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Abstract : Wesk pulsating srussical dectromagretic fidds { PEMF) have been gpplied to change
membrane permeation and induction of aoptoss (necrods) . In the case of sugpengon of human cancer
cells U-937 and K-562 indde of Helmholtz coil s the anplitude of PEMF B =10 and a 39mT (at 50 Hz)
was combined gradually with the cytotoxic agent actinomycin-C on one hand with its novel photodynamic
activity on the other.

Depending on termperature , pH-value and treatment time the necrods of these cells was determined
by means of trypan blue gaining as wel as the induced gooptods by FACScan technique. Synerg ams
were disoovered yielding high rates of cdll death for three combinations:

I. PEMF + hyperthermiaor (and) hyperacidity

Il. PEMF + cytogdtic drugsin the dark

[Il. PEMF + cytodatic drugs irradiated by vishle lignt (photodynamic effect)

The sHection of cytodatic drugs as actinomycin-C and some anthracyclines was to prove their photo-
dynamic activity , which is suitable to enhance their cytotoxic dfects.

These results of inductive coupling (PEMF) were compared with efectsof A. C. currents and elec
troporation by snge D. C. pulses between lid dectrodes. Gontrary to these both methods the PEMF go-
plication has a roninvasve irfluence on the viability of cancer cells suitable therefore to support tunmor
thergpy by this adjuvant biodectrochemica method.

Key words: PBMF, Hectroporation , Actinomycin-C, Photodynarrics, Synergism, Cancer cells U
937, K562

CLC number: qss Document Code: A

Received date: 20030523, accepted date: 20040419
Qorregponding author : hberg ena @hotmail . com
*presented a the Internationd Synposum: Endogeneous Physca Fedsin Biology , Prague, 1.-3.July 2002.



3 Maria Radeva - 261 -

1 Introduction

Biodl ectrochemicd methods have been widely used for poration of cell membranes and noreover to
kill cells, e.g. by strong pulses*! or delivery of cancerogtatic substanced? . Arother possihility to cause
lethal effects in cells and tissues is the classca photodynamic trestment since 1901°%! | which requires
membrane permedtion of an excitable dye (sendtizer ) before illumination for subsequent photodynamic
degtruction of biopolymers inside the celld* 1,

The combination of eectric and e ectromagnetic trestment with excitation of certain dyes and ome
cytostatic agents'® achieves a maximum of strong gpoptosis® and necrosis of cancer cdls.

The results of treatment of human U937 and K-562 cdlls by

A) snge d.c. dectric pulse banveen dectrodes in cel supenson'”!

B) dternating current between eectrodes in cell sugpenson

C) inductive coupling by Helmholtzcoilsor leroids'®! around the cell suspension will be presented
synerg gicaly with the cytodatic actinomycin-C and of ome sdlected anthracyclines

Our @m is to conpare the present eectrochenotherapy by eectroporation of membranes with new
posshilitiesof noninvasve treatment of inductive coupling by producing magnetic flux densties B be-
tween 10 and 39 mT.

2 Materials and Methods

2.1 Direct Current Method (A)

The eectroporation was performed by the BTX Hectro Cal Manipulator-600 ( Genetronics, San
Diegp) equipped with a generator of exponentialy decaying pulse and a cuvette with embedded a uminium
dectrodesof 0.2 cm distance!®!. The experiments were carried out in a low output voltage mode at ambi-
ent tenperaturesof 25 . Cdl sugpendon (200U L) in the presence of a cytodatic subgtance (Dauno-
mycin- HO and Actinomycin-C) were subjected to one pulse (fidd grenght E=1.2 1.4 kV/cm and
exponential pulse duration (1/€) of 0.5 3 ms).

2.2 Alternating Current Method ( B)

The dternating current on cell sugpenson were carried out in the same cuvettes with embedded al
minum electrodes of 0.2 cm distance , usng afrequency generator (Oscillator B492) combined with the
Anvplifier PA 940 (QGonrad-Bectronics, Hirschau) .

This above equipment produces dne waves , which were teded in the frequency range between 4 Hz
and 32 kHz with anplitudes between 15 mA and 65 mA. Fndly a synergisnd A. C. field and added
cytogtatics was invedigated under the optima conditions: 16 kHz , 55 mA for 20 min treatment in nutri-
tiona medium.

2.3 Alternating Field Method ( C)

For inductive coupling of electromegnetic fields® | two kinds of Helmholtz coil's and ol enoids were
used in connection with gne wave trandormers (Gonrad Hectronics, Hirschau) (51
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—for 39 mT, equipped with air and water cooling , thernpgtated for 37+0.2  (optimal temperar
ture) or 42+0.2  (hyperthermia) of the sanple

—for 10 mT combined with the irradiation equipment a room termperature. On the optical bench
were clanmped : the lamp (24V ,150W ,tunggen-hdogen HLX) from Osram; continuous emisdon in the
vishle range: irradiance at cdll sugpendon 55 mW/ cnf ; the water cuvette (7 cm thickness) ; the fo-
cussing lens; the acryl-microcuvette for 100U L supenson indde the Hdmholtz il surrounded by a
cylindrical weter thernogdate. The tenperature indde the cuvette was practicaly the same as that of the
thermogate

The maximum of magnetic flux dendty B was controlled by the Tedameter AM210T (Projekt Hek-
tronik , Berlin) .

The cdl sugpensgon itsdf and in the presence of actinomycin C wes &osez i PEMF for 30, 60 or
120 min repectively.

In the tables: E isthe mean percentage of dead (necrotic) cells sained by trypan blue in the ex
periment (5 7 repetitions) ; Cisthe mean percentage of dead cdllsin the control . After each measure-
ment aways 4 counts of > 100 cells under the microsoope were necessary. The percentage of necrotic
cedls (mosly 1.4 %for K562 ,8 %for U-937) in culturd suspendon at the beginning and fter 24 h were
always subtracted from C and E values determined by trypan blue cloring. The fidd dficdy itsef E
was caculated acoordingto & = (E/ C- 1) - 100 %.

2.4 How Cytometry ( FACScan)

For determination of gpoptoss and necross, the flow cytometry was performed usng the FACScan
(Becton Dickinon , SanJose, CA) and the dyes annexin and propidium iodide'® | about 1 hour ater the
experiment.

2.5 Cdlsand Media

The human higtiolytic lymphoma U-937 Cdlswith noronuclear phagocyte characteri stics were taken
from the American Cdl Culture Qollection. Cultivation occursin REMI 1 640 medium supplemented with
10 % fetd calf serum(Gboo Life Science, USA) , 100 mg/ mi sreptomycin and 100 Ul ™ * penicillin
(9gma, UKA) a 37  ina5 % QO incubator of 90 % humidity.

The human myeloid leukemia K562 cells were from Fujisachi Cell Center (Jgpan) . The culture
medi um was 90 % RPMI(Gboo) with 10 % QO; at 37
2.6 Drugsand Chemicals

The following drugs and chemicaswere used in 0. 3 or 0.6 nol/L mannitol/ water slutions: dauno-
mycin, aclacinomycin, adriamycin, carminomycin, (Serva, Heiddberg, Germany) ; actinomycin-C(2 %
etharol or 10 % DMSO slution ,Mw 1 300, HKI, Jena, Germany) ; bufer (pH =5.2, 0. 1 nol/L
NaH,PO;- 2H,O,0. 1 nol/L KA, conductivity: 10. 4 ms/ cm) ; Trypan Blue (Mw 960. 8, 9gma,
Deisenhofen , Germany) in concertration of 0. 2 % was used for determination of the necrosis. For " hyper-
acidity " of pH 6.5 condition the cell sugpendon in culture medium was mixed with phoghate bufer
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(conductivity of 15 ms/ cm) .
2.7 Photodynamic Treatment
Findly, the cel sugpengon in presence of actinromycin-C or an anthracyclin was irradiated by the
mentioned white light tunggen lamp , which photooxidizes e. g. guanine of DNA , causng DNA drand
breakage and cell death by two mechaniams:
Type | : photooxidation of cell components by senstizers (S) excited between 400 800 nm'®! | simr
plified:
’S+0,— 'S +°0,"
‘ST+G—S+'G" or first by energy transfer to O,
Type II: ‘
$+0,— S +'0,
'0,+G— "0,” + G*
with S, *S-sensitizer and #is riplet state;
G, G*-guanin, its radical leads to splitting of the DNA backbone;0,,'0,, ' 0,-oxygen, its
singlet state and one of possible radicals.
Type I mechanism needs penetration of S through the cell envelope for complex formation with

biopolymers inside, whereas type II oxidizes compounds also on the cell surface or inside by faster
diffusion of '0,.

3 Results

The combinations of three bioelectrochemica methods A) ,B) ,C) with the photodynamic efects on
cancer celswill be presented gep by step and the results are shown in terms of trypan blue gaining of
necrotic cells or FACScan determination for gpoptod s and necros's.

3.1 Singe high dectropulse for eectroporation and sensitizer ddivery( A)

The highes lethdity of practicaly 100 % of cancer cells can be reached by the synergam of the
pulse and light applied nearly smultaneoudy on cell supension containing the senstizer!®!. However | in
order to see the proportionated dficacy of pulse and light sepwise actions were performed.

Fig. 1 shows the results determined by trypan blue saining. Applying the pulse (1.4 kV/cm,1.6
ms) about 37 % of K562 cdls are blue, however , dter 20 min only 16 % are ot able to resed their
membranes , that means they are dead. Actinomycin-C yields less dead cellswithout pulse(control) , but
nore than 50 % dead cells as the result by eectroporation.

Findly , 85 %of dead cell by the photodynamic activity of actinomycinC were counted &ter irradia
tion of the same sugpendon for 20 min. This method will be not only efective for combination with eec
troporation for cancer therapy[Z] , but is noreover dfective to ddliver d macronolecular sendtizers (Mw

<500 000) into cells'™® . The regponse of cells is mewhat weaker for daunomycin and the mentioned
anthracyclines (not shown here) than for actinomycin-C.
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The FACSan determination shows nore detals as
trypan blue gaining. For indance, a double pulse (1.4
kV/cm, 3 ms) decreases 95 % of vita cellsfrom the be-
gnning (beddes 2.1 % necrotic , 2.4 % gpoptotic) to 60.
5 % vitd , 19.5 % necrotic and 8. 7 % gpoptotic cdls, be
ddes about 11 % ruptured cdls.

3.2 A.C. between dectrodes in cell

suspension( B)

Optima  condition were found for frequency (16
kHz) , anplitude (55 mA) and time (20 min). Fg. 2
shows the percentage of lethdity for U-937 cells by this
fiddd done and in the presence of actiromycin-C and
daunomycin in conmparion to both cytodatic agents without
any current treatment (control) .

In the FACScan diagram (Fg. 3) about 1 hour dter
thisA. C. treatment nore details can be seen than with
trypan blue gaining indicating only the necrotic part of the
cdl population.

Acoording to Fig. 3 this ooft method B) produces nmore
gpoptotic and necrotic cells than the short pulse yidding
electroporation A) , however, without ruptured cdls.
Therdfore the sumdf al cdlsin the quadrantsis 99. 97 %.

Additiond necrods can be produced by visble light
irradiation , too.

3.3 Inductive coupling by Helmhaltz-coils
around the cell suspension( C)

This roninvasive method in contragt to!?! induces a o
gpoptod s and necross not only of sugpended cancer cels

but d indde anima tumord 2! begdes inhibition of

Colaored cells/%
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FHg.1 Sep by gep dectroporation and irradia

tionof K562 cdls. Cdl deah by 4 x
10" * nol/ L actiromycinC (=) 20 min
dter the puse (1.4 kv/cm) and fol-
lowed by the addtiond photodynamic
killing efect of further 20 min duraion
(40min &ter pulse) . Nutritiond med-
um and phogphate buffer (pH 6.5) .

« dead cdls by puse dter 20min wat
ing time for resding the membrane
without actinomycinC

O dead cdls by actimomycinC done
without puse in the dark.

Between » (shortly &ter the puse) and
« there is the reseding time of 20 min.

angogenesisi™®!. The following levels of application have been studied:
—C; the synergam o fidd dfect with hyperthermia and hyperacidity.
—& ynergam of fied dfect and actinomycin-C in the dark.
—G; yynergan of fidd dfect and the photodynamic activity of actinomycin-C.

In agreement with results from!™! the induction of gpoptosis by PEMF can be determined by trypan
blue gaining of dead cells, however , nogly later dter the treatment , e.g. 24 h.
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Fg.2 Irfluence of frequency on the U-937 cdl viahility. FHg.3 Percentages o gpoptotic and necrotic U-937 cdls
The lethd dfect by penetration of the drugs into acoording to the FACScan determination :
the cdlsfor 20min without field below l€ft(a) for Qontrol (upper curve) : suspendon before the
actiromycinC (1x10°°M) and (o) for dauno- treatment : UR2. 7 % necrotic cdls,LL 89. 86 %
mycin (1 x10°° M) as cortrol. Lethal Hfect of vita cdls LR 7.17 % gooptotic cels
20 min a. c. fied done 55 mA, 16 kHz( ). Bxperiment (lower curve) : 20 min trestment by
field plus actiromycinC (1x10°°M) and (.) 32.71 % vitd cdls LR 44. 67 % gooptotic cels

for field plus dauromycin (1x10°°M) . (The ke
562 cdls show alout the same senstivity)

The reaults are presented in Tab. 1 a 37 and 42 . The dficacy rises, if PEMF is combined
with hyperthermia( =242 ) or hyperacidity (pH was decreased from 7. 4 of nutritional medium to 6. 5)
or both according to the thergpy conception of M. V. Ardenne, under which conditions cancer cells react
nore sendtive by both changes than normal celld®™! | which isthe rean for a quite grong difference be-
tween their vitdity. Whereasthe necrotic efect of B=10mT a 37  during 1 his negighble but not &-
ter 3d fermentation. For B =39 mT a doublingdof E/ C can be reached during 3 h treatment under condi-
tions of hyperthermia and lowered pH-val ue (hyperacidity) . FACScan diagrams correpond to Fg. 3.
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Tab.1 Synergand PEMF and hyperthermia and hyperacidity depending on temperature and pH

B/mT  tenperature/ time/ min pH Cl % E % E/ C(dter24h) &/ %
39 37 180 7.4 9.3+2 14+2.2 1.5(27 ) +50
37 180 6.5 12.3+2.5 23.5+3.5 1.9(27 ) +90

42 180 6.5 19.4+3.5 52.3+4.5 2.7(27 ) +170

Note :percertage of lethd dfect of PEMF itsdf on K562 cedls, measured by trypan blue &ter 24 h a room tenperature
(27 ). Emeanswithfidd, Cwithout fiedd. Nutrition medium: pH 7.4 or with Progphatbufer pH 6.5. E : the fidd
dfect itsdf. D vauesfrom 4 countings P< 0. 05

(2) G levd

In this combination of actinomycin-C and PEMF both mechani sms yield apoptos s bed des by necro-
gs. Typica results are shown in Tab. 2. The E/ C values a both tenperatures are Smilar because the
gpoptose induction activity by actinomycin C increases proportionaly with concentration.

Tab.2 Synergsmd PEMF and cytotoxic efects, percentage of letha (mecrotic) U-937 cdls by
PEMF plus actiromycin C (1 x 10" nol/L)

B/mT  teperatur/ time/ min pH c % E % FE C(dterdh) & %
39 37 30 7.4 17+3.9 23.5%2.7 1.4 +40

42 30 7.4 24+2.6 34.7+x3.0 1.5 +50

39 37 60 7.4 31.2+3.1 42.3+3.0 1.3 +30

42 60 7.4 40+4.0 61.0+2.2 1.5 +50

Note: E meanswithfidd, Cwithout fidd; E: thefidd dfect itsdf. K562 shows smilar E/ C vaues. Highes E
va ues are about 60 % dead cells. (4 countingy = +3.6; P<0.05

(3) Glevd

Due to the dmilarity of chronophores of methylene blue and anthraquinone derivatives on one
side!*®! and actinomycin-C and the anthracycline derivatives on the other their photodynaric activities
were tesed additiondly in order to enhance their cytotoxic effects.

Acti nomycin- C combinations with PEMF take place as arrangements (Tab. 3 and Fg. 4) :

a) 2.3 h PEMF without actiromycin-C, (counted dead cells &ter 2 h and 6h)

b) 2.3 h PBMF plus actinomycin-C including 0. 3 h light treatment (counted &ter 2.3 hand 6 h) .
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Tab.3 Synergdic lethd dfectsof PEMF, actinomycinC(1x10™* mol/L) . and 0.3 h irradiation
by vidhle light (efter 2 hfidd expostion)

+field time/ _ .

B/mT temperatur/ h +light time/ min E/ C dter(h)
10 27 1 60 1.2(2h)
39 37 2.3" 20 1.5(3h)
39 37 2.3"" 20 2(immediatdly)

Note: Percentages of dead U-937 and K-562 cdls are practicdly the same. The highes E va ues reache = 85 % dead
cdls dter doragefor 24 ha 25 (not shown here) . Control data C with actiromycin, but without field are about 8 %
12 % necrotic cdls &ter 2.3 h.

*) 2 hfiedd without actiromycinC, but 0.3 h light dterwards.
* *) 2.3 hfiddwith actiromycinC, including 0. 3 h light before the end of fidld treatment

For conparion to Fig. 1 (eectroporation) , the Fg. 4 presents PEMF and light efects acoording to
the scheme G) .

In site of rather long PBEMF
treatment for sufficient apoptose induction dol :
and necross the find lethd dfect can : )
reech the same order of megnitude asfor ) T ] ;
electroporation acoording to method (A) . < i f
The romplologica changes of cdl menr '
brane and inner organdles can be seen
on Hg. 5 for five cdls &ter treatment ,
wheras the three in the corners of fig. 5 |
are dill living. [0}

o
=

0,

Dead cells

4 Discussion

With the exceptions of continuous
D. C. treatment (wltammetry) 1*®! and
cgpacity coupling, combinations of these
three badc biodectrochemicad methods

Fig.4 Sep by sep exposdtion of K562 cdls by:
—2 hours treatment with 39mT in presence of 1% 10™* nol/L

for cancer cel killing were presented on
three levels A) , B) , C) . The results of
PEMF level C, agrees with the paper!™ |
however , under our conditions the necro-
gs dfects were found d before 24 h

waiting. The reaults of PEMF plus cyto-

actiromy cinrC and a9 dter 4 hours waiting without field the
seoond determination( e )

—0. 3 hours with light (- , &ter 2 h PBMIP and 4 h later oc-
curs the second determingtion by trypan blue.

—0. 3 hoursonly light dter fidd: the white triange(a)

For cormpari on with the éectroporation eficacy e Fg. 1
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toxic agents (levd G) oorfirm the
tendency of papert'”! usng adri-
amycin againg aderocarciroma. But
the results of PEMF plus photody-
namic efects (leve G;) show novel
posshilities for the synergdic emr
hancement o killing cancer cdls.
Due to © many parameters the
optimal oonditions mug be eval uated
in each laboratory. Neverthdess the
principa relations between Control
and Bperiment (E/ C and E) will
be quditatively the same. It doest' ©
metter which otier PEMF o ligh
sources (LASER) , cuvettes (dass,

plagic) or filters are used. But the

physologica behavior of cells ater  Fig.5 Phase-contrast photo (total megnification 1 000 X) o U-937 cdls
ter treatment by 10mT for 6h (39 ). 5 Apoptotic and necrotic
celsinthe midde, 3 4ill living cdls can be seen in the corners

fermentation and the condant temmper-
aure indde the cuvette are essentia
for the reproducibility.

Besides weakening of cdls by spopiosis induction o :
a9 channds of cdl membranes become disurbed by % |
PEMF , which facilitates penetration and yields even fur & 2
dond celsand blagomersinside the napellucidd®. 1
Acoording to our experiences the highes values of goop- i
toss and necross under PEMF conditions can be ob-

tained by B =39 mT, e.g.do 100mT*! | and tenper- 00 100 200 300 400 500
aure=42 ,pH<6.5andt=1h, but ot below 2 fHz

mT!?) and that means hyperthermia and hyperacidity in
creae gress reponse (formation of heat- shock proteing)
and dedabilize membranes additiondly as wel as the
vishle-light irradiation (photodynamics) in presence of a methylene bie, (5% 10°* mol/L) & room
dye reacting according to type |1 or Il. Besdes the gopli- tenperature.  Control 20 min irradiation
cation of 50/60 Hz a frequency dependence has been vithout field. Aeld dfect itsf B = 100 %
found on proliferation determined by dehydrogenase pro- (g c-1)

duction®!. For future research the frequency depen

Fg. 6 Frequency dependence of the fidd dficacy
on K562 cdlsin 0.3 nol/L manntol lu
tion. &: 9 mT during 20 min irradigion of

2 © 1994-2008 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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dence should be taken into acoount because the synergiam acoording to G; is not dfective below 50Hz as
can be seen on Fg. 6 usng methylene blue as sendtizer (preliminary results) .

Recently we corfirmed that norma lymphocytes are much nore gable againg PEMF treatments than
the cancer cellsan esentid advantage of this method!?! |

Because PEMF acts roninvasively oontrary tol?! and without contamination by dectrode products it
will be an ided additiona method for tunor therapy in the future! 41
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