View metadata, citation and similar papers at core.ac.uk brought to you by \. CORE

provided by Aston Publications Explorer

JOURNAL OF NANO- AND ELECTRONIC PHYSICS JKYPHAJI HAHO- TA EJIEKTPOHHOI ®I3HKH
Vol. 12 No 4, 04033(6pp) (2020) Tom 12 Ne 4, 04033(6cc) (2020)

Some Types of Carbon-based Nanomaterials as Contrast Agents for
Photoacoustic Tomography

Kateryna Dubyk!2, Lesia Chepelal, Sergei Alekseev!2, Andrey Kuzmich!2, Boris Zousmans3,
Olga Levinson3, Aleksey Rozhin4, Alain Geloen?, Mykola Isaievé, Vladimir Lysenko?8

1 Taras Shevchenko National University of Kyiv, 64/13, Volodymyrska St., 01601 Kyiv, Ukraine
2 Science Park Kyiv Taras Shevchenko University, 60, Volodymyrska St., 01033 Kyiv, Ukraine
3 Ray Techniques Ltd., Hebrew University of Jerusalem, P.O.B. 39162, Israel
4 Aston Institute of Photonic Technologies, Aston University, Aston Triangle,
Birmingham B4 7TET, United Kingdom
5 University of Lyon, CarMeN Laboratory, UMR INSERM 1060, INSA de Lyon, University of Lyon,
69361 Lyon, France
6 Université de Lorraine, CNRS, LEMTA (UMR 7563), Nancy, F-54000, France
7 Nanotechnology Institute of Lyon (INL), UMR CNRS 5270, University of Lyon, 69361 Lyon, France
8 Light Matter Institute, UMR-5306, Claude Bernard University of Lyon/CNRS, Université de Lyon,
69622 Villeurbanne cedex, France

(Received 29 April 2020; revised manuscript received 20 August 2020; published online 25 August 2020)

This paper is devoted to the study of various carbon-based nanomaterials as photoacoustic contrast
agents. The research work was performed on agarose-based tissue phantom containing inclusions with and
without carbon-based nanomaterials. The inclusion was created with the higher density compared to phan-
tom in order to simulate a tumor. A specially designed photoacoustic probe was introduced for measuring a
level of photoacoustic signal and its enhancement caused by the nanoinclusions presence. The probe con-
sists of a buffer for time separation of the signal coming from the excitation source, piezoelectric transduc-
er, and amplifier. A point-by-point measurement of the signal was performed to obtain a two-dimensional
map from magnitude of photoacoustic signal and phase delay of the signal registration. From phase delay
the 3D photoacoustic images were reconstructed by evaluation of the depth coordinate based on the tissue
sound velocity. As an excitation source the light radiation from Nd:YAG laser with a 16 ns pulse duration
and a 1064 nm wavelength was used. Firstly, we considered tissue phantom with a tumor covered by gra-
phene oxide as a reference one. It has been shown that the use of graphene oxide leads to significant im-
provement of the image contrast. Further, the tumors labelled with nanodiamonds (NDs) and carbon
fluoroxide (CFO) nanoparticles (NPs) were studied systematically. Amplitude of the photoacoustic signals
registered from such tumor phantoms are one order of magnitude lower than the signal ensured by gra-
phene oxide. All three types of the studied carbon-based nanomaterials (GO, NDs, CFO) give stable photo-
acoustic signal, this allows to consider them as good candidates for further in-vitro experiments in photoa-
coustic imaging for biological applications. The dependences of the signal level as a function of the NPs
concentration were measured for types of NPs. Considering much more efficient penetration of NDs and
CFO NPs inside the cells as well as their extremely low cytotoxicity, these both types of carbon nano-
materials could be used for further in-vivo experiments.
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1. INTRODUCTION Photoacoustic effect is a generation of pressure per-
turbations in a media as a result of interaction of the
media with modulated intensity electromagnetic radia-
tion. The main mechanism of the photoacoustic trans-
formation is based on the heating of the media because
of non-radiative relaxation of photoexcited excitations
which is followed by the thermoselastic expansion of
the media. It should be emphasized that the significant
advantage of photoacoustic technique is the sensitivity
only to absorbed portion of electromagnetic radiation.
Let us note that the study of photoacoustic phenomena
in multiphase systems is a complicated issue [3-5].

As it was mentioned above, the absorption coefficient
of biological tissues for the near-infrared wavelengths
and their corresponding photoacoustic responses is ra-
ther low. The use of nanoparticles (NPs) as contrast
agents significantly improves photoacoustic imaging [6]
and allows to perform a deeper imaging within the tis-
sue with enhanced contrast. The good choice corresponds

Optical imaging is one of the main tools for visuali-
zation in medicine, which is based on interaction of elec-
tromagnetic radiation with a studied object. The ad-
vantage of optical techniques is the relatively high reso-
lution (1-10 um) which increases with decrease in wave-
length. However, strong optical absorption of biological
tissues in the range of short wavelengths is a crucial
limitation. An optimal spectral range corresponds to
near-infrared region, but in this region strong light scat-
tering leads to significant reduction of optical image
quality especially for the objects localized at depths
larger than the scattering length (~ 3 cm). On the other
hand, ultrasound imaging based on propagation of
acoustic waves in bio-tissues can overcome this limita-
tion. The ultrasound imaging quality is poorer and less
resolved in comparison with optical one. The photoa-
coustic tomography aims to use the advantages of both
optical and ultrasound imaging approaches [1, 2].
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to the NPs with peak absorption in the NIR range,
where optical attenuation by tissues is relatively low.
Additionally, nanomaterials due to their excellent biocom-
patibility provide a versatile platform for theranostics
to perform simultaneous therapy and diagnostics [7].

Carbon nanomaterials have significant therapeutic
potential because of their biocompatibility, low toxicity,
easy penetration inside living cells, photoluminescence
features [8]. Furthermore, most of carbon nanomaterials
possess strong absorption in the infrared or near infra-
red regions, which is useful for photothermal therapy of
cancer [9,10]. In the biomedical field, carbon nano-
materials were highly anticipated to provide unique and
new opportunities for the development of novel biosen-
sors, nanocarriers for drug delivery, cell imaging and
photo-therapy treatment of cancer [11, 12].

The study of efficiency of various NPs as contrast
agents in phantom tissues is an important preliminary
step for the following in-vivo diagnostics [13, 14]. Addi-
tionally, such phantoms allow testing and optimization
of new methods in a controlled way, comparing perfor-
mances of photoacoustic imaging, ultrasound systems
as well as to assist in the development of new acoustic,
ultrasound transducers, systems or diagnostic tech-
niques. A large number of phantoms were already de-
veloped to mimic optical and acoustic properties of bio-
logical tissues [15]. In particular, agarose gel is widely
used as a phantom of human tissue because its elastic
characteristics are similar to those of human body [16].

Our paper is devoted to the study of different carbon-
based nanomaterials as photoacoustic sensitizers. More
specifically, we consider nanodiamonds (NDs) and carbon
fluorooxide (CFO) NPs. Additionally, graphene oxide (GO)
contrast agent was used for reference measurements.
We have fabricated an agarose-based tissue phantom
with inclusions of a higher density to mimic a tumor
site. The inclusion was covered by nano-carbon materi-
als before its incorporation inside the tissue phantoms.
3D photoacoustic tomography of the inclusion with and
without carbon nanomaterials was performed to esti-
mate the level of image contrast improvement.

2. MATERIALS AND METHODS
2.1 Sample Preparation

In our work, gels with 2 w/v % agarose concentra-
tions were prepared to mimic a soft tissue [17]. Three
types of agarose-based phantom samples were prepared
for our measurements: (i) homogenous tissue phantom;
(i1) tissue phantom with tumor; (iil) tissue phantom
with tumor covered by carbon nanomaterials. Tissue
phantom and tumor were fabricated from agarose gel.
Density difference of the inclusions and the phantom
were set by variation of concentration of agarose pow-
der, and it was around 30 %. Size of bulk inclusions
5x 3 mm, 10 x 6 mm, 20 x 10 mm should correspond to
cancer sites at different development state of the can-
cer. Schematically, a series of the fabricated phantom
samples is illustrated in Fig. 1.

Schemes of phantoms fabrication procedure are
shown in Fig 2. The first step includes tumor fabrica-
tion (Fig 2a). For this purpose, agarose powder (A9539,
Sigma Aldrich) was dissolved in water heated to 95 °C
and stirred for 20 min. Concentration of agarose pow-
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der in gel was about 2 wt. %. The solution was poured
into a mold to perform inclusion with a desired shape.
Then, it was left for cooling and solidification for 2 h at
room temperature. After that, inclusions were removed
from the mold.
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Fig. 1 — Series of heterogeneous tissue phantoms
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Fig. 2 — Schemes of tissue phantom fabrication: (a) tumor fabri-
cation; (b) covering of tumor by nanomaterials; (c) incorporation
of tumor in tissue phantom

During the next step, the covering of the tumor by
nanomaterials (Fig. 2b) was performed. As it was men-
tioned previously, we studied efficiency of GO, NDs and
CFO as photoacoustic sensitizers. The structure of the
selected objects is fundamentally different: (i) CFO has
a molecular nature (high molecular compound); (il) GO
is a 2D nanomaterial; (iii) NDs are 3D nanocrystals.
GO water dispersion was bought in the stock Gra-
phenea [18]. NDs were synthesized by controlled meth-
od of Light Hydro-Dynamic Pulse (LHDP) and charac-
terized in [19]. The surface of NDs was chemically mod-
ified in a mixture of inorganic acids to replace diverse
radicals by hydroxyl functional surface groups. Then, to
provide better disaggregation and colloidal stability,
NDs were heated at 420 °C for 1 h and dispersed in
water by a simple stirring (without using any surfac-
tant) and additionally ultrasonicated in a bath-type
system. The basic properties and procedure of CFO
solution preparation were described in detail in [20].
Concentration range of the nanomaterials in solution
was about 0.01-1 mg/ml. Thus, inclusions were added to
the prepared solutions with fixed concentration and left
for 12 h. After this time, the inclusions were removed
from the solution and left to dry for 30 min.
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Finally, the third step was the incorporation of the
tumor in a tissue phantom (Fig 2c). The inclusions were
incorporated in agarose gel (concentration is equal to
1.5 wt.%) and left for cooling and solidification for 12 h
at room temperature. The thickness of final tissue
phantoms is about 20 mm. Photos of fabricated tissue
phantom with tumor without contrast agents (a); tumor
covered by NDs (b); tumor covered by CFO (c); tumor
covered by GO (d) are shown in Fig. 3.

without NPs

with ND

T

Fig. 3 — Photos of fabricated tissue phantoms with tumor: (a) with-
out contrast agents; (b) tumor covered by NDs; (c) tumor covered
by CFO; (d) tumor covered by GO. Concentration of carbon nano-
materials for all tissue phantoms is equal to 0.1 mg/ml

3. EXPERIMENTAL DETAILS
3.1 Excitation

The sketch of the used experimental setup is shown
schematically in Fig. 4. The light radiation from a
Q-switched Nd:YAG laser with a 16 ns pulse duration
and a 1064 nm wavelength was used as an excitation
source. Pulse energy was tuned by filters to avoid any
sample damage. The intensity of the laser beam was
controlled with a photodiode and laser fluency was
equal to 300 md/cm?. The diameter of laser beam focus-
ing was approximately equal to 1-2 mm.

3.2 Registration

The beam was directed toward a photoacoustic buff-
er shown in Fig. 4a. The photoacoustic buffer consists of
a transparent buffer (30 mm thick glass piece) and a
piezoelectric sensor being in rigid contact with the buff-
er. The photoacoustic buffer was contacted with tissue
phantom through a transmission gel. The piezoelectric
transducer PIC151 (Piezo Technology) with a ring shape
has outer/inner diameters and thickness equal to 10/
20 mm and 1 mm, respectively, and frequency 2 MHz.
Generated photoacoustic signals were amplified by Tes-
sonics SAP Amplifier and detected by a digital oscillo-
scope Tektronix TDS 2024B. The final oscillogram was
averaged over 64 pulses. Typical shape of photoacoustic
response from the studied phantom with tumor covered
by nanomaterials is shown in Fig. 4b. To obtain 3D im-
aging of a sample, peak-to-peak amplitude of the photo-
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acoustic signal (A) was measured point by point with 2D
x-y stage. The scanning area was about 12 x 12 mm with
a step of 250 um. The third (z) coordinate was recon-
structed by measuring the times of arrival of the ultra-
sound waves at the studied sample with the use of pre-
viously determined speed of sound in phantom tissue.

Filter

Oscilloscope i
Photodiode]

Voltage (mV)

Time (ps)

b

Fig. 4 — Experimental setup of pulse-induced photoacoustic
response in tissue phantom (a). Typical shape of photoacoustic
response from tissue phantom with tumor covered by GO (con-
centration is equal to 0.1 mg/ml) (b)

4. RESULTS AND DISCUSSION

Experiments were performed for all types of agarose-
based phantoms shown in Fig. 1. Photoacoustic meas-
urements were carried out for (i) homogeneous tissue
phantoms without any inclusions and (ii) tissues with
tumor without carbon nanomaterials (Fig. 5). All meas-
urements have three repetitions. It is obvious that level
of acoustic signal for homogeneous samples without
inclusion (a) and for phantoms with inclusions of differ-
ent sizes (b) is small. It is worth noting that despite the
low level of the signal from considered samples, the
signal registered from tissue phantom with inclusion of
higher agarose density is still distinguishable bigger.
These experimental facts additionally confirm the ne-
cessity of the introduction of contrast agents inside
tissue phantoms to increase the amplitude of the de-
tected photoacoustic signal.

We have measured photoacoustic signals for phan-
toms with the same inclusion size, but for different con-
centrations of GO to obtain a calibration dependence of
signal amplitude on the concentration of NPs that cover
the tumor. Thus, Fig. 6 compares averaged photoacous-
tic responses for heterogeneous tissue phantoms with
various concentrations of NPs.

Calibration dependence of amplitude of photoacous-
tic signal on the concentration of NPs, which cover the
tumor, is represented in Fig. 7. The range of concentra-
tion of GO is equal to 0.001-0.1 mg/ml. As one can see,
an experimental dependence is linear. Thus, by meas-
uring the signal level, we can evaluate the concentra-
tion of NPs which are present in the sample.

After that, photoacoustic measurements of cancer
tissues with carbon nanomaterials (GO, Graphenea)
were performed. The concentration of GO is equal to
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0.025 mg/ml. Fig. 8 demonstrates typical photoacoustic
signal for tissue phantoms with different size of tumors
covered by NPs. Amplitude of signals for all sizes of tu-
mor inclusions has approximately the same level. It also
should be noted, that since the inclusions are in a
healthy phantom at different depths due to their vari-
ous sizes, then the photoacoustic response should arrive
with a delay. This feature is clearly observed experi-
mentally (Fig. 8). Particularly, in the case of the small-
est switch-on size, the photoacoustic response is record-
ed approximately in 12 ps, while the signal for the larg-
est bulk inclusions arrives approximately in 10 us after
the laser pulse irradiation.

These features allow us to construct 3D images of
heterogeneous tissue phantoms with inclusions covered
with various carbon nanomaterials.
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Fig. 5 — Fragment of oscillogram of photoacoustic measurements
for a homogenous tissue phantom (a) and a tissue phantom with
different size of tumor, but without contrast agents (b)

1 mg/mL

02 - o

—0.025 mg/mL
——0.001 mg/mL

Voltage (mV)

9 12 15
Time (us)

Fig. 6 — Typical photoacoustic signal for tissue phantoms with
tumor covered by GO with different concentrations
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Fig. 7 — Experimental dependence of the signal amplitude on
the concentration of GO which covers the tumor. Solid line is
the linear approximation of experimental data
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Fig. 8 — Typical photoacoustic signal for tissue phantoms with
tumor covered by GO with the same concentration
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Fig. 9 — Amplitude of photoacoustic responses for agarose-based
phantom tissues with tumor covered by carbon nanomaterials
with different concentration. The selected area shows the con-
centration of nanomaterials that were selected for reconstruc-
tion of 3D images

Since, a level of acoustical signal is small for a ho-
mogenous tissue phantom and a tissue phantom with
tumor and without contrast agents, 3D tomographies
were reconstructed for tissue phantom with tumor cov-
ered by carbon nanomaterials.

Firstly, peak-to-peak averaged amplitude of the pho-
toacoustic signal was measured for several concentra-
tions of carbon NPs varying in the range 0.01 mg/ml to
1 mg/ml. Fig. 9 shows an experimental increase in am-
plitude with an increase in concentration of various pho-
toacoustic contrast agents. GO leads to more important
enhancement of the photoacoustic response in compari-
son with NDs and CFO. Therefore, tissue phantom with
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tumor covered by GO is the most preferable candidate
for in-vitro and ex-vivo studies. Nevertheless, degree of
toxicity and typical size of the GO NPs (~ 600 nm) are
not really suitable for in-vivo experiments.

Fig. 10 demonstrates reconstructed 3D photoacoustic
tomography of the tissue phantom with tumor covered
by GO (concentration is equal to 0.05 mg/ml). As seen in
Fig. 10, the experimental 3D imaging fully agrees with
real photo (Fig. 3d). Particularly, GO is mainly concen-
trated in the center of the phantom tumor, which corre-
sponds to the maximum photoacoustic signal amplitude.
It should be mentioned that the signals detected from
the different phantom tumors covered with GO with the
same concentration have the same amplitude.

The images of tissue phantoms with tumor covered
by NDs and CFO were also reconstructed (Fig. 11). As
one can state from the figure, the signal level is one or-
der of magnitude less compared to the case of GO. On
the other hand, the experimental amplitude is quite
sufficient to record a stable laser ultrasound signal with
an excellent repeatability.

Since all three types of the studied nanomaterials (GO,
NDs, CFO) give stable photoacoustic responses, this
allows to consider them as excellent candidates for fur-
ther experiments in photoacoustic imaging of biological
objects. Despite the fact that the use of GO ensures the
highest amplitude of the photoacoustic signal and the
better visual contrast of the phantom tissue images, it is
necessary to take into account various additional factors
(toxicity, cell penetration, clearance rate) for future use
of this kind of nanomaterials for in-vivo experiments.
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Fig. 10 — 3D reconstruction of tissue phantom with tumor cov-
ered by GO with concentration of 0.05 mg/ml

5. CONCLUSIONS

In conclusions, 3D photoacoustic tomography can be
carried out with the use of nanocarbon-based sensitizers
having different structures: (i) CFO NPs with molecular
nature; (ii) GO as a 2D nanomaterial and (iii) 3D NDs.
GO leads to a more important photoacoustic response in
comparison with NDs and CFO. In particular, for the
case of NDs and CFO covering the tumor, the magni-
tude of the photoacoustic signals is about, respectively,
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10 % and 5 % of the response obtained with application
of GO. Nevertheless, even such photoacoustic signals
generated by CFO and NDs are quite sufficient to visu-
alize a tumor phantom at a selected excitation wave-
length. In general, all the considered carbon-based na-
nomaterials are excellent candidates for ex-vivo study.
In our opinion, only NDs and CFO are much more suit-
able for further in-vivo experiments due to their effi-
cient penetration inside the cells and low cytotoxicity.

ND A (a.u.)

20
18
16

14

Z (mm)

CFO A (a.u.)

14

Z (mm)

Fig. 11 — 3D reconstruction of tissue phantom with tumor
covered by: (a) NDs; (b) CFO (concentration for the both type
of contrast agents were equal to 0.05 mg/ml)
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Ils1 craTTst mprcBsiueHA BUBYEHHIO PI3HUX HAHOMATEPIaJB HA OCHOBI BYIVIEINO SIK (DOTOAKYCTUYIHNX KOHT-
pactaux pedoBwuH. JlocmimHuIibKa poboTa MpoBoauIacs Ha haHTOMI TKAHWHU HA OCHOBI arapo3u, IO MIiCTUTh
BRJIIOYEHHS 3 KapOOHOBUMHK HAaHOMAaTepiasamu Ta 6e3 Hux. BriodueHHs: 6yJ10 CTBOPEHO 3 G1JIBIIT BUCOKOIO T'yC-
TUHOIO TOPIBHSAHO 3 (PAHTOMOM 3 METOI0 IMITYBaHHS IIyXJuHU. J[JIsi BUMIpIOBaHHS PIBHS (POTOAKYCTHYHOTO
CHUTHAJIy Ta HOro IICHJIEHHS, CIIPUYNHEHOI0 HASBHICTIO HAHOBKJIIOYEHB, 0yJI0 BHKOPHCTAHO CIEIlaIbHO PO3-
pobiiermit OTOAKYCTHIHUH 30H . 30H]T CKJIAIaeThes 3 Oydepa It YacOBOTO PO3IIJIEHHS CUTHAJITY, IO HaJ-
XOJWTH BiJI JIsKepesia 30y/sKeHHs, I'€30€JIEKTPUYHOr0 [IePeTBOpIBaYa Ta MiJcuiroBayda. TouKoBl BUMIpIOBAH-
HSI CUTHAJIY TPOBOJIMIINCS JJIs OTPUMAHHS JIBOBUMIPHOI KAPTH BEJIMYUHU (POTOAKYCTUUHOTO CUTHAILY Ta da-
30BOI 3aTPUMKH peecrpairii curHairy. Ha ocHoBi sarpumen dasu pexoHcTpyoBain goroakyerndni 3D 300pa-
SKeHHS [ILJIAXOM OLIHKN KOOPAMHATH I'VIMOMHN HA OCHOBI IIBHIKOCTI 3ByKy B TKAHUHI. K mKepesio 30ymxeH-
Hs1 OyJI0 BUKOpHCTAHO cBiTsioBe BunpoMminoBauus Bix Nd:YAG snazepa 3 TpuBasticTio iMirysbcy 16 He Ta 10B-
skrHOol0 XBrun 1064 uMm. Ilo-mepire, My posrisfany TKAHWMHHAN (PAHTOM i3 IIyXJIMHOIO, IOKPUTOI OKCHIOM
rpadena (GO) B sixocti KouTposbHOTO. [Torazano, mo Bukopucranas GO mpU3BOIUTEH 10 3HAYHOTO IIOJIIII-
IIeHHST KOHTpacTy 300paskenHs. Jlaial cucreMaTHyHO BUBYAJINCS IIyXJINHU, HOKpuTi HaHomiamanTtamu (NDs)
Ta HaHoyactuHKamu Qropokcuay Byrerro (CFO). Ammuritymga GoToOaKyCTUYHMX CHTHAJIIB, 3aPEeECTPOBAHUX
B Takux aHTOMIB IIyXJIMHH, HA IOPSIOK MEHIIa, Hisk curHau, onepskyBaunit Bix GO. Bei Tpu Tonm mocri-
JRyBaHUX HaHoMaTepiaiis Ha ocHoBI Byruero (GO, NDs, CFO) narors crabinpHmit poToarkyCcTHIHUN CUTHA,
1[0 JI03BOJISIE BBAYKATH X XOPOIIMMH KaHIUIATAME JJISI IIONAJIBIMNX €KCIePUMEHTIB in vitro y doroaxkycTud-
HIM Bigyaurisariii Jyis 0i0JI0MYHUX 3aCTOCYBAHb., 3aJIeKHOCT] PIBHS CUTHAJLY BlJ] KOHIIEHTPAITT HAHOYACTHHOK
BUMIPIOBAJIN JIJIsI OKPEMUX TUINB HAHOYACTHHOK. BpaxoByioun Habararto edexrusHime nponnkHeHHss NDs ta
CFO HaHOYACTHHOK BCepeOUHY KJITHH, 4 TAKOK iX HAI3BUYANHO HU3BKY IIMTOTOKCHYHICTD, Il OOMIBA THUIIA
BYTJICLIEBMX HAHOMATEPIAJIB MOKYTh OyTH BUKOPHMCTAHI IS IIONAJIBIINX €KCIIEPIMEHTIB in vivo.

Kmnrouogi cinosa: Byrienesi nanomarepiamu, ®anromu tranus, 3D-3o0pakenus, Goroakycrrnana ToMmorpadis.
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