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Silicon nanoparticles as contrast agents in the methods of optical

biomedical diagnostics”
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Abstract. The efficiency of light scattering by nanoparticles formed
using the method of picosecond laser ablation of silicon in water
and by nanoparticles of mechanically grinded mesoporous silicon is
compared. The ensembles of particles of both types possess the
scattering coefficients sufficient to use them as contrast agents in
optical coherence tomography (OCT), particularly in the range of
wavelengths 700—1000 nm, where the absorption of both silicon
and most biological and mimicking tissues is small. According to
the Mie theory the main contribution to the scattering in this case
is made by the particles having a relatively large size (150-300
nm). In the experiments on visualising the agar phantom surface by
means of OCT, the contrast of the medium boundary, provided by
nanoparticles amounted to 14 dB and 30 dB for the ablated parti-
cles and the porous silicon powder, respectively. The numerical
simulation of OCT images of skin in the presence of nanoparticles,
confirmed the efficiency of using them as a contrast agent.

Keywords: silicon nanoparticles, pulsed laser ablation, mesoscopic
media, spectrophotometry, optical coherence tomography, Monte
Carlo method.

1. Introduction

The possibilities of wide-range changes in physical and opti-
cal properties of silicon using the methods of modern nano-
technologies offer promising potentialities of this material not
only in electronics for designing new types of transistors [1, 2],
sensors [3—35], light-emitting [6] and solar [7, 8] elements, but
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also in biomedical applications. The latter include the
improvement of the efficiency of diagnostics [9—12] and treat-
ment [13—18] of various diseases.

The reasons for using silicon nanoparticles in medical
applications are the minimal or zero toxicity confirmed by
numerous in vitro and in vivo experiments [19-21] and the
ability of their biodegradation under certain conditions dur-
ing a few hours [9,22] (as a rule, via the transformation into
the orthosilicic acid [23]). Although, undoubtedly, the issue of
biocompatibility of silicon nanoparticles in general and in
each particular case should be considered in a complex way,
taking into account the size, concentration, chemical purity
and stability of the used particles.

To date, a considerable success in the field of the silicon
nanoparticle formation for biomedical applications have been
achieved using the method of electrochemical etching that
makes it possible to obtain porous silicon (PS) consisting of
nanocrystals of this material and air pores and possessing
high-efficiency photoluminescence (PL). Such structures can be
used as PL markers, including application in living organisms
[9,10]. It seems promising to use PS in the treatment of onco-
logic diseases by means of the photodynamic therapy method
due to the possibility of photosensitised generation of singlet
oxygen in the ensembles of silicon nanocrystals [13,14]. The
implementation of this idea was experimentally demonstrated
in Refs [15, 16] by the example of cancer cells of murine fibro-
blasts and human lung.

Despite relative cheapness and technological advan-
tages of nanocrystalline silicon using electrochemical
etching with possible further grinding into a powder for
practical use [9,10,15,16], there are other methods of
nanoparticle production, promising for biomedical appli-
cation. In particular, the laser ablation method is used
rather frequently, in which nanoparticles are formed by
agglomeration of the products of ablation of the irradi-
ated target in a buffer liquid or gas. The choice of the lat-
ter allows the control of not only the size of the produced
nanoparticles, but also of their structure, chemical purity
and stability, which offers promising potentialities for
using such objects in biomedicine. This trend in nano-
technology was called “green synthesis” [24]. To date,
laser ablation made it possible to synthesise functional
gold nanoparticles, possessing a high degree of biocom-
patibility with cell cultures [25] and being promising
agents not only for the cancer diagnostics, but also for the
cancer treatment. Considerable success was achieved in
the synthesis of nanoparticles based on the iron oxide
[26], which is interesting for diagnostics and laser therapy
of degenerative diseases of cartilages [27, 28].



Silicon nanoparticles as contrast agents in the methods of optical

639

The method of pulsed laser ablation has also proved itself
efficient in the formation of silicon nanoparticles. The low-
toxic silicon nanocrystals produced in this way appeared suit-
able both for bioimaging of living organisms [11,12] and for
photosensitised generation of singlet oxygen [17]. It is impor-
tant to emphasise one more advantage of the pulsed laser
ablation method: in most cases, the PL peaks of nanostruc-
tured silicon are located in the so-called transparency window
of biotissues, i.e., in the spectral range from 700 to 1300 nm
[11,12,17,29,30].

A considerable number of papers devoted to the use of
silicon nanoparticles, formed by means of electrochemical
etching or laser ablation are related to their application as PL
markers. Particular attention in such studies is paid to the PL
properties of silicon nanocrystals having a size smaller than
8 nm, which can be also formed using the methods of chemi-
cal synthesis in solutions [31,32], can be biocompatible and,
in particular, possess spherical shape and narrow size distri-
bution.

We should note that silicon has a relatively high refractive
index (about 3.6 in the red and near-IR spectral regions [33]).
Nanoparticles of this material possess a sufficiently large scat-
tering cross section and, therefore, seem to be promising as
contrast agents in biotissue visualisation using the methods of
optical imaging. Previously, the possibility of controlling the
optical properties of biotissues and the contrast in optical
imaging methods was demonstrated using nanoparticles of
gold [34, 35], titanium dioxide [36], zinc dioxide [37] and other
materials [35]. However, practically no studies of the effi-
ciency of silicon nanoparticles used for these applications
have been carried out until now.

In our previous paper [38] we have shown the possibility
of using silicon nanoparticles, formed by picosecond laser
ablation as contrast agents for the visualisation of the surface
of agar gel by means of optical coherence tomography (OCT).
The essence of this technique of visualising the inner structure
of optically inhomogeneous objects with the spatial resolu-
tion up to a few micrometres consists in the detection of the
probe radiation backscattered by the object of study using the
low-coherence interferometry [39].

In the present paper, we consider two types of silicon
nanoparticles formed using laser ablation and obtained by
mechanical grinding of PS into a powder. These nanosystems
a priori possess a wide size distribution, which allows not only
the integral comparison of their physical and optical charac-
teristics, as well as the efficiency of their use in bioimaging
problems, but also the estimation of the contribution of par-
ticles having different size to the light scattering.

2. Objects and methods of study

Suspensions of silicon nanoparticles were prepared using the
method of pulsed laser ablation of monocrystalline silicon in
water. As initial plates for irradiation, we used the moderately
doped silicon Si of p* type with the crystallographic orienta-
tion of the surface (100) and the specific resistance of 10—
20 mOhm cm. The irradiation of the target was performed in
a cell with distilled water using an EKSPLA PL 2143A pico-
second Nd:YAG laser during 30 min with a pulse repetition
rate of 10 Hz. The duration and the wavelength of the pulses
were 34 ps and 1064 nm, respectively. In more detail, the
experiment is described in Refs [38,40].

The layers of PS were produced using the method of elec-
trochemical etching of monocrystalline Si plates with the

same parameters as indicated above. For the etching, we used
the solution of 47.5% hydrofluoric acid with ethanol in the
1:1 proportion. Before etching, the substrates of monocrys-
talline silicon were placed in pure hydrofluoric acid for a few
seconds in order to remove the natural oxide film from the
surface. In the process of etching, the electric current density
varied from 50 to 100 mA cm2, and the time of etching varied
from 15 to 30 min, depending on the etching rate at the given
current. The reason was that, on the one hand, it was neces-
sary to maximise the PS layer thickness (since the experiment
required a large amount of material to study). On the other
hand, the minimal variance of the size of silicon nanocrystals
and air pores was needed, which was achieved at a mean layer
thickness of about 75 um. The PS layer thickness was moni-
tored by means of an Olympus BX41optical microscope. The
separation of the PS film from the substrate was implemented
at the final stage of the electrochemical etching by an abrupt
increase in the current density to 700 mA cm~ during a few
seconds. In the experiments on measuring the optical con-
stants and the contrast properties, we used the powders of PS,
mechanically grinded using a Fritisch PULVERISETTE 7
planetary-type mill and diluted in distilled water. The use of
water as the same base for the solutions of silicon particles,
obtained by means of pulsed laser ablation and electrochemi-
cal etching, allows one to perform the maximally correct com-
parison of the contrast properties for the silicon, nanostruc-
tured using the above methods, keeping in mind the compat-
ibility of water with living organisms for further practical
application.

The structure of the silicon nanoparticles formed by
laser ablation was studied with a JEOL JEM-1011 transmis-
sion electron microscope (TEM), and that of porous silicon
and its powders — with a Carl Zeiss Supra 40 scanning elec-
tron microscope (SEM). The results obtained for both types
of nanoparticles were compared with the data of dynamical
light scattering (DLS) study using a Malvern Zetasizer Nano
ZS analyser.

The reflection, collimated and total transmission spectra
of the suspensions of silicon nanoparticles, placed in a silica
cuvette with the separation of 10 mm between the walls, were
measured in the range of wavelengths 400—1100 nm using an
Analytik Jena SPECORD 250 spectrophotometer equipped
with an integrating sphere.

The experiments on OCT visualisation of turbid media
with the above ensembles of silicon nanoparticles serving as
contrast agents were carried out using an OKT-1300U OCT
system (the centre probe radiation wavelength 910 nm). The
0.3% agar gel, on the surface of which the drops of suspen-
sions with silicon nanoparticles were applied, played the role
of a biotissue phantom.

The numerical simulation of the OCT images was per-
formed using the algorithm based on the Monte Carlo method
[41]. The optical characteristics of the silicon nanoparticles of
different size, used in the simulation, were calculated accord-
ing to the Mie theory [42].

3. Results and discussion

3.1. Structural and optical properties of silicon
nanosystems

The analysis of TEM images of silicon nanoparticles obtained
using the method of picosecond laser ablation in water
revealed the presence of two fractions, possessing high crys-
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tallicity degree [29,40], in accordance with our earlier studies.
The first fraction consists of the particles having relatively
small size from 2 to 40 nm (Fig. 1a), and the second one con-
tains large clusters having size from 70 to 200 nm (Fig. 1b).
The first type of nanoparticles is most probably formed
according to the classical mechanism, in which the collisions
with the molecules of a buffer medium (in the considered case
water) result in the deceleration and agglomeration of silicon
ablation products into nanoparticles [43]. The second type of
particles, in our opinion, is a product of either coalescence of
the first-type particles under sufficiently high temperatures,
caused by the irradiation with laser pulses, or the difference in
the velocities of the ablation products according to the theory
[44] and our previous studies of the picosecond laser ablation
dynamics in silicon [45]. The explanation is as follows. The
ablation of the target results in the appearance of two compo-
nents of ablation products, the ‘fast’ one and the ‘slow’ one.
The first of them consists of faster ablated atoms that experi-
ence practically no collisions in the process of expansion.
Therefore, the efficiency of agglomeration into nanoparticles
in this case is small, giving rise to the formation of a small-size
fraction. For the low-velocity component the number of col-
lisions with the molecules of the buffer medium is essentially
greater, which, in turn, increases the efficiency of agglomera-
tion into nanoparticles of larger size.

The presence of the fraction of large nanoparticles in a
small concentration is also confirmed by the data of DLS,
namely, in the size distribution of the particles, presented in
Fig. 1c, one can observe a characteristic fracture of the curve
at 100 nm. The dashed line in Fig. 1c is drawn to separate the
fractions of small and large particles. We should note that the

presented distribution integrally reflects only the presence of
particles having the size 30—200 nm. The absence of nanopar-
ticles smaller than 30 nm in the TEM observations is explained
by the small efficiency of light scattering by these particles in
the DLS method and by the overestimation of the hydrody-
namic radius in this distribution as compared to the real one.
The latter is due to the moderate stability of the studied sus-
pension, characterised by the measured value of electrokinetic
potential -31.4+0.9 mV and the possibility of such a close
approach of nanoparticles (Fig. 1a) that in the process of scat-
tering they most probably are detected as a single agglomer-
ate. Nevertheless, with the above considerations taken into
account, the DLS data are in good qualitative agreement with
the TEM data.

The PS films, formed using the method of electrochemical
etching under the conditions described above, possess the
characteristic pore size from 10 to 70 nm (Fig. 1d). According
to the classification of the International Union of Pure and
Applied Chemistry (IUPAC) such structures can be classified
as mesoporous ones [46]. From the optical point of view such
media should be also treated as mesoscopic ones for the visi-
ble and near-IR spectral ranges, since for the radiation having
these wavelengths the PS, as well as the powders made of it,
can be considered neither as homogeneous objects, nor as
those having an atomic-scale size. In other words, such media
should be considered as randomly inhomogeneous ones. A
similar statement is valid for the nanoparticles produced by
the laser ablation method.

For practical use in contrasting the biotissue phantom,
the PS films were grinded using the planetary-type mill into a
powder, the SEM image of which is presented in Fig. le. The
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Figure 1. (a, b) TEM images and (c) size distribution of silicon nanoparticles formed by picosecond laser ablation in water. The dashed line in
Fig. lc is drawn to select visually the contribution of the fraction of large particles to the distribution. SEM images of the surface of (d) the initial
PS film and (e) the one grinded by means of the planetary-type mill, as well as (f) the size distribution of particles in the resulting PS powder.
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powder consisted mainly of the clusters having a size from
50 to 300 nm, which, in turn, were formed by silicon nano-
crystallites that were the PS base before grinding. The powder
prepared in this way was diluted in water for further study
using the methods of spectrophotometry and OCT.

The analysis of the DLS data for the water suspension
prepared in this way demonstrates good agreement with the
results of SEM. The fraction of nanoparticles having the size
50-300 nm in the distribution presented in Fig. 1f amounts to
81%. The appearance of other particles having the size greater
than 300 nm, reflected in the distribution, can be a result of
the hydrodynamic radius overestimation in the studied aque-
ous suspension of silicon nanoparticles, similar to that in the
case of nanoparticles ablated in water. Otherwise, they can be
real nanoparticles, present in the PS powder in the concentra-
tion not exceeding a few percent because of the grinding
inhomogeneity.

As seen from Fig. 1, the silicon nanoparticles formed
using the methods of laser ablation and electrochemical etch-
ing followed by grinding, are ensembles with a nonuniform
size distribution, essentially different for each method of
preparation. Correspondingly, the optical properties of such
nanosystems will differ even in the case of equal concentra-
tions because of the dependence of the light scattering effi-
ciency on the size of the particles that follows from the Mie
theory [47]. Therefore, for the comparison of the specific fea-
tures of scattering and absorption of light by nanoparticles in
aqueous suspensions, their concentrations were chosen such
that the scattering (x,) and absorption (u,) coefficients of
light would be comparable for each type of nanoparticles, and
by the order of magnitude comparable with 0.1 mm™! (Fig. 2).
Here, according to the data of weighting the dried suspensions
of silicon nanoparticles, their mass concentration amounted
t00.17 g L~! for the laser ablation and to 4.0 g L™! for the grinded
PS. With the size distribution of these types of nanoparticles
taken into account, the total volume concentrations for
each type were estimated as 1.0 X 10" and 0.34 X 10'3 cm—,
respectively.

The optical characteristics of the studied suspensions were
determined in the spectral interval 400—1000 nm using the
original analytical model of low-multiplicity backscattering.
This technique allows the reconstruction of the coefficients
s and u, from the measured spectrophotometry data, i.e., the
spectra of collimated and diffuse transmission and diffuse
reflection [38,48]. The reconstructed dependences of these coef-
ficients are presented in Fig. 2.

A monotonic decrease in the absorption coefficient wu,
with increasing wavelength in Fig. 2 for both types of the
studied nanosystems is due to the reduction of light absorp-
tion by silicon in the red and near-IR spectral regions [31].
However, we should note that in both considered cases the
absorption coefficient asymptotically tends to 0.05 mm!
rather than to zero, as it would be in this spectral region in the
case of silicon. The observed effect is most probably caused
by the contribution of water to the absorption.

The scattering coefficient p of the suspension of ablated
silicon nanoparticles demonstrates an insignificant variation
in the range 400—600 nm and a monotonic fall in the range of
wavelengths above 600 nm (Fig. 2a), while for the grinded PS
powder in water u, remains virtually unchanged (Fig. 2b).
This behaviour can be explained by the difference in the size
of nanoparticles. The relatively large size (50—300 nm) of the
PS grinded powder nanoparticles (Fig. le) results mainly in
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Figure 2. Scattering (us) and absorption (u,) coefficients of the silicon
nanoparticles prepared using (a) laser ablation and (b) porous silicon
powder in water. The inset in Fig. 2a shows the dependence of the scat-
tering coefficient on the wavelength in the logarithmic scale for the
spectral range 600—1000 nm.

the Mie scattering in the chosen spectral range. This type of
scattering is characterised by a weak wavelength dependence
[47], which is confirmed by Fig. 2b.

In the suspension of ablated particles the fraction of those
having a size of 2—40 nm is present (Fig. 1a) that gives rise to
the Rayleigh scattering. According to the Rayleigh theory,
the appropriate contribution decreases as A4, where 4 is the
wavelength of light. The applicability criterion for this theory
is that the size of the particle should not exceed ~A/15. Indeed,
in the considered case the decrease in i with increasing A
manifests itself above 600 nm, which corresponds to a
nanoparticle size of 40 nm, according to the above criterion.
In other words, when the wavelength becomes sufficiently
large for some of the fractions of the considered nanoparticles
(in our case, smaller than 40 nm), then in the experiment it
appears possible to detect the contribution of the Rayleigh
scattering. It is important to note that the presence of the
fraction of larger (70—200 nm) nanoparticles (Fig. 1b) even in
small concentrations also contributes to the light scattering,
as will be shown below (see Fig. 5b).

However, this type of scattering should be described in
terms of the Mie theory. Therefore, the dependence in Fig. 2a
is a sum of the contributions from both types of scattering: in
the spectral region below 600 nm the character of scattering is
predominantly described by the Mie theory, and above
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600 nm — by the superposition of both theories. The validity
of the last statement follows also from the analysis of the
dependence of u, on the wavelength in the range 600—1000 nm,
presented in the inset of Fig. 2a in logarithmic scale. This
dependence cannot be approximated with good accuracy in
the entire range mentioned above by a power function, which
in logarithmic scale is plotted by a linear dependence.
Therefore, the determination of the power of the function in
the considered case can be performed only locally, in a nar-
row (not greater than 100 nm) interval of wavelengths. The
estimates show that the slope coefficient of the analysed
dependence monotonically changes from —0.6 in the vicinity
of 600 nm to —2.6 in the vicinity of 1000 nm. This fact demon-
strates that with a decrease in the ratio of the particle size and
the wavelength, the contribution from the Rayleigh scatter-
ing, characterised by the power —4, becomes dominant.

The comparative analysis of the scattering efficiency
(Fig. 2) shows that for the grinded PS particles the values of u,
are at least by three times larger than those of the ablated
nanoparticles if the volume concentration of the first ones is
by three times smaller than that of the second ones. Therefore,
it may be ascertained that the efficiency of light scattering in
aqueous solutions of silicon nanoparticles formed by means
of the electrochemical etching method with subsequent grind-
ing, is greater by nearly an order of magnitude than in suspen-
sions formed using pulsed laser ablation. There can be two
reasons explaining such a great difference. The first reason is
that the larger-size particles possess a larger coefficient u, (see
Section 3.1). The second reason is related to the developed
specific area of the PS that facilitates an increase in the num-
ber of scattering events and, therefore, the photon lifetime in
the mesoscopic medium. For the studied PS layers this
assumption is confirmed by the considerable value of their
diffuse reflection (Fig. 3), which monotonically increases with
increasing wavelength in the range 450—1050 nm and appro-
aches 50% in the near-IR range. The mirror reflection coeffi-
cient in this case does not exceed a few percent.

Diffuse reflection (%)
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Figure 3. Diffuse reflection spectrum of the porous silicon film.

The significant diffuse reflection can be explained by the
multiple scattering of light in the mesoscopic PS structure.
The growth of the signal with the wavelength, as mentioned
above, is related to a decrease in the light absorption by sili-
con in the red and near-IR spectral regions and is confirmed

by a monotonic decrease in the coefficients u, in Fig. 2b for
the studied PS powder.

3.2. Experimental study of the contrast effect of silicon
nanoparticles in OCT

The high efficiency of radiation scattering in near-IR range by
silicon nanoparticles, in particular, backscattering, in combi-
nation with low absorption and biocompatibility are the rea-
sons for their high applicability for contrasting the OCT
images of biotissues. In order to study the efficiency of the
silicon nanoparticles used as contrast agents in OCT imaging,
we compared experimentally both types of the studied nano-
particles, i.e., the ones obtained by laser ablation and by
mechanical grinding of PS into a powder.

To compare the efficiency of using these two types of
nanoparticles we obtained the OCT images of the agar gel
surface used as a biotissue phantom. The surface was covered
either with a suspension of nanoparticles produced using laser
ablation (Fig. 4a), or with the PS powder (Fig. 4b). In the first
case, a drop of the studied suspension was applied on the sur-
face. The most part of the particles did not penetrate deep
into the agar gel and settled at the interface, thus increasing its
contrast. In the second case, the agar surface was directly cov-
ered with a layer of the PS powder and the contrast was

1 mm
|

|
1 mm

Figure 4. OCT images of the agar gel surface covered with the suspen-
sion of silicon nanoparticles prepared using (a) laser ablation in water
and (b) porous silicon powder. The centre probe wavelength is 910 nm.
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enhanced due to multiple scattering. It is worth noting that in
the case of the suspension, even with the sedimentation taken
into account, the concentration of the particles at the surface
of the agar phantom was essentially lower than in the case of
the powder. This fact gave rise to the essential difference in
the signal level from the boundary when using the particles
obtained by laser ablation and the powder of porous silicon
(Figs 4a and 4b, respectively). Moreover, in the considered
case, the environment for the particles obtained using laser
ablation is water, and for the PS particles it is air, which leads
to a considerable jump in the relative refractive index and,
therefore, to more efficient scattering. Note that in the
absence of particles, the signal from the phantom boundary
was at the level of noise and did not exceed 5 dB. When using
silicon nanoparticles, the maximal contrast of the boundary
in the above-mentioned cases amounted to 14 and 30 dB for
the particles obtained by laser ablation and for the PS pow-
der, respectively, which characterises both types of particles
as efficient contrast agents.

It is worth noting that the observed difference between the
contrast in the phantom images, obtained with the particles of
different types at comparable volume concentrations, agrees
well with the results of spectrophotometry for the coefficient
us (Fig. 2), since the light scattering by PS is also much more
efficient than for the ablated nanoparticles. This is due to
their larger size and developed specific surface (see Section
3.1). On the other hand, the nanoparticles having a size above
100 nm are not always suitable for particular applications in
the diagnostics of biological or mimicking tissues because of
the difficulty of introducing them into the studied objects and
the increased biodegradation time in comparison with the
case of smaller particles.

Thus, in spite of the biocompatibility, demonstrated for a
wide class of silicon nanoparticles, the studies of biological
safety of the considered particles have not been carried out
yet and, therefore, our studies were restricted to the phantom
experiments.

3.3. Numerical simulation of the contrast effect of silicon
nanoparticles in OCT imaging

Preliminary comparison of the estimates and TEM, SEM and
DLS data has shown that the main contribution to the optical
characteristics is made by the particles of large size, even
though their concentration in the suspension is relatively
small (about a few percent of the total number of particles).

The efficiency of silicon nanoparticles as contrast agents
in real biotissues can be estimated before getting the informa-
tion about their biocompatibility using the methods of
numerical simulation. The Monte Carlo method is most effi-
cient in the modelling of two- and three-dimensional OCT
images, since it allows the consideration of complex geometry
and optical inhomogeneity of biotissues.

Using the Mie theory, we estimated the optical properties
of suspensions of nanoparticles having different diameters
and volume concentration of 10'* cm™'. In the above consid-
erations, this concentration was shown to be characteristic for
the studied nanosystems.

We should not forget that the present approach implies a
priori that the scatterers are spherical. However, within the
frameworks of the performed analysis of the optical proper-
ties of suspensions, when the stochastically oriented nons-
pherical scatterers are present (see Fig. 1e), this theory is also
applicable for the estimation of scattering characteristics. In
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Figure 5. (Colour online) (a) Size distribution of silicon nanoparticles
in the suspension used in the simulation and (b) relative contribution of
the particles having different diameters to the values of the scattering
and absorption coefficients of the suspension.

this case, us and u, can be determined either as a single Mie
solution for a sphere having the effective radius value, or as a
series of Mie solutions with multiple radii.

In the simulation, we used the size distribution of the par-
ticles presented in Fig. 5a and considered the suspension with
a total concentration of 10'* cm™!. This distribution provides
the following optical properties of the suspension: u, =
7.78 mm™, u, =0.05 mm™', g = 0.36, where g is the anisotropy
factor (the mean cosine of the scattering angle). The relative
contribution of the particles, having a different size, to the
values of the optical properties is shown in Fig. 5b.

As a simulated biotissue, we used a multilayer model of
human skin shown in Fig. 6. The optical properties of the lay-
ers, used in the simulation, were obtained by averaging the
literature data and are summarised in Table 1. The model
image (Fig. 7b) corresponds to the morphological structure of
human skin and agrees with the experimental OCT image of

Table 1. Optical parameters of the skin layers.

Skin layer g Imm™! U, /mm! g n
Stratum corneum*

Epidermis 5 0.015 0.95 1.37
Upper layers of -, 0.02 0.85 1.4
reticular dermis

Deep layers of 12 01 09 1.39

reticular dermis

Note. The stratum corneum is modelled by the surface roughness
with the amplitude 4 um; 7 is the refractive index.




S.V. Zabotnov, F.V. Kashaev, D.V. Shuleiko, M.B. Gongalsky, et al.

g 0

% -0l ———————————— T[Epidermis
o2l | Upperlayersof

" T———————  —{yeticular dermis

-03F
0.4k
-0.5F
0.6 Deep layers of
0.7 } reticular dermis
08k
-09 +
~1.0 1 1 1 1

0 0.2 0.4 0.6 0.8 x/mm

Figure 6. Multilayer model of skin used in the simulations.

the skin (Fig. 7a). The advantage of numerical simulation as
compared to the real experiment consists in the possibility of
modelling an OCT system with a more sensitive detector,
which provides greater imaging depth.

In the modelling, we assumed that in the skin a spherical
structural element is present having a radius of 50 um, which
does not differ from the surrounding biotissues in its optical
properties, but is capable of accumulating nanoparticles in
the concentration corresponding to that in the suspension. In
this case, the absorption and scattering coefficients are added
to their background values in the biotissue. The OCT images
of skin were modelled for different depths of nanoparticles
deposition (Fig. 8). The considered inhomogeneity can be the
model image of a hair bulb, pore, or duct, capable of accumu-
lating nanoparticles, introduced by surface application of
injection.

At the considered deposition depths, the image of the
spherical inhomogeneity is efficiently contrasted, the contrast
decreasing with depth. At depths of 100—200 um in the model
OCT images the essential reduction of the OCT signal coming
from under the contrasted region is observed, which is due to
the significant attenuation of the probe beam due to inhomo-
geneity.

Thus, the results of numerical simulation have demon-
strated that the considered particles used at the skin surface
and at depths not exceeding 200 um, corresponding to the
epidermis and upper layers of reticular dermis (see Fig. 6)
possess high potentiality as OCT contrast agents.

As mentioned above, the experimental determination of
the concentration of nanoparticles penetrated into different
structural layers of real biotissues was not carried out in the
present paper. However, the visualisation of the agar gel
phantom and the calculations performed by us show that the
used concentration 10'3 ecm™" of silicon nanoparticles is quite
enough for efficient contrast at least of the biotissue surface.
Moreover, if we assume the suspension to penetrate into the
tissue pores in the unchanged form, then the above concentra-
tion and high contrast are also attainable.

4. Conclusions

We have performed a comparative analysis of two types of
silicon nanoparticles: nanoparticles obtained by laser abla-
tion in liquids and nanoparticles obtained by electrochemical
etching with subsequent mechanical grinding. The studies
performed by electron microscopy have shown that the first
type of nanoparticles is characterised by two predominant
fractions with the particle size 2—40 nm and 70-200 nm,
while the second type consists of one fraction with the size of
nanoparticles varying from 50 to 300 nm. The study of optical
properties of these nanoparticles revealed the efficient scatter-
ing of visible and near-IR radiation, which make it possible to
expect promising potentialities of using the particles as con-
trast agents in the OCT imaging, confirmed in the experiment
with the biotissue phantom. The numerical modelling of the
OCT images of a biotissue with complex structure, simulating
human skin with the local presence of silicon nanoparticles
also confirmed their efficiency as contrast agents. In this case
it has been shown that the dominant contribution to the effect
is made by the fraction of large (150—300 nm) particles.

Acknowledgements. The formation of the particles, the study
of their physical properties and the experimental OCT studies
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