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Structural and optical properties of nanoparticles formed by laser
ablation of porous silicon in liquids: Perspectives in biophotonics
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Abstract. The paper discusses the possibility of manufacturing sili-
con nanoparticles, which are suitable for contrasting biological tis-
sues imaged by optical coherence tomography, by femtosecond
laser ablation of porous silicon in various liquids. The manufactured
nanoparticles are characterised by average sizes of 87, 112, and 102
nm for cases of ablation in water, ethanol, and liquid nitrogen,
respectively, as well as a relatively narrow size distribution, which
provides additional advantages for subsequent delivery into biologi-
cal tissues. Electrochemical etching, which results in the formation
of layers of porous silicon, allows the yield of ablation products to
be increased several-fold by lowering the ablation threshold,
thereby increasing the light scattering efficiency of the prepared
suspensions compared with the case of using crystalline silicon as
targets. The possibility of obtaining high-contrast images of a bio-
tissue phantom based on an agar gel with embedded nanoparticles
is shown. The magnitude of the contrast depends on the liquid used
for ablation and correlates with the values of the reduced scattering
coefficient of the studied suspensions.

Keywords: silicon nanoparticles, laser ablation in liquids, atomic force
microscopy, light scattering, spectrophotometry, optical coherence
tomography.

1. Introduction

Silicon nanoparticles (SNPs) are promising agents for optical
imaging and laser therapy due to their low toxicity and high
speed of particle release from the organism [1-5]. However,
for the effective use of SNPs as such agents, it is necessary to
be able to control the physical properties of particle suspen-
sions at the stage of their manufacturing. Thus, the use of
SNPs as contrasting agents for optical diagnostic techniques

S.V. Zabotnov, F.V. Kashaev, A.V. Skobelkina, A.V. Kolchin,

T.P. Kaminskaya, P.K. Kashkarov, L.A. Golovan Faculty of Physics,
Lomonosov Moscow State University, Vorob’evy gory 1, 119991
Moscow, Russia; e-mail: golovan@physics.msu.ru;

D.A. Kurakina, A.V. Khilov, M.Yu. Kirillin Institute of Applied
Physics, Russian Academy of Sciences, ul. Ulyanova 46, 603950
Nizhny Novgorod, Russia;

P.D. Agrba Lobachevsky State University of Nizhny Novgorod, prosp.
Gagarina 23, 603950 Nizhny Novgorod, Russia; Faculty of Physics,
Lomonosov Moscow State University, Vorob’evy gory 1, 119991
Moscow, Russia;

E.A. Sergeeva Institute of Applied Physics, Russian Academy of
Sciences, ul. Ulyanova 46, 603950 Nizhny Novgorod, Russia; Faculty
of Physics, Lomonosov Moscow State University, Vorob’evy gory 1,
119991 Moscow, Russia

Received 27 November 2019
Kvantovaya Elektronika 50 (1) 69-75 (2020)
Translated by M.Yu. Kirillin

based on light scattering requires a high scattering coefficient
of the employed nanoparticle suspensions, as well as a high
scattering cross section of individual particles [6,7]. For the
use of SNPs as contrasting agents in imaging modalities,
where the contrast is based on the difference in absorption
coefficients [8], as well as for therapeutic applications, such
as photohyperthermia [9-11] and photodynamic therapy
[12—14], the absorption coefficient of the SNP suspension is
important. The use of SNPs in fluorescence diagnostic tech-
niques [1, 15] requires high photoluminescence efficiency.

The general requirement consists in a sufficiently small
size of the nanoparticles (no more than 100 nm), which is a
condition for their effective penetration into tissues upon top-
ical application and free circulation in the bloodflow when
administered intravenously. It is important to note that the
most common and traditional techniques for manufacturing
SNPs are ultrasonic grinding [1,9, 10, 12— 14] and mechanical
grinding in planetary mills [5,11, 15] of porous silicon (PS)
layers preformed by electrochemical etching technique [16].
Despite the simplicity and accessibility, the main disadvan-
tage of these techniques is the difficulty of ensuring the small
size of the nanoparticles, which is a fundamental limitation of
the mechanical grinding technique. Usually particles with an
average size of more than 100 nm are formed [1, 5, 10, 13].

An alternative technique allowing smaller SNPs to be pro-
duced is pulsed laser ablation of silicon in liquids [4,17-20].
The SNPs formed by this technique have a high degree of bio-
compatibility due to the absence of undesirable chemical imp-
urities [4, 17, 18], and their size can be controlled by the selec-
tion of the appropriate buffer liquid for ablation [19,20]. As a
result, the ablation products agglomerate upon collision with
liquid molecules (cooling) to SNPs [21], and the nanosystem
formed in this way in most cases is a ready-made suspension
suitable for further use in different applications.

Pulsed laser ablation technique allows chemically pure
SNPs to be formed with a size of less than 100 nm and a rela-
tively narrow size distribution, which, under certain techno-
logical conditions of manufacturing, exhibit photolumines-
cence in the red and near-infrared spectral ranges. This is
fundamentally important for using such structures for fluo-
rescence imaging of biological tissues [18,22,23] and photo-
dynamic therapy [24]. It should be noted that the efficiency
and spectral characteristics of the photoluminescence of SNPs
produced by laser ablation are comparable with these param-
eters for PS-based structures [1,15,25,26] currently used in
the above biomedical applications. At the same time, in the
case of using SNPs as contrasting agents for visualising a pha-
ntom of a biological tissue by optical coherence tomography
(OCT), it was previously shown [7] that monocrystalline sili-
con ablated in water provides a lower image contrast as com-
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pared to mechanically ground PS with initially high light scat-
tering characteristics.

In this connection, it is important to study the structural
and optical properties of SNPs and their suspensions fabri-
cated by laser ablation of PS in liquids aimed at evaluating
their potential for contrasting in OCT imaging. It should be
noted that the use of PS as a target for ablation is also promis-
ing from the point of view of an order-of-magnitude lower
ablation threshold for this material as compared to tradition-
ally employed monocrystalline silicon [27], which provides
undoubted gain in the amount of ablation products formed
under such conditions and, accordingly, the amount of SNPs.

In the frames of this work, we analyse the possibility of
controlling the size and efficiency of the formation of SNPs
produced by femtosecond laser ablation of porous and crys-
talline (given for comparison) silicon by selecting the appro-
priate buffer liquid: water, ethanol, or liquid nitrogen. The
light absorption and scattering spectra of SNP suspensions are
compared in the wavelength range from 400 to 1000 nm. In an
experiment with agar phantoms of biological tissues, the per-
spectives of using nanoparticle suspensions fabricated by laser
ablation of PS for contrasting OCT images are evaluated.

2. Materials and methods

The SNP fabrication was performed in two stages. First, PS
layers were prepared by the anodic electrochemical etching
technique [16]. Polished p* type silicon wafers with a specific
resistivity of 17-23 m€Q cm and a crystallographic surface ori-
entation of (100) were used as etching substrates. Prior to etch-
ing, these plates were placed for several seconds in 47.5%
hydrofluoric acid (HF) to remove natural oxide from the sur-
face. An electrolyte consisting of a solution of hydrofluoric
acid and ethanol (C,Hs;OH) in a ratio of 1:1 was used directly
for etching. The etching current density was 73 mA cm™, and
the etching time was 30 minutes. With the listed etching param-
eters, PS layers with characteristic pore sizes of 10—70 nm are
formed [7], which allows one to classify the fabricated samples
as mesoporous [28]. The thickness of the formed PS films was
110 £ 5 um according to optical microscopy data.

At the second stage, PS films on the initial monocristalline
substrate were used as targets for femtosecond laser ablation
performed using an Avesta Cr:forsterite femtosecond laser
system based on a master oscillator, regenerative and multi-
pass amplifiers. The main features of the operation of these
systems are described in [29, 30]. The parameters of the output
pulses of the laser system used in our experiments are follow-
ing: a wavelength of 1250 nm, a duration of 160 fs, an energy
of 0.8—1.0 mJ, and a repetition rate of 10 Hz.

In the case of ablation in distilled water and ethanol, the
radiation was focused on a target located in the cell with the
corresponding buffer liquid using a lens with a focal length of
40 mm. In order to homogenise the produced SNP suspension
during the ablation process, the liquid was mixed using an
MM-1 magnetic stirrer. To prevent degeneration of the target
during ablation, the cell with the target was shifted perpen-
dicular to the wave vector of the laser beam using two orthog-
onally oriented automated mechanical translators. In course
of SNP formation, the liquid acquired a typical brown colour.
Target irradiation times are presented in Table 1. To compare
the structural and optical properties of the SNPs formed by
laser ablation of PS and crystalline silicon (CS), the latter was
also nanostructured by laser ablation under similar condi-
tions. The difference in the experiments consisted in a longer

CS irradiation as compared to PS (Table 1), due to above
mentioned higher ablation threshold [27] and lower efficiency
of SNP production in the first case. It should be noted that
longer exposure leads to an increase in the contribution of the
so-called laser fragmentation of the formed SNPs in suspen-
sion and to a decrease in their size [22]. However, in our exp-
eriments, the typical exposure times were quite large and, the-
refore, even under the assumption of the laser fragmentation
process occurrence, its effect on the particle size was compa-
rable in both cases. The main goal of changing the exposure
time was to obtain suspensions with comparable mass con-
centrations of SNPs.

Table 1. Fabrication parameters, average size, standard deviation, and
mass concentration of SNPs.

Average Standard SNP mass

izrtiiital E ugzr fxp(}su.re NP deviation concentration
d me/min - e/am  /am /mg mL~!
PS Water 120 87 ) 0.8
cs Water 240 80 21 0.5
PS Ethanol 120 12 2 1.0
cs Ethanol 240 45 2 0.6
PS Liquid 45 102 16 0.6
nitrogen
cs Liquid 45 16 6 0.4
nitrogen

Ablation in liquid nitrogen was performed when the PS
and CS targets were placed in a Petri dish mounted on a wire
holder in a thermos with liquid nitrogen. Irradiation was per-
formed after beam focusing with a lens having a focal length
of 100 mm. The choice of a lens with a longer focus as com-
pared to the experiments in water and ethanol was due to
avoid the effects of liquid nitrogen vapours on the setup optical
components. An increase in the focal length of the lens is
known to lead to an almost directly proportional increase in
the waist radius [31] and, consequently, to a change in the ene-
rgy density on the irradiated target at a fixed laser pulse ene-
rgy. In this work, the contribution of this factor to the process
of SNP formation in the experiments was not evaluated since
it requires for simultaneous account of the extinction of the
focused laser beam in various liquids and on ablation prod-
ucts. Moreover, the concentration of these products increased
in the course of irradiation.

The irradiation time for experiments in liquid nitrogen in
all cases was limited by 45 minutes due to intensive evapora-
tion of this liquid from a thermos. After irradiation, the Petri
dish with SNPs was removed from the thermos and filled with
distilled water. The resulting suspension was used in further
experiments.

The size distribution of the formed SNPs was analysed
based on atomic force microscopy (AFM) data obtained with
an ND-MDT SolverPRO scanning probe microscope. The
sampling size for plotting the corresponding histograms was
200-250 particles for each type of SNPs. The SNP size was
evaluated from the height of the peak in AFM profilograms.

The mass concentrations of the fabricated SNPs in sus-
pensions were determined by the gravimetric technique by
individually weighing empty plastic cuvettes, cuvettes with
suspensions of a known volume, and cuvettes with SNPs after
evaporation of liquids. The results are listed in Table 1.

The optical properties of the studied SNP suspensions were
determined in the wavelength range of 400—1000 nm based



Structural and optical properties of nanoparticles formed by laser ablation of porous silicon in liquids 71

on measurements of the collimated and diffuse transmission
spectra, as well as diffuse reflectance spectra. The measure-
ments were carried out for 5S-mm thick SNP suspension layers
placed in a quartz cuvette using an Analytik Jena SPECORD
250 spectrophotometer equipped with an integrating sphere.
Absorption and scattering coefficients (1, and u,, respec-
tively), together with anisotropy factor g were reconstructed
from the measured spectral dependencies based on the look-
up table produced using Monte Carlo simulations [32].

The experiments on imaging of biological tissue phantoms
using OCT in the presence of SNPs, which serve as contrast
agents, were performed using an OCT-1300E system (centre
probing wavelength of 1300 nm, IAP RAS, Biomedtech,
Russia). Droplets of SNP suspensions were administered to
the surface of a biological tissue phantom represented by a
0.2% agar gel.

3. Results and discussion

Based on AFM data, histograms of the size distribution of the
SNPs formed by femtosecond laser ablation of PS and CS in
various liquids were calculated (Fig. 1). Regardless of the buf-
fer liquid used, in all cases the values of the average sizes and
standard deviation of SNPs produced with PS as a target
(Figs 1a, 1c, and le) exceed those for CS (Figs 1b, 1d, and 1f)
in the case of ablation in the same liquid (Table 1).

The obtained result is easily explained by a decrease in the
silicon ablation threshold in the case of PS as compared to CS
[27] due to a lower thermal conductivity of the porous matrix
in contrast to bulk material and partial destruction of Si—Si
bonds in the crystal lattice during electrochemical etching. As
a result, in the process of subsequent laser irradiation of the
PS layers, the yield of ablation products and, respectively, the
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Figure 1. Histograms of the size distribution of nanoparticles formed via laser ablation of (a) PS and (b) CS in water, (¢) PS and (d ) CS in ethanol,

and (e) PS and (f) CS in liquid nitrogen.
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efficiency of agglomeration of the latter in the SNPs, which
directly determines the final particle sizes, should be higher as
compared with the case of using CS.

This hypothesis is also confirmed by the excess of mass
concentrations of SNPs formed via ablation of porous tar-
gets, as compared to those for ablation of CS using the same
buffer liquid at comparable irradiation times (Table 1). As a
result of ablation in water and ethanol, the SNP mass yield
after normalisation of the mass concentration for irradiation
time was more than 3 times higher for PS targets as compared
to the case of CS targets. During ablation in liquid nitrogen,
an increase in the mass concentration of SNPs by a factor of
1.5 was observed when the CS target was replaced by a PS
layer.

The presented histograms for SNPs obtained by ablation
of CS (Figs 1b, 1d, and If) are in good agreement with the
results of experiments previously conducted under similar con-
ditions [20, 33, 34]. The bimodal size distribution of the SNPs
produced by ablation of CS in water can be explained by the
theory developed by Shih et al. [35]: The appearance of
smaller particles is due to the fast nucleation of atoms evapo-
rated from the target surface in the area of interaction with
water molecules under continuous in time tendency towards
thermodynamic equilibrium (cooling of ablation products)
[21], while the larger particles originate from the presence of
Richtmyer—Meshkov thermodynamic instability [36], result-
ing from exposure by a short laser pulse [37] and leading to a
shock ejection of the melt from the overheated target in the
form of nanojets, at the end of which droplets appear to
agglomerate when cooled to sufficiently large nanoparticles.

The formation of SNPs with the smallest average size of
16 nm with a standard deviation of 6 nm in the case of abla-
tion of CS in liquid nitrogen is explained by ablation at low
temperature (77.4 K), which prevents the long process of int-
eraction of ablation products with a buffer liquid and, as a
result, their effective agglomeration into SNPs [19].

At the same time, a comprehensive study of the structural
and optical properties of SNPs produced by femtosecond laser
ablation of PS for a set of liquids considered in this work, to
the best of our knowledge, is performed for the first time. The
average sizes of particles formed via ablation of PS films in
water, ethanol, and liquid nitrogen were 87 nm, 112 nm, and
102 nm, respectively. From the point of view of further SNP
embedding into biological tissues, the obtained values are
relatively high. However, it should be noted that a compara-
tive analysis of size distributions with other works, where
mechanically ground PS was studied, shows a significant gain
in the case of nanostructuring by laser ablation with respect
to SNP size dispersion. As a result of our experiments, SNPs
produced from ablated PS have a relatively narrow size distri-
bution: the standard deviations are 22 nm, 26 nm, and 16 for
water, ethanol, and liquid nitrogen used as a buffer media for
ablation, respectively (Table 1).

For further quantitative comparison with the results of
studies where the SNP sizes obtained by mechanical grinding
of PS were analysed based on high-resolution microscopy data,
however, without numerical estimates of the standard devia-
tion [5,7,10], we assessed the particle size spread relative to
the average size. In other words, the size ranges were evalu-
ated, beyond which SNPs were not detected. As a result of
experiments on femtosecond laser ablation of PS in liquids,
the spread value does not exceed 60 nm, 75 nm and 30 nm for
water, ethanol and liquid nitrogen, respectively (Figs 1a, Ic,
and le). The minimum spread value corresponding to a stan-

dard deviation of 16 nm (Table 1) in the latter case we, simi-
larly to the previous discussions, associate with the formation
of SNPs at the temperature of liquid nitrogen in shorter times
as compared to ablation in other liquids at room temperature:
The lower the temperature, the faster the cooling and the less
intensive the spreading of ablation products determining,
among other things, the size dispersion of the produced SNPs.
It should be noted that in the case of PS mechanical grinding,
even when average sizes of produced nanoparticles are about
100 nm, SNPs have noticeably wider size spread, especially
towards large sizes of up to 300 nm [5,7, 10], which can only
be eliminated by additional filtration or centrifugation with
separation of the fraction of large particles.

Subsequent analysis of the light absorption and scattering
properties was performed on the basis of spectrophotometric
measurements of the fabricated SNP suspensions without add-
itional filtering or changes the in solution concentrations. Prior
to measurements, only ultrasonic mixing of the suspensions
was performed for the purpose of homogenization. The val-
ues of the absorption coefficient u, and reduced scattering
coefficient u] = u (1 — g), where u; is the scattering coefficient
and g is the anisotropy factor, were reconstructed according
to [32] from the spectra of diffuse reflectance, collimated and
diffuse transmittance of the studied SNP suspensions. The
results of reconstruction are presented in Figs 2 and 3.

As can be seen from Fig. 2a, the u, value for SNPs formed
via laser ablation of PS monotonically decreases in the range
400-600 nm from values of the order of 0.1 mm™' to values
close to zero. This behaviour is in good agreement with the
spectral dependence of silicon absorption [38,39]. The insig-
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Figure 2. Spectral dependences of the absorption coefficient , of SNP
suspensions formed via ablation of (a) PS layers and (b) CS plates in
various buffer media.
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nificant absorption peak at a wavelength of 975 nm for the
considered cases of ablation in water and liquid nitrogen is due
to absorption in water, in which SNPs are present in the form
of a suspension in both cases. At the same time, for SNPs
produced and subsequently remaining in ethanol, this peak is
not observed.

It should be noted that, apart from the concentration of
SNPs, their size also affects the absorption of the studied sus-
pensions. Earlier, as a result of simulation of the optical prop-
erties of the SNPs, we showed that particles with a larger size
make a greater contribution to the absorption even at lower
concentrations due to their high absorption cross section [7].
Therefore, for example, in the blue spectral region, the abs-
orption coefficient of the SNP suspension formed via PS abla-
tion in liquid nitrogen is two times higher than that for abla-
tion in water (Fig. 2a). Although the concentration of the
SNPs in the water suspension is higher for 33% than that for
liquid nitrogen (Table 1), the average size of the SNPs formed
in liquid nitrogen is noticeably larger than that for ablation in
water: 102 nm vs. 87 nm. It is worth noting that the final
product of both techniques is the water solution of SNPs,
because particles ablated in liquid nitrogen are suspended in
water at the final step of manufacturing. After ablation in
ethanol, the SNPs remain in it, and for a comparative analysis
of the contribution of particle sizes to absorption in different
liquids, it is necessary to additionally take into account the
difference in the contrast of the complex refractive indices at
the silicon—ethanol and silicon—water interfaces.

Typical trends in the spectral dependences are repeated
for nanoparticles fabricated by laser ablation of CS (Fig. 2b);
however, the absolute value of the absorption coefficient in
this case is less, due to the lower concentration of particles in
suspension. It should be noted that the absolute value of the
water absorption peak coincides for both particle samples
obtained by laser ablation in water, which indicates that in
the spectral range of 900— 1000 nm, absorption is mainly pro-
vided by water, rather than by SNPs. It should be noted that
the error of the applied optical properties reconstruction tech-
nique is at the level of 0.01 mm™".

Thus, weak absorption of the studied SNP suspensions at
wavelengths above 600 nm determined by relatively high trans-
parency of silicon in the red and near-infrared ranges [38, 39]
should contribute to their effective application in light scat-
tering based techniques for imaging of biological tissues and
their phantoms in the so-called diagnostic transparency win-
dow of 700—1300 nm.

An analysis of the spectra of the reduced scattering coef-
ficient u s (Fig. 3) allows one to characterise the probability of
a significant change in the direction of the photon propagat-
ing in the medium, which is important when evaluating the
effectiveness of suspensions as contrasting agents for optical
imaging methods, in particular, for optical coherent tomogra-
phy (OCT). The spectral dependences of ' for particles fab-
ricated via ablation of PS (Fig. 3a) have a nearly monotonic
decreasing trend, which is consistent with the spectral depen-
dence of the refractive index of silicon [38]; slight deviations
from monotonicity can be explained by SNP size dispersion
in the studied suspensions (Fig. 1). In general, the values of
the reduced scattering coefficient for PS ablation vary from 0
to 0.14 mm™'. In the entire spectral range under considera-
tion, the maximal u ', for ablation of PS is achieved in liquid
nitrogen, and the minimal one, in water.

A similar trend persists for SNP suspensions formed via
CS ablation: u ' values decrease depending on the used buffer

liquid in the liquid nitrogen—ethanol—water order in accor-
dance with a decrease in the size of SNPs obtained in these
media (Fig. 3b). However, all the obtained values of the red-
uced scattering coefficient do not exceed the value of 0.025 mm™,
and the dependences show a more pronounced nonmono-
tonic character in comparison with PS ablation. The first dif-
ference can be explained by the lower concentration and size
of SNPs produced upon ablation of CS (Table 1) [7], while the
second both by SNP size dispersion and measurement errors,
since due to low concentrations of nanoparticles, the mea-
surements were carried out at the technique sensitivity limit of
0.01 mm.
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Figure 3. Spectral dependences of the reduced scattering coefficient p
of SNP suspensions formed via ablation of (a) PS layers and (b) CS
plates in various buffer media.

Thus, the values of the reduced scattering coefficient for
SNP suspensions formed via laser ablation of PS targets exc-
eed that for CS for several times. Therefore, the first type of
particles in the framework of the study is more promising for
use as contrast agents in OCT, which determined the further
experiment on OCT visualisation of agar phantoms with
administered suspensions of SNPs formed via laser ablation
of PS layers.

The potential of using SNPs, fabricated via laser ablation,
in OCT was demonstrated in our model experiments with
SNPs embedded in an agar phantom. Figure 4a shows a typi-
cal image of the initial agar phantom, characterised by a small
contrast value. The upper bright line corresponds to the sur-
face of the fibre probe, while the lower line corresponds to the
air—agar phantom boundary. The image below the second
line corresponds to the signal from the phantom and is char-
acterised by a low signal level, which amounted 6.3+0.2 dB
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a b

[ d

Figure 4. OCT images of a droplet of an SNP suspension (the top row shows in-depth image, and the bottom row shows enface image) on the
surface of an agar phantom (a) without nanoparticles and (b—d) with administered SNPs formed by laser ablation of PS in (b) water, (c) ethanol
and (d) liquid nitrogen. The size of top and bottom images are 3 X 1 mm and 3 X 3 mm, respectively.

from all used samples without SNPs. Figures 4b—4d show
OCT images of the phantom after the surface administration
of a droplet of a SNP suspension produced by ablation of PS
in various liquids. From these images, one can see that the
increase in their contrast provided by administration of SNPs
is in qualitative agreement with the results of spectrophoto-
metric measurements: The highest contrast is provided by the
SNPs formed via ablation of PS in liquid nitrogen, while the
lowest is for the SNPs produced in water (Table 2).

Table 2. Contrasting OCT images of an agar phantom using SNPs
formed via laser ablation of PS in liquids.

. OCT signal from
Buff d %
utier medium nanoparticles /dB Contrast/dB
Water 8.6 2.2
Ethanol 11.5 5.2
Liquid hydrogen 17.1 10.9

Note: The contrast value is calculated as the difference between the
signals from the phantom with and without nanoparticles.

Thus, a correlation was revealed between the reduced light
scattering coefficient of administered suspension and the con-
trast of the OCT images of the agar gel phantom with SNPs.
Despite the fact that the centre wavelength of the OCT prob-
ing wavelength (1300 nm) does not fall into the spectral range
where p; measurements were performed (400—1000 nm), the
correlation can be considered reliable, at least for a qualitative
description of the observed trends due to the monotonicity of
the silicon refractive index dispersion dependences in the
wavelength range of 400—1300 nm [38].

4. Conclusions

We have demonstrated the possibility of SNP formation by
femtosecond laser ablation of PS. Employment of various
liquids for ablation allows controlling the size distribution
of fabricated SNPs: The average sizes are 87, 112 and
102 nm, and the spread does not exceed 60, 75 and 30 nm for
cases of ablation in water, ethanol and liquid nitrogen,
respectively. These size distributions are narrower than
those obtained with the traditional method of mechanical

PS grinding and, accordingly, are more preferable from the
point of view of using SNPs in biomedical applications.
Compared to CS, PS ablation also has an advantage in
terms of a higher yield of ablation products and more effi-
cient light scattering by SNP ensembles according to the
analysis performed by gravimetric and spectrophotometric
techniques, respectively.

For an agar gel-based phantom, it was shown that the SNPs
formed via laser ablation of PS can be effectively employed for
contrasting OCT images. A correlation was found between the
values of the reduced light scattering coefficient, which depend
on the buffer liquid, and the contrast value of the OCT ima-
ges: the higher the u value, the better the achieved contrast.
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