150 mm and a diameter of 
~70 mm. In this case, the depth of incisions was ~300 mm and 
the width was ~250 mm. Therefore, the volumes of suspen-
sion introduced into the skin were also essentially different.

To implement the shock wave regime, a 0.5-mm-thick 
sapphire plate was applied to the skin surface covered by the 
suspension of particles. The laser beams were focused at the 
boundary between the sapphire plate and the suspension. The 
thickness of the suspension layer amounted to ~0.5 mm. The 
laser radiation had the pulse energy 3 J, the pulse duration 
30 ms, and the triple-subpulse pulse structure. Since the used 

particles weakly absorb light in the wavelength region of the 
laser pulse generation (2.94 mm), and water, on the contrary, 
has extremely high absorption in this region, the energy is 
explosively absorbed by water, which is the base of the sus-
pension. The rapid expansion of water in the focal region of 
the laser beam gives rise to a hydrodynamic wave.

2.3. Description of experiments

Depending on the FLMA regime, three series of experiments 
were performed:

1. One pulse with the energy 1 J and the duration 5 ms.
2. Six separate pulses (2 J, 10 ms each) with rotation of the 

handpiece around its axis.
3. Six separate pulses (2 J, 10 ms each) in the shock wave 

regime.
The rotation of handpieces was aimed at increasing the 

number of channels and incisions in the impact zone in order 
to increase the number of particles introduced into the skin. 

In the first series of experiments we used only the suspen-
sion of TiO2 particles, in the second series we used TiO2, ZrO2 
and Al2O3 particles, and in the third series we used TiO2 and 
ZrO2 particles. In the first and second series the suspensions 
were applied to the skin after the FLMA procedure. In the 
third series no FLMA was carried out, and the particle sus-
pensions were applied to the intact surface. To enhance the 
penetration of particles into the skin we used the manual mas-
sage (as a soft mechanical enhancer of skin permeability) dur-
ing 5 minutes, the low-frequency US impact (0.3 W  cm–2, 
1 MHz) during 1 minute, or the impact of the hydrodynamic 
shock wave (six pulses with the energy 3 J and duration 30 ms 
each), generated in the layer of suspension at the skin surface. 
The parameters of the laser impact in different operation 
regimes and the techniques of introducing the suspensions of 
particles into the human skin in vivo are presented in Table 1. 
The suspension was applied to the skin in abundance in order 
to provide maximal filling of the channels and incisions. The 

a b

c d

Figure 2.  Result of FLMA in the regimes of creating (a, b) channels 
and (c, d) incisions on (a, c) black paper and (b, d) skin. The channels 
are located in the nodes of the mesh, the separation amounts to 0.5 mm 
between the channels and 1.2 mm between the incisions.

Table  1.  Regimes of fractional laser microablation of skin and the methods for stimulating penetration of multiscale particles.

Series 
No.

Experiment 
No.

Particles

FLMA regime Penetration 
enhancement 
technique

Number 
of pulses

Pulse dura- 
tion/ms

Pulse energy/J
Shape of ablated 
region

1

1.1

TiO2 1 5 1

Channels Application

1.2 Channels
US (0.3 W cm–2, 
1 MHz, 1 min)

1.3 Incisions Application

2

2.1

TiO2 6 10 2

Channels with 
rotation

Massage (5 min)

2.2 «–»
Six pulses of shock 
wave

2.3
Incisions with 
rotation

Massage (5 min)

2.4 «–»
Six pulses of shock 
wave

2.5
ZrO2 6 10 2

Channels with 
rotation

Massage (5 min)

2.6 «–»
Six pulses of shock 
wave

2.7
Al2O3 6 10 2

«–» Massage (5 min)

2.8 «–»
Six pulses of shock 
wave

3
3.1 TiO2  –  –  – –

Six pulses of shock 
wave

3.2 ZrO2 «–»
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extra suspension was carefully removed from the skin surface 
using distilled water.

No additional study of particle penetration into the intact 
skin without any enhancement was carried out, since such 
control investigation of TiO2 nanoparticle penetration (~100 
nm) into the intact skin in vivo and in vitro is thoroughly 
described in Ref. [23]. The results have shown that during 24 
hours the depth of the particles penetration was restricted to 
the orifices of hair follicles and skin glands, as well as the nat-
ural indentations at the epidermis surface. 

In the experiments, five volunteers (men aged 42 to 65) 
took part. The studied region (the skin of forearm) was 
divided into subregions each treated using a definite FLMA 
regime. To control the skin condition, each series included 
two additional subregions, with FLMA but without applica-
tion of particles and without any impact (intact ones).

To monitor the skin condition before and after the 
FLMA, the depth of particles penetration, and the process of 
natural excretion of particles from the channels, we used the 
optical coherence tomography (OCT). The studies were per-
formed using the standard OCT system OCP930SR (Thorlabs, 
USA) with the following parameters: the radiation source 
wavelength, 930 nm; the radiation bandwidth, 100 nm; the 
axial and lateral resolution, 6.2 and 9.6 mm, respectively (in 
the air); and the length of the scanned region, 3 mm.

Based on the OCT scanning, we estimated the coherent 
detection depth (CDD) d of particles in the tissue. This quan-

tity was determined as the separation between the position, 
corresponding to the maximal intensity of the signal from the 
tissue surface, and the position, corresponding to the lower 
boundary of observing the useful signal from the tissue depth 
in the region of particles localisation (Fig. 3). The OCT sig-
nals were averaged over 21 scans, which corresponds to a skin 
fragment ~60 mm long. The aggregation of the studied parti-
cles in the aqueous environment did not affect the OCT 
images of the channels due to the high concentration of the 
particles in the suspension.

The observations were performed in 2 hours, 3 days and 
10 days after the introduction of particles. 

3. Results and discussion

Figure 4 presents the results of the first series of experiments 
recorded in 3 days and 10 days after FLMA and the introduc-
tion of TiO2 nanoparticles. The figures in the upper right-
hand corner denote the number of the experiment, corre-
sponding to that indicated in Table 1. The arrows point at the 
channels and incisions in the skin, filled with the suspension 
of particles.

In Fig. 4 (1.1 and 1.2) it is well seen that the single-pulse 
impact with the energy 1 J in the regime of skin microchannel-
ling causes small damages of the skin and the particles pene-
trate into the skin to the depth smaller than 100  mm. The 
ultrasonic impact causes no essential increase in the depth of 
the particle penetration into the skin. In contrast to the chan-
nelling, the regime of incisions allows an increase in the par-
ticle penetration at the same parameters of the laser impact. 
In Fig. 4 (1.3) one can see that the depth of microincisions, 
filled with the suspension, amounts to nearly 200 mm.

Table 2 presents the results of measuring the CDD of the 
particles in the channels and incisions in the OCT images of 
skin, averaged over all available images, and the appropriate 
standard deviations. 

As time goes by, the scabs containing nanoparticles 
appear in the regions of ablation. In Fig. 4 (1.1 and 1.2) they 
are easily noticeable as formations going beyond the skin sur-
face over the channels (pointed by errors). In the incision-
making regime the scab appeared over the entire region of 
impact (Fig. 4b, regime 1.3), the channels looking like wells. 
In the single-pulse regime due to the small penetration depth, 
the most part of the particles were pushed to the surface in a 
natural way and were removed together with the scab. In 

0

2000

4000

6000

8000

200 400 600 800 1000
Depth/mm

O
C

T
 s

ig
n

al
 (

re
l. 

u
n

it
s)

a

b

Figure 3.  (a) Determination of the coherent detection depth d based on 
the analysis of the intensity distribution in the OCT image of the skin 
region after FLMA and application of the particle suspension (the left-
hand rectangle is the region of the channel in the skin filled with parti-
cles, the right-hand rectangle is the region between the channels); (b) the 
depth distributions of the OCT signals inside the channel (solid curve) 
and between the channels (dotted curve).

30
0 
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1.1

1.2

1.3

a b
Figure 4.  In vivo OCT images of human skin regions in (a) 3 days and 
(b) in 10 days after FLMA (one pulse with the duration 5 ms and the 
energy 1 J) in the regimes of making channels (1.1, 1.2) and incisions 
(1.3), as well as the application of TiO2 particles without additional 
treatment (1.1 and 1.3) and with US treatment (1.2). The numbers of 
experiments correspond to those in Table 1, the arrows point at the 
channels and incisions filled with the particles and the regions of locali-
sation of particles after the healing of ablated regions.
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10 days after FLMA, the particles are seen only at the surface 
of the skin.

In the second series of experiments (after six sequential 
pulses), we observed the appearance of multiple ablation 
zones. Under the impact of multiple pulses, the channels par-
tially overlapped each other, and the same happened to the 
incisions, which lead to the increased diameter of channels 
and width of incisions. In some subregions of skin, the diam-
eter of damaged areas approached 500 mm. The massage facil-
itated their filling with the suspension to the optical depth up 
to 160 mm (channels) and 250 mm (incisions). When using the 
shock wave to introduce the TiO2 particles into the channels, 
the CDD increased by more than 50 mm, while in the case of 
introducing particles into incisions the depth decreased 
(Table 2). The latter can be an artefact, since in this case the 
vast zones of particles localisation formed a reflecting shield 
that hampered the light penetration deep into the ablation 
zone and hampered the depth estimation. One could see con-
siderable deformation of both the channels and the incisions, 
because the shock wave damaged the skin surface between the 
ablation zones, and the particles appeared to be localised in a 
relatively uniform way all over the depth. 

Figures 5 and 6 demonstrate the results of the second 
series of experiments in the channel and incision regime, 
respectively, in 2 hours, 3 days and 10 days after FLMA and 
introduction of particles. In the control region free of parti-
cles (the first row of Fig. 5), the channels are virtually not 
visualised. In three days, a small scab is formed only at the 
damaged places, and it is completely removed from the skin 
surface in 10 days. One can see only the regions of slight des-
quamation. Tracing the variation dynamics of OCT images of 
the skin control regions has proved that the formation and 
development of scabs was not accompanied by the formation 
of any contrast regions in the depth of the tissue and, there-
fore, the contrast regions can be interpreted as the regions 
filled with the particles.

When the suspensions of TiO2 and ZrO2 particles are 
delivered into the channels (Fig. 5a) using either the massage 
(regimes 2.1 and 2.5) or shock wave (regimes 2.2 and 2.6), the 
channels become well-seen, making it possible to assess the 
CDD of the particles. The shock wave provides deeper pene-
tration and relatively uniform distribution of the TiO2 

nanoparticles (Fig. 5a, regime 2.2) as compared to the ZrO2 
microparticles (regime 2.6). In the case of delivering the larg-
est Al2O3 particles (Fig. 5, regime 2.7) the channels cannot be 
visualised, since under the impact of the massage the parti-
cles, probably, filled only the channel orifices and were 
removed in the process of washing the suspension from the 
skin surface before the OCT procedure. The shock wave 
allowed the delivery of the microparticles to deeper layers of 
skin. Small uniformly distributed contrast regions in Fig. 5a 
(regime 2.8) evidence in favour of penetration of individual 
particles into the dermis to the depth exceeding 200 mm.

In three days after the delivery of all types of the used par-
ticles, only for the particles in the channels (Fig. 5b, regimes 
2.1 and 2.5) and incisions (regime 2.3) introduced without 
using the shock wave could be visualised well. Since the shock 
wave damaged the skin over the entire area of impact, the 
particles, filling not only the channels and incisions them-
selves, but also the gaps between them, formed a more or less 
reflecting shield. The resulting attenuation of the intensity of 
light, penetrating deep into the tissue, hampered the visualisa-
tion (regimes 2.2, 2.6 in Fig. 5b and regime 2.4 in Fig. 6b). The 
reflecting shield formation at the skin surface within the 
regions of particles location areas manifests itself in the reduc-
tion of optical probing depth as compared to the control mea-
surements (the top row in Fig. 5).

In 10 days after the delivery of the particles, the overall 
scab was visualised in all regions with the particles localised 
inside the channels. If the scab was removed in a natural way, 
the particles could stay at the bottom of the channels or inci-
sions, but the dominant mass of them was removed in the 
course of the scab desquamation. In the case of delivery using 
the shock wave the TiO2 nanoparticles were also observed in 
the hair follicles at the depth up to 450 mm (Fig. 6b, regime 
2.4). The filling of follicles with larger particles (ZrO2 and 
Al2O3) under the impact of the massage or shock wave was 
not observed. 

Figure 7 presents the skin regions in 2 hours and in 10 days 
after the impact of the shock wave without preceding FLMA 
(the third series of experiments). Since the TiO2 particles were 
introduced into the undamaged skin, they appear to be dis-
tributed more uniformly than in the case of preliminary abla-
tion. The periodicity observed in these images is due to the 

Table  2.  The coherent detection depth of particles in the human skin in vivo under different regimes of fractional laser microablation and 
methods of stimulating penetration of suspensions of multiscale particles (mean value ± standard deviation).

Series No. Experiment No.
Coherent detection depth/mm

Immediately after the introduction of particles In 3 days In 10 days

1.1 92  ±  10 63 ± 16 70 ± 17

1 1.2 98 ± 12 55 ± 31 63 ± 19

1.3 205 ± 9 200 ± 17 130 ± 17

2

2.1 124 ± 36 225 ± 71 120 ± 42

2.2 176 ± 47 100 ± 45 225 ± 21

2.3 201 ± 43 240 ± 90 170 ± 35

2.4 188 ± 45 225 ± 21 350 ± 125

2.5 141 ± 23 175 ± 40 120 ± 30

2.6 110 ± 24 120 ± 30 233 ± 51

2.7 Not observed Not observed Not observed

2.8 186 ± 25 140 ± 46 170 ± 46

3
3.1 175 ± 23 123 ± 15 105 ± 17

3.2 215 ± 48 171 ± 18 165 ± 17
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pattern of the shock wave, generated using the same system 
of lenses that produced arrays of channels in FLMA. The 
greater brightness of the images obtained in 2 hours after the 
application of particles (Fig. 7a) is due to the fact that the 
suspension covers practically all the surface of the treated 
skin region and essentially contributes to the reflection of 
light by its surface, which considerably enhances the OCT 
signal in this region [51]. The apparently smaller penetration 
depth of TiO2 nanoparticles as compared to ZrO2 particles is 
probably due to the formation of a denser shield on the skin 
surface that prevents the visualisation of deeper skin layers. 
In the OCT images obtained in 10 days one can easily see 
that with the formation of the scab, the reflecting screen 
becomes denser and essentially reduces the optical depth of 
probing. Probably, the reduction of CDD of the particles 
(Table 2) is also due to this fact. In our opinion, in this case 

the penetration of nanoparticles deep into the skin can occur 
mainly through the hair follicles and pores. The sufficiently 
large microparticles stay at the surface, are included in the 
scab and then removed together with it in the process of des-
quamation.

From the presented results it follows that at small energy 
of the laser impact in the microchannel formation regime the 
skin regions between the ablation zones are not damaged, 
which facilitates their rapid healing. However, the depth of 
the particles delivery in this case does not exceed 100 nm 
(with the refractive index of epidermis n - 1.43 [52] taken 
into account, the physical depth is ~70 mm), which corre-
sponds to the boundary between the epidermis and dermis. 
The particles, included into the epidermis, are removed from 
the organisms during the period of its renovation equal to 
2 – 4 weeks [53].

Control

30
0 
mm

2.1

2.2
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Figure 5.  In vivo OCT images of human skin regions in (a) 2 hours, (b) 3 days and (c) 10 days after FLMA (six pulses with the duration 10 ms and 
the energy 2 J) in the regimes of making channels, application of particles and enhancing their penetration by massage (2.1, 2.5, and 2.7) or shock 
wave (2.2, 2.6, and 2.8). Images 2.1 and 2.2 correspond to the TiO2 particles, images 2.5 and 2.6 correspond to the ZrO2 particles, and images 2.7.and 
2.8 correspond to Al2O3 particles. The numbers of experiments correspond to those in Table 1, the arrows point at the channels filled with particles 
and the regions of localisation of particles after the healing of ablated regions.
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From Table 2 it follows that from the point of view of the 
penetration depth the most efficient technique of particle 
delivery is the preliminary preparation of ablation zones in 
the skin with subsequent impact of a shock wave. In this case, 
the depth of penetration is such that the particles stay in the 
dermis for sufficiently long time. In particular, in Ref. [23] it 
is shown that the particles delivered using FLMA to the depth 
of 230 mm stayed in the skin during a month. The histological 
analysis has shown that the particles, introduced into the inci-
sions as deep as ~400 mm, stayed in the dermis after the com-
plete skin recovery [24].

The skin permeability enhancement under the effect of 
FLMA for different macromolecules was observed in 
Refs [18, 26 – 29]. The follicular permeability was also reported 
to increase due to the weakening barrier function of the epi-
thelium [54]. The formation of channels and incisions in the 
skin can be accompanied by the damage of hair follicle cap-
sules, which allows the penetration of particles into them to 
sufficiently large depth under the impact of a shock wave. The 
image presented in Fig. 6c (regime 2.4) suggests that the par-
ticles are located inside a hair follicle, since the CDD in this 
case (~450 mm) exceeds the depth of incisions. 

No essential difference in the CDD between the particles 
with the size from 0.1 to 5 mm is observed under these regimes 
of FLMA; however, for the delivery of larger particles 
(~30 mm) one has to increase the depth of the channels by 
using a higher laser pulse energy. The combination of FLMA 
with the impact of a hydrodynamic shock wave is also effi-
cient.

4. Conclusions

The problems of in vivo intracutaneous delivery of drugs and 
photosensitizers, loaded into micro- and nanocontainers, 
and creation of a long-time depot in the skin are considered 
in multiple publications. The development of biodegrading 
particles and methods allowing the controlled release of 
their load is of particular interest. However, most of the 
polymer micro- and nanocontainers require the use of fluo-
rescent labels and complex optical instrumentation for their 
visualisation in tissues. In the present work, we studied the 
particles of different size having high contrast in the OCT 
images of tissues and used for testing different FLMA 
regimes, in which the microchannels and microincisions of 
different size were produced and the multibeam hydrody-
namic shock wave was used. For the first time we studied the 
possibility of using the shock wave as an independent 
method of nanoparticles delivery into the skin in vivo and 
implemented the FLMA and the shock wave influence 
sequentially. The considered regimes allow the delivery of 
particles to the depth up to 280 mm (dermis) and 450 mm 
(supposedly, hair follicles). The combined application of 
FLMA and hydrodynamic shock wave allowed the increase 
in the particles penetration depth, the pulse energy being 
reduced as compared to the earlier results (230 mm in the 
channels [23] and 400 mm in the incisions [24] at the pulse 
energy 3 J).

These studies may be useful for developing the techniques 
of transcutaneous delivery of micro- and nanocarriers and 
creating the controlled depot of drugs in the dermis.
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