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OCHOBHBIC COCTABJAIOIINE CTATHU

- Ha3BaHUC;

- BBCICHUC;

- METOJbI UCCIICAOBAHUM;

- OCHOBHBIE PE3YJIbTaThl U UX O00CYKICHUE;
- 3aKJII0YCHHUE (BBIBOJIBI);

- CIIMCOK MCIIOJIb30BAaHHOHW JIUTEPATYPHI.
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aBTOPOM HAa CUCTEMHOM YPOBHE.
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Abstract (Pe3iome)

Abstract Introduction: Silver nanoparticles (AgMPs) have a wide range of bioactivity, which is highly
dependent on particle size, shape, stabilizer, and production method. Here, we present the results
of studies of AgNPs cytotexic properties obtained by irradiation treatment of silver nitrate solution
and various stabilizers by accelerating electron beam in a liquid medium. Methods: The results of
studies of morphological characteristics of silver nanoparticles wene obtained by transmission electron
microscopy, UV-vis spectroscopy, and dynamic light scattering measurements. MTT test, alamar
blue test, flow cytometry, and Auorescence microscopy were used to study the anti-cancer properties.
As biological objects for standard tests, adhesive and suspension ell cultures of normal and tumor
origin, including prostate cancer, ovarian cancer, breast cancer, colon cancer, neuroblastoma, and
leukemia, were studied. Results: The mesults showed that the silver nanoparticles obtained by
irradiation with polyvinylpyrrolidone and collagen hydrolysate are stable in solutions. Samples with
different stabilizers were characterized by a wide average size distribution from 2 to 50 nm and low
zeta potential from —7.3 to +124 mV. All AgNPs formulations showed a dose-dependent cytotoxic
effect on tumor cells. It has been established that the particles obtained with the combination of
polyvinylpyrrolidone / collagen hydrolysate have a relatively more pronounced cytotoxic effect in
comparison to samples stabilized with only collagen or only polyvinylpyrrolidone. The mininmum
inhibitory concentrations for nanoparticles wene less than 1 pg/ml for variogs bypes of tumor cells.
It was found that neuroblastoma (SH-5Y5Y) is the most susceptible, and ovarian cancer (SKOV-3)
is the most resistant to the action of silver nanoparticles. The activity of the AgNPs formulation
prepared with a mixture of PVP and PH studied in this work was higher that activity of other AgMNPs
formulations reported in the literature by about 50 tmes. Conclusions: The results indicate that the
AgpNPs formulations synthesized with an electron beam and stabilized with polyvinylpyrrolidone
and protein hy drolysate deserve deep study for their further use in selective cancer treatment without
harming healthy cells in the patient organism.

Keywords: electron beam; cytotoxicity; silver nanoparticles; tumor cells; anticancer agent
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- ITOKA3bIBACT HCO6XOI[I/IMOCTI> H CBOCBPCMCHHOCTD
IIPOBCACHHOI'O HAYYHOI'O UCCIICITOBAHMA.



BBeaenue

L. Introduction

Manoparticles are widely used in various technology fields, but from a medical point
of view, their potential is still far from being discovered. Currently, nanoparticles are
used for the visualization of some molecular markers of diseases, diagnosis, malignant

tumors treatment, and targeted delivery of drugs with controlled release and accumulation
in tissues and organs. Nanoparticles are used as active components, for example, pho-
tosensitizers in photodynamic therapy of cancers or hyperthermic tumor destruction by
heating nanoparticles [1). However, the boxicity of nanoparticles for living organisms limits
their miedical use [2]. The biological properties of nanoparticles significantly depend on
their size, shape, stabilizer type, and method of preparation [3,4). Inm addition, particle
nanosizing often keads to the appearance of new material properties or the enhancement of
existing ones. However, this can also increase the potential hazard to human health [2]. The
small sizes of nanoparticles (1-100 nm) allow them to penetrate through the epithelial and
endothelial layers into the internal environment and body fluids, while migrating and being
carried by the blood, penetrating even through dense histohematological barriers induding
the blood-brain barrier [5]. In this regard, the toxdcity of nanoparticles is mainly realized
through the following mechanisms: mechanical impact of nanoparticles and, in some cases,
the formation of their aggregates with biological molecules; membrane integrity alteration
and perforation; catalytic action of mnanoparticles; enzymes damage and inhibition with
cell metabolism disruption; deactivation of antioxidants and oxidative stress induced by
nanoparticks; damage to cell oytoskeleton and internal organelles, primarily mitochon-
dria; tissue inflammatory mesponse and tissue damage due to immune esponse [6]. In
many cases, toxicity is determined by the metal ions” action during the dissolution of
nanopartickes [7].



Ileaps ucciaeroBaHus

NOJKHA OBITh CBSI3aHA C Pa3paOOTKON HJIM
IPUMEHEHHUEM Ha IIPAKTUKE HOBBIX METOJIHK,
KJIacCCU(PHUKALIMK, TPHOOPOB, MPOTPaMM,
AITOPUTMOB, CTPYKTYP, TEXHOJIOTUH U T. I1.;

(hOpMYJIMPYETCS, KaK IMPaBUJIO, HAUNHAS

C IJIar0JIOB TUIA: BEISICHUTD, BEISIBUTD,
cpopmupoBaTh, 000OCHOBATh, IPOBEPUTh,
OIIPEAECIINTD, CO31aTh, TOCTPOUTH, ONHCATb.
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- OCHOBHBIC COCTaBJISIFOIINE UCCIICIOBAHUS,
KOTOPBbIC HEOOXOIUMO BBIIIOJTHUTH
IUISL JOCTUIXKEHUSA YKA3aHHOU LIEIIH.



ILeab ucciaenoBanud

Therefore, the aim of the present work was to perform a systematic study of the
hemolytic properties of ArgovitTM AgNPs in a wide interval of concentrations. For this, a
variation of parameters important for biomedical applications, such as pH, erythrocytes
source (healthy and diabetic donors), and compound type (AgNPs and AgNO;), were per-
formed. The results obtained in this work revealed an unusual and unexpected bell shape
of the hemolysis curve. A meta-analysis permitted to reveal the reason why previously
this bell-shaped curve of hemolysis induced by AgNPs was registered (but not discussed)
only in one publication. The importance of the bell shape for hemolysis data extrapolations
is discussed.



OcCHOBHAA 4aCTh CTATHhHU

- IIPCOCTABJISICT CaMO UCCIICIOBAHHUC,
HCIIOJIb30BAHHBIC MCTOAbI, ITOJIYHYCHHBIC
pE3yJIbTAaThbl U IIPAKTHUYCCKHNC PCKOMCHIAITNHN.
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OnuncaHue N3yHaemMbiX MaTtepunasioBs, MeTOL0B
X CUHTE3a

MeToabl nccnegoBaHna ¢ onMcaHUeM
NpUMeHseMOoN annapaTtypbl U YCNoBUU ee
paboThl

Ycnosusa ncnbiTaHUM N3yvyaemblX
MaTepuanoB ¢ popmMyriamm pacyeTa
napameTpoB/nokasartenien 3aPPEKTUBHOCTH
obpa3sLoB



JKCNIEPUMEHTAJIBHAA YaCTh

2. Materials and Methods
2.1. Synthesis of Silver Nanopartides

Manoparticles were obtained according to the methods described in patents [20,21].
Briefly, the method inclodes the following steps. First, a solotion of collagen hydrolysate
185 wt.% (to obtain sample No. 1) or polyvinylpyrrolidone with a concentration of
188 wt.% (for samples No. 2 and Mo, 3). Then, silver nitrate solution necessary to
mach 1.2% wt of AgNPs (12 mg/ mL of metallic silver) was prepared and stired at room
temperature until completely dissolved. The mesulting silver salt solution was added to a
viesse]l with the appropriate amount of stabiliver solution, intensively mived, and exposed
to an accelerated electron beam (voltage 30 kV) of high-energy (2-2.5 MeV) electrons with
an absorbed dose of 15 kGy generated on a linear accelerator ILU-10 {(Institufe of Nuckar
Physics, Movosibirsk, Russia). Electron beam treatment led to stable AgNPs formation,
In general, the accelerated electrons have a relatively low damaging effect on organic
polymers compared to gamma radiation [30]. For the comparative test of biological activity,
all samples weme diluted with distilled water. The samples for all tests wene denominated
as sample #1 (with collagen hydrolysate stabilizmer), sample #2 (with polyvinylpyrmolidone
stabilizer), and sample #3 (with a mixtume of 70% of collagen hydmolysabe and 30% of
polyviny lpyrrolidonse).

2.2 Characterization of the Silver Nanoparticles
221 UNV-Vis Spectroscopy

The optical properties of sibver nanoparticles were characterized by measuring their ab-
sorption spectrum at the wavelength range from 200 to 800 nm at room temperatume (25 “C)
by UV —vis spectroscopy (Cary 60 U'V-Vis Spectrophotometer, Agilent Technologios, Santa
Clara, CA, USA). The absorption spectra of all samples wene recorded for dilute aqueous

solutions of the corresponding samples. Distilled water was used as a reference sample.

222 Hydrodynamic Diameter and Zeta-Potential Analysis

AghlPs samples charge and hydrodynamic diameter distribution were determined
by dynamic light scatbering (Nano-25 (Malvern Instruments Ltd., Malvern, UK)). The
siee distribution characteristics and Feta-potential wene measured in agueous solutions at
room temperatune 25 "C with an equilibration time of 2 min. All samples were analyzed
in triplicate.
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3. Results

3.1. Characterization of the Silver Nanopartides

3.1.1. Transmission Electron Microscopy (TEM)

TEM is the main method for objective assessment of the morphology and size of
nanoparticles. Micrographs of AgNPs samples showed that all samples contain detectable
particles, located both in an isolated and grouped order (Figure 1).
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Table 1. IC50 of cancer cell lines for different AgMNPs formulations.
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4. Discussion
4.1. Bell-Shaped Hemolysis Profile

Surprisingly, the curves passing through a well-defined maximum were registered for
hemolysis caused by AgNDPs at pH 7.4 and 6.8 in both HDE and DDE (Figure 1, blue lines).
The segment of the hemolysis curve where hemolysis increased, for AgNPs and AgNOs,
was the same, but at concentrations >1 mM, hemolysis of AgNOj3 practically remained con-
stant (except for the case of pH 6.8 in HDE) (Figure 1). Consequently, at high concentrations,
AgNOj3 was slightly more hemolytic than AgNDPs.

For pH 5.6, the profile of the hemolysis curves for AgNPs and AgNO; drastically
changed (Figure 1), which certainly indicates a change in the mechanism of hemolysis. For
AgNPs, the bell shape changed to a step shape with a subsequent sharp increase, and for
AgNOjs it changed to a usual gradual increase. From Figure 1, it is apparent that pH 6.2
represents a transitional state. While for HDE at pH 6.2, the hemolysis curves were like
the corresponding curves at pH 7.4 and 6.8, for DDE, they were more like the profiles
corresponding to pH 5.6.

4.2. The Possible Reason for the Bell-Shaped Hemolysis Profile

The study of mechanisms of the processes occurring during hemolysis can explain
the bell-shaped profiles, but this requires a series of future experiments. Nevertheless, the
approaches presented below could help to guide these future experiments. Erythrocytes-
based experimental systems, like many other biological models, are complex. In part, it is
because of their chemical content. They include erythrocytes and dilution media, which
maintains erythrocytes in an environment similar to human blood. In addition, they contain
substances under test, in our case, the AgNPs and AgNO;. Below are some clues to better
comprehend the complexities of the erythrocytes-based hemolysis experimental system:

AgNPs complexity. Hemolysis experiments are carried out in an atmosphere con-
taining oxygen, which can oxidize the metallic silver of AgNPs to form Ag* silver ions.
In solutions containing AgNPs, there is always a balance between AgNPs and Ag™ ions,
which depends on the effectiveness of the protection of metallic silver by stabilizers, AgNPs
size, ( potential, etc.



Pe3yabTarhl U 00CYKIEHHUE

[ IpuBOAATCS TTOJTyYEHHBIE PE3YJIBTATHI B BUJIE
Ta0JIUI, PUCYHKOB, I'pa(PrKOB

HpI/IBOI[I/ITC}I OIIMCAHHUC ITOJIYUYCHHBIX PC3YJIbTATOB

OO0CyXJI€HHE PE3YIBTATOB C OOBICHCHUEM
Ha0Mr0gaeMBbIX 3P(MEKTOB, BHISIBICHUEM
3aKOHOMEPHOCTEU, KOPPEIALUU,
IIPEAIIOJIOKUATEIBHBIX MEXaHU3MOB U3YyYacMbIX
IPOLIECCOB



3aKJII0UYCHHUE

- COAEPKUT KPaTKY0 (POPMYIHUPOBKY PE3YIbTATOB PaOOTHI;
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-COJIEP>KUT BBIBOJIbI, 000OIICHUS U PEKOMEH/IAlIHH,
BBITEKAIOIIME U3 IIPOBEACHHOI0 UCCIICIOBAHNS,

- XapaKTEPU3yeT MPAKTUUYECKYIO 3HAYUMOCTD MOJYYEHHBIX
pE3yIbTATOB.



3akiarouyenue (BoiBoabl)

5. Conclusions

In this work, we present the cancer cell growth inhibition induced by three AgNPs
formulations prepamed by an accelerated electron beam of high-energy electrons which
confers their unigque biological properties. For the three studied AgMNPs formulations,
it was revealed that cancer cell inhibition by AghPs was dose dependent, and the main
mechanism of cell death was apoptosis. Moreover, the half-max inhibitory concentration for
the* seven studied cancer cell cultures varies by mone than an order of magnitude, possibly
due to different proliferation rates and tisswe specificity of different tumor cell types. For all
three studied AgMNPs formulations, the sensitivity of seven cancer cell lines towards AgiNPs
decreases in the following order: SKOV-3 > PC-3 > HCT-116 > MDA-231 = Jurkat > MCF-7
= SH-5Y5Y. The most sensitive to AgNPs wene neuroblastic cells (SH-5Y5Y), while the less
sensitive ones were ovarian cancer cells (SKOW-3). The activity of the AgINPs formulation
prepared with a mixture of PVP and PH, studied in this work, was about 50 times higher
than the activity of other AgNPs formulations reporfed in the literatune.



CnHucoK HCIOJIBL30BAHHOM
JIUTEPATYPHI

— [IEPEUYECHb IMTUPOBAHHBIX B CTAThE KHUT, KYPHAJIOB,
CTaTem.

llocnedosamenvHocms hopMuUpoOBarUsE CRUCKA MONCEM
ObIMb PATUYHOU

- no angasumy amunuil a8Mopos8 Uil Ha36aHUU
OOKYMEHMO8;

= NO Mepe NOoABIEHUA CHOCOK,

- N0 3HAYUUMOCMU OOKYMEHMO8 (HOPMAMUBHbLE AKMb,
O0OKYMEHMAlbHble UCMOYHUKU, MOHO2PADUU, Cmambl,
opyaas iumepamypa,),

= NO XPOHoOJlocUU U30aHUS OOKyMeHWZO@.
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