
ISSN1330–0008
CODEN FIZAE4

EFFECTSOFHIGH-INTENSITY UV RADIATION ON ISOLATED AND
DNA-INTERCALATED ETHIDIUM BROMIDE

E. KESKINOVA
�
, D. ANGELOV

�
, SV. ANGELOVA

�
, Z. SHAQIRI

�
andA. VESELI

��
Instituteof SolidStatePhysics,BulgarianAcademyof Sciences,

Tzarigradsko Chausseeblvd.72,BG-1784,Sofia,Bulgaria�
Facultyof Natural andMathematicalSciences,39000Prishtina,Yugoslavia

Received28August1997;revisedmanuscriptreceived30March1998
Accepted18May 1998

High-intensitypicosecondlaserflashphotolysishasbeenusedfor investigatingethidium
bromide(EtBr). The quantumyield of primary photoproductsasa function of the laser
intensityhasbeenobtained.DNA intercalatedEtBr andwatersolutionsof EtBr havebeen
investigated.The resultshave beencompared.They show that two-photonprocessesare
predominantlyresponsiblefor generationof hydratedelectron(e

�� � ). The primary pro-
cessesof DNA photosensitizationhavealsobeendiscussed.
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1. Introduction

Photoprocessesplayanimportantrole in theinvestigationsonDNA structure,dynam-
ics anddamages.The photosensitizationstrategy exploits the ability of several organic
moleculesto intercalateor bind to DNA in sequence-andstructure-specificmannerand
to introducelesionsby long wavelengthultraviolet light (UVA) irradiation.Theethidium
bromide(EtBr) hasa high affinity for DNA (bindingamountsto

� � �	� 
 � �
M ��
 ) [1] and,
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asa consequenceof intercalation,dramaticchangesin thephotophysicalpropertiesof the
dyemoleculeareobserved.For example,thefluorescencelifetime of EtBr increasesfrom
1.8 nsin aqueoussolutionto 23 nswhenintercalatedin DNA [2–4]. Theintercalationof
EtBr betweenthestrandsof DNA hasbeenthesubjectof many investigations[1,3,4]. A
recentlyproposedlaserversionclaimedto introducea high yield with DNA basedamage
andstrandscissionat intercalationsites[5]. Theeffect hasbeententatively explainedby
aresonance-inductiveenergy transferfrom thebiphotonicalyexcitedchromoforeto DNA.
However, in ourpreviousflash-photolysisandEPRstudies[6–8],wehaveshown thation-
izationandgenerationof highly reactivehydroxyl radicalsarealsoimportantprocessesin
high intensitylaserphotolysisof DNA photosensitizers,includingEtBr. Thus,at present,
it is not clearwhetherhigh intensitylaserphotosensitizationof DNA occursthroughthe
intermediaryof dyecationradicalsor involvesanenergy migrationmechanism.It is well
establishedthat light absorptionby aromaticcompoundsin aqueoussolutionmay result
in photoejectionof electrons,which subsequently(in a time of about10��� � s) hydrateto
give e�� � at photonenergieslying well below their gasphaseionizationpotential[9,10].
In the conditionsof pulseirradiation,the possibility of electronejectionvia two-photon
absorptionmustalwaysbeconsidered[11,12].

In this article,we describea picosecond”pump-probing”techniquein a comparative
studyof hydratedelectrongenerationin EtBr, isolatedandin intercalationcomplex with
DNA, usinghigh-intensitylaserradiationat 355nm. We determinethepossibleprimary
processesfromexcitedstatesof EtBrbymeasuringthequantityof irreversiblydecomposed
moleculesunderUV laserphotolysis.

2. Materialsandexperimentaltechnique

EtBr (2,7-diamino-10-ethyl-9-phenylphenanthridinium bromide) (Fig. 1) was pur-
chasedfrom the firm Sigmaand usedwithout further purification. Calf thymusDNA
(Sigma)waspurifiedfrom proteinsby phenolextraction.

Fig. 1. Ethidiumbromidemolecule(EtBr).
Experimentshave beencarriedout in 10 mM phosphatebuffer, 5 mM NaCl pH 7.6at

EtBr concentration� ����� �	��� � �! "� � �$# M, andDNA concentrationwas � %&��� � ' �(�� ' ) �* � � �$� M. The absorptionwas +��,� ' � - - and +��,� ' � . for EtBr � �&�,-/ "� � �"0
M, andEtBr-DNA complex � %/�1� ' )	 � � �$� M, respectively, at 355nm in a 0.1 cm long
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cell. Simplifiedschemeof thepicosecondflashphotolysissetupis shown in Fig. 2. Laser
excitation wasprovided by pulsesof 30 ps durationfrom a mode-lockedNd:YAG laser
system.Theaveragepulseenergy of the355nmradiationat theexit of thethird harmonic
wasbetween3 and8 mJ.Theexciting beamwasformedby a cylindrical lensof a focal
length 2&3�4 5 cm.Thedimensionsof theexciting beam

Fig. 2. Simplifiedschemeof thephotolysissetup.Thenotationsare: BS – beamsplitter,
C – cell ( 6&375 8 5 9 cm, :�375 8 ; ; cm, <=375 8 > cm), CL – cylindrical lens,D – diaphragm,
DL – delayline, ES– electromagneticshutter, EV – energy variation,F - - filter, L – lens,
LT – lineartranslation,P – prism,PBP– Pelin-Brocaprism,PC– connectionto personal
computer, PD3andPD4– photodiodes,PE1andPE2– pyroelectricalenergy meters,PU
– pumpandRC – Ramancell. TheNd:YAG lasergeneratesa beamwith ?&3@> 5 A 4"8 > nm,
2B is thesecondharmonic( ?"CD3E; 9 F nm) and3B is thethird harmonic( ?"GD3E9 ; ; nm).

atthepositionof the0.1cmcell wasadjustedto 6�3E5 8 5 9 cmand:/3�5 8 A cm.Thesolution
flowed througha quartzcell at a rateadjustedto provide a freshsolutionfor every laser
shot.Theexciting beamwasperpendicularto theprobebeam,andit entirelyoverlapped
theprobebeamin thecell. Theexcitationenergywassetby rotatingtwo antiparallelquartz
plates(EV in Fig.2) while thekeepingbeamgeometryin thecell unchanged.Thevariation
of the time interval betweenthe pumping(355 nm) andthe probing(700 nm) beamsin
the cell wasachieved by an optical delay line. Laser-pulse-inducedformationof eHI J is
convenientlystudiedby measuringtransientabsorbanceat 700 nm, nearthe maximum
of the eHI J absorptionband,the extinction coefficient being18000M H�K cmH�K [13]. For
simplicity, theprobingbeam( ?&3ML 5 5 nm) wasobtainedby stimulatedRamanscattering
(2N O Stokes)in CHG CN solutionandsubsequentcut-off filtering. Theexperimentalerror
of D P Q Q measurementat700nm waslessthan ;SR > 5 H G (i.e TS5 8 > %) whenaveragingover
80 shots.Thequantumyield (QY) of hydratedelectronswasdefinedastheratio between
the numberof generatedelectronsand of photonsabsorbedby ground-statemolecules
[14], andit wascalculatedusingtheexperimentalD P Q Q valuesasdescribedin Refs.7 and
8. Linearabsorptionapproximationwasusedbecausethedirectdeterminationof thereal
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QY of aphotoprocessoccurringuponnonlinearexcitationwasnotpossible.All datawere
calculatedin realtime in apersonalcomputer.

3. Resultsanddiscussion

Thedoseresponseof thequantumyield (QY) of hydratedelectrongenerationis shown
in Fig. 3a. Thesolid line representsa fit usingthe formula from Ref. 17 for optical thin
layer U	VMWYXZ"[ \ ] X*^`_ a b�c ^ Z"[ \	dX*^ Z"[ e c f Z"g d ^E_ a b�c ^ f

Z"g \	dX*^ f Z"g e Z"[/h

Fig. 3. Quantumyield of hydratedelectrongenerationfor differentlaserdoses(delaytime
is 1.7ns) andthetheoreticalfit (thecurve) for a) EtBr, concentrationi j WEk	l X m n"o M, b)
DNA intercalatedEtBr, concentrations:EtBr i j WEk"l X m n"o M andDNA basesi p WEk$l X m n$q
M.

where \ is theexciting laserdose(numberof photonsperpulse); Z$[ and Z"g aretheab-
sorptioncross-sectionsof theSr/s S[ andS[ t g s Su transitions,respectively. Sr is the
groundstateandSv arethe excited statesof EtBr molecule,and f is the quantumyield
of ionizationfrom the S[ andSg states.In order to interpretthe influenceof excitation
energy on theresults,we turn to theschemein Fig. 4. Therearetwo pathwaysfor second
photonabsorptionfrom the excitedEtBr molecule.The energy of the photon( w W1k x x
nm)correspondsto theexcitedSg state.Thesecondphotonmaybeabsorbedfrom Sg , but
Sg hasa shortlifetime. During thepumpingpulse,nonirradiatedrelaxationto the longer
living S[ stateandabsorptionfrom S[ to Su arepossible,too.Bothpathwaysmaygenerate

20 FIZIKA A 7 (1998)1, 17–26



KESKINOVA ET AL .: EFFECTS OF HIGH-INTENSITY UV RADIATION ON . . .

freeelectron( y z ) andEtBr cation-radical.Thefluorescenceprovesthepopulationof the
S{ state.The lifetime of theS{ stateis 1.8 ns for freeEtBr, and23 nsfor intercalatedin
DNA EtBr. We ignoretransitionto triplet statesin thecasesof 30 pspumppulse.On the
otherhand,theenergy of S| correspondsto theenergy of excitedwatermolecule.After
resonanceenergy transferfrom highly excitedEtBr

Fig. 4 Schemeof theelectronicstatesof EtBr. }$~ is thegroundstate,}�{ and }$� arethe
excitedstatesand }$| is thehighly excitedstate.�"{ is theabsorptioncross-sectionfor the
absorptiontransition }$~&��}$� and � � is the absorptioncross-sectionfor the absorption}��D��}$| and }�{*��}�| transitions.Thetransition}�{*��}$~ showsthethefluorescence.

to water, OHz , H � andez� � aregenerated[8]. For EtBr, the absorptioncross-sectionis�${��,�	�"� � z { � cm� . The bestfit shown in Fig. 3a correspondsto ���"�&��� � �/� � � z { �
cm� . Sinceno appreciablechangeof theabsorptionat 355nm wasobservedin thewhole
intensityrange,weassumethat �"{*�E�"� and ���E� � � � . Theresultsfor �"� and � cannotbe
determinedseparatelyin thisprocedure.

WhenthedoublestrandDNA with thebaseconcentration� �S�E�S� � � z$� M wasadded
to EtBr with � �*�E�!� � � z"� M, weobtainedabout100%of intercalatedcomplexes,without
freeEtBr. Thenthemaximumof theabsorptionmovedfrom 480nmto 500nm.Figure3b
shows thatthequantumyield of hydratedelectronfrom intercalatedcomplexesdecreased
by a factorof aboutfive, not dependingon thedelay. At themoment,we have no unam-
biguousexplanationof thatfinding.No changeof D � ~ ~ at a time delayof up to 2 nsafter
theflashwasobserved(thetime resolutionwas30 ps),indicatingtheabsenceof electron
recombinationin this time interval.

When pulsesof 40 ns durationwere used,the transientabsorptionat 700 nm was
very low atfluenciesup to severaltenthsof J/cm� (not shown), correspondingto hydrated
electronQY of lessthan � �S��� �!� � � z � . Similar findingshave alreadybeenreportedfor
hematoporfirine[7].
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DNA strandbreakagehasbeenobservedto occuruponUV lampirradiation(  �¡E¢ £ ¤
nm) [15] andN ¥ laserirradiation ¦  §¡@¢ ¢ ¨ nm) [5] of EtBr DNA complexes.Thecorre-
spondingQYs were £(© ª ¤ «$¬ and ª ­ ®(© ª ¤ «$¯ , respectively, at saturationintensity. At low
intensitylampirradiation,DNA cleavagewasexplainedby electrontransferfrom theex-
citedEtBr to DNA bases,thelow quantumyield being

Fig. 5. Quantumyield of hydratedelectrongenerationfor different laserdoseswithout
delay, for differentEtBr concentrations:a) ° ±S¡@ª ­ ² ¨D© ª ¤ «$¯ M, b) ° ±	¡M¨ ­ £S© ª ¤ «$¯ M, c)° ±D¡�¢S© ª ¤ «"³ M andd) ° ±*¡E´S© ª ¤ «"³ M.

dueto a fastback-transferof electron.Whenmethylviologen(MV) wasaddedto EtBr –
DNA complexes,theQY of DNA strandscissionincreasedby a factorof about10. The
MV wassupposedto preventback-transferof electron,thusmakingpossibletheoxidation
of theadjacentbaseby oxidizedEtBr [16]. Theuseof two DNA bindingsubstancesinstead
of oneleadsto a decreaseof thequantumyield of strandscission.

Whenhigh intensitylaserpulseswereused,the quantumyield of DNA cleavagein-
creasedby morethan3 ordersof magnitudedueto thebiphotonicexcitationandpresum-
ably alsoby the fastenergy transfer[5]. However, no experimentalevidencein support
of theinvolvementof energy transferhasbeenpresented.Our electrongenerationstudies
showedthatbiphotonicgenerationof hydratedelectronsis a predominantprocessat high
laserintensity. Figures3,5 and6 show nonlineardependenceof hydratedelectronquantum
yield on laserdosefor a numberof EtBr concentrationsin watersolution.Thegeneration
of hydratedelectronaftertwo-quantumEtBr excitationmayoccurby two processes:
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Fig. 6. Quantumyield of hydratedelectrongenerationwithout delay for different laser
dosesof: a) isolatedEtBr, concentration:µ ¶S·¹¸ º »S¼ ¸ ½ ¾"¿ M, b) DNA intercalatedEtBr -
EtBr, concentrations:µ ¶*·M¸ º »!¼ ¸ ½ ¾"¿ M andthebaseconcentration:µ ÀS·EÁ!¼ ¸ ½ ¾$Â M, and
c) DNA intercalatedEtBr with addedmethylviologen,theconcentrations:µ ¶*·M¸ º »D¼ ¸ ½ ¾"¿
M, µ À�·¹Á(¼ ¸ ½ ¾$Â M and µ Ã1·�¸ º »	¼ ¸ ½ ¾$Â M, for EtBr, DNA basesandmethylviologen
molecules,respectively.

1) theEtBr ionization(Fig. 7a),and

2) thewaterionization(Fig. 7b).

In eachof theprocesses,two absorbedphotonsleadtheEtBr moleculeto a highly ex-
citedstateSÄ (EtBrÅ Å ). In thefirst process,direct ionizationis possibleto cationradical
(EtBrÆ ). Theejectedelectronhydratesin the bulk. In thesecondprocess,the resonance
energy transferfrom a highly excitedstate(EtBrÅ Å ) to H Ç O moleculemayleadto theex-
citedwatermolecule(H Ç OÅ ). At leasttwo processesarepossibleif thewatermoleculeis
in theexcitedstate:generationof H Æ andOH¾ , ande¾È É . This correspondsto theresults
shown above on registeredhydratedelectronsaswell asto our previousresultson regis-
teredOH¾ radicals[8]. Figure6 shows laserdoseresponsiblefor the quantumyield of
hydratedelectrongenerationwithout delayin thecasesof isolatedEtBr (Fig. 6 a), DNA
intercalatedEtBr alone(Fig. 6 b) andwith addedmethylviologen(Fig. 6 c). Thecontrol
experimentswith 34nsdelayshow generationof e¾È É , excludingabsorptionat700nmfrom
SÊ . TheDNA intercalationof EtBr leadsto acompetitionof otherpossibleprocesses,Fig.
8).
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Fig. 7. Schemeof possibleprimary processesafter two-photonEtBr excitation. a) EtBr
ionizationandb) resonanceenergy transferto water. The notationsare: EtBrË – cation
radicalEtBr, EtBrÌ Ì – highly excitedEtBr, H Í OÌ – excitedwatermolecule,eÎÏ Ð – hydrated
electron,H Í OË – ionizedwatermolecule,eÎ – freeelectron.

Oncetheelectronshave beenejectedandhydratedvia thepathway shown in Fig. 8a,
theresultingEtBr cationradicals(EtBrË ) haveenoughtimeto reactwith theneighbouring
bases,leaving presumablybasecationradicalsandotherreactivenucleosideintermediates
BOH (OH - aducts)andB-H (H abstractions),which areknown to leadto direct strand
scissionor to its labilization. On the otherhand,energy transferto a neighbouringbase
may leadto thebaseionization(Fig. 8b) andmodificationor strandenergy migration.It
is difficult to differentiatebetweentheprocesses(a) and(b), becauseproductsaresimilar.
We don’t know aboutthepossibilityof resonantenergy transferto water, but keepingin
mind the known characteristicsof DNA-EtBr complexes,it doesn’t seemto be very im-
portant.Not only theSÑ statelifetime is changedwhenEtBr intercalate,but themaximum
of absorptionbandmovesfrom 485nm to 500nm. This shows strongcomplex influence
on EtBr excitedstates.But if the solutioncontainsfreeEtBr, the generationof hydroxil
radicalstroughwaterdissociationmustbeconsidered.Thedecreasingof hydratedelectron
quantumyield, whenaddingof methylviologen(Fig. 6), showsundoubtedlytheparticipa-
tion of theionizationin thepreviousprocesses.Briefly, our resultsarein
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Fig. 8. Schemeof possibleprimary processesafter two-photonexcitation of DNA-
intercalatedEtBr a) EtBr ionizationandb) resonanceenergy transferfrom highly excited
EtBr to DNA base.Thenotationsare:EtBrÒ – cationradicalEtBr, EtBrÓ Ó – highly excited
EtBr, H Ô OÓ – excitedwatermolecule,eÕ – freeelectron,eÕÖ × – hydratedelectron,B-DNA

– connectedto DNA base,B Ó -DNA – excitedconnectedto DNA base,B Ø Ó -DNA – another
excitedconnectedto DNA base,B Ò -DNA – ionizedconnectedto DNA base,BOH-DNA
andBH-DNA – OH andH products.

a goodagreementwith a dye-cation-radical-mediatedDNA damageratherthananenergy
transfermechanism.EtBr worksasa ”TypeI” (freeradical)photosensitizer. Furtherstud-
ies including chemicalandelectrophoreticalanalysisof laser-inducedsensitizedlesions
in DNA arein progress.Themostimportantadvantageover theknown methods,includ-
ing classicalphotochemistry, is the rapidity of photolesionsformation - within a single
picosecondlaserpulse,thusenablingconformationaldynamicstudiesto be carriedout
in-situor evenin-vivo.

4. Conclusions

The highly excited free EtBr in aqueoussolution generatesfree electronsby direct
ionizationand/orOHÕ , H Ò andeÕÖ × by energy transferto water. EtBr is aneffective pho-
tosensitizer. We believe thatdye-cation-radical-mediatedDNA damageis moreprobable
thantheenergy transfermechanism.
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UČINCI UV ZRAČENJA VISOKOGINTENZITETA NA IZDVOJENI SDNA
INTERKALIRAN ETIDIUM BROMID

Istrǎzivali smoetidium bromid (EtBr) pomócu pikosekundnebljeskovne fotolize ve-
likog intenziteta.Odredenisukvantniprinosifotoprodukatau ovisnostio intenzitetulaser-
skog snopa.Istrǎzivao se je EtBr u vodenojotopini i interkaliranis DNA. Rezultatise
usporedujui oni pokazujudapretěznodvofotonskiprocesitvorehidriraneelektroneeÙÚ Û .
Raspravljaju setakoderprimarniprocesifotosenzitiranjaDNA.
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