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Abstract.  The delivery of gold nanoparticles (nanocages coated 
with a layer of silicon dioxide (40/20 nm)) dispersed in the solution 
(glycerol + polyethylene glycol-400, 1 : 1) into the skin tissue is 
studied experimentally in vivo. From the data of optical coherence 
tomography and histochemical analysis it follows that simple 
application of suspension of nanoparticles is not efficient enough 
for delivery of the particles into the skin as a result of passive dif-
fusion. It is shown that fractional laser microablation of skin before 
the application of the suspension, followed by the topical treatment 
by ultrasound allows penetration through the epidermis layer and 
delivery of nanoparticles into dermis and hypodermis

Keywords: gold nanocages with silicon dioxide coating, delivery of 
nanoparticles into skin, fractional laser microablation, optical 
coherence tomography.

1. Introduction

The skin provides primary physical and immune protection 
of  the  organism  from  external  effects,  toxic  substances, 
pathogenic  microorganisms,  etc.  [1]  because  of  different 
molecular-cellular  protection  systems,  e.g.,  lysing  enzymes, 
dendrite cells, and macrophages [2, 3]. At the same time the 
large area and availability to different external actions allow 
the  skin  to  be  used  for  topical  regional  and  transdermal 
delivery of therapeutic agents into the blood circulation sys-
tem [4 – 6]. In some aspects (low-traumatic character, reduc-
tion of side effects, controlled prolongation, etc.) the trans-
dermal method has advantages over the peroral or intrave-
nous  administration  [6,  7],  in  spite  of  the  fact  that  the 
penetration of hydrophilic substances into the skin through 
the lipophilic surface layer is hampered [8].

The  progress  in  nanotechnology  has  led  to  essential 
expansion of the field of biomedical applications of nanoma-
terials  [8,  9].  In particular,  this  field  includes dermatology, 
cosmetology,  and  the  use  of  nanoparticles  as  carriers  for 
delivery of drugs [10 – 12], including delivery into the skin or 
through it [13]. The development of the latter requires clari-
fying the mechanisms of interaction between the nanoparti-
cles and the skin, which is a structurally complex biotissue, 
consisting of epidermis, dermis and hypodermis [14]. Within 
the epidermis, in turn, five layers are distinguished, namely, 
the basal, spinous, granular, and translucent layers, and the 
cornified layer (stratum corneum), which is the main obstacle 
for nanoparticles to penetrate into the skin [14, 15]. Possible 
ways of  substance migration  through  the stratum corneum 
determine  three ways  of  nanoparticle  penetration,  namely, 
through the lipid matrix, through the membranes of kerato-
cytes, and through the sebaceous and sudoriferous glands [6], 
the latter possibly being most efficient [16].

The efficiency of penetration of nanoparticles  into  skin 
depends  on  many  factors,  which  may  be  also  tentatively 
divided  into  three  groups.  The  first  group  consists  of  the 
properties of skin itself, including its thickness [17], density of 
adnexa location [18], degree of stratum corneum hydration 
[19],  blood  flow  velocity  [20],  presence  of  pathology  [21], 
metabolism  character  [22],  etc.  The  second  group  includes 
the  size  of  nanoparticles  [23]  (and  probably  their  shape), 
charge [24], surface functionalisation [25], properties of sol-
vent [26] or gel [27], in which the particles are dispersed. The 
third  group  of  factors  includes  the  external  physical  and 
chemical effects, promoting the enhancement of skin perme-
ability for nanoparticles [28]. These effect include ultrasound 
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treatment [29], horny layers removal using the strip method 
[30], skin perforation using microneedles [31], photomechani-
cal effect [32], fractional laser microablation [33], ionophore-
sis  [34],  ultraviolet  irradiation  [35],  application  of  chemical 
permeability enhancers based on solvents of lipid bridges of 
the  stratum  corneum  [dimethyl  sulphoxide  (DMSO)  and 
many others] [36, 37], etc.

The  wide  spectrum  of  nanoparticles  used  for  topical 
regional  delivery  includes  liposomes  [38],  lipid  nanostruc-
tures  [39],  polymer nanoparticles  [40],  nanoparticles based 
on titanium dioxide and zinc oxide [41], magnetic nanopar-
ticles [42], and also silver [43] and gold [23, 27, 44] nanopar-
ticles. Due to their unique optical properties [45], low toxic-
ity  [46]  and  possibility  of  funtionalisation  with  different 
molecular vectors [47], gold nanoparticles are intensely used 
in biomedicine  [48],  including  the new area –  theranostics, 
which combines therapeutic and diagnostic facilities in one 
nanoconstruction [49, 50].

In spite of a variety of gold nanoparticles used at present 
[9, 48], the number of papers on their capabilities for topical 
regional  and  transdermal  delivery  is  extremely  limited. 
Sonavane et al.  [23] investigated penetration of gold nano-
spheres having the diameter 15, 102, and 198 nm into the rat 
skin in vitro. It was shown that the particles with the diame-
ter 15 nm were found both in the epidermal and in the der-
mal layers of skin, while the penetration of larger particles 
was minimal.  In  [44]  the  penetration  of  gold  nanospheres 
into  the  intact  and  mechanically  damaged  human  skin  in 
vitro was compared. Integrally, the damage of the cutaneous 
covering structure increased the concentration of nanopar-
ticles in the layers of skin. The use of toluene as a disperse 
medium for the particles of colloid gold having the diameter 
15 nm [26] also increased the concentration of nanoparticles 
in the intact skin, particularly, in the spinous layer of epider-
mis.

Despite  great  interest  and  a  variety  of  publications,  the 
efficient  delivery  of  hydrophilic  substances  though  skin 
remains an unresolved problem. Trying to solve this problem, 
the  groups  of Goto  [51]  and Niidome  [52]  proposed  to  use 
nanodispersions of the solid-in-oil type on the basis of hydro-
phobic  surface-active  substances  (SAS).  It  was  shown  that 
such  nanoparticles  with  included  insulin  have  the  size 
~250  nm  and  provide  the  delivery  of  the  preparation  into 
skin almost an order of magnitude  faster  than  the aqueous 
solution of insulin. In [52] the penetration of the dispersions 
on  the  basis  of  SAS  L195,  ovalbumin,  and m-PEG-coated 
gold nanorods was studied, and it was shown that the photo-
thermal heating of the latter leads to the enhancement of pro-
tein delivery through the skin. 

The papers referred above reveal the possibility in princi-
ple of topical regional delivery of gold nanoparticles into the 
skin. However, these data were obtained only in experiments 
in vitro,  whereas  the  properties  of  intact  animal  skin  are 
apparently different from those of the samples used in model 
experiments. Besides, the fact of particular importance is that 
without supplemental external stimulation the passive deliv-
ery of particles into the skin or through it is low-efficient even 
for  small-size  nanoparticles  (15 – 20  nm),  to  say  nothing  of 
larger ones. Therefore, it is urgent to improve the efficiency of 
gold nanoparticles delivery in a wide range of their sizes (from 
15 to 200 nm) using different kinds of physical and chemical 
effects. In particular, it seems promising to use the method of 
fractional laser microablation in combination with ultrasonic 
treatment, proposed in [33].

The aim of the present work is to study the possibility of 
delivering gold nanocages with silicon oxide coating into the 
tissues of skin in vivo using the multimodal approach, includ-
ing the fractional laser microablation, processing with ultra-
sound, and special composition for dispersion of nanoparti-
cles.

2. Materials and methods

2.1. Synthesis and characterisation of gold nanoparticles 
and composition with nanoparticles

To  synthesise  the  gold  nanocages  the  following  chemical 
reagents were used: silver nitrate AgNO3 (more that 99.9 %, 
Aldrich, USA), ethylene glycol (99 %, Aldrich, USA), polyvi-
nyl pyrrolidone (Mw = 55000, Sigma-Aldrich, USA), isopro-
pyl  alcohol  (ChDA,  ‘Vecton’,  RF),  tetraethyl  orthosilicate 
(98 %,  Aldrich,  USA),  30 %  aqueous  solution  of  ammonia 
(Aldrich,  USA),  acetone  (ChDA,  ‘Vecton’,  RF),  absolute 
ethanol  (99.99 %, 64-17-5, Sharlau, Spain),  sodium sulphide 
nonahydrate Na2S·9H2O (OSCh, GOST 2053-77, RF), lique-
fied  argon  (99.99 %),  deionised  water  MilliQ  (18  MW  cm, 
Millipore, USA).

The glass vessels before use were treated with the mixture 
of nitric and hydrochloric acids (HCl : HNO3 = 3 : 1) followed 
by washing with the KOH solution in isopropyl alcohol and, 
finally, with the deionised water.

The  gold  nanocages were  produced  using  the  two-stage 
protocol [53]. In short it is the following: 30 mL of ethylene 
glycol were heated up to 150 °C during 50 min. In the presence 
of argon flow 0.35 mL of the sodium sulphide solution (0.3 
mM) in ethylene glycol, 7.5 mL of the solution of polyvinyl 
pyrrolidone  in  ethylene  glycol  with  the  concentration 
20 mg mL–1, and 2.5 mL of  the solution of  silver nitrate  in 
ethylene  glycol  with  the  concentration  48  mg  mL–1  were 
added  in  sequence. The particles were centrifuged  (with  the 
acceleration 10000g) during 30 min and resuspended in 40 mL 
of ethanol. In the magnetic mixer 2 mL of silver cubes were 
added  to 100 mL of  the polyvinyl pyrrolidone  (1 mg mL–1) 
and the mixture was heated up to 100 °C. Then 10 mL of tet-
rachloroauric acid (1 mM) were added in portions of 100 mL 
each. The colour of  the suspension changed from yellow to 
blue,  at  the  same  time  the plasmon  resonance  shifted  to 
770 nm. The resulting suspension was cooled and 0.7 mL of 
30 % ammonia was added to it. Then the particles were centri-
fuged  three  times  (10000g)  during  30  min  each  and  resus-
pended  in  water.  In  the  end  of  washing  the  particles  were 
mixed with water  to get  the optical density 25 at  the wave-
length 700 nm. 

The  nanoparticles  coated  with  silicon  oxide  were  pro-
duced using the modified Stöber method [54]. 18 mL of iso-
propyl alcohol were added  to 4 mL of  suspension of nano-
cages. In the mixer at room temperature 0.5 mL of ammonia 
and 25 mL of tetraethyl orthosilicate were added. The dura-
tion of the reaction was 50 min. Then the particles were cen-
trifuged five times (5000g) during 10 min each and were resus-
pended  in  water.  In  the  end  of  washing  the  particles  were 
mixed with water up to reaching the optical density 25 at the 
wavelength 790 nm. 

The  geometrical  parameters  of  the  nanoparticles  were 
found  from  the  transmission  electron-microscopic  (TEM) 
images,  obtained  using  the  Libra-120  electron  microscope 
(Carl Zeiss, Germany), and their optical properties were con-



473Use of fractional laser microablation and ultrasound to facilitate the delivery

trolled by the extinction spectra, measured with the Specord 
250 UV-VIS spectrophotometer  (Analytic, Jena, Germany). 
According to the TEM data,  the mean size of a gold nano-
cages was 40 ± 4 nm, the mean thickness of the silicon dioxide 
layer was 20 ± 3 nm (Fig. 1a), the wavelength of the plasmon 
resonance  before  and  after  coating  of  nanoparticles  with  a 
layer of silicate was 770 and 790 nm, respectively (Fig. 1b).

The preparation of colloid suspension of gold nanocages 
coated with the layer of silicon dioxide for external use was 
carried out as follows. A mixture of 95% aqueous solution of 

glycerol (Close Corporation ‘Basa No. 1 khimreaktivov’, RF) 
(refractive  index  n  =  1.467)  and  polyethylene  glycol-400 
(PEG-400, Mw  =  400,  Aldrich,  USA)  (n  =  1.463)  in  equal 
parts was  prepared. The  total  volume  of  the  solution was 
920 mL (ns =1.465). The concentrated nanoparticles (1 mL of 
colloid) were added  to  the obtained solution drop by drop. 
Then  the  entire  system  was  homogenised  in  the  ultrasonic 
bath (Elmasonic One, Germany) during 10 min. The refrac-
tive indices were measured with the IRF-454B2M refractom-
eter (LOMO, Russia) at room temperature (~20 °C) follow-
ing the standard technique.

2.2. Experiment

In the study we used male white outbred laboratory rats. In 
the beginning of the experiment their age was eight weeks and 
the body mass was ~200 g. The experiment was organised in 
agreement with the international ethic norms, regulating the 
experiments  in  animals  in  compliance  with  the  Directive 
2010/63/EU of the European Parliament and of the Council 
of 22 September 2010 on the protection of animals used for 
scientific purposes, European Convention for the Protection 
of  Vertebrate  Animals  used  for  Experimental  and  Other 
Scientific  Purposes  (Strasburg,  1986),  International  rules 
Good  Laboratory  Practice  for  Nonclinical  Laboratory 
Studies of 04.03.2002, and the Order of the Ministry of Health 
of Russian Federation No. 267 of 19.06.2003 on Authorisation 
of the Rules of Laboratory Practice. Ten rats were taken for 
experiments. Directly  before  the  experiment  they were  sub-
jected  to  general  anaesthesia  by  intramuscular  injection  of 
Zoletil 50 (Vibrac, France). 

Before  the measurements,  the  hair was  removed  from  the 
animals’ back by means of the depilatory cream Nair (Church & 
Dwight Co., Inc. USA) and seven sample area pieces of the hair-
less skin were selected, each having the dimensions ~2 × 1.5 cm. 
The  suspension  containing  nanoparticles  was  topically 
applied to the experimental area pieces. Two area pieces were 
used as control ones, one piece of intact skin (Area 1) and the 
other with applied suspension of nanocages, coated with the 
layer of silicon dioxide (Area 2). To facilitate the penetration 
of nanoparticles into skin we used fractional laser microabla-
tion (FLMA) and ultrasonic (US) treatment (ultrasonopho-
resis). Table 1 presents  the description of all  the  seven area 
pieces of skin.

The  suspension  of  nanoparticles  was  applied  to Area  3 
and then it was subjected to ultrasonic treatment. Areas 4 – 7 
were  subjected  to FLMA directly  before  the  application of 
the agents under study. This manipulation was implemented 
by  means  of  the  Palomar  Lux2940  erbium  laser  (Palomar 
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Figure 1. TEM image of gold nanocages coated with silicon oxide (a) 
and their extinction spectrum (b). The optical density in the spectra is 
obtained by approximation of the data with the dilution and measure-
ment in the 1-cm-thick cuvette taken into account. 

Table 1. Description of control and experimental areas of skin. The suspension base is a mixture of the 95% aqueous solution of glycerol and PEG-
400 (1 : 1).

Area number  Series  Methods of skin treatment

1 
Control

  Intact skin
2    Suspension of nanoparticles coated with a layer of silicon dioxide 
                 
3  Ultrasonophoresis (US)  Suspension of nanoparticles coated with silicon dioxide + US 
                 
4 

Fractional laser microablation
  Fractional laser microablation

5    Fractional laser microablation + application of suspension 
    of nanoparticles coated with a layer of silicon dioxide   
                 
6 

Fractional laser microablation + US 
Fractional laser microablation + application of suspension

    base + US 
7    Fractional laser microablation + application of suspension 
    of nanoparticles coated with a layer of silicon dioxide + US
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Medical Products, USA) with the following parameters:  l = 
2940 nm, triple-peak operation regime with the total energy 
3 J, the pulse energy 1 J, and the duration 5 ms. The perfora-
tion was implemented by means of a special head creating 169 
vertical  cone-shaped channels  in  the 6 ×  6 mm2 area of  the 
skin. The separation between the channels was ~500 mm, the 
depth of each channel was equal to ~200 mm and the diame-
ter of the channel on the skin surface was equal to ~ 100 mm.

To enhance the skin permeability and to provide a more 
uniform distribution of nanoparticles in the skin, Areas 1, 6, 
and 7 were subjected to ultrasonophoresis. The treatment was 
implemented by means of  the Dynatron 125 US transducer 
(Dynatronics,  USA)  during  2  min  in  the  continuous-wave 
regime  with  the  frequency  3  MHz  and  the  power  density 
1.5  W  cm–2.  In 30 min after  the  exposure  to ultrasound  the 
surface of the skin was cleaned with a wet tampon to remove 
the suspension of nanoparticles from the surface.

Optical coherence tomography (OCT) was used for quali-
tative estimation of accumulation of nanoparticles in the skin 
under different types of external influence. The imaging was 
implemented using the optical coherence tomograph Spectral 
Radar OCT System OCP30SR 022 (Thorlabs Inc., USA) at 
the wavelength 930 nm. The spectral bandwidth was 100 nm, 
the output power was 2 mW, the optical depth of  scanning 
was 1.6 mm, and  the  in-depth  resolution of  the  system was 
6.2  mm.  The  scanning  of  each  area  was  performed  twice, 
before the beginning of any manipulations and treatment and 
after the penetration of the studied agents and the removal of 
their remainders from the surface of the areas under study. 

To detect  the zones of accumulation of nanoparticles  in 
the skin at topical application we used histochemical staining 
of the tissue sections with silver nitrate [55]. After removing 
paraffin the sections of skin were placed for 15 min into 5 % 
solution of silver nitrate in the boiling water bath and then left 
for 12 – 24 hours at 40 °C. To remove the silver sediment, the 
sections were put into 20  % nitric acid. The stained slides were 
washed  with  water,  dehydrated  and  cleared  with  xylene. 
Comparative morphologic analysis and morphometry of the 
structures  in  permanent  microslides  were  carried  using  the 
Motic B3 binocular microscope (Motic, China) with the mag-
nification 400 × and 600 ×.

3. Results and discussion

Figure 2 (left) shows the OCT images of the skin areas of the 
control series (Areas 1, 2, Table 1) and the area, treated with 
ultrasound  after  application  of  suspension  of  nanoparticles 
(Area 3, Table 1).  In the right part  the corresponding aver-
aged profiles of the OCT signal are presented. The averaging 
was  performed  over  five A-scans  in  the  central  part  of  the 
tomogram. In the  images of  intact skin areas (Fig. 2a) with 
passive application of suspension with the studied nanoparti-
cles (Fig. 2b) and in the areas, subjected to ultrasonic stimula-
tion of nanoparticle penetration (Fig. 2c), the epidermis layer 
is noticeable. Above the surface of the skin the images of hair 
are distinguished  that  give  rise  to  shadow areas  in  the  skin 
dermis. In the OCT signal profiles the epidermis corresponds 
to the first peak, the region of dermis, adjacent to the epider-
mis  corresponds  to  the  second  peak,  and  the  minimum 
between  these  peaks  corresponds  to  the  boundary  between 
the epidermis and dermis.

As an estimate of the optical skin probing depth, we used 
the  depth  value,  corresponding  to  the  signal  reduction  by 
the factor of e–1, as compared with the signal level from the 

surface  of  skin.  For  intact  skin  this  depth  amounted  to 
300 – 350  mm, for Area 2 it was on the order of 200 mm. The 
reduction of the optical probing depth may be explained by 
the shielding effect produced by gold nanoparticles, located 
on the skin surface and in the hair follicle orifices. This effect 
is due to both the extra absorption of light by the particles, 
as compared with the surrounding biotissue [56], and their 
high reflectance. As a result  the OCT signal appears  to be 
significantly  lower  both  from  the  epidermis  and  from  the 
dermis  tissue. From the analysis of OCT signal profiles  in 
different areas it follows that this reduction amounts to ~1.3 
times.

The  effect  of  ultrasound  facilitates  penetration  of 
nanoparticles suspension into hair follicles. This is confirmed 
by Fig. 2c, in which a follicle is seen in the depth of the dermis 
layer. In this case the optical probing depths are practically 
equal  in Area  3  (Fig.  2c)  and  in  the  intact  skin  (Area  1, 
Fig.  2a). However, after removal of suspension from the sur-
face of skin some nanoparticles stay in the hair follicles, and 
from Fig.  2c  it  is  seen  that  the  optical  depth of  probing  in 
Area  3  at  the  follicle  location  is  significantly  smaller 
(~250 mm) than at the appropriate location of the intact skin 
(Fig. 2a).

Figure  3  (left)  presents  the  images of Areas  4 – 7, where 
FLMA was combined with different effects (see Table 1), and 
Fig. 3 (right) shows the appropriate averaged profiles of the 
OCT signal. It is clearly seen that the skin perforation as such 
does not affect the optical depth of probing, which on average 
amounted to ~320 mm, close to the value of this parameter in 
intact skin (see Fig. 2a). The application of nanoparticles sus-
pension onto the skin surface induced significant (on average, 

40

O
C

T
 s

ig
n

al
 (

re
l. 

u
n

it
s)H

H

E

E

500 mm

500 mm

D

D

D

R2

R1
E

E

E

F

0 200 400 600 800

60

80

40

O
C

T
 s

ig
n

al
 (

re
l. 

u
n

it
s)

60

80

Optical depth/mm

0 200 400 600 800
Optical depth/mm

40

O
C

T
 s

ig
n

al
 (

re
l. 

u
n

it
s)

60

80

0 200 400 600 800
Optical depth/mm

H

F

E

500 mm

a

b

c

Figure 2. OCT images (left) and profiles of the corresponding OCT sig-
nals (right) of the intact skin (Area 1) (a), Area 2 with applied suspen-
sion containing nanoparticles (b), and Area 3 treated with ultrasound 
after  applying  the  suspension  (c). The  letters  label  the  epidermis  (E), 
dermis (D), hair (H), and follicle (F).
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up to 150 mm) reduction of the optical probing depth in the 
area  between  microchannels,  and  at  the  very  location  of 
microchannels the optical probing depth becomes practically 
zero (Fig. 3b).

As  follows  from Fig.  3c,  under  the  combined  action  of 
ultrasound and the suspension base, the optical probing depth 
in the area between the microchannels was equal to ~320  mm, 
and at the locations below the microchannels it also decreased. 
Since  the mixture  of  glycerol  and  PEG-400,  serving  as  the 
base of the suspension, facilitates optical clearing (reduction 
of  scattering  coefficient  due  to  the  effect  of  hyperosmotic 
immersion agents [57]) of the skin {the refractive index of the 
solution ns = 1.465 exceeds that of the interstitial liquid nliq = 
1.345 and is close to that of the basic scatterers in the skin, the 
hydrated collagen and elastin fibres (nс = 1.41 – 1.42 [58, 59])}, 
it was expected that the optical probing depth may increase. 
However, no visible increase in the depth of light penetration 
into  the  biotissue  was  observed. Apparently,  this  is  due  to 
relatively small (~30 min) time of skin exposure to the immer-
sion agent (glycerol and PEG-400) solution, which is, proba-
bly, too short for immersing the upper layers of skin. Images 

of microchannels, filled with the base of the suspension, are 
clearly  seen  in  Fig.  3c  (left)  as  bright  white  cone-shaped 
regions. 

Figure  3d  illustrates  the  multimodal  effect  of  FLMA, 
application of nanoparticle suspension, and ultrasonic treat-
ment on the skin. In this case,  in analogy with Area 5, the 
optical  probing  depth  is  reduced,  on  average,  to  120  mm. 
Apparently, this is due to local compaction of nanoparticles 
on the skin surface, in the stratum corneum and in near-sur-
face  layers  of  living  epidermis  in  the  spaces  between  the 
channels, as well as due to the distribution of nanoparticles 
in dermis in the channels under the action of ultrasound, i.e., 
as a result of creating a denser reflecting shield, than in the 
case of passive application of  suspension of nanoparticles, 
that  hampers  the  penetration  of  probing  radiation  into 
deeper layers of skin. At the same time, after the combined 
action of FLMA, nanoparticles and ultrasound,  the  struc-
ture of skin and its individual layers are clearly seen in the 
tomogram.

Analysing the images obtained from Areas 2, 3, 5, and 7 
(Figs 2b, c and 3b, d), one can notice  that  the reduction of 
intensity  of  the  OCT  signal,  caused  by  the  suspension  of 
nanoparticles, applied to the skin surface or penetrated into 
the skin depth, favours the increased contrast of imaging of 
the  epidermis  and  the  structure  inhomogeneities,  located 
under the skin surface (pointed by arrows in Figs 3b, d, left). 
The profiles of the OCT signal (Figs 2 and 3, right) allow esti-
mation of the image contrast of epidermis in comparison with 
the image of dermis as the ratio (R1 – R2)/(R1 + R2), where R1 
is the OCT signal value from the dermis in the vicinity of the 
boundary between dermis and epidermis, and R2 is the OCT 
signal value from the boundary itself (see Fig. 2a, right). The 
mean contrast of images for the intact (Fig. 2a) and the perfo-
rated (Fig. 3, a) skin amounts to 0.06 ± 0.01, for the skin area 
with injected base of suspension (Fig. 3c) 0.01 ± 0.004, and 
for  the  skin  area  with  injected  suspension  of  nanoparticles 
(Figs 2b,  c and 3b, d) 0.08 ±  0.01  (note  that  in Fig. 2c  the 
region above a follicle is shown). Thus, as a result of applying 
the  suspension of nanoparticles  the mean value of  the  con-
trast  of  the  epidermis  image  increased  by  1.3. At  the  same 
time the comparison of Figs 3b and d shows that, in spite of 
coincidence of contrast values at the epidermis – dermis inter-
face, the structure of skin tissue is essentially better visualised 
in the case, when the ultrasound is applied, in addition to the 
penetration of nanoparticles and FLMA. 

The OCT data on the localisation of nanoparticles on the 
surface  and  inside  the  dermis  at  different methods  of  their 
injection into the skin are confirmed by the data of the histo-
logical analysis (Fig. 4). Staining of slides, obtained as a result 
of biopsy of all skin areas, with silver nitrate allows qualita-
tive estimation of the degree of penetration of nanoparticles 
into the  layers of  the cutaneous covering and their  localisa-
tion. In the case of passive application of the suspension on 
the  skin  the  character of  staining was practically  similar  to 
that for the sample of intact skin (Area 1, Fig. 4a). Figure 4b 
presents a photograph of the histological slide of Area 3, to 
which the suspension of nanoparticles was applied in combi-
nation with the US treatment. A small-size zone of nanopar-
ticle  accumulation  is  seen  in  the  stratum  corneum  (pointed 
with  arrow).  In  this  case  no  significant  penetration  of 
nanoparticles into the depth of the cutaneous covering occurs. 
Therefore, the ultrasonophoresis itself does not provide effi-
cient penetration of nanoparticles  through  the  stratum cor-
neum. 
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Figure 3. OCT images (left) and profiles of the corresponding OCT sig-
nals (right) of the skin areas, subjected to fractional laser microablation: 
without application of suspension of nanoparticles and US treatment 
(Area 4) (a), after the application of suspension of nanoparticles (5) (b), 
after the application of the suspension base and US treatment (6) (c), 
after application of suspension of nanoparticles and US treatment (7) 
(d); MC – microchannel. 
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Figure 4c presents a photograph of a histological slide of 
Area 6 (see Table 1). The ablation zone surrounded by a layer 
of coagulated tissue is clearly seen.

In Fig. 4d a zone of ablation is also present; however, in 
contrast to Fig. 4c, the layer of coagulated tissue in this case 
is not pronounced. The reason may be the following: under 
the action of ultrasound the particles begin to move from the 
surface into the depth, through the layer of coagulation, caus-
ing the damage of its integrity. Besides that, in the figure one 
can  clearly  see  black  points,  corresponding  to  nanoparticle 
clusters  stained  with  silver  (pointed  by  arrows).  Extended 
dark  zones  indicate  uniform  distribution  of  nanoparticles, 
caused by the additional US treatment on the perforated skin. 
These zones involve dermis and hypodermis, which confirms 
the  fact  that only  the combined effect of FLMA and ultra-
sound  leads  to  accumulation  of  nanoparticles  in  deeply 
located regions of skin tissue.

4. Conclusions

The results of this work demonstrate the possibility in princi-
ple of the topical regional delivery of gold nanocages into the 
deep layers of skin and their deposition under the in vivo con-
ditions. However, the mere application of the suspension of 
nanoparticles to the intact skin is not accompanied by changes 
in  the OCT  images  and  photographs  of  histological  slides, 
which indicates practical absence of penetration of nanopar-
ticles into the skin via passive diffusion. Therefore, to provide 
considerable accumulation of nanoparticles of this size in the 
skin, one has to use physical and chemical agents that enhance 
the skin permeability.

Fractional  laser microablation of  epidermis  seems  to be 
the most efficient physical method of enhancing the skin per-

meability among the methods tested by us. The microscopic 
holes produced as a result of this manipulation allow penetra-
tion of nanoparticles  into dermis and hypodermis, which  is 
confirmed by the increase in the contrast of OCT images and 
the  visualisation  of  the  zones,  where  the  nanoparticles  are 
accumulated, in the photographs of histological slides.

As such, the ultrasonophoresis does not facilitate essential 
penetration  of  gold  nanoparticles  through  the  skin  barrier. 
However,  its  use  in  combination  with  the  fractional  laser 
microablation  is  reasonable,  since  the  ultrasonic  treatment 
promotes more uniform distribution of nanoparticles  inside 
the tissue. 
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