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Probable mechanisms of cytotoxicity of a total i@t of multi-walled carbon nanotubes using spin
probe methods (in human erythrocytes and rat heyats) and electrical breakdown (in mouse oocytes)
have been studied. Erythrocyte membrane damageéadhy carbon nanotubes is developed in time.
After two-day exposure at 279 K the erythrocytemamwith carbon nanotubes concentrations of 10, 50
100, and 20@.g/ ml showed a part of damaged erythrocytes of 41&0and 25%, respectively. A 4 h ex-
posure of rat liver homogenate with carbon nanotuae273 K resulted in a significant decrease weti
homogenate mitochondrial activity. The study of ihecesses of oocyte electroporation has shown that
probable mechanisms of nanotube cytotoxicity aseeiated with an increase in membrane conductivity,
alteration of surface potential, formation of ddtewithin the membrane, and as a consequence,anith
increase in membrane permeability. In additionHeit capability to affect membrane structural chasg
the nanotubes have a capacity to inhibit delicd¢eteochemical processes in cells.

INTRODUCTION CNTs and plasma membranes, and between those
and cell organelle membranes but to study the
A carbon nanotubes (CNTSs) cytotoxicity still  structural changes in a cell induced by CNTs,
remains one of the key issues and is of current track intracellular dynamics of CNTs distribution
interest up to the present time, since practical us between cell organelles, and to evaluate the pa-
of these nanostructures with their unique proper- rameters of membrane integrity and activity of
ties in such fields as biotechnology, molecular subcellular structures.
biology and medicine may be complicated be- Up to now, it remains unclear how does a cel-
cause of carbon nanoparticles possible adverselular membranes mechanical damage induced by
effect on subcellular and cellular structures as CNTs contribute in their cytotoxicity and what is
well as organs and tissues of living organism. The a contribution of more delicate CNT influence on
available data regarding pulmonary toxicity, skin biochemical processes in subcellular organelles
irritability, cytotoxicity, biocompatibility, envi- such as endoplasmic reticulum, mitochondria and
ronmental impact as well as the matters related to nucleus. If the fact that DNA and cell nucleus are
CNTs therapeutic action are conflicting and do influenced by CNTs has been multiply proved
not give a clear view of harmlessness and safety experimentally [6, 7], then nowadays there is no
level of such nanomaterials for living organism evidence of such influence on the activity of mi-
[1-5]. In spite of conflicting data about cytotoxic  tochondria, inside the cell though they play a key
ity of CNTs with different size, geometry and role in a cell viability. First of all, it can beup
chirality, it becomes clear that the problem on down to limited possibilities of physical methods
their harmlessness is first and foremost solved at used when investigating such complicated bio-
the cellular and membrane level. In turn, this re- logical systems as cells in the presence of sulffi-
quires a combined application of high- ciently large and cumbersome, from the molecu-
performance and sensitive research methods with lar biology point of view, carbon nanomaterials.
ability not only to detect interaction between In order to study the mechanisms of CNT cyto-
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toxicity at the molecular and membrane levels we and permeability change under the influence of
proposed to utilize two biophysical methods: spin the nanotubes. Furthermore, such data would
probes one and electrical breakdown of the cells. make it possible to evaluate the portions of con-
The method of spin probes is successfully used in ducting (metal) nanotubes and non-conducting
molecular biology and pharmacology for a long (semiconductor) ones in total fractions of CNTs
time. It can be judged about microviscosity and produced by different process.
polarity of probe microenvironment, conforma- An objective of our work was to study
tional changes in proteins and membranes, lipid mechanisms of CNT cytotoxicity by spin probes.
fluidity and membrane integrity as well as about For this, there was tracked the integrity of human
redox activity in the cells and tissues by electron blood erythrocyte membranes and rat liver ho-
paramagnetic resonance (EPR) spectra of the sta-mogenate mitochondrial activity in the presence
ble nitroxyl radical (probe) being introduced into of suspensions of CNTs without hepatocyte cells
a suspension of cells or proteins [8]. Spin probe damage. An attempt was made using an electrical
method makes it possible to study the opaque so- breakdown method to obtain independent data on
lutions and viscous suspensions of biological ob- the affinity of CNTs to membranes of oocytes
jects and to investigate not only cell suspensions (mouse eggs), change of oocyte membranes con-
but also biological tissue samples of skin, liver, ductivity and permeability under the influence of
kidney, muscular and nerve tissue as well. nanotubes. Such combined approach enabled us
An electrical breakdown method is based on to define the basic probable mechanisms of cyto-
the phenomenon of electroporation common used toxicity of the nanotubes.

in biotechnplogy in rec.ent years [9—13]. The ba- EXPERIMENTAL
sic theoretical prerequisites of this approach are
as follows. In the present work, the multi-walled high pu-

When a cell is placed into the uniform elec- rity CNTs were used. Those were produced on a
tric field, there is a sharp rise in the membrane pilot plant designed by Chuiko Institute of Sur-
potential. Exceeding a certain critical value of face Chemistry of the National Academy of Sci-
membrane potential (being about 0.2-1.0V by ences of Ukraine and TMSpetsmash Limited
some authors estimates) causes local rearrange-Company (city of Kyiv) by catalytic pyrolysis of
ments of a lipid bilayer and a sharp elevation of unsaturated hydrocarbons [14]. The characteris-
electrical conductivity of the cell membrane due tics of CNTs were as follows: internal diameter,
to appearance of short-time defects of a through 1-2 nm; external diameter, 10-40 nm; ash con-
pore type (hydrophobic or hydrophilic). If a hy- tent, less than 0.4%; and nanotube content, more
drophilic pore radius exceeds a certain critical than 95%.

value, there will be an irreversible electrical The human blood erythrocytes were obtained
breakdown of membrane followed by damage from the erythromass washed from plasma and
and lysis of the cell [9-11]. from the stabilization solution by centrifugation

A value of critical voltage can serve as an in physiological saline (pH 7.2). Rat liver ho-
important parameter characterizing the structure mogenate was prepared by the procedure de-
of a membrane and a degree of its integrity. In scribed in [15].
many works, it was shown that even small oscil- As a paramagnetic probe a water-soluble imi-
lations in membrane structure caused by external noxyl radical: 2,2,6,6-tetramethyl-4-oxo-
chemical and physical factors had an effect on the piperidine-1-oxyl (TEMPON) was used [8]. The
critical voltage value [13]. research objects were mouse oocytes at the stage

Taking into account high electrical conduc- of metaphase Il of meiosis obtained from 6-8
tivity of nanotubes and their ability to bind up week-old female mice; line CBA, by a standard
with membranes, that as a whole allows us to procedure [16]. For the purpose of the determina-
consider the CNTSs to be a potential intermediary, tion of oocyte membrane stability in solutions we
conductor of the current between external and employed an electroporation system [9-13].
internal membrane surfaces, we proposed the use  The stable CNT suspensions were prepared as
of the electrical breakdown method to obtain in- follows. To the water suspension of CNTs
dependent supplementary data on affinity of (100 mg per 100 ml of water) we added 0.1 ml of
CNTs to membranes, and membrane conductivity heparin solution (5000 Units per 1 ml) which was
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then ultrasound treated, froze and after defrosting applied to microelectrodes. Specific conductivity
centrifuged at 10 000 rpm for 15 min. For each was indirectly measured (by using oscilloscope)
experiment the two samples of the erythrocyte while measuring the voltage amplitude of calibra-
suspension have been prepared, each of 0.9 ml.tion resistor in series connection with the micro-
One sample (control) was exposed during appro- electrodes, according to [17]
priate exposure time at the appropriate tempera- G=U,/ R(UOutput -U,)K,
ture without CNTs and the same was done with . -

: : where G — specific conductivity of the cell,
another sample (test) but with CNT suspension. .

: uS/cm; Uguiput — VOItage of the generatod, —
After exposure, 0.1 ml of the spin probe standard L . 2 .
calibration resistor voltag®&® —calibration resistor

solution and widener (potassium ferricyanide) ) o o
were added to each sample, and then EPR spectr eS'St?‘”CG' ®; K=L/S- g:onstant of the device;
— distance between microelectrod8s: cross-

were registered using a radiospectrometer .

(Brucker ER 100 D, Germany). Thus, a cell aging section area of the electrode.
during exposure was accounted. The similar ex- RESULTS AND DISCUSSION
periment has been conducted using hepatocytes
suspension. Erythrocytes were in contact with
CNTs at 279 K for two days, and the liver ho-
mogenate was in contact with those at 273 K
for 4 h.

An electrical conductivity of mouse oocytes
was determined using apparatus including a sin-
gle rectangular pulse generator, from which out-
put voltage was applied to microelectrodes made
of a glass capillary-sealed thin gold filament. Oo-
cytes being in a drop of the solution, they have

been placed between the microelectrodes (Fig. 1). 1

Previously, a quantitative express method has
been proposed and developed by Ivanov [18] for
studying the integrity of isolated cells and those
of tissue samples. The method makes it possible
the determination of the amount of native (intact)
cells in the sample after some kind of influence
using spin probes.

L | ) 3
Fig. 1. Microimage of the mouse oocyte fixed betw ( A4F

microelectrodes

Hardware was developed at the laboratory of

Livestock Farming of Ukrainian Academy of Ag- donor blood erythrocytes after a two-day incu-
riculture Sciences. Pulse voltage with the linearly bation at 6€ at various concentrations of C}
increasing amplitude and duration of | was 1 - control;2 — 10 pg/ml3 — 200 pg/ml
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In present work, we employed this method to damage, its consequences being very rapidly de-
assess CNTs influence on the erythrocyte mem- veloped. Obviously, the ability of CNTs to mani-
brane integrity. In our experiments, it was dem- fest the semiconducting and metallic properties
onstrated that when the erythrocyte suspension depending on their structure and environmental
was mixed with the CNT suspensions at concen- conditions should be taken into account [19]. We
trations of 10, 50, 100 and 20@/ml followed by suggested that nanotubes can substantially influ-
a 10 min exposure, no change in EPR spectra wasence the biochemical processes occurred in mito-
observed. This confirmed the erythrocyte integ- chondria, neurons, and cardiac hystiocytes etc.
rity to be intact in all the experiments. And there which are related to electron or charge transfer. |
was the only experiment (when the concentration this respect, we used a modification of the spin

of CNTs was 20@g/ml) when the signal inten-

probe method where the activity of the electron

sity of EPR had decreased by 12-15%, and that transfer chain (respiratory chain of mitochondria)

indicated membrane damages appeared in a sig-

nificant amount of erythrocytes.

After 2 days the amount of damaged erythro-
cytes has been already more than 25% (Fig. 2).
This is evidence that the damage of the erythro-
cyte membranes under influence of CNTs is de-
veloping in time. The result obtained is in com-
pliance with the conclusions made by authors in
works [1-5] that a disintegration process of dif-
ferent cells had a progress within a period from

can be predetermined without mitochondria ex-
traction from hepatocytes [20] by the reduction
rate of water-soluble probe (1) introduced into a
suspension of the cells having mitochondria
(hepatocytes). A probe reduction (1) to non-
paramagnetic hydroxylamine is carried out by
using a strong antioxidant, coenzyme, @f the

mitochondrial respiratory chain. Hereby, the in-
tensity of the EPR spectrum is exponentially de-
creased with time. By taking the logarithm of the

some hours to some days. It was found that even intensity we obtain the straight lines with a slope

lower concentrations of CNTs had a damaging
effect on erythrocytes. Thus, after 2 days the

ratio to X-axis to be in proportion to the constant
of the probe reduction rate and therefore to the

CNT suspensions at concentrations of 10, 50, and activity of mitochondria being inside the hepato-

100pg/ml had damaged 4, 10, and 16% of eryth-
rocytes, respectively (Fig. 3).

100 -

80 -

60 -

I, %

40 -

20 1

1 2 3 4 5
Fig. 3. The influence of the incubation obdor bloot
erythrocytes with CNTs at different concentra-
tions on the intensity of the central compol
of EPR spectrum of a paramagnetic probe (1)
1- control;2 — 10 ug/ml; 3 — 50ug/ml; 4 -
100 pg/ml, 5 — 200ug/mi

A slow dynamics of the erythrocytes under
the influence of CNTs seems not to be tied to the
mechanical nature of the erythrocyte membrane
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cytes.

Figure 4 shows the data on the influence of
a CNT suspension at a concentration of
200ug/ml on the constant of the spin probe
reduction rate (1) in the suspension of hepato-
cytes (mitochondrial activity). The probe re-
duction rate was assessed by the intensity rate
fall of spectral lines of EPR probe being in the
liver homogenate.

5

Inl

10 15 20 25 30 35
t, min

Fig. 4. A spin probe reduction ithe liver homogena
after a 4 h incubation perioda — control
m — at CNTs concentration of 2Q@/ml
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It can be seen from the figure that the pres-
ence of CNTs in hepatocyte suspension after a4 h
exposure results in a several times inhibition of
the electron transfer chain in mitochondriz. (i.
substantial decrease in mitochondrial activity of
the cells). Thus, a mechanism of CNT cytotoxicity
for hepatocytes consists not only in plasma mem-
brane overcoming and rupture but in a subse-
guent inhibition of respiratory chain of hepato-
cyte mitochondria.

The data obtained entitle us to suggest that
the proposed method of cytotoxicity research
(spin probes) is an unique possibility for obtain-
ing of important information regarding the mito-
chondrial activity without cells damage during
their extraction (as usually done by biochemists),
and also the influence of conducting nanotubes on
intracellular electrochemical processes. It might
be that the inhibition mechanism is related to me-
chanical damages of mitochondria as subcellular
structures. Perhaps also, that an interaction of
conducting nanotubes with mitochondria (shunt-
ing) results in a partial redistribution and leagkag
of respiratory chain electrons onto high conduct-

ing nanotubes, that in turn causes the decrease in

the mitochondrial electron flow and decrease in
reduction rate of a nitroxyl radical (probe).

The study of the mouse oocyte membrane
stability in the presence of CNTs was carried out
as follows. The oocytes were exposed in aM.3
solution of saccharose, and the dependence of
oocyte conductivity on the electrical field applied
in certain range of values not exceeding some
critical value (3 kV/cm) was determined. This
was control. Then, the same cells were transferred
into a 0.3M solution of saccharose containing
nanotubes (1Qg/ml) and exposed to electric
pulse with increasing amplitude. That treatment
was performed so that nanotubes settled to the
thick oocyte membrane have rapidly diffused into
the inner layers of the oocyte membrane due to
the reversible electroporation (an opening of
small pores in membrane and their resealing). In
that event, the use of an electric pulse with rela-
tively low amplitude values results in a reversible
electroporation effect. At the same time, sub-
stances from the intracellular water enter the cell

The effect described is in common practice in
current biotechnology to include exogenous mac-
romolecules, particularly, enzymes and DNA,
into target cells. In our work, we used this phe-
nomenon to make an attempt to introduce the
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nanotubes settled at the surface of membrane
into deeper layers of membrane in order to inves-
tigate their influence on the electrical conductiv-
ity of mouse oocytes and the state of a membrane
[9-13].

It should be noted that a large membrane of
mouse oocytes is thick and in contrast to other
membranes of cells the transmembrane transfer of
CNTs in case of oocytes, evidently, requires a
long period of time.

Then an oocyte was triply washed from the
nanotubes solution in order to be completely free
of the nanotubes being in the solution or those
slightly bound up with the membrane surface.
After that, the electrical properties of oocytes
were studied once again in a 043solution of
saccharose.

As a result, the relationships of calculated cell
specific conductivities on field strength between
the electrodes were plotted and the following
regularities were obtained (see Fig. 5).
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Fig. 5. The relationship between mouse oocyte spe-
cific condictivity and the applied electric fie
under three types of exposure conditioasif
a 0.3M solution of saccharoseb)(in a 0.3M
solution of saccharose with nanotubes cor
(c) in a 0.3M solution of saccharose after wash-
ing from nanotubes

Slightly increasing linear conductivity-field
strength relationships were characteristic of the
oocyte exposed to an electric pulse in aM.3
solution of saccharose (bottom cum)e Conduc-
tivities were in the range of 15-2%/cm. At the
same time, multiple small spikes of the conduc-
tivity were recorded indicating a reversible elec-

XOTI2011. T. 2. Ne 2



Mechanisms of the Cytotoxicity of Carbon Nanotubes

troporation of the membrane. After the oocyte has

Similar investigations are very promising in

been transferred to a solution of saccharose with the comparative study of cell conductivity in

nanotubes content (1@/ml), the absolute values
of oocyte conductivity were nearly 4 times as
much as those previously recorded (middle
curveb), and this indicated a sharp increase in the
cell conductivity (80-9QuS/cm) seemed to be a
result of conducting nanotubes have been bound
to a membrane. After the removal of nanotubes
from the solution, the electrical properties of the
oocyte have been cardinally changed, as it shown
in Figure presented (top cureg A conductivity
relationship looks like a linearly increasing
curve in the range of conductivity values of
60-100uS/cm with marked multiple spikes
which indicate that the conductivity is further in-

creased and a lot of pores are forming and reseal-

ing in a membrane (reversible electroporation).
A main conclusion that could be done from

the presence of modified nanotubes since con-

ductivity of modified nanotubes is notably de-
creased. With this, an opportunity appears to
study the influence of the chemical modifica-
tion of nanotubes or properties of their poly-
meric coating on the electoconductive proper-
ties of CNTs provided stable nanotube-polymer
hybrids are formed.

CONCLUSIONS

It has been demonstrated by a spin probes
method that erythrocyte membrane damage un-
der the influence of CNTs is developed with
time: introduction of a CNT suspension at con-
centrations from 10 to 200g/ml does not im-
mediately result in erythrocyte membrane dam-
age, but after a two-days period of exposure at

experiments is as follows: the method used has a279 K to CNTs at concentrations of 10, 50, 100
high sensitivity to electroconductive properties of and 200ug/ml the samples showed percentage
nanotubes confirmed by a sharp increase in con- of erythrocytes damaged as 4, 10, 16, and 25%,

ductivity of the oocyte cell after adding the nano-
tubes. At the same time, the increased cell con-
ductivity remains high if nanotubes are diffused
into membranes or cells. In the absence of nano-
tubes, a value of conductivity was a few times
less. Some theoretical and practical opportunities
follow from this, namely: an opportunity of
evaluating the portion of conducting nanotubes in
different total fractions, a comparative evaluation
of electroconductivity of complexes of nanotubes
with proteins, DNA, and polymers introduced
into a solution by a parameter of the cell electro-
conductivity which should allow developing the
novel scientifically established nanomaterials.

We consider that the data obtained by the
method of electrical breakdown of oocytes give
us a supplementary information on probable
mechanisms of influence of total fractions of
CNTs on membranes, i.e. show the membrane-
binding capacity of the conductive CNTs, their
capacity to significantly increase the cell electro
conductivity by changing the surface potential,

respectively.

Liver homogenate exposure to CNTs for 4 h
at 273 K results in an approximately 5 fold de-
crease in mitochondrial activity (inhibition of the
chain of electron transfer in mitochondria) of the
liver homogenate. The data obtained show that
cellular damage under the influence of CNTs not
only implies structural changes within the cell but
can inhibit delicate intracellular electrochemical
processes.

It has been shown by the electric breakdown
of the mouse oocytes that there is a nearly 4 fold
increase in the oocyte conductivity provided
CNTs are binding to the membrane. An increase
in voltage applied to the cell with subsequent oo-
cyte washing from nanotubes in the solution re-
sults in the reversible electroporation, i.e. forgi
the apparent pores in the cell membrane and their
subsequent resealing.

The data obtained suggest that mechanisms of
cytotoxicity of nanotubes, except their influence
on the structure, are related to a sharp increase i

and as a consequence, to increase a cell mem-the membrane conductivity of the cell, further

brane permeability.

At the same time, the parameters of the cell
specific conductivity in the presence of CNTs
may serve as a test for evaluation of a portion of
conductive nanotubes in a total fraction of CNTs
by comparison with nanotubes obtained by other
technologies.
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changing the membrane surface potential, form-
ing the defect germs in the membrane, and as a
conseguence, increasing the membrane conduc-
tivity what makes a membrane barrier ineffective
to a certain extent.

The degree of increase in cell conductivity
when nanotubes are binding to them may serve as
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a test for evaluation of a portion of conducting 12. Tiessie J., Golzio M., Rols M.Rlechanisms
(metal) nanotubes in the entire fraction of nano-

tubes produced by various technologies as well as

for evaluation of the electroconductivity of modi-
fied nanotubes and their hybrids.
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MexaHi3MH HUTOTOKCHYHOCTI BYIJielleBUX HAHOTPYOOK

M.T. Kapreas, B.I1. Yepnux, JI.B. IBanos, E.A. I'opaienko, C.H. KoBajenko,
10.l. T'y6in, O.A. Hapaun, E.I. CmoasininoBa

Inemumym ximii nosepxui im. 0.0. Yyiixa Hayionanvnoi akademii nayx Yxpainu
eyn. I'enepana Haymoea 17,Kuie 03164, Vkpaina, nikar@kartel.kiev.ua
Hayionanvuuti papmayeemuunuil ynisepcumem Minicmepcmea oxoporu 300pog'si Ykpainu
syn. Ilywxincoka 53, Xapkie 61002,Vrpaina
Inemumym npobaem kpiobionoeii ma kpiomeouyunu Hayionanonoi akademii nayk Ykpainu
syn. Ilepesicnascvra 23, Xapkie 61015,Vkpaina

3 suxopucmannam memoodie cnino8o2o 3onoa (6 epumpoyumax i0OUHU | 2enAMOyUMax wypie) ma eiexmpu-
yno20 npoboio (8 ooyumax Muwii) 6UEUEHO BIPO2IOHI MEXAHIZMU YUMOMOKCUYHOCMI Hedpakyionosanux Oa-
2amowaposux gyaieyesux HaHompyook. I[lokazano, uo nNOWKOONMCeHHA Membpan epumpoyumis nio Oi€rw 8ye-
neyesux Hamompybox npoepecye 3 uacom. Ilicis 06o0ennoi excnozuyii npu 279 K spaszku epumpoyumie 3
Konyenmpayicio eyaneyesux nanompyoox 10, 50, 100i 200mxe/mn nokazanu wacmky ROWKOONCEHUX epum-
poyumis 4, 10, 16i 25% gionogiono. Excnoszuyis comozenamy ReqiHKU wypa 3 @yeieyegumu HaAaHOmpyoKamu
npu 273K npomseom 4 200 npuze00ums 00 3HAYHO20 3HUNCEHHS AKMUGHOCMI MIMOXOHOPIU. Busuenns npo-
yecie erekmponopayii 00yumie NOKA3aAN0, WO MONCIUGT MEXAHIZMU YUMOMOKCUYHOCMI HAHOMPYOOK nos'a3a-
Hi 31 30iNbWeHHAM NPOGIOHOCMI MeMOpPaH, 3MIHOK NOGEPXHE8020 NOMEHYIANY, 3 GUHUKHEHHIM Oe@eKmis y
MeMOpaHi i, AK HACAIOO0K, 30LNbUEeHHAM NPOHUKHOCMI MemOpaH. K 00noGHeHHs 00 30amHOCMI HAHOMPYOOK
BUKIUKAMU MEMOPAHHI CMPYKMYPHI 3MIHU, GOHU MAKONC MONCYMb NPUSHIYYS8AMU MOHKI eleKmMpOXIMIUHI
npoyecu 6 KAimuHax.

MexaHuU3Mbl HTUTOTOKCHYHOCTH YIJI€POJIHbIX HAHOTPYOOK

H.T. Kapreus, B.I1. Yepnsbix, JI.B. Upanos, E.A. l'opauenxo, C.H. KoBasnenko,
10.U. I'youn, O.A. Hapauna, E.U. CMmonbsiHHHOBA

Hnemumym xumuu nosepxnocmu um. A.A. Yyixo Hayuonanwnou akademuu Hayk Yxpaunoi
ya. lenepana Haymosa 17, Kues 03164,Vrkpauna, nikar@kartel.kiev.ua
Hayuonanenwiii hapmayesmuueckuii ynusepcumem Munucmepcmea oxpamsi 300p06bsi Ykpaunvl
ya. Ihwxunckasn 53, Xapvros 61002, Vrpauna
Hucmumym npobrem kpuobuonozuu u kpuomeouyunvl Hayuonanvroii akademuu Hayk Ykpaunul
ya. llepescaascras 23, Xapvros 61015,Vkpauna

C ucnoavzo8anuem mMemooos Cnuno6o20 301n0a (8 IpUMpoyuUmax 4eno8eka u 2enamoyumax Kpuic) u dieK-
mpuuecko2o npo6os (8 ooyumMax Muluu) U3VHEHbl EPOAMHbIC MEXAHUIMbL YUMOMOKCUUHOCTU HepPaKyuo-
HUPOBAHHBIX MHO2OCIOUNBIX YelepoOnbix Hanompybox. Ilokazano, umo nogpedcoenue mMemopan 3pumpoyu-
mog noo odelcmauem y2iepooHvlx HaHOMPYOOK paszsusaemcs 60 eépemenu. Ilocie 08yxOHeeHOU IKCROZUYUU
npu 279 K obpasyvl spumpoyumoe ¢ xonyenmpayuei yanepoouwvix narnompybox 10, 50, 100u 200mxa/mn
nokasanu 0010 nogpedscoennvix apumpoyumos 4, 10, 16u 25% coomeemcmeenno. dxcnosuyus 2omozenama
neueHu Kpvicvl ¢ yenepooHvimu Hanompyokamu npu 273K ¢ meuenue 4y npueooum K 3HAYUMENbHOMY CHU-
JHCEHUIO AKMUBHOCU MUMOXOHOpULl. M3yuenue npoyeccos 91eKmponopayuu 00yumos noxka3daio, ymo 603-
MOJICHbIE MEXAHUZMbL YUMOMOKCUYHOCMU HAHOMPYOOK C6A3aHbL C Y8eiudyeHuemM npogoouUMoCmu memopan,
UsMeHeHueM NOBePXHOCMHO20 NOMeHYyuaa, 0opazosanuem dedhekmos 6 membpane u, Kax ciedcmsue, ygeau-
yeHuem npoumuyaemocmu membpan. B Oononmenue x cnocobrnocmu nanompy6boK 6ul3vléamb MemMOpaHHble
CMPYKMYpHblE USMEHEHUs, OHU MAKICe MOSYm UHSUOUPOBAMb MOHKUE IJeKMpPOXumMuyeckue npoyeccol 6
KIemKax.
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