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Aim: To study in vitro influence of mechanochemically activated (MA) doxorubicin (DOXO) and electromagnetic irradia-
tion (EMI) on human lung carcinoma A-549 cells. Methods: Solid state DOXO was MA by input energy 20 W/g during
5 min. Tumor cells were exposed to 40 MHz EMI with power density 2 W /cm? at temperature 37 °C. Results: Particles of
MA DOXO have sizes 10 time smaller than officinal DOXO, high performance liquid chromatography analysis showed that
parameters of officinal and MA DOXO were quantitatively equal. Mechanochemical activation initiated in the drug forma-
tion of free radicals with g = 2.005, g = 2.003 and g = 1.97. LD, values of MA DOXO were 5 times lower than that of
officinal drug. Cell survival decreased in the following way after effects EMI - officinal DOXO - MA DOXO - officinal
DOXO + EMI - MA DOXO + EMI. Conclusion: Treatment by MA DOXO and drug with EMI at 37 °C showed better
targeting of drug in human lung carcinoma A-549 cells outcomes than officinal DOXO.
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Doxorubicin (DOXO) is an anthracycline quinone an—
tineoplastic antibiotic that has been shown to have acti—
vity against a variety of solid human tumors. The mecha-
nisms of DOXO-induced cytotoxicity have been exten—
sively studied and have been shown to include free radical
formation and absorption of DOXO into the double helix
of DNA resulting in topoisomerase ll-mediated DNA dam-
age [1-3]. DOXO also causes depolarization of the mem-
brane lipid bilayer in different cancer cell lines [4].

It is known that exposure to the electromagnetic fields
causes depolarization of cell membranes and modifies
drug resistance of tumor cells [5, 6]. In several studies
DOXO was combined with electromagnetic induced hy—
perthermia to enhance the efficacy of the drug. However,
elevated temperatures caused the increased cytotoxicity
of this antitumor agent as shown in vitro and in vivo [7].

Recently, novel technologies for producing drugs suit—
able for delivery in the form of micro and nanoparticles have
been developed [8]. Specifically, one such technology,
known as mechanochemical activation, applies friction and
impact energy to drug molecules during grinding.

Results in one preclinical trial employing mecha—
nochemically activated (MA) drugs have demonstrat—
ed an increased therapeutic efficacy [9].

Previously, our group has shown that while the pri—
mary chemical structure of MA DOXO remained unal-
tered, the concentration of monovalent and divalent
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positively charged ions of the drug increased [10]. This
paper examines the effect of MA DOXO and electro—
magnetic irradiation (EMI) for targeting in vitro human
A-549 lung carcinoma cells.

MATERIALS AND METHODS

Cell culture conditions. Human A-549 lung car—
cinoma cell line obtained from the Cell Bank of the
R.E. Kavetsky Institute of Experimental Pathology, On—
cology and Radiobiology of National Academy of Sci—
ences of Ukraine (Kyiv, Ukraine) was used. Cells were
cultured in RPMI-1640 medium (Sigma, USA) with 10%
fetal calf serum (Sangva, Ukraine), 2 mM L—glutamine
(Gibco, USA), 100 U/ml penicillin and 100 pg/ml strep—
tomycin (referred to as complete medium). Cells were
cultured in humidified air containing 5% CO, at 37 °C,
and were routinely replenished every 4 days in medi—
um by seeding 2—3 x 10* cells/cm?2. In experiments, cells
in an exponential phase of growth were used.

Mechanochemical activation. Lyophilized DOXO
(Pharmacia & Upjohn) was MA in an MMVE-0.05 mi-
crovibromill (GEFEST, Russia). The micronized pow—
der (10 mg) was placed in a chamber with 5 grinding
spheres. Mechanical processing was performed at a
frequency of 50 Hz at an amplitude of 9 mm for 5 min.
Officinal (OF) DOXO was micronized using an input
energy of 20 W/g for 5 min. MA DOXO particles pro—
duced are 10 times smaller than OF DOXO.

Electromagnetic irradiation. Petri dishes contain—
ing A-549 cells were exposed to 40 MHz electromag-
netic field at a power density of 2 W/cm?. The calculat-
ed electric field was 27.5 V/m and the magnetic field
was 22 A/m. Cells were exposed inside a 3 cm diame-—
ter round irradiation frame [11].
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Treatment of cells, estimation of survival and
inhibition of proliferation. A-549 cancer cells were
seeded in 24—-well tissue culture plates (3 x 10*cell per
well), or into 30 mm diameter Petri dishes (2 x 105 cells
per dish) and cultured in complete medium at 37 °C
with various DOXO concentrations. After 48 h incuba—
tion with drugs cells were counted and viability was as—
sessed by Trypan blue dye exclusion testing.

To test the combined action of DOXO and EMI the
drug was added to the cells in Petri dishes for 100 min,
and the plates were irradiated for 30 min at 40 MHz.

Electron microscopy measurements. Observa—
tion was performed at 15 kV by scanning raster electron
microscopy using a Cam Scan S-4 (UK) at secondary
electron emission. DOXO was placed onto a carbon film.

High performance liquid chromatography. Analyti-
cal equipment for a Shimadzu HPLC model LC-10ADvp
Shimadzu HPLC 10 Dvp system (LC-10ADvp intelligent
pump coupled to a SIL-10ADvp autosampler and
SPD-M10Avp UV/VIS detector) for high performance lig—
uid chromatograph (HPLC) analyses coupled to a CC Nu—
cleosil 100-5 C18 HD column (0.4 x 25 cm, Machinery-
Nagel, Du"ren, Germany). The solvent system was ace—
tonitrile: 39 mM NaH,PO, buffer (pH = 2.5), isocratic
gradient: 30% acetonitrile: 70% buffer, 1 ml/min flow rate,
with detection at 249 nm [12].

Electron spin resonance (ESR) spectroscopy. ESR
spectra of MA DOXO were recorded on an RE-1307 spec—
trometer (Russia) at the temperature of liquid nitrogen (77K).

Fractal dimension analysis. Irregularities common
to tumor cell shapes and structures are often charac-
terized as chaotic and quantified by a single descrip-
tive parameter known as the fractal dimension (FD).
Nonsymmetrical irregular structures (chaos) in tumor
cells were determined by FD analysis from digital im—
ages using the box—counting method [13, 14]. In order
to achieve this, phase contrast photographs of A-549
tumor cells were taken. The film was processed ac-
cording to Frieser [15]. Then the negative images were
scanned at 4,000 dpi (Nikon 8000 scanner, Japan) and
inputted into a personal computer as a two-dimen-
sional data set. The obtained data was further pro-
cessed and diagrams of optical density were plotted.

Flow cytometry. Flow cytometry analysis was per—
formed on a FACScan (Becton Dickinson, USA) and
an argon laser using CellQuest analysis software for
Mackintosh computers. Excitation at 488 nm and
585 nm and a band pass filter (bandwidth 42 nm) was
used for obtaining red fluorescence given rise to from
propidium iodide staining of DNA.

After incubation cells were washed and fixed in cold
ethanol at 70 °C. Cells (1 x 10°) were then washed in
phosphate buffered saline and resuspended in 1 ml of
hypotonic lysis buffer (0.1% sodium citrate, 0.1% Tri—
ton X-100, 5 pg/ml propidium iodide (Sigma, USA)).
250 pg/ml of RNAse type A was added to cell samples.
After gentle mixing the cells were incubated at 22-25 °C
for 30 min in darkness.

Apoptosis levels and cell-cycle phase distribution
were determined by flow cytometry after propidium

iodide staining of cells. The leakage of fragmented DNA
from apoptotic nuclei was measured using the tech-
nique of Nicoletti et al. [16] with modifications.

Cell cycle histograms were analyzed by ModFit
LT2.0 flow cytometric software for Mackintosh com-—
puters [17].

Statistical procedures. Data obtained were ana-
lyzed by Student’s t—test. 5-10 samples were measured
in each experiment. Nonlinear kinetics of the tumor cells
survival after DOXO treatment was described by expo-
nential regression curves using a Microsoft Excel:

y = b - exp(-kx), (1)

where yis the survival of A-549 cells; x is the concen-
tration of DOXO, and b and k are regression parameters.

RESULTS

Electron microscopy measurements. Electron mi—
croscopy (Fig. 1) has shown that MA DOXO particles
ranging from 1—10 um have more chaotic particle shapes
as determined by electron microscopy measurements.
The sizes of OF DOXO particles are 10—100 um.

HPLC analysis. An HPLC chromatogram and
UV-VIS spectrum for OF and MA DOXO in solution is
shown in Fig. 2. The retention times (5.3 min) and
UV-VIS spectra for both compounds are identical. Af-
ter a column was loaded, both substances registered
similar peaks. The greatest light absorbance peaks
were at 233, 253, 291, 477, 481 and 531 nm. The UV
spectrum of the peak registered at 7.4 min differed from
the spectrum of aglycone and represents an impurity.

Fig. 1. Microstructure of DOXO observed by scanning raster elec—
tron microscope: a — OF DOXO; b — MA DOXO
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Fig. 2. HLPC chromatogram (a) and spectrum UV-VIS (b) for OF
and MA DOXO. Concentration 0.2 mg/ml, injection volume 5 pl
ESR Measurements. Mechanochemical activation
of DOXO (Table 1) resulted in free radical formation

with g = 2.005; g = 2.003; g = 1.97 (Fig. 3, Table 1).
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Fig. 3. The electron spin resonance spectrum of MA DOXO
(4 mg/ml). Technical characteristics: analytical sensitivity
10 spin/T; power 200 mW; modulation frequency 100 kHz; stan—
dard — ions Mn2* in crystal lattice of MgO (2.68 - 10" spin/mg)

Table 1. Change in spin concentration of free radicals (C, 10'%/mg) in MA DOXO
and officinal DOXO

MA DOXO OF DOX0 g-factor
515 103 1.97
845 185.5 2.003
361 155 2.005

Cytotoxicity and FD analysis. A comparison of cy—
totoxic and antiproliferative effects of OF DOXO and MA
DOXO in A-549 cancer cells is shown in Fig. 4. Experi—
mental data are approximated by exponential function in
accordance with the equation (1) y = 20.1 exp (-=0.18 x)
for OF DOXO and y =27.1 exp (-0.17 x) for MA DOXO.

Survival, %

0.1 1 10
Preparation concentration, ukg/ml

Fig. 4. Cytotoxic effect of DOXO in A-549 cells OF (a) and MA
(b) DOXO

Based upon experiments in A-549 cancer cells us—
ing 24 well plates comparing OF DOXO and MA DOXO,
the potential antineoplastic effect of MA DOXO exceed-
ed that OF DOXO by 80% (LDs, is 0.05 pg/ml for OF
DOXO and 0.01 pg/ml for MA DOXO).

Fig. 5 shows images of intact A-549 cells as well
as cells treated with MA and OF DOXO. According to
fractal analysis data, the maximum FD corresponds to
untreated cancer cells (Table 2). The decrease of FD
for tumor cells structures is observed after treatment
by DOXO. A-549 cancer cells damaged by DOXO have
transformed from a generally chaotic state to more
spherical. Minimum FD corresponds to cell structures
after treatment by MA DOXO.

Table 2. Fractal dimensions of A-549 cells without treatment (control) and
treated with 0.2 pg/ml doxorubicin

0.01

Treatment Fractal dimension (n = 20)
None 1.848 + 0.023

OF DOX0 1.621 + 0.081

MA DOX0 1.419 + 0.037

Inhibition of proliferation. Results of growth inhi—
bition in A-549 cancer cells from different treatment
modes are given in Fig. 6. In this experiment cells were
grown in 30 mm Petri dishes. EMI alone demonstrated
23.5% reduction of cell proliferation (p < 0.05). Expo-
sure to MA DOXO at final concentration of 0.1 or
0.2 pg/ml for 48 h inhibited the proliferation of A-549
cancer cells more than OF DOXO. Different treatment
modes have been compared and the effect of cell pro-
liferation inhibition were shown to increase in the follow—
ing order: EMI < OF DOXO < MA DOXO < OF DOXO
with EMI < MA DOXO with EMI. The additional antipro—
liferative effects of combination DOXO and EMI are pre—
sented. It should also be noted that the effects observed
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Fig. 6. Growth inhibition effect of DOXO and EMI in A-549 cells:
a — OF DOXO; b — MA DOXO: 1 — without treatment (control);
2 — EMI; 3 — OF DOXO; 4 — MA DOXO; 5 — OF DOXO with
EMI; 6 — MA DOXO with EMI. Drug concentration: a — 0.1 pg/ml;
b — 0.2 pg/ml

in this study generally appear to be cytostatic since the
percentage of the dead cells in the exposed cell popu—
lations did not exceed 5-7%.

Apoptosis induction. These data summarized in
Table 3 show the effect of different modes of treatment
on apoptosis in A-549 cells. Flow cytometry of A-549
cancer cells exposed to EMI demonstrates that EMI alone
results in only a slight increase in apoptosis (no more
than 5%) as compared with intact A-549 cells. At the
same time, the percentage of apoptotic cells after incu—
bation with OF DOXO for 48 h at the doses of 0.1 and
0.2 pg/ml was 22.2% and 24.3%, respectively, while
exposure to MA DOXO increased the apoptotic percent—
age by only 2.3% when compared with OF DOXO. Com-
bined treatment with EMI with OF DOXO (0.1 pg/ml) re—
sults in an increase in apoptosis of as much as 37.9%.
Similarly, increased apoptosis from combined therapy
of DOXO and EMI was observed at a DOXO dose of
0.1 pg/ml. However, the increase of DOXO dose with
aim to enhance the apoptosis—inducing effects of com—
bined EMI with OF DOXO appears to be less pro-

nounced. Moreover, combined treatment using EMI with
MA DOXO did not result in a significant increase in ap-
optosis when compared with MA DOXO alone at drug
concentrations of 0.1 pg/ml and 0.2 pg/ml.

Cell cycle distribution. Fig. 7 shows the patterns of
cell cycle distribution using the aforementioned modes
of the treatment. These data are also summarized in
Table 3. While the percentage of S—phase cells varied
in different DOXO treatment modes studied (untreated
cells, OF DOXO, MA DOXO) from 18.4% in intact cells
up to 47.9% in MA DOXO-treated cells, in each of these
treatment modes, except for OF DOXO, the correspond—
ing S—phase cell percentage was not affected signifi—
cantly by EMI. Therefore, EMI alone did not result in fur—
ther redistribution of DOXO-treated or untreated cells
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Fig. 7. DOXO and EMI-induced changes in cell cycle distribution
for A-549 cancer cells: 1 — without treatment (control); 2 — EMI;
3 — OF DOXO; 4 — MA DOXO; 5 — OF DOXO with EMI; 6 — MA
DOXO with EMI. Drug concentration: a — 0.1 pg/ml; b — 0.2 pg/ml
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Table 3. Cell cycle distribution and apoptosis in A-549 cells exposed
to OF DOXO, MA DOXO, EMI and combinations

Cell cycle distribution (%)  Apo-
No Treatment modality Cell cycle stages ptotic

G0/G1 S G2IM__ (%)
1 Untreated cells 68.64 1841 1295 14.63
2 EmI 61.16 2223 16.61 19.84
3 OF DOXO (0.1 pg/ml) 25.08 1959 5553 22.16
4 QOF DOXO (0.1 pg/ml) with EMI  26.48 2722 50.39 37.86
5 MADOXO0 (0.1 ug/ml) 2912 4389 270 2446
6 MADOXO (0.1 pg/ml) with EMI  39.2 4422 16.59 25.91
7 QF DOXO (0.2 pg/ml) 28.44 4086 30.7 24.28
8 OF DOXO (0.2 pg/ml) with EMI  24.97  30.17 4486 31.27
9 MA DOXO (0.2 pg/ml) 4946 4788 266  26.64
10 MA DOXO (0.2 pg/ml) with EMI  50.23 4210  7.67  27.00

according to the cell cycle phases. A substantial accu-
mulation of cells in a G2/M phase was found, especially
after exposure to OF DOXO and OF DOXO with EMI at
a dose level of 0.1 pg/ml. As the DOXO concentration
increases, distribution in accordance with the cell cycle
phases shifts towards S and GO/G1 phases.

DISCUSSION

Electron microscopy measurements indicate that
MA DOXO particles are 10 times smaller than OF
DOXO. Decreased particle size increases its solubility
and reactivity [19].

HPLC analysis confirms that the chromatographic
characteristics of OF and MA DOXO are identical. This
suggests the possibility of using a OF standard com-
pendial protocol (i.e., US Pharmacopoeia or BP) for MA
DOXO purity testing.

Analysis of ESR DOXO spectra testifies that mecha—
nochemically activated DOXO initiated free radicals
formation with g =2.005, g =2.003 and g = 1.97. Ear-
lier, OF DOXO has been studied in [18]. Most likely,
this is the result of a defect formation of DOXO struc—
ture due to mechanical activation [19]. Free radicals
produced self-assembling microparticles in solid states
of drug and are disintegrated into nanoparticles after
solution. The concentration of monovalent and diva—
lent positively charged ions of the drug increased [10].
Since the free-radical mechanism seems to be involved
in DOXO-triggered tumor cell damage [20, 21], the in—
creasing free radicals formation in MA DOXO may re—
sult in an enhancement of the antineoplastic effect of
MA DOXO as compared to OF DOXO.

Proliferation of A-549 cells treated with MA DOXO
or OF DOXO suggest enhanced cytotoxicity of MA
DOXO as compared with identical doses of the OF form
of the drug. It was also established by fractal analysis
that MA DOXO results in a less pronounced chaotic
structural organization of A-549 cells compared with
the effects of the OF form of this drug. Observed mor-
phological effects were likely to result from determinis—
tic nonlinear regulatory mechanisms influenced by an
anticancer treatment regimen [22].

EMI alone inhibited A-549 cells growth by up to
23.5%. A combination of DOXO and EMI substantially
inhibited cancer cell proliferation when compared with
DOXO alone (up to 82%). The reverse effect was ob-
served in apoptosis rate of A-549 cell. EMI alone initiat—
ed a slight (5%, increase in the hypodiploid cell number

in comparison with control cells, combination of OF
DOXO and EMI increased the apoptotic rate as com—
pared to OF and MA DOXO. Combined EMI with OF
DOXO (0.1 pg/ml) results in increased apoptosis (up to
37.9%), suggesting the potential benefit of such a com-
bination, and the same holds true after assessing cyto—
toxicity of the aforementioned combined treatment. Nev—
ertheless, increasing the dosage of the drug (0.2 pg/ml)
appears to balance out these observed antiproliferative
and proapoptotic effects, probably due to mitotic cycle
distributions of cancer cells when the cells differ in terms
of sensitivity to the chemotherapeutic cytotoxic or apo-
ptotic action. The same is evident when comparing the
percentage of cells undergoing apoptosis in MA DOXO
and MA DOXO with EMI treatment in which there are
pronounced differences in the number of the cells count-
ed in these two modes. This may have resulted from the
nonlinear nature of combination therapy using different
drug forms and EMI [5, 23]. Such a discrepancy bet-
ween the effects accounted for by two different ap-
proaches should be taken into consideration in further
studies on the antiproliferative and the proapoptotic ef—
fects of different treatment modalities.

Depending upon the cell cycle phase, the data on
cell distribution demonstrates cell delay in the G2/M
phase as the initial manifestation of the cytotoxicity. In—
crease of the drug dose resulted in enhanced cytotoxic—
ity accompanied by an accruing blockage with accu—
mulation of the cells in S and subsequently — in GO/G1
phases. Maximum cytotoxicity is achieved using MA
DOXO at the dose of 0.2 pg/ml and MA DOXO with EMI.
The number of A549 cancer cells entering the
G2/M phase decreased notably (3-7% vs. 13—-15% in
the untreated cell population) with the remainder of the
cells in the GO/G1 (50%) and S—phases (42-48%).

EMI has a slight influence on the cell population
structure in comparison with the control cells without
treatment. The most significant inhibition of cell prolife—
ration in the S—phase was found in experiments using
MA DOXO. This confirms a decrease in DNA synthe—
sis resulting from MA DOXO action in experiments on
A-549 cells [24].

While the molecular mechanisms of MA DOXO bind-
ing are not fully understood, unlike OF DOXO, MA DOXO,
with their smaller volume of distribution, charge charac-
teristics and kinetics of uptake are preferentially taken up
into cancer cells. For given amounts of intracellular DOXO,
the encapsulated form of the drug (i.e., hyaluronan—tar—
geted liposomes) was more potent and efficient than the
free drug. The outcome was expressed in the kinetic model
as a larger rate constant of cell killing potency for the en—
capsulated drug versus the free drug [25]. This model
provides a quantitative framework for comparing the cy—
totoxic effect in cultured cells when applying the drug in
the free form or in a delivery system. The physical and
chemical processes underlying enhanced anticancer ef-
fect resulted from its mechanochemical activation and mi—
cronization coupled with 40MHz EMI needs to be further
elucidated. In particular, data on EMI interaction with cell
receptors [26—28] suggested that the physico—chemical
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mechanism of EMI potentiation of DOXO antineoplastic
effects at physiological temperatures may be connected
with the initiation of membrane depolarization due to rad—
ical states induced by mechanochemical drug activation.
All these effects may contribute to an inhibition of DNA
synthesis and DNA topoisomerase Il activity and linkage
with this enzyme and its transformation to a DNA-dam-—
aging agent, the so—called “cleavable complex”. Also, in—
terference between DNA bases pair is intensified result—
ing in damage of cell structures and the initiation of apo—
ptosis [29, 30], all these effects appear to vary with the
drug dose in a nonlinear fashion. Thus, one may con-
clude that there is an increased antineoplastic effect of
MA DOXO on A-549 cells when compared with OF DOXO
at identical doses and an even greater DOXO anticancer
effect as a result of the combined action of the drug and
40 MHz EMI at 37 °C. The aforementioned effects may
find pragmatic applications in clinical practice for tumor
cell targeting.
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BIMUAHUE MEXAHOXUMWUYECKN AKTUBUPOBAHHOI'O
NJOKCOPYBULIMHA U OBNTYHEHUSA C HACTOTOW 40 My
HA KJIETKN KAPUMUHOMBbI JIEFTKUX YEJIOBEKA A-549

Ifenw: uccaenoBaTh BIMSHIE MEXAHOXUMUYECKH AKTHBUPOBAHHOTO JOKCOPYOUIIMHA M 9JIEKTPOMATHUTHOTO OOIyUYeHHUsI
HAa KJIETKH KapUUHOMBI JIETKUX uesioBeka A-549. Memooor: noKkcopyOunuH B TBEpAOH (hase MEeXaHOXHMHYECKH
aKTUBUPOBAJIH C MHTEHCHBHOCTBIO IOJBOa MeXxaHu4yeckoii sHepruu 20 Br/r. OnyxojeBble KJIETKH NOBEprajiu
3JIEKTPOMATHUTHOMY 00iayueHuio ¢ yacroroir 40 MI'y u ¢ miorHocrbio noroka 2 Br/cm? npu temneparype 37 °C.
Pesynvmamor: yacTuibl MEXaHOXMMHYECKH aKTUBUPOBAHHOTO JOKCOPYOHIMHA uMeiu pasmep B 10 pa3 MeHblie, yem
OUIUHAIBHBIN IOKCOPYOUIUH; BbICOKOd(h(EKTUBHAS JKUAKOCTHASL XpoMaTorpadus oKasana, YrTo opUIHHAIBHBIA 1
MEXaHOXUMUYECKH AKTHBHPOBAHHBII JIOKCOPYOUIIMH UMEIOT OIMHAKOBBIE NapaMeTpbl. MeXaHOXUMUYECKAsT AKTHBAIUS
HHUIUMPOBaia 00pa3oBaHUE B mpenapare CBOOOHBIX paaukaioB ¢ g-dakropamu g = 2,005, g = 2,003 u g = 1,97.
LD, 11 MeXaHOXMMHMYECKHM AKTHBHPOBAHHOIO JOKCOPYyOMIMHA ObL1a B 5 pa3 HIDKe, YeM JI1 O(HIMHAJILHOIO.
BbrkuBaeMoOCTh KJIETOK IOCJIE BO3/EHCTBUIl yMEHBIIATACh B CIELyIONIell IOCJe0BaTeIbHOCTU: 3JIEKTPOMArHUTHOE
obsryuyenne — O(UIMHATBHBIA JOKCOPYOUIIUH — MEXAHOXMMHYECKH aKTHBHPOBAHHBIN JIOKCOPYOUIIUH — O(UIIMHAIBHBII
JIOKCOPYOUIIMH C 3JEKTPOMATHUTHBIM OOJYyYEHHEM — MEXAHOXHMHYECKU AKTHBHPOBAHHBIA TOKCOPYOHIIMH C
3JIEKTPOMArHUTHBIM 00JyyenneM. Bbi60o0bl: BO31€iCTBIE MEXaHOXMMHYECKH AKTHBHDOBAHHOIO [OKCOPYOMIIMHA M
npenapara B KOMOUHAIMKM C 3JIEKTPOMArHuTHbIM 00ayuenneM npu 37 °C mokasano Gosiee BbICOKYIO 3 (PEKTUBHOCTD
JeCTBUS HA KJIETKH KapPUUHOMBI JIETKUX 4eJioBeKa A-549 Mo CpaBHEHHMIO ¢ O(MUIMHAIBHBIM JJOKCOPYOHIHHOM.
Kntouesvie cnoea: KIeTKM KapUUHOMBI JIETKUX 4eaoBeKa A-549, HOKCOPYOMIMH, MEXaHOXUMUUECKAS AKTUBAIUS,
3JIEKTPOMATHUTHOE OO0JyY€eHHE.
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