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Abstract

DNA or agadbmoitugm cohelENA nanostrucdafwe-HEk faissednb |
arbitrary nanostructures t hr orueglhatai welley psoho mt
ti memsd feasibilptygvadRaypy h Twit @ lodhs mb mer,ous f i
e. i, omedbicoannensi ng, bi ophysics, n aHooneelveeat, r o |
structuriaht esgrdt fungtfi OMNaAI otrg gamMuthwWmreaD vari ol
mol ecul arcoannddi tiicomiscd mmaey ragplire8tudnesaspkc D
ori gami nanostructure stabibntdythaeimprdomeaca
i nstamesztyf fi cient| yeihdeld& ¢p@a il wofr kt haadsdr es s e s
role of chaotpuamidi@dm)m and tetrapropyl ammon
DNA or i gami nanolhirsucparte et abihlei twodrtkh et r e me
compl exity of DNA ori gami nanostructures int
I t dosuhlodwmat various factors, i.e., incubatio
of chaotropic sagand, thesD&NAuontegamh design i
effect on the stability Fafrt DEAMorrd,game s inde
i Nt erbaecttwizdem orm@gmonst anah a o wedseonpai tcw th & ngnaerxtt o f

this work addrtensceersct berengebtonfthe ther mal

ori gami nanostructures. It i s known that the
is modul ated by the presence of the c&tionic
but bayl g esent concentration. Therefore, t he
ori gamist maat ur e designs wer e experiméntall
concentrations by fluorimetry and compared v
results revealed substanti al deviations of t

ori gnamiostcompares to the calculated melting
mel ting temperatures of the different DNA o
concentrations and thus becounggagtaitdidmp @ mdee rtth ea
stability of DNA ori gami at high i1 onic strer

i nthed i x repul si on.

The final part of this work addresses the vi
ori gami nanostructures. Conventional met hooc

spectroscopy or fl uor es-coern caev esrpeesctiticnoasticado ptyh em
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| oading of complex nanostructures as DNA ori
single DNA ori gami nanosbradeur enet Wyt eneheélr
visualize®& bpnABWMectroscopy forgdlhe dumrfsdacadi
drdiirgaded DNA origami triangles withwidihT fleRen
peatkhsat correlate with MB conceoamrasobwed! NMBe¢
| oaded DNA ori gami tri amgl®é®of Moheeegedj ff &r

ori gami nanostructure designs,-bpiCSe.,, axnkl R}t
revealsdhvapgapendence i n | R deéemoa btthraatthdeRFeM r e ¢
nanospeanirgohstc dpepycome a new versatile tool for
| oading detection in DNA origami application
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1 Il ntroducti on

Deoxyri bonuxNAegi casactihdke carrier of genetic in
of the most pnopeamidse¢eesumoiueall ar nidmtee mad ti ivaen
structur®tomdndedbDNA (dsDNA) casnpadscadulalfeahelhi
backbone |ldekeyWrsiwguisdehna one otict bBebiases, ade:i
(A), guanine (G), cytosine (C), waimsse atlhlyendi n e
Wat sCan c kp abiaf3ineg .br e a kthdetrrowagthuri @l revel ation a
of hawdB/NA Bor med uirtr eas? 50

About 30 vyeiambeulrdndqeire, stehgiuse m sciles DdNpremaitaisa re

exploited?ibny oSedeenma nit mmochoiniset rjugehct i2on sDNAor C
nanostfoacmatiWaoansConck badBheabhirgdm@s tians dRMPHA

nanot ecvwamaldoegyby Rohh2m06dwi t h alDNAU@Micoamie pt
f oOONA nano atsrsweableyreed ofreng viral ssDNA scaff
nucl eMmiti sle$ ol2DDE 0O by hor't compl ementary oligo
str anldod0,0 |l idniemxtcedsesel hed ar bi trary nanostruct ul
with high simplicity,,andl atnasgéebyl SNogwatdfarytsg gt
the applications with DNA ori gami nanostruct

as in biomedi ¢®ithieo pmhiws ibo ®isfatsid omiaos®pHatternin

At t he sanehet inneee d of det ai |l eadndunidretrent maomlide a

—+

eractions of DNA orimalméc mlaare sd/n d oinoenreimd s i
keyn f atcalfefre ca d dereehsgaspep | i fciae li @i gvi tdaand r el i
ct iPo%ahi tgyener al |, the intramol ecnuliskthe i nt e

—
> S5 O

sidered as onef arf stmddtys s ie Ina d tyil G IS epcnt ess e |
ticular 2¢ifn d$ oiladl eneétgaMgs edeen the high ne
kbone of the DNA and thus overléodme* t he

physi ol ogihmavie v e opndiatrisaon se,cul ar interactio

»u & O <
-

> O T © (@)
5 O O

ostructures with (sewvzympdboimo)-rad| klbasmpecop
r thebapewatlisos di fferent physi od’'o@gn ceardt ri atnii a
d ctomm sbhwlietrhe dr @ gtalmel over al |l DNA ,ont ggmd t gf r |

-+~ 35 O
D
D

unct i!dmhl itthy s regard, studies have been al
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i ssue of DNA oriugamirr wamao DtUrs uicstoukdeagwinonst hat |
nanostructures inherently posscaisfsf erreeansto nalbd |
envi r onomefnftesr d%Bndi byonseni'Yindgryage at ¢ gnemper
DNA ormn@gmamstreveatlesn dqd giht Y8 Fhepentrieeal so re
unaffected of harsh thermal c¢doBHithenstwwbhent
t he stability nafno DiNrAda ed rug geesi c aatt ldevw | ciat $
concenfraipenisalel Wi ofaM@inti rcatthenpr e%%eanfcde of

at ¢ hacootnrdoipfiithmes |i enti st 6 eabsitluidtiPeNsA @m m@mons t r uct ur
I n preclkactr opiigcuasnaildtisni um chl ohade mpG@dmmCla) ec
strong salt andagsawealoln s atgcemple nad ti wmewa ttuthr at i

significant i mpact on their me1° %°hg temper at

Since studies of DNA ori gami nanostawuvuetnonoe s
sufficienttlye umidredhts smpadtr kchfees ol e of kaédrmnetrop
guani d-i(Gidmmte andpr opy-l(alrPBA@hitism DNA or i gami na
stability.

Firtshiet abi l ity of DNAn otrway adnii-5 & brti santgil @& m, Gd
guani dini umSe@,altf at d f eGeémt temperat thiareamd co
i nvestigated. Morlgovear i etthye w@dsm f urt her e X |
thiocyanate (GdmSCN) and time dependent stab
at different temperatures were pBNAoomedamiFi
designs, i.e., theth2eD fRoatlhfemuwnes ttarp ghsehi e ,
bundles (6HBs) with diff-bp€SBS) andsR@SYMd R ac
a -Bélix2%edadB®hrdenef f erent types to chaotrop
guani di niGQdmw @alkf aveé | ( as t e tcrhd pfrd pAECdayrem obnel eunm
i nvestigated. This part ditfhet hceo mpdrekci ttrye ndn db
nanostructures interactionl unhas Weédaft esvimarwmnoaw
factor s, . e., i ncubati ohhteyepnep eafat el @0t rammpi c
countseramd t he DNA todral\aman diesti gmdepehident e
of DNA ori gami nanostructures.

Further mor e, besi debset we& i coarl inqammmisd rrauectt iua re s
chaotdeorpatcinrexnt sp,&i s amflrlesses the effect of
t her mal stability of di fferSemtce DNA o rsi gkanmoi w
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e

nNvironment plays a cruci al role in the str.

modul at i o’tc wrfc & mtérhddtginoenl,t i nagf tfeimpe r diit fufreer ent

n
a
C

-~

~ =~ 35 T

w T o —*+ «a —

- S5 O

anostructure designé8t,hd .2D ,R o thheéadiB tpaarsil aon g |
nd-bpC8and Z8wWeEBrre experi mentuanldeyr idnivPefsetriegnat!
oncenbyattil omnidmetompared with calculBhed mel
esults surprisingly revealed substanti al d e
i fferent DNA or i gami compared to the <calcu
ntriguing, the measured meltimig $ampeaté uat
oni c c ogacnedn thrdautginmeche pendent of the i1 onic str
wetshat the thermal stability of DNA ori gami
train othéaelikamelpulisnoar

inally, the work addresses tolfe svingu al iDANaAt ioa
anostrTuycptinceatl ® ods f or drug | oadiprectdetseopiyo
| uor escenc,e fsopre.citmsoiveacnoepey, t heseomebhedssmi

he efficient drug | oading, i n parhuitta@hnar of

so be caused due to the pdr atnide tcreud®morcec e
n this work, the efficient drugwiltohaad i mign oorf

-~

obveder met hywaesnevibh waelAlK@IBga n o s pfeacrt rtolsec ofpiyr

Méne results of IR specitoaded DKNA ari glamiurff

fferent MB concentcat rwihtat eMRB ad erdc d Rt pataik |
rforming | RcmMmmagioh gleda dveBd6 SMNA or i gami trie

()

mul taneously three duadtferentde DiNANnso,ri gaei,
i d6dHBe-t pRand 2MHWB | R i magmMmevahns$ dabpa

-~

ependence in IR signal, showing the highes
anostruct ulhe s AF R .nan2oisHBicg Irto slceoppoyme a new v
0

r qualitative as well as quantitative drug
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2 Fundament al s

2. Deoxyri boniuc | (eDNMA)

Deoxyri bonulNA)s ct heanddarstterrad ¢ genethat iing o1
essential for the formati onproifrmsarejucs uamsdofi ®
a | inear ipsolbyuwiblutc tuaan @ e sc hemi c al structure
be sepabhted .pemrrtgsantdhallase |I-caklkednabed Sugaear
deoxyri bosé&, pominiaoab opnhosphate g5 omp@siltiinokne d(
Fi gRr)®NA consi dt 6f,eftenfatturdi ffer in thdnstruc
gener al , t he doerrg asnbitop sibrasnees, arad | ed adeni ne (
pyrimidine, call ed clyhe snuncel goC)i daensd a rhey miinnek ¢
bonds forming the backbone.Thfuasa mygu celadhidlA aci d
(ssDiNANsiastpmhosfphate group at 5Eend and a hy.
sug&ol | owi ngandhiby ogomwepnotliyonnucl eoti de sequer
and i etandeA3Fdi r3dTheomackbomeé ymd c lsehoet\ispgels

conformational duextbitheyrpropatabées bonds
neutral pH becauseDwé¢ tadh étiopidh dpy mmadrfe tghes &p .9

bastethey preferentially 400k away from the ba

Nati ve DNAdghtndleoa-bkei cal st rfuccteurrge ctolpgmts eda by
Wat son a’nidn CLrBibadk doubl e hel wrmanitsi phoaméel by
pol ynuckéeothhadveisn g h ytdhreoi gohaiclkibm n e on t he out si
hydr opbhacskeiscrtahree i nsi de a@rd ther malr lu€d ubddes s o n
p ast ir nc amp | e noer ndtear’e, yi,nt er asd tas twiot hyTdr ogen bonds
with C via threeehgEFdugear bmatdsc chanfdepter o
| eadhsy dtroophobi ¢ and vatnh ate rc ONMatasl isbaiitrldadedr alc é h ®
doubekix of a DNA.
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Deoxyribonucleic acid (DNA)

Q _ Nitrogenous
¥ &

Major groove base

Nucleotide //
Thymine Adenine /,/”'
s e ol cocmirion < i
Phosphate HC, o S H=N N% . y;‘um
joonds N
| 3 / o —H-}F----- \
H T H N 1 Sugar
/' o=p-o—cH N‘< b o
2 \\/ 7 ° H % cH—0-P-0
\_/ o Phosphate
group

Minor groove
-
7/ i B
) L \ [}
o : en H
3 bonds |
Sugar-phosphate- - o H N e H- NG —\
. fo\
backbone = 0-p-0-CH, N X o
NN (o
[ 2 o Y Y o H-N, CHy—0—P=0
- H o
2 s
/ Hydaot Phosphate

Fig@2it®echematic r epr ehsaenndteadt sdosnDuNoXK luwetrri aggthitng mi nor
groves as ¥ealilc ka D aWaet spipe mlédbfgte mi cal structure of
the nucl eobases, i . e., adenine (A), guanine (G)

interaction viarbaydepdgen el ®»mehd ptrogiferdorm grhub |l i ¢ dor
Courtesy: Nati onal Hu man Genome Resear-ch Il ns

gl ossary/ Deddegyd)bonucl eic

The ehagamyl odo u-khitce aDNAHsDNA) mini mi ze its
formidogbé ¢ elae@lsi X o some specific properties i
t he gedemednrdyi ng on .Ihesehwvwironmebhhe most con
DNA i si thhatw dedal-c ssloB-feadr m having 4damspatwee @i 0}
stacked bases with about 10nn¥updihres mpere,t wWrure
asymmetrical arrangement in binding between
DNA double helix structure Thsscoaebdqueamtian
arrangement of majorsi grtohe alsietaar tmd @pto ra troge i RMNA
interacdi DNA drug | oading ( s’DeNAc haasp tae rd o2u. b5l ef
remaitns hi gh f | etxh ati hdarehemgtelcpartyi ¢® over come
chall encgodosp act p&ackawpmlng isnt rcaenldisul ar structur
able to serve asf ar gdesnDeNA ¢ se rnvceardye .a dTjhuesrteab | e

results in many?Tdief ®\e me DN Aosrt ri scstduarnecse.n s i t i on
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form DNA that i's more favDhlkaddkage dfowwamaere |
|l eads to a stiffer and contract emdnmddaublaes i mgl
11 ssbapairs! PFesirdiefstamded doubl e hkansdedNdAouilal
heli xes DNA existfsor ms’BfRAr example the Z

2. DNA ori gami

The unique mol ecul ar stirfuotereobkecuharDNAtWwIr
based on -@rhiec kNalsda mmo péad #a @i nating approach
def innaendo st rwu d thu rreulsme r ogurso wp ap ilnnt ceavtdoil ovresd wi t hi
ti melinetheasardi‘deécades.

I n year 1°%a&ad,)| iSeemdamis idea of an i mmobile |j
formation of an ZDaDNMiatsehobdbtwewbpamaée gogi t hm
nomepeatabl e base s equbernacneg lhiseedgtmeonnt S .ssBi et hR ing L
Modi ftyhemgj unctompkemarnthary sticky ends | ed
branched net wo.b)kjs. (see Figure

"IN

Glle

Cle G Y'E Yl:

Ae 7 - E

lal. 1 .

- T L
1lcec |4 y p—y —
A LY S J
GCACGIAGT TGATACCG 4-
C@eT G&GECT EC A T E:

'

Figurd) 2Structure of a branched tetrameric juncti.i
symmetric sequence unitSchetmaedocch ildrlaumscireadt | et \we
assembly from tetr&mehi sepmeati ofi oniet & r anched t
sticky end withiXb caohntiivggieatcioonp | efme Xt ary t o eact
a growing |l atat)i aerdn ét) wardkd fCto e ¢ rEPHOMZD P e P umtiLls isls. loinn g

Permi ssion conveyed through Copyright Clearance
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Theroaf DNA nanotechnol ogy was born and evol ve
creating 2D and 3D robust motHofwse vweirt, hitnh et hbei
breaktihmr ouNyA nanotechnol ogy “Was 28006b evii & dmhii yh e
upgoncoefptDNA as s ginisy .i deast hepf ed d nwigrgaolf s s DNA
scaffold of ab@abt0 Bh®0Q@ rmtompVy e @ Otcarlyl edl isg ce
stramdOol d ienxtcedsesedl hed arbitrary nanostructurt
(see FBgulrhee i mpl i cantyghfee B2 s told e llyriegghcdtsi oinn 1 el ¢
short titmesprakesh aftractive.

Staples Folding DNA origami nanostructure

M/\ caffold
N g e
Scaffold —— N7 Liaples | — i ':\:u:":,:n:’:| 55

D | =

Fige8a&) Schematic illustratiosnafoff oI DNADNA I giaai f al
compl ement ary stapldef shedn dDNAiI rotrd ghAadndpw e reddn owit tr hu
per mi3Gapynr.i ght E 2021, $pr iExgemrp | Neast worfe 21D nDi N Ae do.
credtyedRot hemund ranging from square and rectang
triangul ar shapes withAddaptedes wohHCapy mrikgshs i oba g2 6

Springer Nature Limited.
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The fundament al a2@PNAaohigbhmdesngoshguature
by RothEmRaolddi nga pBINA ofi gami omamsisdtrsucafur pe
doubl e helices withtarmti aregardj acmmed yofc onumau

via crpseevdBirn)gEulree crossover s araentp eptnie tad/id eca | |

~—+

wo helices i nwiamddl!lnemngutasrrnyg WWab), bpnnorder
creanae thimé ddesired patFtuenrmetolineotr @ a fsScatifffecf al. |
shape fr omhéeénsea ftfoolldi ncer,o0s s owesr swleadmpu ti artpil cenree
cal cul ations are done for each sditoapgl, e sstqruam
ol igonucl eotides that Il nteract specifically
nanostructure via-Ccompil drmdgmtrapraye r Wentgseon t o r e
eomet riitches tDMNMA nor i g atmhiamhaenr@esrésrd lygetdi dhiren t e g e r

umber of badédaepraanm germpaeanmtniomfeafr gieeghrei odi ¢ cr os
n eachalctbeerutsmaen f aci .nSgr aipn aefdf eflotwn i n scaff
educed by tTwiestovceorarlectsitoanb.i | ity in the des
via merging two adjacent sttagpllrea bsiter asnedasm a se gw

to create so dalled bridge staples

From t hen, DNA ori gami nanotechnol ogy starte
3D shape moflel diebgsed on a ,Hcorneeaytciennaby etual tBtN Ac e
hel i x ,2Bpuonldyl heesd r a3° dshtdr uDcNtAu roe sil gaa niii coersy st al

I n paridalhliel ,t hentglogpploat ungtvi e gme thipd @ v,i dtehde
esehoaxmpl i cati ons wi t h DNA or i giamd r enaasneods t ir

numerousasfiieal dsi°@ameldibciidnsee o $ h’'yngaincose | ecatnrdoni ¢ s
a

nopattterning

2. BNA orsgamility

The wide field of applications that DNA orig

relieisstomudther al stability and™Pntegrity und

| n geintearsalblreewmmBNA ori gami in@ames ¢ n urlceyauspoensashel ses
stability properties undéePbudiffefrerémmdi ¢b wmisc
i oni zi ng Moa cdicarteiroogneni ¢ t emper atures shtiudi es
|l ongevity'® ®hopehret i etsk greael ssiadrep,r itsi ngofhavshffe

ther mal whedisbirbesl o™ 4°he surface
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HoweMermi tations on the stability of DNA or
concenfrddpeanigadlviay eaMtg?tcdatni arhe pr es$3eatte atf n

c h aotcroonpdiiefi?6 n s

The essdmirNAlorkaegyaenmb | vy amsd t hitea lxialtiitoymi ¢ pr es
i n order to screen the high negatively char
repul sive i nt rfabetti pinhdadwnah, eIt 'sctadgtvtben mor e

favorable in binding to the fDNA ' tHesmtcaen de.t man
i n -magnesi umebeadpfaeddeandtyur ati onnahoBbksRuat iug @
Besides that, studies of DNA origamis in pr
super st Mositnte.i gui ng, emsthowmy | & halts o hlre des i ¢
origami nanostructure has a-maiggorisfiiuecnamtuféfefre
onhe digesti®furteiseri mormaemcestudi es on DNA ori
saltguanagdinium chl ori demdqrGdtmCd 3 & dhotrd t ucr@etay o n
concentasatwiddehmpaa @ p & ndéeennatt ur ati on effects by

i mpacti med ttimeg taenmdp @ rhaet wrta WPci®ur al integrity.

I n order to enhance theaegaitmadti | thgseds ¢ her DN
approacligés potentially b-ée sriegini amd’dp fsouccant n a s
coaf¥emgymat i*orl isgialttipiacratt ifonom t hat, al so i nt

to have a positive effect*>on the stability o

2. CLhaotropic salts

Hof me*ifpsutbdri shed studies abouti thsowipteht dthhiec aeif
tel ueadmae¢!l at itomeibretbvereanvi or amthatndiowiadagk p
and repasbentHod met’stdeirs seetiieses i s gihwiwng i n
catanodsani ond nspeaaicfti ovdltlayn dvat e e oioh e glilhte ssc e
resubhtsuborder of esndadk&BHtiokamsmoopehi ghe i o0
charge wddamgirtoyng hydrbattweeekli & fefcit myodny attheon s he
sol ultheess. kosmotropic eff-ematcrilioenmdectbestahilsi
depending on tthe selnicnemdg g nattrhaasott r sgpfe sl caw ec h arng
densi tawewkt hydr abuashr@afiffe athtygdm atthen shell o f
di sordering tshhe abwbihtdeirngs tianatdetrbaacetiinogn sdi r ect i n

t he macr olmoilse cunaeost ropi c effemacHd emadlse ¢ Wl ax s
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folding in selhtPtAi gnapghdcaal tiabtye of the Hofm
anions i s rep2.edHommeerckri,n dreipgeinrdeé ng on t he ovVve

behavior of the Hofmei"®%ter series were al so

Thaepp!l ifciagfidnhaot radpire sseesntpy ot ei’A Pl esansoat
systimssenger RNAmMBAufsagBhadi abher maDNA% abi | i
Mor eover, DNA ori gami rel ated applications v
i sot her mal DNA SdsreidagfasmimbChNgAs eanrbil gami  at room
condiffoifomosm dsDNXasdatdthpludi fied 9°1tact bacter

Thwear ott gpplindiaft fisspresmnites of coraddodt @ampecsagehes
i n bi acloomg.id@avlev er |, b ehcuagues ey aotfh etshyivsor k was f oc
chaotropi Quamieadit i u ne t( rtGapnr) o @ylda mmoni umr é TPA)
24b p nd) )

Guani di ni um cihsa rag epboaspilitaimaewiyt Bh yab rciedsitt zzameedd s p
t hiNHgr odpgs. | ow hydrated planar fadm®Gdneads t
via €ahtenactitbmMéeghioupsallend to formThyedr oge
var iodt yGdgmot enitntadwmligcht bi oma ori amod iefcfuel reesn t me
mak eass tirtom@got ropi ¢ adentef fHacwasnea, cofaol@drimopi ¢
s ol udtriacsntdiecpeelnldyp r e @mdibecda n be f ol l owed by t he
For instance'twidSitidseanosat Gdmgly hydrated ani

stabilizing effect onanbdi 6Buaftprad maonnegchiil € sc d
hydratedr anddpbent etdaemoblieoc ul e/ waaned didmwdse r f ac
i nt er acwi tdhi rtehcet Ibyi o nma ccroonm érpesesctru,é ddvm SICNCEI ar e

a

moderate til]l | ow hydr atdbd oamaica rosma | memsdaud seicsd nbw
I n this cas¢éyr opmrhbebsyeinotn si nartehe bi omol ecul e/ wat
directly with t hHewévemactbeemoliatelrachi goml yi s

concentration dependent. Thauosuwlldowbaveonacsehst
effeobhmpgdar ate i nelduoiucard amd dtewsrtrabi | sSvaea at h
high inclusi dimdostivttinlag GhmP@Ir*s €’ fffect .
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a) Hofmeister Series
CO3 < SO < HyPO; < F~ < CI" < Br” < |” < ClO; < SCN
Salting-out Salting-in

N(CHs); < NH; < Cs' < Rb* < K* < Na" < Li* < Mg** < Ca*

b) . c) H
)Nfz N i
HoN7"~NH;, H
Guanidinium (Gdm) Tetrapropylammonium (TPA)
Figed4ae) GCGraphical representation of the Hof mei st

col or edigschiacdkae mde ey of | emd tao anfsfadrdetisRpsghachttiéevdegl vy .
wi t h peQwipsysriiognh.t E 2013, Armer iSd an cC huguraiinc ddld mSnowdniae

cation. c¢) Stteucaprapyfammohaumfcati on.

| nt er easntd nigdl ycontrast to proteins, sptlceérosc
i nt eracaf@Gdirmaosn GdmEit BIDNA ev etad elda wsdaianegf feer tt he
DNAia foramtma@nidn thiysbreagwene nb adanhde ¢ atproenf earnadb Inyu
in the minor grooves. As a result, tbhbg inte
decreasing the distancethatwemeghthexadjpaanenth
stability®odf the DNA.

TPA on theiastidteir ollmeawidt¢diean gpidt ya t et rahedr al s h
al i phatic pr opwhllfaahcae snlst,h of uogrhimisoogt i Ican | posi t i
the Hof measdear sest eeng dhhaadtrr opphiycs i ccaatcibeems ¢
gui te diPAfseranmuch | arrged domommpalhabeden char g
density anda p aalkci&lr imtifyn ¢ hley dhroongaennd Ildhoentdesrp ai r i ng
TPATPAand *"BRAcoul & enboste.Head de aafifombtcESRAL s

compar@adns abt s can heglciolgnsd tideearde,d i nt'evi da dit i on

polypeptides primarily ot%ct®¥r & via hydrophobi
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2. DPrug | oBNANgri gami
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generati omaofotBeNAnol oggmipr ovisdesftitheeledne n d
bi ol ogi c’@ln atplpil $ cabdbhttehsBNA adV gratmdagensano st
er enatrley hofgfherbi’"®asomeat i is| ihangdh effufnicctiieonnta It
drug delhisvemaynybspstctamsgtehen dagemaptpipcp lancdatiinr

i mmodophot’'dt"her api e

gener al noenohvaad resnighs |abBNIA nagr i g a mi nanostr L
beydubi dedhrieet ¢ atiergtoari @Blga toibcera ¢ 7 '#% n d
ctrost;at!fc binding

ercal astoovoal ést abinmei ng bet ween dsDMA and
t and a.r ohtaen tbdf n ghahieérhoerdont er ¢ alian olr ettdvecaunr s
e vpaisrtsacki ng, hydrophobic and van der Wa
Il degs nmenoal atl srosheixtitser paliator, s nhwer cneolnaot o
al emttlgyg éoti medlr , asi weetecabhabotseadi sgde cha
es and thus bi nNdATrhge iinnttewoc ad raa vi eosn dfe aad sD |
| engt hendionugp taefa ntdrseb albNA &€ g PNA MmMmbeebubkogic
ction of intercalraetpolriscatsi armeas nvwelbli tasont r

t relevance in c¢adtéY therapy application

te promenaedaeéetaat owesr eD NsAt uodriiegda mi nadirdu gd ell d avceir i
tems as chemodolxerr augbgdctimor o gs na%s é%ah’ce.

ove bimdlienwldesagnt |l y bindofot hdbepPMhrdad mqggr
the mol ecul e prhapaear tiimpsa,ctt e o hilhgeschigrag garaamng
.Whdtbharacteristic molecular structure o
compatibility binding in beTthwee einnttehreacniin
mi nor groove bivihderhsydam¢ b DBAACDOCTmTHer Wae
ctioseamondi oysrodged> bonding.

rominent minmern rgdhbdhwaslbi maey used in DNA
&it ugls 86

Howevdlei ndi ng dmardpel le caufl es drastically fdepend:

i ns

t mecdybleme , @MBphot 08% maietricadrat es in DNA
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concentmag?tiwhi lhéi ggher salt concentration, the
bi ndfStguaf MB on DMA ugr ilgaasdd mguct ed showing
efficiency dependisnugpeamsttruetDMMmonritg chraisd bk le:
| oading of DNA ori gambst naanfgftepcytudddti rtesp avli @ dhy M

the | attice design, i.e., honeycomb and squa
properftieeasch i ndividual nanostructure seem t
origami d%ug | oading.

Besides intercal ati-oov abniemdgifrnogd v e g b molddAngl, e 1 C
nanostrvuatetestrowdaaltsc i eakleir aelie bpeaheclégoadi ng
vancohyoni DNAnesgéla el ectrostati chiignhtesa daictg on

effici8encies.
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Met hods

At omic force microscopy (AFM)

omic force microscopy (eAPR)h wWes8 6i mmreessend 6 C
croseachmdhqte iscarblend oresol ve surface topo

conduciciomaduand vieoma mpiesl | i qui d

grinciple oélité@ds somet hebdftowesderd rigogptade rsaia tf iaacre
mwhen bonhhchbeet opreoxddmisdgityhpelri.fi ed construc
tup is 111 ustTrhaet esdh airnp FRiitgputrlied 3damld dathdad | € ser
unted on a piezoteHecttirpci acscaanorngWhba s.
t ween the tip and the surfac&héeeddf oomat de
ntilever is detected, tblyatt hies deifd ecttliynf owdu
nt jtlhervoeurg hd i eovdipeirelo étth @ p p If iogadre t heo fh etihgghtcant i |
th respecitstoeqgidinesvisabbyplae f eedHleacl , | adp er at
e signal ochagti ve pmdtoodnadden abowcbnshanheiag
rorcde defl eati onnsornoeshet phtdiobboombleyi Canedl ey

e operAaBkEMam gener al | yt obher esee pdairfafteerde nitn mo d e
de conothact mode andtdhttbpei @agt monwteer mal ecul ar
ee Fiby’fre 3.1

cont act mo d e, the tip is 1in direethcegnt a
pul sive interaction betweenPabketaeaptanosdst &ah
pul sion. The operation in this mode is ty]
ntilever on the surface in the region of r
rtagmiinstef i ned by the amount of thand aser
nstantly kept @dan hwaitavallopeodimapkhgglcadh@m.c han
rface |l ead to an offset i n the deflection

i nt. As a responsei adjhesyhealpgphlty ionfg tah ec ecratnat

hpel ezoel ect 0 i aegas neupast Edbiite s e hei ght adj ust meni

rrelate with the topography infbAImahowamh of
e sethup osfadeiigd tafpord Wamr ¢ he fgfineecatrs faomrd es ma
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conimaadte | ess suitable for me as ur &€ mean,ti moafteasnoct
to deformation or displac®m®nt of the mol ecu

Photodiode
detector

Laser

Force Repulsive force
Intermittent
contact

Distance (tip-sample separation)

X-Y scan /——— >

——1 control

y Non-contact
Piezo

Attractive force

Deflection
setpoint

Cantilever

Feedback
electronics S 1 ———

Z control

Atomic force microscope

Fi g8teepcheme of a general AFM setup. A cantil ever
Force interactions between the tip and the sampl
directl yt tlea sbecft leadc tbiyon et ecdpdpd tead iwo d*dCopegrmighs i o
E 2010, John WiHcehye ngatSocnsifotionect.dast encbficagyer om
range attractiveanvdans hdoegeep WhaltdedRatuca@as el ectr ost
repulRegomes the different AFM modes are operatir
attractivecaortgaote mond e,0 ndbred wteampp ibrod hRnal mbre veiietndrde g i m
per mi°Goipoynr.i ght E 2004, Elsevier Ltd. All rights

I n compl et e o pcpoonstiatcd’P meaded. iplsendmhanesertain d
to the sampl é om@gmdgtetcrea c tHiewwe evan der Waal s f o

the surfacé¢ saee Fd glonr etah3itsl nmhgde, the value of

~—+

hepsesieamtd &emps tdaunrtilnygg t he scan Twiiss anofdeedleac
nabl es measur enbeenctaduesbed r maft osamptl edi spl acem

o @

n the surface camime enddleecctaend.i | Horveam @rs, si

—+

he surf arcengaendatlitornagcti ve i nteraction are i1

surface can be insuffP%ient in terms of the
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The tapp?Psigg nmofdiec anthley i mistuiega tt dv@d n tcaocntt ramed d easn
causThmgrefiereanti | ewiesspi e oekectpdosact tater n

-

esonanceand etqaupmicryg the surface during the
antilever tpei nsednds ketj@gee sfeenesdbmana k yl oop. Whii

pprotkbéesurface a change in the resonance

o 9 O

CCAt s$ractriameggel amg erastt fonofl ¢ @dveror esonanc

-

epul siane Rawlctrostatic interactions increas
uring the inter mit(tseenet Fa pgpifrioga £3h.hla nbd)h)a edg & £ a
mplitude witporaspéetrovoo whehseetp.hale ddaidetcd i
thepeseent ammipeéi dusieance bet ween t heapplpyiamgd a

v O

certain vpileangel ¢t®rtBliknaet uheoti me bet ween t
with the surfaedecetedrasorcabkl yhat might cau
as well as deformation i ssues artlei gs$ilgyntiafbilcea n
for imagfhgsefml ewiaskiul es ,°’ f°8r instance.

| n addiatdivam,c ea ctaelclhentliogpuece k t a,p phiatg wlaksM i nt r od
Adameti kK% In. 12p0rlo vd dceisr ect control of the applie
sampl e. Here, the cantilever is excikkdd to
with an amplm tiundeaiof. 3xther than conventiona
coadt withwthedefhimpée f or ce c alilsdcatnicreg caua nvteisr
pi xel of the sample i mage. Thusbht adatm etdhues siannie
ti me, as topography, aandhceasli opnr oapse riwetPéls aosf ntahne

3. 2tomic force microscohAlMiIRDfrared spe

Atomic force microscopy R)nfisaraed exchaectques ¢
spectroscopy (I R) of samples with a smati al
wafsi ir st r obdyu cDeadz 2°7 ne 9% b .

Theri nch®FM R measwelmmestithe phot ot her mal ef fe
absorption of a sampd eu(s$eec uRB)hg (Ahe ud bt €, | &n
is directly focused under an AFM tip and if
absorption range of the sample maarerbealdi raed
detected byvitdedefalne callticdoer rpchhoatndgderson@léR yl, as er
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sourcpeernani pgl se monbes cli e@aktitingn t of at he cant i |
exposure due to alternate ther mal eXpansi on
defl ection of the canti |l evaebrs odBed i dndbsawcraen o0 |
pl otted as a f unt hradosiuhotfa nt hleR waabvseoltepntgntehn s a me |
with a spatial r e Al tue ri mant iovfe | ayp p rao xf.i xle0d wa v
scanning an area ofmtbal sampbe!”™@® phevsdefac

Photodiode
detector
Deflection laser Bﬂ
Metal-coated Pulsed IR laser

cantilever

| Sample
Substrate

FigB82%i mplified schematRcséetlt bpsanatwonkopr ARMI pl

directly focused under an AFM tip on a sample. V
sampl e material, absorptionatl eadns be ai dectally td
cantilever via deflection changes omonhé opkbdt ad i

det ectteidmeo.veC@orrel ati on between deflection oscil
an absorption spectr ufmCopyraipd ke@h & i & Wt2eetrsmi sstsd d n
American Chemical Society. -BWidg.pPublication is |

AFM R can bkei bpemBEMenbwe i . e. , ringdown or r €
contact mode,anpadpircee madPgildiegp eln®i ng on t he
propertieSdepietsphdt siampdrembt hogh°% nter est

l botbnt acst tmoa ec a nctoinlsetivaenrtdlityi @c i scont aathi Wiet h
the I R eboithatmoaresodfs if § miesi dcAagtulraen d3l.b) y i ngdoyv
contact heb&lierisnyentpeuwdirsaest eeof the | aseHzi s ra
pul svitmdn s hloenagiphd ce. bemse dnre ald.i2ng t o a t herr
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the sample in IR absorption range and thus t
repetition rate of the pul sed Illasreg ,cdrhparced
the ther mal ex panmasriiomg dl@wrmil er e hutl & iifnregpdm sti hgen a
i ngdowno dteadeegp | i t udes from several otvleat one:
correlate proportionally with tnhaet eofpiteilec alngab
down cmodecprovi delsy cloonpar astemesi t evon gnde aer
cont acHe mepbelrsasoé Ithasaesedto v alniaetsc ht hvaitt h t he
resonance frequency, df. ethe nosemdkldwnhialpteesro
substantially i ncr ealseadtineg o-d00 idtplipanteisxo.r iSgm@lr
amplification than oper &tmiadoh i ng Biggdbwmete

-

thinnerTe amphetsantl y match the pulse rate of
resonance frelquekhed,| aoph@BleL) i s usedal The

resolutionnmfamppaosampialDe denmh®®idt or mati on

a) Ringdown b) RE-AFM-IR
3 : 3
—_ = —_ . s
3 i 3 -
& £ S ' £
g £ £ S
2 0 100 200 300 é 0 500 1000 1500 2000
o Time (us) [=% Frequency (kHz)
£ &
A
400 800 1200 1600 2000 0 400 800 1200 1600 2000
Frequency (kHz) Frequency (kHz)

¢) Tapping AFM-IR

- f, f..

:‘ ]

S :

Q 1

E :

E’ fpulse=f2_fl :

< i

400 800 1200 1600 2000
Frequency (kHz)

Fi g BBAFMR obtained signal in different operatio

exci onpeirvaintens | ow repetition rates of the pulsed |
resultindowm decayg Excitation of sevesreavieramver t
amplitude signals at di fferent freqguenocpiteisc.al Val
absorption coef fmadiedrnRaelsofnanite ®amaheed contact
repetition rates of the pulsed | aser that match

| eadi ng tea naurcpH ihtiugdhe si g nRalneplec pt Edsp wiindp ABPMMe x c i
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near to its resonanché nftddqesescihesnegf wdin | ®v ¢ hteo e
the IR excited sample is detected via demodul at
hefoe The pul se rate of fiyhfefi. AdRa piacsdhr pie’s@e pisrni togpht he
E 20TA2 Royal Socildtcye nesfe dC huenmdiest rCr.eat i ve Commons
Licence.

The t appiR gnoAdFeM o p eerxeacti @ se dwictamtan ever near to
of an ovghrdwmiel e the detection of the signal
via demadulaantoitcdhrer resonance f fhegquenc(gsewcer ¢ &
Figure 3h® opu)l se rate of tiphfef,| Reltaesdredi 3 ns dite
scheme viafibdthedgehdi hggon the chosen resonan
A PLL is wused to keep the pfudusrei nrgatteh ewimnehaisnu
Li ke conventional AF M, due to the relativel
cantilever and the sampl e, | ateral forces ar
samples as biomolecultdaeromnpcemdteaiod Rp dnleydrearmpP.i
the enhanced spati al r e ;nan, u thioovre vweirt, h sv alclee ¢ t
only intermittently in contact with-otohiesesur f
rati os agieddsheofddbtwhi®s mode.

2 0.04 —— With laser |
8 —— Wi/o laser |
'*é 0.02 Laser pulse|
4=
)
o
©
0
k5
>
-80 -40 0 40 80
Time (105 s)

Fi gB34Dki agram of the vertical defl ection -fodr dehe c.
tapping cycle with (red Iline) and without (bl ue
the surface. The expaneiterctef blyreetshua nageilareigtnigadeoewenir ¢
schemat is used to obtAdapvtididh pey'd@o psiwi ogphs p&c 20
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The peake tappi'ng bRseBFIOR) th€ocoeveapponagl
where the cantilever oscil MaHes bei hlg anl cwnt
the sample for a relative short time with a
he canatl ehe( pdhoti)dg WMdenEver the cantil ever

~—+

ampl e, the IR | aser excites the sample | ea
etected by theultssegudretverelwdaxaht i maan t(Thhen albe
etermined from the ringdown scheme to obtai

i ghertodignealrati os tHh&n molde tygpmimul ARMe ou s

nw DT o o un

uitable for soft sampl 4o9ragmitnagd,di itn foomr, madtui

mechanical properties of%°thé $%ample can al so

3. Bl uorescence spectroscopy

Fluorescence spectroscopy ibs$ ok awipdaléydte soends t
The teclkhdmhesee phenomenon défromi gimt eé¢micsg siomm c
mol e,calléd ed | yamchesarenlte separated into two

and phosphérescence.

The oexciat dti on andsemwiesdsi on Umpbd wasvsdmd almy ( sle
Fi g5 Thuasel ectron of a fluoresceaxcimbée@cwui &, pl
il 1l umifmatmg omel et Gt @u ad feEtrastite esd n g & &b el

respectivel vy, with opposi tper osgeisasa kcsornef negluyr aft a
witht® a4a0d mdrsmatllhieyadkd ect r on taon dh irgotteard i piybarl a
l eveheaSdfurt hermbeetrons witwi hihigpghtewy @inealglyy |
under goviab rqartieddenxad®? o nt ¢ 1t0he | ow3s tc aelnleerdgyi nite
convelrsifolnuorsesbseaqgaeenthemi ssion of light fr
| ev &locafuwisagp-a hl aovwddax at ihomgher vibtaei gnalundnest
Swithi®awiltoh further viowdavirmm@h o srpehl carpeastci eonnc

conveafsnoaml ectron, cal lfednm nshien gly &t ednezf ® s st
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t ritgptidtwe t h parall el | sdison ac camfmp@u rad-toivden gdehov
relaxation t &(tihGsHhy'toldhd state

—
S—
S2 — INternal
— e CONVErsion
O——
Om—
Kl

— pico 10-2s —
= Vibrational —_—
s relaxation —
‘ | S——
>
Intersystem
Excitation crossing T' E
femto (
(10-*s) nano (10°s) | '
2micro (10°s) |
S, Y =
Y

Fi gB5Jeabl ons kAd ap taepde amm.it's®o myr.i ght E 2005, Springe
| nc.

As a consequence of internal conversion and
the gr o%ndt hset aetnei ssi on spectra ofSttokd sffltudroe
hi gher wavelengths wrebanhttiepgmeitBéi'lappsapean

The typical fluorophoresysbems st hhat cawebal
Uv/ VIS range. They ar e s u b diinvtirdicemdsl i icepx tor i tnvgc
fluorophores. I ntrinsic fluorophores are na
aromati c aMAD}ld faccri disnstance. On the other han
to provide fldonuosecsreanti s aamphen e.g., fluor
anti bearn eBNA | abeling, yflcihhioredemhver easn a&xe i t ot d
abovep@trum. One of the most popular fluoro

i's ethidiuaddoifrtoimhdder ophores af -SCyadi7Gg acleas:
very commbhhdiylkaor escentnapho presarveedesp @ hr um
However, the variety of fluorophor eosmameynt i on

more dyes that can be easily modifiléd for a
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Fl uorescence spectroscopy is exper  Amesnmal iy i
setoUp t he s pectsrhofwWhu @@ reeXtee-bgri Xaemps ar e mai nl
the | ight source for cover BAGg M mhre Aeexxcecii tt aattii o
monochr omatfoirl tier utsheed gl ychromatic | ight fr
through a cuvette sadmetiect eTchei rema s80Anahglgéd
i ncoming | ight of the ¢$our el thAmsemhes warneme
l i ght that 't®hen is detected

Excitation
Xenon Lamp Compartment with temperature
Monochromator Bxéitaict L
\ xettation Laser controlling module
/7,
-
~
N

Emitted Photon Signal

Emission

Monochromator

FigB6&etup of a spReprriafttendo pemddtioery.r oght E 2014
Publ i shPiergnilstsd.on conveyed through Copyright CIl e;

Besides conventional fluorescence spectroscoa
to image bi dlfoMbicadv smampilrescFmbisedtoinamcwi tem e
transfer (FRET) , fluorescence signals of S |

i nformation about mol eznidnatermad on hoemaembil enal ar

withamgmmaep?dst2?

32



4 Bi ophysical stability studies o

undeari ous chaotropic conditions

4. Ani-speci fic structure and ownd biDINIAt

or i gami

4 . 1l.nlt roducti on

Overl ashte decade, DN aos ingaade stiegcrhinfoil coagnyt adv a

and more relevance in a wide f i°a%od bofd pafpypsliiccs:
t o chl¢miatfall synt ht?ibi’stpiidleogtyne | arge number
uni que capabilities of DNA ordegfaimmedt o2 Dbuana
mol ecul ar assemblies of almost arbitrary shi
yelA widely perceived issue concerns the | im
under conditions that deviate frPomMA%?fhibsegle mp
several DNA origami nanostructures were foun
featuring different bufféfSas’phWevbl atsdmandg
cryos,tétttagepecul i ar arrangement of double he
structure may |l ead to unexpected and surpris
l osval t condhdéeonsucl ¢t dngedei pmesThee of
|l atter example is particularly interesting

chaotropic agents such as different guanidin
so far barely wunderstood. Guahidsnaumi dbl pr E
and potent ptodtheisre dena&triarcanton with DNA has
atteirtioldreover, despite having been studi
ubi qguitousl!l y-iedplceyded e@amur ati on of protei n:
y et 53F%% o’'h an eppleindaetdi @mi nt of view, the int
with DNA is highly relevant for-teampieoas$ upro O
origami °3d4Sesmmby y of DNA ori gami-stnraannodsetdr u(cd

DNA%and intact SPuelteatiiowehadPbldirati gamif ode mant
pur po8desl the removal of DNA ori g®8Mitfhmashkiss i
contex'is @amticularly interesting because it
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strongly influenced by concentration, temper
i ofswhich may be -expiaoagtetdsfactfivney to preci

of a given application.

The strucf(ehieg2rb4d Gdsn characterized by planar
by t hsgereouNols bound through d%hlyobcraildiizzeedd bcoanrdoso
Therefore, hydrophobic interactions as well
cation and various amino acids mayndcdcwniarmgd
it has been demonstrated tthah &hsoddepéndsne
it
de

s couxtt®elri@np amti cul ar, a correlation betw
n
mi croscopic structure of water -aammrieondpaitres ,t h
e
n

aturing effect of s0Omrecthe eotaméronisamd,s i
guestions the significance of the Hof meister
singlft¥iikeernwi sespodiymeat iindareractions modul at e
the demsahereati ve state of 13F hbuiso p alty mearn niont sb:
that the existing concepgwsesubd eqoakiynw adepmphay u
supramol ecul ar DNA nanostructure.-dlepeadceintcieo
of dsDNA stability has been gained wisth syn
rather than the extended DNA assemblies in O
DNA condensat escdrmderedi nbgy nboNAecul e s, stabildi
provi ded by di raotednohy bbriyinddseepgetnedoesonetd i ata é d o n
aggregation. Also in the | atter, the analysi:

engage in direct electrostaticl¢nferactions

I n thitshsewabk| ity of 2D *DNAtbei pamisencieamd!| e:
guani di ni um:S&uvafsatien v(@®d nt dfhatsed nd, DNA origan
i ncubated with the selectéd #&&tes ahedi hteba
origami triangles werfeumtise®ir\sewp dgrnsetnriuccat urnalo

bysidtuomi ¢ f or ce nseea osicopprye (4AFIM)  (
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GdmCl
¢ AFM

Figudé&xperi ment al approach: The nanostructur al
exposure to S®ME&t and Bdmr i s evaluat e8 leetctseedl ec
AFM i mages of damagedshowadgféerane depiesedft de
fromptweretdi ces between individusatr udtapréeamenididal i o
stick model s, H, C, N, S, o, and CI atoms are |
respectively.

Theesulting AFMsimaghAeEMimbay ersmebmtssy i eval uat
to obelaamni ve fractions of Ai.ntRentotgheesm it fi & & fna
analfyrse@amsi t u AFM mwwaser eme n essiattue dc iwicthlCddrmn di c |
spectriomcopydger to derive a thermodynamic mo
Gd mCl asbdavGampr i nci pl e (cRoG@phodn eintte raantailvyes itsar g
anal(ylsTiTS¥Ahe circul ar dichroism (CD) spectro:
model |l ing based han eP e efacard m eHiE T-Z#hnot rtuzm - Dr e s d ¢
Rosseinmotrie group anhdPaoé.n®r. r éephemgented in

4., 1IRe2s ul tds s@mud si on
4. 1.RAEM i maging

Thienteraction of triangular DNA or i gami nano
t he nanostwausctium\web y taeiggddt dFeMs et u AFM charact e
under dr ywasongdpddiofniscmal t wo c heassaintsu AFM linmatgii
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experiments revealed that th&Qpoésentyg supipr

DNA or i gami adsorption at the mica surface
adsor bed D#dé&Feiogrdingea nii h g rse ftaur AFM n magi ng i S no
al | buffer conditions investigated in the pr
ori gami denaturation in GdfICh omageproceedsown
i ncubation times for all samples and to free
point, the reaction thus needs to be stopp

nanostructures at itnhge ami dc ar esnuor vf adlc e® hbeyr ewsabsdhel a

avoid such issues, the DNA origami triftangl es
6M) of t he r eshpeactt idvief fsearletntf otre mip e rAaCt. u rAdf st err a
dilutiodee nbwidimer to facilitate efficient ad

mica surmaoceswédohed, and dried. Then, AFM i m
to evaluate the relative fracti®inesx aonpl @isn tod
DNA or i gami triangles categori4Z.edThss fidameag
i ncludes any deviation from the perfect t
nanostructures, ranging from rupturktdatvereic

only the scaffold.

Fiug e A #M2 i mages of DNA origami triangles deposit
The same sample subseqgbenhf kyM nwGdbipe 6T Her iTma g Mgha
size O@Ofaddxadgea ndf 2
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The general effect of GdmCl on the DNAK®°origa
Howevdeel,ectrolyte condi havasbeaentimedpfiesesdntin
with CD spectr osmhplird sc arccit tait e s Mg @s. t0e a dvi o ff
40mMM Tris acet amhBl, EPHA 8aMdMdeddt usled previ ously
a thorough correlation of supe¥’¥heuvoveral ltt
(seFei gaap&i s very similar to the previously re
bet ween ARG famrd @®2mCl coNceA rGAtmCdns i g atca 4 r
observed oACy wbl bw Bi7gher temperatures resu

al | DNA ori gami nanostructures.

1M Gdm* 2M Gdm* 4 M Gdm* 6 M Gdm*
_ - _
AR 1><“>EA =

30°C

37°C

42°C




Fi gdrtABFM i

di ffer‘eminc@dmr ati ons

col or

The stati

2 AC,

range was set

t he

assembly

nafg edsSNA ori gami trianghesndepbpasi bordi nnC

t36

and temperature ofnlTchieti ons.

automatic with tails cut

stical anal ysi s 4afdet @l AM tMBdlig eastl s

fracti on

of

int aét aDNAt buisgdmmiweir s t

yi edodsb odr vaebdo uitn 9t0h e a b'STehnicse forfa cah e

barely changes upon inACebasingrbie atte nBaé oarntd
4AC. The correspondi 4 gs3hfoFmM tihmaatg etsh ei nc oFni ngeucrtei
trapezoids are severed in some of the damage

triangl e

sensi

ti vi

bridging

responds
ty of the

‘mbesrt a t sug mg ii toiny edTyh i tehoep &wdai tc
vertices has been observe

staplesinwhhehwhokethei ahgkréedéesign

|l ow mel ting>t‘émper at

10 1M Gdm”*
' —— intact
0.8 —&— damaged
506
©
S04
0.2
0.0
20 25 30 35 40 45
+
10 4 M Gdm
0.8+
§06
©
S04
0.2+
0.0 v . . .
20 25 30 35 40 45
temperature / °C
fractions of

Fi gdrMean

at di f f'ecroenictenGdmti ons

three

AFM

i mages with
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0.8
0.6
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0.0
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0.0 . . . — |
20 25 30 35 40 4

temperature / °C

i ntact andh dianntaugbeadt i DONMA iomnr |
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Il ncreasing the GdMnalo ecso nncoetn tarfafteicotn tthoA CDNA or
wher eaAC,atormBloyw aodoldtnté@alt structures prevail
reduce this frmcattAG4n2 Tlhe bedrowe SPondi Mg 3AFM |

reveal preferential damagw GdtmQlh. e Hoewetviecre s ss
origami triangles are ruptured at all three
| argely intact trapezoi ds.

I n casM GdfmC4 , the results of the-i st ait i isv e

temperature dependence of t hAeC,DNwo sotr i ogfa nd N As tc
exhibit ruptured vertices or brokge itmapegal
4)3 and ord pyfabhdet DNA or i gami remain intact.
DNA origami triangMespobecowner sasbnghdhbeThted mp
intact fractAiCorwipgehr sai sptesr caetntA@e co¥im@Edm&bl e t
At M@, the fraction of intact DNA o4.i qaamif imasr
gl ance, this behavior S ugwreesd sp arhtaita | DNA doerni
temperature awcdstabdbiIesdqueaernmteliy netramol ecul ar

their shape at el evated temperature.

|l NnM6GdmCIl , about half of the DNA omingd®i0 nanc
At A3, however, the damage drastically incre
absent. Notabl vy, t he DNA ori gami mor phol ogy
resemhloeabnec eor i gi nal triangul ar shape anymor e
4 AcC, any remaining indications of the origi

compl etely.

While Gdem&t |y exerts denaturing effegSt@® on t
is markedly different. SulfateSamidomas khawaé¢ oly
stabilizing effect is also seédnHbwevehe DNA
situation appears BMuGdmicsarnrgd sypgvbcnGddtpd ge xtoor EIn 2
tham &G the DNA origami nanostAQcanAdCe &6 ar e
Fig4ane AiC,37Mmhowever, the fraction of %ntact

Upon Il ncreasing the AGmpehat dracfiuon her i o
nanostructures d%opBhito omnliyn adooatk 18ontr as:
Gd mClI i M ., Biwhuerree t he fracti onM oGdmQlt arce v eDrN Ad
bel o. 40his illustrates Iimpressively the i mg
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the eff i cHienndcuyc eodf DGDAM or i gami denaturation. H
smal | fraction of I ntact DNA ori gamihowshe ¢
surprisingly little damage to the individua
comprised of di srupted vertices and partial

deformation of the triangul ar shape.

For 6@amt M4Gdm t he denaturation at i nter medi
pronounck.aAC,2@B0utnt& Tt DNA origami nanost
whereas this v &l wmdAQRe&clrrearseass itmg 2if6Bedbempeana
result in a further decrease of intact DNA ¢
i n Fi.cgpurve a4 a slight depletion of DNA origar

2 M Gdm* 4 M Gdm* 8 M Gdm* 12 M Gdm*




Fi gurBeFM i mages of DNA ori gami thr iianncgulbeast,S @Genp oisni tC
at dif f'eroemcten®dmti ons and temperature c@mMdition:

The color range was se%t?®to automatic with tails

At a‘cGdnnt ent rMat itchre oofbs8r ved danvageJoirse %t ihminl &8
of the DNA origami n aACo satrkdl,c3tQuir iklGe aa€ , 3D hast
value drop% d&mno&addaspedti vely. Strikingly, t
still be identifiedutburabkl abtiAnor DdaAmor ngam
at sadFei g pbe £vewn Gdim h@r e %t bant 8@ DNA or i gami
at AZ3 This is agabsh to #$heSdmiCbg % boeB et 5eD DNA
ori gami are damagsare @y )th iASC t3etmpee r fart auatei dn o
ori gami nanostruct 9o esSudmpop ACng kthe satvtad &re I (
about 30 %.

10 2 M Gdm”* 10 4 M Gdm*
0.84 0.8
c —l— intact
% 06 —®— damaged 06
50.4; 0.4
0.24 0.2
0.0 v . . . 0.0
20 25 30 35 40 45 20 25 30 35 40 45
10 8 M Gdm” 10 12 M de+
0.8 0.8
§0.64 0.6
i3]
20.44 0.4
0.24 0.2
0.0 . . . . 0.0 . r : .
20 26 30 35 40 45 20 25 30 35 40 45
temperature / °C temperature / °C
FigurMean fractions of i ntact and Haimageba tDiNAn
GdpQ@at di ff'ememctenGdmti ons and incubation temper s
at |l east three AFM images with standard devi ati c
occurrence of DNA origami clustering.
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Close evaluation of theSQ@aRM 8amallgd&sBimne ¢ogde e

4. beveal s that the DNA ori gami nanostructur e
surface. This clustering is getting more prc
| arge aggl ARendtCed 2 @®ts p2ttively. I ntriguingly
consist mostly of i1 ntact DNA origami. Howeve

~—+

very chall enging teod iadnedn tiinftya catn dD NAo uonrti gtah

the clusters, so that the ZL.d6shadpadndirregashr aa
or undespetiimgtee t hey are mostly based on i s
clusters. This tendency of the DNA 8Qi gami
probably r esulotust ferfofne ctth eo fs.iahnei . ok§oms| Moittrgo @fi ¢
bi omol ecules occurs when added salt ions ne:i
dehydrate hydrophobic surface patches, t her
precipitation. Kos’maorter oppairct iicounisarsliuyc he fafsi c9 @ nt
recently shown that also DNA origami nanostr

Of 4)28]@137

4. 1.@i.s2cussion

It svmrewn that armhkess2@eéeonssCitprisingly distinc
stability of DNA origdmiAlirne atdlye bgmebve ntohge o
t empefmetxairttu AFM measur emerntadhirl é i ¢la protihud iaftfve
aniomsdlbheper 0t ucher DNA i arnigd ami.

I n adaithemmodynadmrdrcit weodie$s c wiake t he t h'er mal

bound DNA origami triangl-mesl ti mg i £tadied pafent h

the main melting transition. The alteamad Gdn
S@is explained by difFereher meate, cphdpafsoirnmmyeldah
at He |-Zrehnotl rtuzm -Rdrsessechedro r f i n t he ,dhravep sdfo wir df

Gd mCl mo# ¢ k watamd | ess charged hydratS@n she
forming ion pairs iMmrtohme GadonCut mommb edsece o h@e
|l ow entropy water nertiwgparkis muohunmo rt eh es iDQNMAI T i

GdpQl eading to substanit®fal heat capacity cha

4 2



4. 1.Caon3cl usi on

l has $Skewn that tDINAr nalilgyamdenature iimhe con
presencsesadftisGdamppears to olriilge narnd liens d heh anmoc
shell structures in GdmCIl and 2$@e Tlhaeoke boyf, ium
the ovelamltwdt eol vaMi dmctohned ittriaonmnssf eart o4 t he
from solvent to DNA upon heating increases t
around the DNAorme ifgamit mucdhl ori de*®t han the

Theata suggest that the supramolecul ar struc
effects by their accumul ation over the | arge
amplification effects have recentiloyn bbeye nUM o
i rradifantdi oreacti veitolxiyg eins stpree i feisr st ti me t ha
observed not only at the nanos't®Therefalkepult
combination with the thermodynamic anal ysi s
accompanyd ngandNAi nteractions may find a n

thermodynamfc readout .

4 . IMa3t eri als and met hods
4. 1. BNA origami synthesis

The synthesis of tiwasDMAsedi gaamia tprrieafi®pluesd vy

To this end, M13mpl8 scaffold (Tilibit) and
a mol ar ratmM Torfi sl :bluA Ifidarri I06)i gamivh tMegd ArSii ggnal O
Al drich). The pH was adjusted to 8.0 with ac

during slow A®otlo ngod motme Mjluasriant i ree Rrviemu 9 02 5
t hermocycler (PEQLAB). Then, the DNA ori gami
purposhd, oX0OODNA origami s®lutTirdnd imieiraec dainl du tneic
wit hOIBOPEG sol uti on con ®a PBI®Gg 1(xw/ I E ((iStdgt)ha)
and ndM5NacCl -AlXirgintah) . Thi s solution was C
microcentrifafgjeinamn ZAEL, 0Ot er whithwadhecau@f!l
removed with a pipetdties.soT e dpdi encTi apbbdiliait ge® @w a s
overnight. The DNA ori gami concentration of
| mpl en Nanophot ometle®M 33 0 ha nfth u st pMigsAitce d t o

4 3



4. 1.BMEN i maging and anal ysi s

GdmCIl soMutamdSG@E@&mMt were pur éAH alg e d8f@s asidtmSi g r
was dissolweddenwbhdPeC (VWR) to Meadchhr aeaoh
experiment, stock s @3 @weiroensmioxfe dGdwbCu h fagnrdi aGdih
DNA origami triangle st'eseaktsobotewnhM2aM4 oeach
andvM 6at a constant DNA oMi g@mios ammlcesitofatt ba
solutions werhe aitnculfdteade nit© MACBIPEr A@Rresi (g 3¢

Primus 25 advanced thermocycl er.

Aftarotlt indibatfi smample solution was deposite
wi t DI 5®ifs MghAwf f er andmincubaeaed tboe Sampl e
abounl @®@f gHRlME@ water and drfpiugdce ian ra &FMe ama:
performed in air using a Bruker Dimension |C
ScanAfsiwwsatnt i | evers (Bruker) or an Agil ent 51
HQ: NSC18/ Al BS cantilevers (MikroMasch).

For the statisti e&al0 arNaAl ysdsg,amdp pramx.st3J u@Ek t u

AFM i mages taken at different positions on |
werasmal fyaedeach experi ment al condi tTih@n DINAI ng
ori gami nanostructures visible in the AFM in
based on visual evaluati on 26fl*8 hpeairrt i schud paer , a s
or i gami shape that visibly deviated from a
damaged, even if the deviation was comparabl
relative fractions of imd macdt rauncdt ud aersa gweedr eD N
manually counting the absolute numbers of e:
determined fractions per AFM i mage were then
condition. Fracti oworad uaerse wp rtehs esttaendd aasd mean at
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4. i mirkependent DNA Or i gami Denatur at

Chl ori de, Guanidinium Sul fat e, and (

4 . 2l.nit roducti on

The wahlkptreav etalletdotuimeé er ani on species in par
strong influence on t'WUsidgnatoomi ARkt @amd b ¥
iwsidiurcul ar dichproitdhmrsnmpegtnraons copnyodel of DNA
by GdmCIl 2@wasGddreri ved based on principle ¢
iterative target te§fhefaesatt anéghypdiesied h@ENA
ori gami denaturation proceeds via three succ
prmeetilng BRemaerkably, this complex daematvema tbiyo
heat capacity changes, which are modul ated b
of the hydrophobic DNA surface regions and i
to the presedde&eofanmdorle swatoehrahgedshydr &d mCl
pronounced i o0osQpaimiagcomdamdare with MD si mul
from GdmClI bul k solution to the iInhNAa bsatsreo nsgt
i ncrease in the number of ordered | ow entr

nanostructuresS@'dmpared to Gdm

I n thjspwevkous wienee £taingatdiebhabnuss he ti me depen
DNA ori gami denatueSaax i amdbgu&dm@l ni Goehmt hi oc\
These three counterion*patrongsooérthkecwhol
anionic Hoffesieet &r gaeHed iP5, ¢ Ja® ¢ated at the ke
wher eas €bund in the middle. SCN on the othe

Hof mei ster series, which is reflected 1in th
chaotchoapoitcr opi ¢ i i Thhaei re fGdemtICNof t hese thre
structural integrity of DINAOdTIuitgamis torfi dmel

temperatmiresi mnnexbakill dywer a timmen .goug set of
was ftohuantd GdmSCN is the most potent DNA origdg
comparably |l ow concentration can cause compl
whil e under moderately to strongly denaturir
wi t hin trhien fafesGdodkbr e, much sl ower DNA origa
under weakly denaturi Sgat ALSi tFii mradn g/ya bwia cenrfo
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temper atiur ewatsaon gdeld sser v emoan ontboenempb enatur e depen
DNA origami deSadwurt ot it he ifmaGdimon of intact
having an intermediate miAmdimeesaktts tempehing
compl exity-DNA it heeGdmti on and underscore t he
species, which may | ead to complex and unexp
Gdm nduced DNA origami denaturation.

4 . 2Re2sul t s

4. 2.RQuani dinium Chloride (GdmCIl)

For investigating the time dependence of DNA
DNA origartwerte i ebnggéceasdpar ably | ow GdMn sTahlet ¢ c
Rot hemund triangle is one of the most studie
regard to its stabii% Py uld®r23vErfPidaciPatdd ohifd it
presence of molar céhé® 1 st icoomsp osfe dGdrh & anlr
paral |l el doubl e helices that are connected

bridging stapl &b .GdACrl ,exopmdsyurien tloow2 t o moder
DNA origami triangles have been obseAGPEd in

However, i thh & htismpwowaks U T gelxtt ewmgled d AFM | mages 0
DNA origamierte iraemfgd mcsed ncubati AB, ateg@pectdiOye
order to assess a broader dynamic range in t
I magdeés gmeé i ntact DNA origami triangles can

i ncubation timnaes. nNobett batr@efers to the fr
temperature before incrudbalti 9achHitdtCH od.skasiimesd
reveals also some damaged triangles, which h
of the short bridging stapl¥sEFFehahitenamecbws
4)7 Note that this kind of damage is also ob
without any exposurelfTchedehat eyi dgamagaedi tDi
nanostructures ampperarwhatbas thegl geam Do be
| onger incubation AtCi. mes, in particular at 50
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These qualitative observations are further s
of the AFM i mag4es8 déamevn tme Figactei ons of 1 nte
are plotted as a function of i ncubation tin
determined by manual counting with the cl ass
nanostrutbhurceampwomi sed triangul ar shapes, r
ruptured vertex to wcompldiesel Fodi al ht egraeed
decrease in the fraction of mimtadt iWmdAlebanii g
observietd 25 AC, the fraction of intact DNA o]
80% to about 65%, while | arger drops to abou
5AC, respectivel y. This gener al trend agr
obser Vafdronisncubati on miinmed hexdageacitigpnk5 of i
nanostructures remain more or | ess constant
attributead atnoplseampalreé ati onsACAtaa addperanal e
fraction of intact DNA or imgami nicaab@ahs emve dom
this drop has a similar magnitudeA@sdatha anta
i ntermedi at e tciame ,e tbhhity abhawamdihsunasuwel | and
onset of #sBtageomeénaltareati on phase.
25°C 40 °C 50 °C
1.0 —4——m—™—m———""——1—
O_S;W; ] ]
éo'a__—I—intact i \"i\i}\'\-‘ ]
é 0.4 | ® damaged i ] ]
o_z:NH;W_ _
o0 —+—7F6—"7""7-""7""—""""T—T——T—
0O 30 60 90 0 30 60 9 0 30 60 90
time / min time / min time / min
FigurBesults of the statisticaM Gdmedly siBEacof dtahtee
represents the average of three AFM i mages with
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Summi ntghoebger vati ons for GdmClI , It seems tha
ori gami damage occursmi mosftl dwCt hempbbereirés
times mpntoe®0lt neither in more damaged DNF#
The observed degree of DNA ori gami damage i
ruptured vertices of the DNA origami triangl
i ntac Further mor e, the fractionsofi ncamaged I

temperature. All this is in f°%t*® agreement w

4. 2. Quanidinium Sa@l fate (Gdm

GdwQ@i s more complex in its effect on DNA c
chaotromgiac i Gamwi th tHRankl'deamotcamphe B&OOna i n F
rather similar behavior as for GdmCl i's obse
rat her remar kabl e considerMpngthbBatonatemt rsatl
denaturficmg i Gadhm i s t wi ceAlassch,bi ghbpasefibrt iGeaenCd
and the type of damage are similar to the ca:

origami triangles have ruptured vertices but
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Despite all those qualitatively similar obse

I n  Fi.gluQeev el some rather asAO,ni ahiwegkdiyfeft e
continuous decrease in the fracti dn aaff ®i nt ac
to ab%Buatmim®re obsEmemd however, t heabforuacti o
4%. Since this is a rather | arge drop compar
the other data set s, It Il ndeed indicates th

regi me. At the oABearCemplef arureas o6f méOdepen
that show only a | arge initial drop in the f
159ni n, whil e at | onger Il ncubation ti mes, t he

fluctuations.

25°C 40 °C 50 °C
1-0 1 i I v 1 I 1 1 v I i I 1 N I N 1 N 1
0.8- ] ] ]
c ] )
2 0.6 4 intact ] ] ]

5 |
® 0.4 _|—®—damaged

0.2

00 1 ' I v 1 " I 1 v 1 H I 4 1 1 N I v 1 " 1

0O 30 60 90 0 30 60 9 0 30 60 90
time / min time / min time / min

Figut®ed4ults of the statisticHM|l Gabnwal Fachk oat a hp

represents the average of three AFM i mages with

Another interesting feat.uliCGs «ihei lalpp aiviecoth h & 0
temperature dAfentiendé naAt vabue of the frac

90min incubl%.tilomcriesasdibng tA@ rnegplersatiumeat dr

DNA origami tri%angylkes$Boeragkd 29e7 all dat a
90mi n). Such a decrease is to be expected wupo
previous .b%tsoewewaetri,onspon increasi ngAQ,het htee m,

average value of the fracti & NoX .iFhetraec,t tDNeA a
degree ofesdsaamatgiealilsy tAlCe ddme easarat oh0y f ew
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triangles with rupt ACed Whet £ime @ ihtodars meonnetdu rae
dependence 1is rather counterintuitive, a si
Gd mE}e

From thesei¢galpeeonodhtha, rapi d DNA ori gami de
firsni nl®f incubatiommbiod ha Gdon@itoGm ndé¢ &Stlwmaes t U

moderately to strongly denaturing conMitions

GdpwQ@at AZ5 however, denaturation occurs mor e
one hour. Furmdhreocitadbapee ndae noen of DNA ori gami
GdpwQi s observed, which extends a@arswmabler oba

temperatur es.

4. 2. @uani dinium Thiocyanate (GdmSCN)

As the third Gdm salt to bevasnwsves$ wibd ®&tthe d si nw
known as a strong protein denaturS@nThitdhat
remar kabl e denaturant activity resultis ef.r,om
Gdmnd 'SCWhich are exceptionally weakly hydr:
protein'*bnrfhacesdance with this béhh®tveal tI
strongly enhanced DNA or Gdmml Gdidlat Araeaoyn a
2%AC, many collapsed triangles with ruptured
some DNA ori gami have damaged trapezoids ani
(el Aowows). Most notably, thismikn.ndAQo f4nba mag
severe damage is obsemrmwedndFbeyondubatrboalf
nanostructures are sevVvereetleyl yd acnoa g eadp saerdd amalv
appearance. Il ncreasi nA\Ct hestué mperi at tthe T omph
all the DNA origami triangles, so that only
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FigdI®FM i mages of DNA ori gamiM tGrdim&SrCNl eag afitfdrerie

and temperatures. |l mages PDamyeasdddsRzesprdt heiedglyt

arrowsdgicate coll apsed tri aredlbeoawowist it rriamtgh reesd wv
trapezoids or dangling scaffol d.
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I nterestingly, the results of the stdatliXxstice:
reveal that the fractiACn refmaii mtsaatoul@MA yo rcioq:
whotl iemeur se of the experiment an%. fThicg uiag ersa
remar kabl e since for all S&xipscir mbeds awovle, Gd
i ntact DNA ori g&miaref obimnanmtnelc abad9@n. I n co
to GdmSCN results intiamn iaofmeDNAt er dg@amiabist
temperature. FurAtCh @b eisn nwh ataippre aat td5 1 ead t C
bot ACA@GMALC,5however, incufiamimoaestdlors aidmith e nfe
DNA origami %Wdropping to O

25°C 40 °C 50 °C
1.0 77—

1—®—intact
0.8 “|—@®— damaged 7] . -

S 0.6+ : : 1

"6 o o o o

§0.4- - - -

0.2 - - - -

o0 -t—7—"—"7"——7*r—r 7T 777

0O 30 60 90 0 30 60 9 0 30 60 90
time / min time / min time / min

I B I I h i e 1 h A s o

FigdtResults of the statisticdl GamaCNsiBEaolh date:

represents the average of three AFMbiamages with

4. 2 . @i.sAcussi on

Figure 7 directly compares the fractions of
to the different Gdm salts as a function of
i nvestigated in the presentigamk, dédmB8CNans,

in agreement with its k.’ wn iéfpfaerctti caidh apr otee
GdmSCN results in i mmediate denaturati on, s o
ori gami i's obmémvedoaslktr ezanar &by, GdmSCN f u

that achieves complete melting of theMDNA or

This is seen in tHe,lAWMIi cmaghewi anlFygunsestr u:
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151in i ncubfQ,i omhearteass0 after incubation under
salts, many intact triandl.gasdx@anl stGdmClbe ob
DNA ori gami denaturation has been dbsaedved

i ncubation t éAm@p err g’thwihrgdeshr odfe nBo7n st r at es t he hi
of GdmSCN already at comparably | ow concent
candidate for applications that require effi

for instance i nt3Aol3&cul ar | ithography

With regard to the time dependence of DNA

denaturation ocamurns owi ti micru btalt @ ofni,r satf tle5 whi c
damage saturates in terms of both the fract
damage. The only exception f3®m AWM sUmedravs w
weakly denaturing conditions, the fraction

weakly durimgnthefterstwhi7éha bao ufu didbeanb @dirt o p4 5f
occilhres.dat a suggesutp tohfe ugnrsatdaucakle db udiulpd e x es an
in the DNA origami, which upon reaching a ce
the DNA origami shape, mostly bgdgéd'sdeiedti o
close inspection of the daoareescspbadt hgt AEMe i n
o f damaged triangles under this condition h

Under
fastergree bDhadamagemasxi mbmed® e c

trapezoi ds. more strongly denaturing c

happen much

of i ncubation.

25°C 40 °C 50 °C
10 ] I v 1 v I 1 v 1 v I 4 1 1 v 1 v I 4 1
§087 ] ] ]
8 0.6 1 - - -
504 Y i i
E J
£ 0.24 - - -
OO 1 i I v 1 v 1 I T I T T T I 1 T I T T T I
0O 30 60 90 0 30 60 90 O 30 60 90
time / min time / min time / min
—a— GdmC| —v— Gdm,SO, GdmSCN
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Figdr&omparison of the fractions of intact DNA o

salts at different temperatures and as a functio

Finally, di fferent dependencies of DNA ori g:

observed for the different salts. For GdmcCl
decreases with i ncrMeacdinmCd ,t & nrhp esr aotbusreer.v aR d ro nz
with previousP¥ Plep sSrltme 4 o we 8-enb h siacoenmome r at ur e
dependence i s observed, in which the fracti
temperature i PAC hdCrdddaffeefromi €6 it AiChamease
50AC. Anomoittcoenmper ature dependence of the fra

previously beMnGhomGler velderfeoram i ncr edaCs eanwa s
3AC, followed by ACdaddedsThibewasemrxdPpT ai ned

denatnuriant i@dm salts being governed by heat ¢

reacti on benoamittogn @at in@m of temperatur e, and
thermodynaii dhmocdelrr eMtGdS®s ulh o wevfeormr, 2do not
the predictions of this model , who bcshe rwaast idoernr

Even though the initial decrease AQ d4aME& 40 ac
i's well reproduced, the modelmoalod wadlelrcy ciactes
with increas'Phlygi ¢ edmipecmaepmancy might be cause
range of the AFM i ACeswhgathi ovims wefse@d3 too p42
CD spectra and derive a’dtemertmadaytn aomi.c | mmo daed c

spectra were recorded within a temperature r

conditions used in the present study. Howeve
i Ssue, i n panteimpelranr uatt aawpgdewmand -sspetieficon
variations in denaturation kinetics.

I n sumnhaereys,ul t s underscore the exceptionall
denaturation in Gdm salts and highlight t he
theoretical studies that explore the compl e
Fur tdhreeom future studies should also assess
superstructure, and | ocal and gl obal design
such factors may dramati caDNRA alitgami hepanost
and various mol,2cuite’® 3B 4% Midladrt‘dedppeatentt
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effects in DNA ori gami denaturation by Gdm s

on the mentioned studies, a strong influence
the denaturinghaetf éeéot bef d@dmi daafFrsarti cul ar
DNA ori gami nanostructures, which have previ

il on binding effects because of their dense
i mportance of el &omeremns tnmaegii gchdroe’dihtied d@ rclimyes b e

specd)| ehntoavever, whether these differences in
al so awspeanfowr effects. Finally, while previ
denaturation of DNA ori gami nanods tdeupce nud eersc e

than ureaYéharemat nento be seen whether th

al so observed for other chaotropic salts suc

4 . 2Ma3t eri al s and met hods

4. 2 .BNAL Or i gami Synthesis and Purification

DNA origarfmwverne iangdmisl ed as®lpieagi obhel y2dOsat i
scaff olG@mb(HTi IM¢bnicchen, Ger many) and about 200
GmbH, Ebersberg, mMGeTmaany puffnerli I5i ¢Cma mi e €
Tauf kirchen, Ger maMy Mg A@Sn tgat ahri inagh 1@®h e mi e G
Taufkirchen, Germany). The pH of the Tris bu
KGaA, Darmstadt, Germany). After thermal ann
(PEQLAB Biotechnologie )GmbtHhe EDNAngring ande r tr
purified by PEGherprcepipatabe was befdissol
overnight, after which the DNA ori gami cCon
Nanophot ometer P330 (I mplen GmbH, nM} nwihtem,

Tri s/oMgAter.

4. 2. @Buanidinium Exposur e

100l samples were pgepadmgldiilobiys mh xfi ngmMc &nt ai
Mg Ac el5 ofn ML DINA origami QloluMiBhd4 saaldt 850 l5ut i «
a DNA ori gami and GdmmMsalnd cloexged triav e loyn. od
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Gdpyw@sol uti ons were prepared by dissolving d
S.A.S., se#wtisnayFr anS&) 98 fd -AHddgrmach Chemi e C
Tauf kirchen, &errandaen ywatienr HPAVWR | nt esrorBaptiison a l

France) . ForM GbmIIEN,ona A d®dewh Shgmae GmbH,

Germany) was diglruatded waitter HRPLQG he dMsi TlRae co
samples were vortexend nanadt itnhceubadé¢ £idr efdor t ednt
t heorcrycl er PEQLAB Pr i mmisn 2i5n téetrvvaahl csg d olt At we B e
from the samples and deposited i mmedi @tely o
1mM Tri sbhMgAer , which i s supposed to preven
ori gami wer e Imifnn, teof taedrs owhbi cfhort h5e mimla sur f
HPL-&r ade water and dried in a stream of wultr
was analnyizne di naciu.bda.trieccnt,|l y after mixing the DI

salts at room temperature and before heating

4. 2.BEM | maging

The dry samples were imaged in air using a E

Wi ssembourg, Fran€ejycenT8&8ppnAgymnhdPewhhhi Sea

(Bruker AFM Probes, Camarill o, CA, UBA) and
Berl in, Ger many) i n i ntermittent cont act
( Mi kroMasch, WetzIlar, Germany), respectively

hei-gdhjtusted using -Gawyrdade dhd 2t. B2r e pen

4. 2.Q@uanti fication and Statistical Analysis

The fractions of intact and damaged DNA ori ¢
determined by visual inspection Zn#dmaeaah
data poi mdt, 7.8 @nidglirhese exdiOmdges e(corded at di f
on the mica surface were analyzed, with the I
from 225 to 1297. Mean values and standard d

(OriginLab Cor por aMA,onJSANort hampt on
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4. Superstdegendent stability of DNA o1

the presence of chaotropic denaturar

4 . 3l.nt roducti on

The work in CQhealpited dn 1t mendi Mlvesti gation of t
nanostructures with Gdm salts and focused on
such &adsordenntration, temperature, time, and
picture was revealed that includednomonit oinmgEt &
temperatur el?8&pl’en e giiens.of these observatio
Gdfcati on (4s.efpd Endulhte consibyddoi zadsicmaghbens
threegrMHips having a delocalized bond that |
potenti al t ‘ol nptaerrtaicctiipoantse ainnd t o form “laydroge

power ful protein denaturant with a compl ex 1
under>t5Gobd: 1512

I n thi awodteteeninpt el uci date the I mpact of sha
ori gami stability and denaturation in the pr
the term Asuper str oscpteucriefd ci npcalruadneest ea lsl sdiecshi o

t yep crossover arrangement , et c.

The protein denatcami Mm@ amotdiuviat ydofbyGdme coun
Anions with |l ow charge densityamdd8@mbknbgdr
with*sGdow a high denaturant activitynduelnho
contrast, anions with high charge JAdensitteyaat
more weakly with proteins,amwhircdt hemdfsotm isa
structuqoat?f sWHliengt he pr o@enn sa ntdyo wsftaolre i dhaglctt isn
therefore the proteitfandenaheri hgnactsvieyl et
serP® e inter a'cstailotns owWi t@&dnproteins is much
dependencies on concentration and medium con

may thus deviate f?3%f the Hof meister series.

Anot her chaotropic agent of hi)@lkei H.gibdg Et) i s
which is wused in numerous applttatimansriah
syntiPré i sener gy Fsttomamgmor e -k niown i s e matwelalnt

pr ot?ei8m’'d DNA SO r/FPlctounrsei st s of a central nitr
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groups and has a strongly delocalized positi
With its roughl yYitsetsrudbhsd darnali ad H aypvd ;6 hTgReAh e i has
flat faces of the tetrahedfuune havitnhgeial irpahtaht
nonpol ar hydrophodtadnd *“hiRARerqtuiietse, dGdim er ent €

structure, even though they are I1°bdWheetdenear
such differences also exist iIin their interac
not been investigated yet.
a) b) c) d) e) f)

Triangle Rectangle Z shape 6HB 42-bpCS 6HB 21-bpCS 24HB
9) ) h) . ) LI

0 NH
/I'J\ll:g ,,é,, ] )'{\2 cr SN cr
H,N7NH, 0730 HN7"“NH, \\I
2
Guanidinium sulfate (Gdm,S0,)  Guanidinium chloride (GdmCI)  Tetrapropylammonium chloride
(TPACI)

Figdré&dhematic representations @-f)) tahned DiINnAe oo h gaat
sal X GUgsed iRephoduwedkwiCopper goh theE Rby223, SToci et
Chemi stry.

Anot her issue unexplored so far is whether t
are also modul ated by DNA ori gami superstruc
representative 2Di DbAe-o&sldolgadni Rateséighthy d3°tiry a
However, it is well established that DNA ori
t he overall shape as weel.ld .agtst i cer ttayipne daensdi
arrandg®&ficnetr ef ore, in this work, the stabili:

i .tehe Rot hemurdke thArtiad fapl & escht aapndgstile x bundl es (
with different cr @pLBY elmpdip@RA%BINgds -ree 121442 b u 4 2 |
(24HB)see Eigd)ein the presence of tweree di
investigat e d'stawiot. €ldggn@and Gd mCl , as wel |l as T
4. 14)we)y e s elWwhdtlhed GdimBAe a similar ranking in
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Cland#280ffer in theiirs beohcaavtieodr .i nWhtihlee ndldd| e «
S@is a strongly hydrated anion founduat t he
pot e%Pt TR ¢ . rreswd dls t hat of.SQhe the eweslad ¢ts, DI
denaturant and TPACI the strongest, with Gdn
we observe a strong superstructure depende
nanostructures, it is bhsarbvedet heahoksenwerid
resi stant agai nst ch'eam & aT PAiemalt luy,at hn ano Styr
ori gami stabi |l iwweyr ea scsoenspsabrdende yt ARY t emper at ur
performed at Hel mholtz Zentrum Dr esdenndt Rosse
was ftohuantd t he mel ting temperatures overestin

nanostructures in thesphlt¥sence of certain ch

4. 3Re2s ul tds s@zmud si on

4. 3.2daBAQ

FirstSoOweadsd dtead si x di fferent DNA ori gami nano
assembly buffer StmoackineveatfiiomasIMr@smi ngclibat

t hem hfadrA412 After incubation, the DNA origan
freshly c¢cleaved mica and eeshadmat e ARkMedvabn t
intentionally avoided sinceS@Qtomwasnishawinomps e
DNA origami ad%dmptpirewvi omsmiscadi es, the str

origami triangl e was asses sdeedf ibnye de ygee o nehtircihc
responds visibly!%%% h® %P tmit oot elrd®niaNyse .or i g a mi

as tHe kro®24HB used in this work, however, Vi
mor e d3i*fFHercafldr. e, i nautho ma twedfkane tahdsmprigaichnt i f
DNA ori gami structur al i ntegrity that i's ba

surface area occupied by eachelNA oar i4gi&@mi4 .ei3r
4. 4§4Bows the histograms of the projected surf
after incubatiomM,i W, M2f fabrirdG&otht #iomi hgeODNA o
trianglde dpFiigwrtene aBb&e ntclee ofi sGdaoogr am i s do mi
peak | ocalt@ndh agnedboabdsary pearkfiatwhi@hS5reptesel

ori gami monomers and di mer s, respectivel vy, a
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the pautbsGdSy, t he histogram remains essentia

peak still Il ocated a%hrha TPDhiog eich @idc aatr esa tolf a t5
triangl es are SQallnec emat r atthiiosn, Gdwm i ¢ h i s fu
corresponding AFM i m&a@ceo n clennctrrébatsi inddng 3t ahve2 vGalrm
|l eads to subtle variations in the shape of t

and di mer peaks remain mosmihygy nonabhbéyethy oble

i mages in the insets reveal that this is due
triangles with dissociated vertices. Il n add
ori gami di mer s dnSrccroenacseenstMro®iti binm@ or t ant | vy, t

denaturing :22@drecthefDNAIMor i gami triangl e as
formation ard heoeasi ct'ihesvikttsafirms that th
projected surface area is sufficiently sensi

DNA origami shape and aggregation state.

a) b) €)

21-bpCS

z
Count
B
By
L

e

0.5M 3
o

ks

4 p L
2 4 6 B 101214 2 4 6 B8 101214 2 4 6 B 101214 2 4 6 8 101214 2 4 6 8 101214 2 4 & 8 10 12 14

Projected area / 10° nm*  Projected area/ 10° nm®  Projected area/ 10° nm®  Projected area / 10° nm*  Projected area / 10 nm*  Projected area / 10° nm*

Figdr®i stograms of the apPpbAeotedansuyrdéacanglresn,s -
shapeésHBs-b gR&B HBs-b2CS,f padniBs hf i @cubaAC oinn al u fif2e |
contai ni Mg M2 amMhl GdSH. Upper and | ower | imits of t
and 15 mwel@ applied. I nsets shdawdregprdamgort ad atve

DNA origami nanostructures that correspond to th



57 and 445 individual.Rparvpdopesmi'd@@pimeeghevRBl 2@
The Royal Society of Chemistry.

A similar trend as for the DNA ori gami trian
4. 1B. bAs the triangllegyemeDNACcCdrainggdmi ilsasaedia

Therefore, its monomer peak is ProratHodveatert, h
the rectangle has a | ower tendency to aggreg
been omitted during assemnmbndy, stsac ktihnagt iisntsu
si ngtilreanded scafhfeoll d nlgo cepdsy ddsl QdBo@ ta mtei Ir e@t & n
shape remains completely intact withMM mandnot a
3M GdS®, t he monomer peak shifts slightMfy to ¢
While small, this change can be dlnearhley iseseer
which reveal a smaller rectangul ar shape wi

interactiopSQwi Thi shap@dment compactiomd of th
be caused by sample washing and drying. Ho
concentrations at which the triangle is not.

shape is indeed causegdSQeyneemods at e onms .t he hi

Whil e the Z shalpaeyers DaNhAo tohreirgasmingase t he tria
based not on the squar2éNebvuetr tohne ltehses ,h o ntesy croonmix
absence.S@f sGamain | oc’athdseat Fb5@hir «¢Bdel y a)
aggregates are observed because thstedgdedol
podfyoverhangs. AdtiGd@doe®s Mo lead 2t o any n

monomer peak position but only to a slight I
t he DNA ori gami triangl e, however, the monon
atM 3Gdone. | tt mihguhs r at her -tbeeampelleatwalr itat isocanmpdr
analysis itself an®Q@not a direct effect of G

Fi gur.etB5 aensdhow t he histograms for the two 6
i dentical in all aspec?tConesxecqeupetnttlhyg drhaes shd vse
6HB designs in 6@arabsenkber o$i @dimar , exhibit
peak at®nfarmd xa 19econdary drifner tpe ak natt ewd.r3 h
projected area values are identical to those

surprising considering t-lhayternr h@NA HBrsi gamie nd n
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have notably smaller projected area. This ap
of the rather flimsy 6HBs during adsorption
i ncreaskdr wheit morbee, metnts tomweldd t hat the observ
solution but during adsorption at the mica s
i mages i n thel.ilbs at) swamddr éei)tglue e HBs | i e on t o]
of &dat ower s t he cebtcaoidrtdaigseur fasults in | ow
neighboring 6HBs coming in direct contact an
di mer peak. Th®OQplres elneedoft ddgnimal | shi fts i
peak toward | ower valwues. I n contrast to the
more random and their origins cannot be easi
morei dettaanal ysis of the dimensions of the ¢
of ed@ahave been CcAoesn dcuacntnebde 4 g, €tehe observed sh
projected surface area correlate well with a
their average | ength and height remain relat
Gdw@ The fact that these variations in widt
i n hien gintcfadate st hey are not caused by significa

doubl e helices as Wwodédaber ahbe oaasassdBddat e it fhaerste
changes in 6HB width are caused by variation
can be accurately measur ed in AFM i mages,
convolution with the tip s hwagrei aatnido ntsh uisn atriep
radius. This is even more critical for objec
(abomum) 6compar abl e tom} heWhilpertless ¢a&aril2t.i
potenti al of the statistical analysis to de
anal ytical approach i n detecting mi nor dar
nanostructures. $hgnefappeabotshabHB det hin t
presencsSQ@at GdmcentratiMons up to at | east 3
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a) b)
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Fi gdr@vera)genwh dt hc,heaingght of the two different
after exposure to difSfQerTemda warnicetnitams iiom s6 B wid
the observed variations in the projected surface

have been analyzed.

Since the 24HB has a much smaller projected
nanostructurwas t#ddéaudgal fsitzqhe ori gi nal val ue
di ffebenweamnhet he intact and the dén#®butrrea st
24HB in the 8@sxemiclei o &ddmomi nant 3nmy n evine It hp e
is approximately half the value of that of t
smal | di stribution ar eumwdacdt wmisceaevetl hatandalreera
di mers. Similar to the case of the 6HBs, the
the addi ¢SS Qan a«ofon@emt Mati ons up to 3
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erefore, even in this comparatively weak
I gami n acnaons threu cd hvéheersvee dt he tri angl e and t h
ape distortions and agSgdwr eghei d@nshapehangre

ndl es apparently are |l ess affected. This i
uare | attice of the triangle and the recte
residual pt whetumnwsatduarsanl 14didet homiegre®mb | att
her structures, on the other hand, assumes
wer strain. Therefore, It appears reasona

sceptibl e t o hpeanr teixaplo sdeedn attou rnaitlidond esnat ur ant

. 3.@d mCl

the stronger denaturant GdmCl , the overa
anges drastically. Hewer e t hiadde ewddl®eM,f M4 ent cC
dM,6 i n order to 'obhaenttheti samebSEI &I guiren

. &9 hows the histograms of the proMeGdmad@l ar e

omi nent monomer and di mer peaks canibe obs
e rienvseeatl i ng i ntactcomnicamg rMa sGdarnl ¢, 0 ehdoswi envge rt, I
notable differ enaeS@ othac etnhter actoirorne.s plonn dpiar g i
oOws an increase in the counts ofn] prwhectact
e AFM images reveal heavily damaged DNA c
apezoids. At an even M,ghere @®NWCIlord gmam n tt
mpl etely denatured with the IAF M hiemahgi esst ongorse

mpl eattesrdaegn on results in a broad projected
|l ues and a sl ope toward higher values. Th
fferent numbers of stapl es, adapsunf daeg ,gec
rm | arge aggregates. Therefore, the stron
Qi s reflected accurately in the histogran
case of the DNA ori gami rectangl e, some

M alrevadddmCtl .1 The DNA ori gami rectangl es
ich results in a slight incde&¥e I ntehespr
i's initial damage appears to start at the

affol dMl &6dm€l , At hé denaturation of the rec
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rectangul ar shapes breaking up in thescenter

more or | ess intact shapes. This assortment
damage | eads to a broad distribution of the
observed at | ow area values. héndt eag&iimg rtehseu
i n the complete DNA ori gami denaturaton wit
Hence, the DNA origamiligbttgngioe essemcepbdi b

denaturation than the o¢6ccamgil g MwWiGdmChmodedat

denatur Mti on at 6

The DN#AmiorZ shape shows a simi MaGdm€haviboe a
start to unravel while the centithyral Thas | emdis
notable broadening of the monomerMpel&kwe A rr e
compl ete DNA ori gami mel ting is observed wi:t
resembling those of the ot hMrGRMCIDNAT loe n gfaoni
three 2D DNA or iignvme s megatstttieu c4a usrhreaspe has t hi
GdmCIl, but the hbpSgthe3histaekemptyfiesGtdme con

DNA origami superstructure and denaturant ¢ty

For the-bpBEBBs #Hhdwever, the situati oh. liys. d)e ma
Her e, the histograms are dominated by a str
concentrM.tiMNMeaverft Wbe h M s®d mGl ,4 a s mal | fracti
AFM i mages seem to be broken and someti mes f
partially melted at the ends. This results i
i n which t hemedro np enaaknst amMosncoappeledée B6HBakwi bh
al most identical projected surface areas. Cc
42pCS is pronouncedly more DtpllSl & HBn dé@dsm@lin.
a behavior more simidlags tand hree dDtMaAmMyIr e Yhaimd e ¢
only minor damaMeGdinsClo,b stdhrg\Ce8dH Baste 244 o mp | et el y
6M GdmCl , resulting in a histogram dominat ec
increasbdl i thyp ®F 6tHB wa2s o b s e r?¥ferde ep rseovliuot ui sol ny
attributed to its higher flexibi-heltiyx at ¢ pwl ®
mor e ef?Wrkiileentdlyectrostatic repulMiGimTtseeunl
additional strain exerted on the individual
promote staple dehybridization under denatur
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a) b) c) d) e)

21-bpCs

2 4 6 B 101214 2 4 6 8 101214 2 4 6 8 101214 2 4 6 8 101214 2 4 6 8 101214 2 4 6 8 10 12 14
Projected area / 10° nm?  Projected area / 10° nm®  Projected area/ 10° nm*  Projected area/ 10° nm®  Projected area/ 10° nm®  Projected area / 10° nm?

Fi gdr#li stograms of the ppPpbAeoctedasluyrdaicanglres,s
shapeésHBs-b gRS&H HBs-b2CS,f padniRs t Br i AcubaAC oinn al u f4f2e |
contai nivnhgM40a nM, Gd mC 1 . Upper and | ower | Pamds of
15 XnmMfiwer e applied. I nsets showdi soprideasgégnrteagtaitveed Al
ori gami nanostructures that correspond to the pe
and 12B@duahdparti cl e sRehparvoed ubceeedn weéiv&abl pupaetiegih 6 s Eo 80

The Royal Society of Chemistry.

Figdr ®8hows the results for the 24HB DNA or
susceptibilit-yndtuocweadr d d eGdam@lr at i on. Whi | e a
representing intact hi4sHBosg Ma@d @€l 1o btsheirsv epde ai kn
with a broad distribution dominatk®RdGdmCls.mal
Corresponding AFM i mages reveal that 24HB de

thata ofsdtw uctures still exhibit some small p a
Gd mCl conceMtrasulons tion 6t he compl ete denatur
stability of thaetndbadHB uirprGdmalg icsonsi dering t

staple crossovbp€&€SsbomBbaanntdoatddetRanal 'y a c

scaffol d?%©vesabhershe results presented in -

6 8



denaturation in GdmcCl depends not only on G

superstructur e.

4. 3.T2RPA3CI

Finall y'icatiwensnGem o arhgaldPdA DNA origami denatur

wer e st udhiiecdh i s-krmonwn hehaavted dpi c salt used
denaturation. Since the overall solubiflity ¢
salts, only wweoecget®dM aatdM.dnHowever, despit e
concentrations, a much stronger denaturing
nanostwagchua.revhiesd can be .sleBean T BA @Hri agtuorocdd edo T 1 .
results in complete DNA origami denaturati c
evidences the much higher denaturant activi

consistent with ©previous observaiDidrisréences
bet ween the different DNA origami shalMes are
TPACI . Her e, the denatured DNA ori gami trieé
structured in the AFM tbnpaCgSe s6 HBhsa n atnhde tzh es h2adph
already completely denaturedpC8BosStHBadepmpieshis
to be completely intact aM. tThh esr e PPACI, cDoNnAC

denaturation shows r oughdleyn cteh e ns alnPeA Cd u mesr g tnr

a) b) c) d) e) f)

42-bpCS 21-bpCS

2 4 6 8 101214 2 4 6 8 101214 2 4 6 8 10 12 14 2 4 6 8 10 12 14 2458101214-2453101214
Projected area/ 10° nm?  Projected area/ 10° nm?  Projected area/ 10° nm?  Projected area/10°nm?  Projected area/10°nm?®  Projected area / 10° nm?

Fi gdr @i st ograms of the ppbAeoctedansliuyrdatcanglres,s
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shamesHBs-bgpR&EH HBs-b TS, PadniB$s t Br i AcubaAC oinn al u f4f2e |

containi Mg @nhd, TLIRAGI . Upper and |l ower | famds of
15 XnrMfiwder e applied. I nsets showdi eoprdeasgégnrteagtaitveed Al
ori gami nanostructures that correspond to the pc¢

and 2449 individual pRaerptriocd uecse dh awheE bopepeenr gehvisas| Euoadt Oe
The Royal Society of Chemistry.

4. 3.Quantitative compari son

| n orqduearn ttiot ati vely compare the differential

integrity of the different DNA ori gami nano
hi stograms of the projected swerrfea ccea |adrueladsthetdo
absence of chaotropic salts, t he RI val ues

monomer and di mer peaks r@Hapti evré odr.o3deh.@3 Oe @«
same was then done foraodlrlopocthearal ¢aendiyt iucsn s
positions as in the absednectee rorfi ntelde Rd h avoatl rucepsi
Fi gaard®r the different DNA origami shapes an

concentration.

a) b) c) d) e) f)

42-bpCS 21-bpCS

——Gdm,SO;
—A—GdmClI
—4— TPACI

540:
E
2 20
Y N | S | S | S S E—

01 2 3 45601 2 3 45601 2 3 45601 2 3 45601 2 3 4 5601 2 3 45 6

Concentration/ M Concentration / M Concentration / M Concentration / M Concentration/ M Concentration /M
Figdr®el ative integrity (RI, upnpet opbeodPNAt aphdol
ori gami btyre catnagn)gelsg s @ peHB,s-b g CSH HBs-b TS, f padnHIB &
dependence of the concentrations of the differe
determined after 1 h incubation at 42 AC. This
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temperature plots by Mdlet ibnrgo ktee mpheorraitzuornet arme alsiunr
performed -ZenHel miRDIseszedhddmrr f i n the gReopup daifc elr ¢
with pertoppiioght E 2023, The Royal Society of C

I n general, t hde. 1RBIp rdoadtuac ei nt hFei gmarien tr ends oL
analyses4d4i h5Fi guiéedmwddi 4. 18he weakest and TPA
denaturant. HEHoQewémosftonoGemfect I s observed
with the RI values remaining above 0.8, indi
i n DNA ori gami shape, even though they are v
arefah.e only except-bp¥, iwhetrlee RAHBdexT eases m
I ncreasd@gonxdemtrati on due to the obs4erivéed de
b) . I n conmnf@astthet oRIGdvwd|. t @ eiah MRmugihhr ¢ arger ¢
presence of GdmMCd CS Hieg et he&s HBx dA&pt i on wit h a
unaffected by the atMdithohi oé @W@dmBEl i up bnghl
other denat f#fi?fAgd ¢ onn diatri yres. | ess pronounced
presence of TPACI . Her eM rae sTuURHAICS icmo nRlenvtalaue s
DNA or i gami nanost rbupcGu,r eveh iecxhc erpga ma6iHBs 4a2t an
ratenxeccepbelbaail or i s observed for the DNA or i
i's al mostM,zdrto iantcr®.asses M oT PoQle. tlhpaonn Oc.l 20 saetr
of the projected surface area histogdgBamst anc
becomes clear that this, in fact, is not due

caused by clustering of completely denatured

For comparison, t hTg) noefl ttimeg diefnfpeerreanttur@2NA o0
di fferent environmenhavebybetehnaitmeteasVWumbls o z p Zie

Dresden Rossendorf in 'PBhecaguwoapofoft Peg oft.r dmrg
of GdmMowever, these measur ement 5c omecreen tlriariitoe
up ™Mo ®MNevertThhdbheasshbiwvé. ffmalFiitgarievel y repr oc
observed in the RI data. I n particul aaQ@ for

barely has any efTweat uen. t BdmaGlet eomi nded ot
moder at e Twadtucat icoonncodfint 1 at it hre @fr e encén of TP
val ues dar elakesadryvvehti [0e. mt a M ohRARGIlItsr atriasn i acfa

reduced and may even reach values below room
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Whereas the salt dependence of the RI val ue.
temperatures, the situation is more compl ex
Comparing just the tdwol 96 HIF tdaewsdi dgemfasdTw arfth ¢ ihgeu r e
4DbpCS desiMgAMPARI 0i § sIA@htwhyi |ach ptvsa t4 3o fs 12i1g |
bel ow. Conselquentubpatinbdbhent 1t his tempeSat ur e
remains at -frrraaghyayl ud b BAaLEe st mdatready drop

AM GdmCl, both the DNA orbmp@&S3ni Mawvwds5dn gw@el, land |
abovAC4PRseed FRY wdi)eds Nevert hel ess, i ncubati on
temperature results in reduced RI values bel

the DNA origami rectangbeCSt hTesh&Elredsap&Coamd
are contrasted with RI values of4.0m)9 G)do. 12,
Vi susagdedtni on of the corresdpohdi tigg gté&hdét t$ ntahgeesse
surprisingly | ow RI values are indeed indic
observation, however, is matMeTPACI| t40 BA)PONAe O
Her éinofa 46 AC iis. adbegtveer niihnee di,ncubati on temper
B3AC below thaldp®$ urdce 6 HBh & 2s admdai)9c o Neivteir o me | (
incubat AGnraesul2s in al most compl ete denatu
whereas t-hpC8HBaemdidrn apd ref  stdbgy Rljaghddr. &9 ain d

d). This demonsmeaseseméatswpotentially can
DNA ori gami stability under denaturing condi
underesti mate DNA origami stability for cert

environments

4. 3Co3ncl usi on

The stability of six different 2D and 3D DNA
Gd s Q GdmCl, bhad BeAGI|I.i nAlelstsigrat BNA or i gami
showed a similar depexf dleadaer @iny tefd excal tont y the
DNA origami‘comctemtaMa®&@dRroonr oOIfPABCI , however, con

denaturation was observedMal Tbhadyleatat ar icroqhc
GdmcCl | on the ®dteheveehan dmd@PDPGanadd CilRAAD Mhi s i s a
remar kabl e obstanwht@bm d$ocae¢ efiPhear each ot |

series. In general, theaaddit®fddrde mreesaulitn ftrhea

72



i nteractions of these ions "wanhh phuoffer patoen
hydrophobic -botckirmgti ®nst s Hmai n t y p'emaoyf I nt
directly interact with Trbiosndiwhg cihARicw ekoaoiywmnn s
previous studies did not observe an¥yduneottaobl!l e
the presefi®enoé’i Mgias .di valtenunpaakteilopnpates ir
interacti ddsewibheGdmtrostatic r 2'podsiGam. 0]
compete for hydrati dicomatearnt,r awhionts atf HIO@h mi
| ead t oo0wt saflatn@Gdig hereby to enhance&f nDNAeor i
present study, h? dcwoenvceern,t raa tci oonnsst aonft 1Mg mM wa's
can be cneemgsliidgeirbedde . Tilsn a omatriasn ,wiTtPlA even | ow
Gdim hat does not show any ion pairimpndaspabi
TPMarticipates only in hydrophobic interactd.i
any i nter a‘omiitcinsTra'ésp go@&rMgunl i kely. The stron
Gdmand "BPRA DNA shtuasbislugogyestt di fferent mechani
DNA ori gami nanostructures. Notabl vy, simil a

interactions of &®helse salts with proteins.

Comparing the different DNA origami nanostru
was foumdpartichup@®,dehiegw HBs 42he most st abl
nanostructures and r emaiMi sGdanCrho BAtnTdE A0GI®B] ewle i ly

al | ot her designs are almost completely dena
with its behthveercandeti Mgs, which has been
all owing a certain doengmoedea toef irnecarde ausseterhdentte ctt«
repul sion. Since electrostatic repul siian i s

may be BbBatmedmpared to the other DNA origa
6 HB -b4p2CS experience a | oweroradidwner fodr st wiat m .
stack and destabilize base pairs and induc:

di ssociation from the scaffold and thereby D

FinagalhAddybbased measurement of DNA wernciegnapmnar enda n

with melting temp@étwhat bee i me aisrt e nceanstess., t he
temperatures show similar trends as the rele
derived from AFM i mages, there are some not

temperature metasmoreneant sl ssuaggetsabl e DNA orig
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evaluated condi ti ma gsghsowh esrteraosn g A FtMo compl et e
denaturation. Such a behavior was observed
presence of certain chaotropic salts.

These exsmpltisfy the high complexity of DNA
conditions, which shows an interdependence o
I n previoumechadi esl properties and especia
strongly affect DNA origami gt &hiel ipryesemde w
demonstrates that the same parameters are &
presence of di fferent chemical denaturants
remar kabl vy, 3D designs -Mch‘abndir i mos eaksabbhoc
stability in "tamel 'PAsemag bhu&dmecome possib
general design rules for the fabrication of
i n diverse chemical environments.

4. 3Ma4t eri al s and Met hods

4. 3.DINAL origami assembly

The assembly of the DiNAeg i R@atmi e nfuanhoe s ttirtival il go
rectbtntlgd eZ?shap&HP C8t2he 6HP E8alnd t hé®wagHB
performed as preNibuslymdlesrcri aedo of stapl
(Tilibit) wa smMe mipli sy ebdu-Aifrér L Q I5)i gomavi t BlgpAC Nng
(SiepAharich). The pH of the buffer was adjust
t he DNA ori gami rectangl es, al | edge stapl es
t o kelnudntst*Blc&i DPNA or i gami nanostructures wer ¢
using AmiOcmbh Ypitm af i kDar smowet b l-@afdfo weMagrma k )c ud

PEG precipitation balssGdeonomacenmtevatoiucn pr oft o

ori gami nanostructures were determined using
adjustedM.to 100
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4. 3.%lam@pl e preparation and AFM i maging

GdwQ@salt -AlSigimah) and -ARPACIH chagl we(f &i-gmacse | ve
water (VWR) to reavxhandl, 2nespattavebnp. o6daCl

anM8sol uti onAlfdroimc I5.i ghnar e a®lh xlpetr b meMd on i
DNA origamMi TrnsshMgAer containing different ¢
was inculbatadddC4f@eri n a Primus 25 advanced t he
6HBs without chaotropic salts,ampHe NMA areidge
2nM because the higher concentrations result
strong clusteri.Tdhei mddhe i AAMoifmxzdaotropi c se
ori gami adsorption and thug39 heeardesf otree, at he w:t
concentrmaMi onulod Be used wunder t hdde odo ntdhiet
sample was deposited on a freshly cl &hvefl mi
Tri s/olMlgA¢€er in order to dilute the relative
i ncubatmd.f orhe:, the samplmelL was-g¥PAddCe e watwet h e
bl ealwi ed i n a stprugaemaadfr . ArAFdr i uwlatguaign guas BPreuk
Di mension | GONti nPedkd&dmA ce Tappi-Aigr ncoadret i wietvl
(Bruker). The images wéme a erceogdlewdt izgkri hafa ds0

a |l ineHreate of 1

4. 3. MEM i mage analysi s

AFM i mage data processing and t meugrcai rsodrn avl
Gwyd d'#finrst, each individual i mage was fl att
a height threshold was applied tod4ma&9Dk at)hea nh
b). The distribution of the projected surfac
using the grain analysis tool for at | east

OriginPro 2021 (OriginlLab) by rgfencea adr enag Wha ls
the range?dtfa omSnluxslich® a fbilnxdileesoul ting i n
number of 14 4b)2®0s T e edefofWweagfuctelte pr ojected sur
to minimize the impact of artifacts from t he
24 HB, however, the binnshizeswhsi ngduned tot ¢
bi nso)r diem t o bett eri nrdeuscoeldv ec hdaenngaetsu riant itohne s ma

area of this multilayer structure.
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a) AFM image b) Masked with threshold c) Frequency counts

[l Frequency Counts

0 - -
2000 4000 6000 8000 1000012000 14000
Projected area / nm*

FigdrdQlustration of AFM image data processing
was flattened and height adjusted. b) DNA ori ge
appropriate height threshold. ea) vRHa elsi otf 0 d rham ma
origami was determined for at | east 3 images and
19 o 18nrwsliong a biAngi zesaflting 10 aRé¢ptaduoedb
wit mipea®é®onpyri ght E 2023, The Royal Society of C

Finally, the relative integrity (RI') was <cal
done for the reference samples in the absenc
bins corresponding to intacér DONA oougtami ofha
to conformational changes and tip effects, t
al so neighboring bins. Therefore, the counts
the monomer permkt  wereal oecll atdiea@nias well . Fur
di mer peak were included and considered as

calcul ations for the samples exposed to the
refermpkckessaso that a decrease i n -Rhdweped s

denaturati on.
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5 Ef fect of | oni c Strength on th

Or i gami Nanostructures

5. Lntroducti on

Due to the |l arge variety of applications, D N
chemical environment s, which may affect t he
properties in complex and so dmsuraeé morsd tuaiplr
ori gami functionality under such diverse <co
exert on DNA origami structure and sta%ility
12,127

One of the most i mportant parameters in this

aqueous '!“edcemt he DNA duplexes of a DNA oric¢
into a very small vol ume, i onic screening of

charged phosphate groups in the backbiomgs of

DNA or i gami shape and structural I ntegrity.
el ectrolyte surrounding the DNA ori gami nano
st abP? 1?2t thfgnidt ¢¢ at&igbgt, e §3d tdidbnnf,o r'h&d8Hhdn mechani c:
propétthtSeswel | as their i ntbrit&totrigeams éwistldr flaic

and therapeaft8®c mol ecul es.

I n this work, the ther mal stability oh diff
dependence ohasobeens.i neglegdrhigmdaterdy was used

curves of di fferent DNA ori gami nan@o'struct
concentrations ramMi ngt d mioan fO0or2c et omilcOrOoscop
compl ement the melting curve data and assess
al so on the nanostructure | ev&de.x talchtee d NfAr acom i

mel ting curves are compmwalduetso deeali cvielda tferdo ne
temperatures of alll staples present in each
stapl e dh vamhlees Sshow t he expected J*ogarit
concent’Sariomg, deviations from this behavior
particul atfcbébomcemni ght MgmM. eXkrcceeerditnigénsd@® peam i t |
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to saturate and become independent of the io
the calcul at &dvadmue smaaegpemald on DNIAt omaygaime
assdtmeatinafhea gi ven DNA ori gami nanostructur e
no | onger by electrostatic repulsion but m ¢
constitutes an i nt fdorfsiac gliivmmint DINA tolme grman i mua
be achieved byThersesculsttsabtinhuszantatonanly provi
complex interplay of environmental and desig
but al so demonstrate how stremgliyn DMAI or ingoa

i nteractions from normal dupl ex DNA.

5. Results and discussion

Fi gblr eshows schematic representations of the
this work, along with some key parameters. F
itall o “thect2®dndqRloe h étmma d3Hderldiiaxn goluen,dl es ( 6 HBs)
crossover spacfagd @4hAEDvV&X4 ban’Fhe) (a2 HBE . s e e

Figbte all five structures have comparable
comparabl e average staple I engths, and al mos
in the total numbers of crossove42.bgheroeso)
spacibgCgElr2have al most identical numbers of
6HB with 21 bp cbpE€SdPvamdsphoei 2¢g@g HB2lhave at
Furthermore, the hd4gHtRralnsuanbleas od mwah f ol d c1
demonstrated that DNA ori gami nanostructur e
mechanically more rigid and at the same ti

unfavorable %%onic conditions.
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rectangle triangle 6HB 42-bpCS 6HB 21-bpCS 24HB

#nt 13,394 14,443 14,389 14,389 15,504

GC content (%) 423 421 423 423 41.5

# staples 192 208 170 170 202

av. staple length (nt) | 32 35 42 42 37

# staple crossovers 340 342 340 680 691

# scaffold crossovers | 30 48 4 4 178
Figbt®chematic representations, representative A
ori gami nanostructures investigatedl5i®d5mMm]i s wor

(rectangldd)ol 5dmja n(gd BS5® Ohanpnd ( 24HB), respectively

It haat beramt ed to estimate the melting temp
nanostructur el sfhroowm tihng,dHilsgeuoriebtuit ¢ ®lns of t hei

this, the melting temperature of each staple
di ffefeonckogtrati ons rmMtwsiemg 0t lRe aDIINAM®OI t  w
these calculations, it was assumed that t he
oligonucl eoti de, with both strands having t
certainly not fulfilled in DNA erggemi mmét it

hybridization -censmricait iwd hsegment s of t he s
el ectrostatic repulsion from neighboring st
straightforward estimate oft ,t hreotneolalce ¢ higv e ul
with the same nucleotide sequences as the
experimentally determined melting curves wil
ensemble statistics hbabDNAesnt o DNAmMotihga miol

wel | as specific effects of the different su

Fi gbh2ae x empbhowbythe calculation results obta
(see Bi-fpurfecsr t he ot her DNA ori gami nanostru

wel | approximated by a Gaussian and does no
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di ffef'enohcMgtrations. The width of the distr
increa%$tcongcMgtration. lts center, however,

strongest shift s onMs v endh i d eet wae efnu r0t *h2e r a nidn
concentration results only Thnnemrasensbdfbyg.t
of the Gaussian distribution showlgrofa & i sninthalr
DNA dup¥ree.same general behavior is also obs

nanostructumnes) (see Figures

a) b
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Figure) 5C&l cul ated distribution of staple meltin
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fluorescent dye SYBR Green. This assay reli
doublteanded consptarraendd eedo BsNA galned i s frequently
ori gami !@sdshédmbméyl t iMoo ver, in addition to in
base pairs, SYBR Green is ali’onableg, tohdédihbid
SYBR Green to duplex DNA is markedly reduced
wi t h2*"hMigvi ng a much stH%léBgeseeddrtclty,t htame Nrae c
curves are characterized by a rather strong
show a decrease in fluor e%'ceMeawe ritniteelness st,y DWW
melting temperatuf*een@aenttrhaet idoinfsf ed ewnitd Mge e:
negative derivative of the melting curves wi

features as well as the melting transition.
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