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Virus Taxa Infecting Vertebrates

dsDNA
‘ Herpesvirales
Polyomawndae
Adenoviridae
< Iridoviridae
-4
o Alloherpesviridae
o Herpesviridae Pap:/lomawndae Poxviridae
Asfarviridae
ssDNA dsDNA (RT)
L4 @ -
Anelloviridae  Circoviridee ~ Parvoviridae @ repadnaviridae
SSRNA () and (+/-)
‘. Mononegavirales
'Q .
Y. o s
I Deltavirus 0 00 °6°0°%0°%5°%0%0°%0
Arenaviridae Filoviridae
Bunyaviridae Orthomyxoviridae » v .
Boraviridae Paramyxoviridae Rhabdoviridae
< sSRNA (+)
E Nidovirales @ Picornavirales
Coronaviridae Astroviridae -
, . Q Hepeviridae  Picornaviridae
ﬁ' 9;;9'%_ 3 o Caliciviridae @ @
Arteriviridae " 3
’%}?ru 3 @ Nodaviridae  Togaviridae
Coronavirinae Torovirinae Flaviviridae
dsRNA ssRNA (RT)
ﬁ Reoviridae
2 SN . 9
Birnaviridae Q ﬁ O s .
@ 15 Metaviridae Retroviridae || 100 nm
Picobirnaviridae Sedoreovirninae Spinareovirinae
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Aa GK l R&2NlJe 2y
LINR G SAYa

wn

a ssDNA
Microviridae (phiX174)
H protein

F protein
G protein

] protein

b dsDNA

Tailed
Myoviridae (T4) and Herelleviridae

Baseplate

Ackermannviridae (AG3)

<—— Star-like
e structures
3-fold prong-like
structure
Non-tailed
Corticoviridae (PM2)

Spike protein P2 —

Phospholipid
bilayer

50nm
Plasmaviridae (MVL2)

’_ Lipid-protein | -

Packed circular
s membrane

genomic DNA

c dsRNA
Cystoviridae (phi6)

Quter capsid T=13

Virion

Inner capsid T=2 Core capsid T=13

CAddBt K 38 Of |

GKAOK KSfLI Ay NBOZAYAL Ay 3

100nm

F LILI NI Gdza A YALBR Of KX B8RS RALDKGH A

FYR O2yySOay:

Inoviridae

Podoviridae (T7)

dsDNA
genome T=7

-Connector

50nm

Head-to-tail
joining protein

Tectiviridae (PRD1)

Spike protein
0

Penton

d ssRNA
Leviviridae (MS2)

— Maturation protein

50nm
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MdpSE FaSYotft SR azy2fl & SN&

{ SfE FaSYof SR Y2y2ft8SNBR 6{!aav NS 2NRSNBR Y2t SOd
0KE2 ARHYIRRE & LIK2NB OF § SR RO2 YLl dzy Ra | Ra2Nb 2y G2 YSi
AY Y9Iy2iSOKy2t238 FT2NJ GFAE2NAY3I AYyiSNFIFOAIE 6SK
NEBLINB&aSyid +Fy | 00SaarofSs bSEAOGIE SR aemGISAYy F 2W2 YRR
A0NHzOGdzNBa (2 YIFIONR&AO2LIAO AYyiSNFIODEY & NILIKISY R YEKG ¢
LINS LI NBRADEIATYSINY adzoadGNI §Samph §yK8AVAA SOdzK 58t OK S
2y G2 GKS YS &EIIEFRIOMIFS OBHANRMIAYFT || RSyasSte 2NRSNBR Y
2NHIFYyAT a2y Ay {la A& KAIK ®aBBRENSR K NNG S/ FSSNEWA
Tdzy Qe 2yl f 3INRdzZLJA RSUGMYAYSKSERYAF S DHSA YRR dR 81X S & o

Mot LY / NBIFGSa KaRNR INK AANFI OSH W
I KENBS &adl (% Sdai Nyl 20N 2y0 1.5 0
Hom1lY LYONBI&aS48 KeRNRBLKAfAOAGE yR Ffft2648 KéRNER
/I KENBS adl (% Sdiai N 20oNd2y0 .8 | G LIKe&aA2t 23A0F 1 |
oot hhi CHOAtAGI(GSa 0201 tSyld oAyRAy3d (G2 FYAySa |
/ KENBS adl (% S0 oySdzeNIMK | INRESS R di/ghgt 6 SR G L
nomly t NEPARSE NBFOa@S aAaidsSa F2NJ OKSYAOFfT Y2RAI
/ K NBS adl 08 213 oyDSdzeNNOXK | INFESR2 ¢ibd SR | G LI
pat Y ! RRA& bd2 NRLIKAf AO UMNRAASINGS &l LILERA Gilds AgadSdR A y
/ KENBS &aidl (% Sdii Nyl 20N 2fy0 1.5 0
¢KS A0GNUzOGdzZNBE FyR ljdzr t AGé 2F {!a RSLISYRa 2y FIO
YR LMzNAGe 2F G(KS (GKA2TYDE Y IREAICA/N) 20 K K& Yy RIHZNAIA & 8 y
2F Ada SIFLaS 27F dzasSo

Organic Interface:

— Determines surface properties
— Presents chemical functional groups

Terminal [
Functional
Group Organic Interphase (1-3 nm):

| |
e
: ) : — Provides well-defined thickness
Spacer ) — Acts as a physical barrier
(Alkane Chain) —® — Alters electronic conductivity
Ligand and lacal optical properties
or Head Group ——™ , . :l |

Metal-Sulfur Interface: |
Metal — Stabilizes surface atoms |
Substrate ™ — Modifies electronic states |

CAJdNB{ OKSYIl a0 NBBRRBAESYYido oK VFy2f | @SN 6{! a0 &0 NHzO{ dzN
GKNBS LINAYINE O2YLRYSyiGad NBLNBASYGSR KSNB FNBY GSN¥YA
f A3l YR 2 NW®S ISFRRRH SLESIKLNIA Yo yavudy T NR Y
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a2NB20SNE 3JI2fR A& ¢ARSt@ aGdzZRASR FyR Y2axa dzaSR
OKSYAOLfte AYSNI 6KAOK LINB@GSyia 2EARIFa2y YR NB
dzy RSNd R2lyf O2yRAo2yad D2fR o0AyRa G(GKA2fa &GNRy3f
RAALI I O8S& &daNFFOS 02y il YA yAHay G2 YA So(bot €8S @AM KC daNIIKC
FyrfeoOlt GSOKyAldSa tA1S {twX v/ia FyR SttALE2Y
GAGK2dziy G2 EAOAG R @
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0SG6SSy (62 YSiGlIt St SOGNRBRSE YR F &dzYOASYyd !/ ¢
2F (KSTOONBGEKMAIGK oAa Ay (dz2NYy 'y 2RRydyiS3ISNI 2F (KS
¢tKS G(KAOlySaa 2F G(KS ONeRadlt FyR GKS NBaz2ylyd 1
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a2NB20SNE GKS AY(iUNRRdAzOs2y 2F OAa02SftlasaOAle | a
O2yOSLIi 2F RA&aAALI o2y 650 ¢KS YSIFada2NBYSyad 27
2a0Afflrea2y 2F ONRAGIESSST RKOBNBGERAYE Y dzy ATINGRS] dASIND BIS
a dz

OO0SaatdzZ t e ORYYWSSOAY tmbPERI o0lkt ¥y3I SAGR BRIDEAY3
B NA2dza KIFN¥Y2yA0a 2N 20SNIi2ySa oyl o3 pX 13 >

LA A 4 A =

CdzNI KSNY2NBZ | y2iKSNI 16 Mk Ok IyES/H i Q208 WSS i SOKY A § c
al YaZ2XS AlG OFy 06S O02Y0AYSR gAlGK #OKSaFEG] S@Ky A lj dzS &
YR Cfd2NBaOogyhs xa dONRY OF UBIOK SNILIA latdzl FINP 1IR3 NH $20i |
20KSNJ LINPLISNBSa 2F (GKS &l yYLX So

(A) Bare Sensor Coated Sensor (in air) Coated Sensor (m liquid)

(B), Frequency (f) f>f>f
1/ 1/f

.JV‘NN

Bare Sensor Coated Sensor (in air) Coated Sensor (in liquid)

Amplitude

Time
Dissipation (D) D=D<D

o

D

Amplitude

D/D
Bare Sensor/Coated Sensor (in air) Coated Sensor (in liquid)

Time
Measured Response

E

Bare Sensor

3
Coated Sensor (in air)
f Coated Sensor (in liquid)
o) —
< Sauerbrey Regime x Viscoelastic Regime
Time
CAJWMBL{ t dAGNI s2ya aB2afyd2NEO0ENFaNRO2t SR sAGK | (K
alYS LRteaYSNI 021 SR aSyaz2N) a¢g2ttS8y Ay fAldAR® . |yR
FNBIj dzSy 08 | yR F'e)\aéALaiyaazzy NEBFa LASKOS 968 yea 20N d2BRRA fof8l all KS L
4dz0aSljdSyd a¢SttAy3 A NBHRURR®S5OINDO2 Q3 BINzEt i KBa OK I
mééf\pm-()aﬂym\ml aAy3ItS 20SNI2yS +a SRSSENYaaRI da OR| ds
agSttAyad ¢KS {I dzSNbNBe |yﬁe Gra02Stlasa0 Y2RSt NBIAY
O2NNBaLRYyRAYy3 G2 'y AYyONBFrasS Ay (G(KS aSyaz2NH¥a Ylaa |y

L2 & Y &g JONAR vy § SR Oé{o(xﬂﬁmy)\éaxzy TNRY

a2 NBZDEiIt AT | foRIdRE A OF a2y a KFa aA3yAUOIyGte SEL
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SGSO0 2F adzNFI OS LRtFNARGE FyR LINGG Db PpapBRY ORY (i NI <

H ¢



Dy nami chatour al and ArtificialkltBiSdliodiiaall nSygstfeamse s

Fr yREyR Oy 68 UG G2 { I dzS NpeNRaSdrESIt & Ay ¢ K.Sdzi@ X S yWJ
2a80AffFoay3d lidzad NIT Aad RIYLSYSR 2dzi ¢ ESTRNBYS@SHMI A
GeLIAOFE OStf A& LIINBEAYFIGStE mn xYI sKAOK Aa a
g1 @S Ay o GSN SED@DHIi SR/ & &0 & K ApO Ka CARAND |hoypafiki yy2O5& 0 y VD
St dzOARF (SR OISKfF BWRABKANT KisdKAa AYyGiNAROFGES YSOKIyAaY:
R2Sa y2i ORNNBAKEBYRdAzZYoOSNI 2F ol Ol SNAGDHE KI8T al KR a
NBfloa2yaKALl 0Sis5FDy | NS IjYoeSyz0 eR SS8KOANDA 665 R 0& (G KS { |
dzy RSNB&aoa Yl iS GKS | Olidzrf YIaa | RazN R 2y GKS &dz
GRra02dzas AYUSNYlIt FTNXOSRYKAWARAKEA IRESH EEGNRSTFRRN S 2
RAAAaAMSIO 20/5SQ2YS &aAIYAUOlryGx +ta GKS Ra2NDBSR Yl aa
Pradz2dza GKS RaA2NDIFGSEa0KPREUMKEI INyBRNIRS BPANMIL & 2

&
(p))

QX

hyS aA3ayAUOFy(l LKSYyBYWSYyAWNBYETNIASR AAVIKS/ @&t YAdaAry
GKS LI NByid YIaa RSNAGSR FTNRY (KS FNBIdSyoe &aKA
adzNF I OSd ¢KAA So S & oNG ALONEP L BBbYSaA K2SF GRS 20M yYi S NI
& dzNINE dzy R Ady I 2YNS RAYdEYG H fRCBSY? y+a2iANA 208 R SiiK | G @A a 028t | ae
Y202y dzyRSNJ | O2dzaa O 4l 9S4 6KAOK NBRdAzOS ahkS SuaSO
CdzNI KSNY2HWEE a8y [ LAf dOR o2y as GKS RSyaade FyR @haac
gAGK GKS UfYI Fdz2NIKSNI Iahy¥B3odzbeey3d GKS aSyazNE NBalL

l'Y20KSNI AYGNRIBANVE (EBEESISPDaagMBDvday 2F LRAAaOS FNB
FRA2NDBSR 2y GKS adaNFIFIOSd 2KSNBE (GKAa LKSy2YSyz2y
LINELISNBbSE 2F GKS Uf YO C2 Nuz2S RIN®LyES| k0MNR 38Ny T2 2 F2 N
OKIy3asa OFy AyONBlFasS GKS NBazylyOS FTNBIldsSyodesz I
f2FRAYGMBBEQPIOPRKSEAZ2Y 2N LI NbFf RSO2dzLX Ay3 27F GF
 02dzaa O f2FRAY3IS NBAdzZ ayd AYy LIR2aAoBd DKIASR! RR/
AYONBLIF&ASR NARIARAGE 2F (GKS tFLe@SNI YIe | PO2NLBYE 4&c
a i dzemn@va @

HBE{ OF YYAYy 3 t NP6S aAONR&O2LIR

{OFLYyyAy3 LINR6S aAONRaO2LR 6{tauv A& I (G§SOKYyAIldzS ¢
FYR O02tt800G AYyFa2NX¥loz2y fA1S8 YI3IySaOs o OSNRYAO
(SOKYAljdzS 61 a AySSyriEBanopkya wKeyap 088 Y. KO yF AyaR USSR A y
Ottt SR {OFyyAy3 (dzowdif I G2 ONRAD2NDS 6 dNR & 02 L

Gdzyy St Ay3a YAONRA&AO2LERE A&l Vi&RAYA T SRJI &0 2 yf RiB@p &2 NA A
0dzi ! Ca Oly LKeé&aAOlffe mMadyRdzO2dGK DRYIRADDIISE H NERS



Dy nami chatour al and ArtificialkltBiSdliodiiaall nSygstfeamse s

g A0 K2 dzi |q,fﬂu@@r‘s(38z WOyl 2F 1y26fSRIS 2N AYyTF2NNI a2
GKS aeadsSvya Aa YYSyaSs RSLISYRAYy3I dzZllRy GKS YSI ad

A % 4 A x

I gSye2y A& SEOfdAdSte RANBOGSR (G261 NRa ! Cad

HOPHPMYAO C2NDOS aAONR&aO2LR 6! CalY t NAYOALIX
ld2YAO0 T2NOS YAONR&AO2LER A& | LR26SNFdA G22t F2NJ
YSSR 2F O2YLX AOFGSR al YLX S LINBLI NIa2y LINEOSRdzNB
aedadsSy A& OFLIoftS 2F 2001 AyaayX3a HaRIENIFA AQSS yISRALAS NKbaS
KERNBLIKAfAOAGREt DaygRHzO8 O4 YRIMa@AATF OIS SLI2 G ENTe d dzidS a
LI AOFotS WwRAt 2FADI i2YV@FNAIF & odzi +f a2 oA2f 23
FRGFyGdFr3aS 2F GKAa GSOKy2ft23&8 Aa Ala OSNaAlFsfAlGREZ
02 Yy RANai2 vk AANEIRA Bl dyXRA R A |j dzZA R G 5 yi ONF R S @
¢tKS 188 O02YLRySyida 2F GKS ! Ca aeaid&OrNyGINazZRIMISYT
FYR | LK S R s S
M | yoat SGSNY ¢KS Olysf SOSNI A& | avrtts bSEAo0ES
aARS O02FGSR 6AGK I NBbSOa@S YSGIt FT2NJ GKS NB
NBaLRyasS (2 G(KS Y2t S30NAINISE® NOSa 2y (GKS &l YL
H F aSNJ aeaidSYY ¢KS fFaSNI daSR Ay KBy TNIaNBR & (
ALSOGNHzYd ¢KS f1aSNIAa RANBOGSR 2y (GKS ol O aA
Ad Y2YyAUG2NBR @MMIIKK § (LOKRRISRABEA 2RISR E (G2 | OOdzNI (¢
Ol yof SOSNI RSbS0Oe2ya |yR (2 SyadaNB YAYAYIf Ay
ot K2i2RA2RSY I LK2G2RA2RS A aSITINEYA AGI2yYo f aSSH/SINGG
I ljdzk RN yi OSff O2yairdeyd 2F n LK2G21 Oa @S a8§:
I 02YY2y wmObAKSAYR SIdKS Ol yof SOSNI 28 0Atf1 1548 23SN
2F (GKS T2NOS&a 0SisSSy (GKS oLJ FYyR G(KS &l YLX S
LIK2i2RA2RS® CANIKSNE G(GKA& Y2@SYSyid 2F f1asSN
FyBNB O RSbSOez2y 2F (KS OFyoef SGSNI KStLIAYI A
¢tKS @SNBOFE IyR fFGSNYt Y20SYSyid NB OFft Odz |
YSFadz2NBR Ay aBNMK lj dzF RNI yi®



Dy nami chatour al and ArtificialkltBiSdliodiiaall nSygstfeamse s

Optical system A7 Y T RO '
Photodetector

—1 Trajectory planning

|
I
I
-»{ Data acquision

=)

Sample Holder

Z
Positioning stage Controller <
Y
X ;

CAIMMNBOKSYl aOa 2F |y ! Ca aeaidsSy gAGK (GKS oLl Y2dzy i SR 2\
K2g QizkySGNREESNI I Olla 2y (GKS adawSUNIIRG DR yal MBI DK SE & Az A

[ Data processing |

Visualisation
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" T . Scanning direction —
KRR MT W{KM
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"mode ' '
¢ Non-Contact mode d Semi-Contact mode
Scanmng direction scanmnmon7
// v -
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WY NNTILY YYY YUY XYY
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Surfaceassisted macromolecular se&lbsemblyl27¢132) is a promising and widely
investigated strategy for the fabrication of functional surfaces and materials with promising
applications in biomedicingl 33) biosensing134) and molecular electronic&l35) It is based

on the adsorption of macromolecular building blocks at a solid surfaces under conditions that
allow them to maintain some 2D mobility. These building blocks then assembly into networks
and lattices via specific necovalent interactions amonthemselves antbr with the surface.
Various macromolecular building blocks can be used in this approach, including small organic
molecules(136) peptides(137) proteins{138) and DNA(139)

DNA has proven as a particularly versatile material in sudasésted selassembly(;140, 141,

43) as recent advances in DNA nanotechnology enable the controlled assembly of highly
ordered lattice$34, 33, 142 with various symmetries and unit cdll€l3¢145, 143 over
macroscopic surface areas several cmz in €idé) Such lattices are typically assembled at
mica surfaced 47, 34, 146, 143, 145, 38, 148, 144, 149, 32, 150) @A3upported lipid
bilayers(151, 39, 36, 15€155) but efficient lattice assembly has recently been demonstrated
also at Si@surfaceq33, 156, 15YNevertheless, mica is usually favored as a substrate because
micaassisted DNA lattice assembly it is not as sensitive to environmental parameters and thus
more robust, so that lattices with an astonishing degree of order can be fabricated in a
straightforward and reproducible manndi56, 34, 38, 38In comparison, solutiotased self
assembly of DNA lattices relies solely on attractive interactions between DNA nanostructures
and thus requires the precise fitening of the connecting sticky or blunt ends41, 43.
Furthermore, deposition of 2D lattices assembled in solution on solid substrates usually leads
to lattice distortions and sometimes even severe lattice damébe8, 159, 1% and the
resulting surface coverage is usually much lower than in the case of sudatsted assembly,
through which homogeneous monolayer lattices have been fabricated over cm? surface areas
(146) The surfaceassisted assembly of 2D DNA lattices thus is a robust method with various
potential applications, ranging from the controlled arrangement of prot¢i#3, 44 and gold
nanoparticles(160, 150, 16} to the fabrication of etch masks for molecular lithography
patterning(157)

Despite all those advaages there are still some issues that need to be solved to enable the

widespread application of DNA lattices assembled at solid surfaces. While the effects of several
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experimental parameters on lattice assembly have already been investigated and optimized
toward maximizing lattice ord€84, 38, 14Yand lattice siz€146) the timescales required for
lattice assembly are still rather long. Depending on the monomer type and the environmental
conditions, extended DNA lattices at mica and.Sirfaces are typically assembled over
timespans ranging from about one h@88) to several day$145, 144 with longer assembly
times usually being favored as they result in higher lattice 88134, 14Yand larger surface
coverage(1l43, 149 For any realvorld applications of DNA lattices, much shorter assembly
times of the order of minutes would be highly desirabdtowever, previous studies already
hinted at the possibility thaincreasing the monomer concentration may result in equivalent
or even higher lattice order in shorter tin{d4, 39 Therefore, in this work, we systematically
investigate the effect of monomer concentration on the assembly and quality of hexagonal
DNA origami lattices at mica surfaces by ksgleed atomic force microscopy ((AFM). We

find that at a rather moderate DAl origami monomer concentration of 6 nM, densely packed
DNA origami monolayers (MLs) are observed already after abmih2compared to 10 min

at 4 nM. Intriguingly, further increases in DNA origami concentration do not result in faster ML
formation. At K 2 NI f Sy3a3dK &aorftSa o0X M XYU0UI y2 RATFT
concentrations are observed once a ML has formed, which implies higditquality DNA
origami lattices can be assembled within 2 min at rather moderate DNA origami
concentrations of 6 to 10 nM. Over larger length scales of a few microns, however, a DNA
origami concentration of 106M results in slightly higher lattice ordéinan other (higher or
lower) DNA origami concentrations. We thus identified optimum conditions that enable the
rapid sssembly of highly ordered DNA origami lattices within few minutes, wigplesens a
highly important step toward the industriadcale application of DNBased molecular

lithography masks.

3.1.2 Results and Discussion

To assess the effect of monomer concentration on DNA origami lattice assembly, we used the
Rothemund trianglél5) as the monomeric building blockor these DNA origami triangles,
surfaceassisted lattice assembly is a result of electrostatic interactions between the charged
DNA origami nanostructures and the charged mica surface, with surface coverage being
maximized by arranging the adsorbed tridexin a 2D hexagonal close packed lattice. This
mechanism does not require any attractive interactions between DNA origami monomers and,
therefore, can proceed without the formation of nucleation se€88) For this system, lattice
assembly kinetics and especially lattice order can be optimized by adjusting ionic composition

of the medium, as the electrostatic interactions between the DNA origami nanostructures and
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the mica surface depend on the species and concentrations of available monovalent and
divalent cationg34, 3§ For the experimentsa buffer composition that was found in previous
work to stimulate the assembly of highly ordered hexagonal lattices on mica surfazes,
1XTAE supplemented with 10 mM Ca&id 75 mM NaQB4) Under these conditions, a DNA
origami concentration of 2 nM led to the formation of a densely packed ML in about 40
min.(34) Thiswasverified in the HAFM images, which show only a slowly increasing surface
coverage that does not yield a closed ML within 600 s of incubation. As can be ségnrin

18, increasing the DNA origami concentration to 4 nM leads to notably faster assembly
kinetics, with a densely packed ML being formed in about 600 s. Prolonged incubation beyond
600 s leads toearrangements within the ML, which anneals lattice defects and continuously
improves lattice orde(34, 39

At a DNA origami concentration of 6 nM, lattice assembly is further accelerated, with a densely
packed ML being observed already after 200 s [Sgerel8). Visual inspection does not reveal
any major differences in lattice quality between the lattice obtained after 600 se at 4 nM and
that obtained after 200 s at 6 nM. After prolonged incubation for 1000 s, both lattices still
appear very similar. Even highDNA origami concentrations up to 12 nM do not lead to faster
lattice assembly.

To quantify these visual observatiores,topologicalanalysiswas performed of all HSAFM
images recorded for each experiment. To this end, our previously developed sof84aie§

was adapted to enable batch processing of largeAR$1 image stacks. The web app (available

at https://github.com/mariocastro73/avatoy allows to import individual images and fine tune

the software parameters to obtain a 100% accurate classification of the triafigéesloped

and Analyzed by Mario Castro and David Contrefa&rupo Interdisciplinar de Sistemas
Complejos and Instituto de Investigacion Tecnoldgica, Universidad Pontificia Comillas de
Madrid, Madrid, Spain However, as the input images differ in coverageyasnecessary to
calibrate different representative parameters for different time ranges. Then, information
about the location of the triangles and the coverage can be exported, so that it can be
processed with another software.

Figurel9a shows the DNA origami surface coverage as a function of incubation time for the
different DNA origami concentrations. In agreement with the above qualitative assessment,
surface coverage increases more slowly at a DNA origami concentration of 4 nM ttren at
higher concentrations, which all show a rather similar behavior. The time to ML formation as
identified by the saturation of the surface coverage is givenignrel9b for the different DNA
origami concentrations. At a DNA origami concentration ofvii ML formation occurs at

about 600 s. At the higher concentrations, closed MLs are observed already after 100 to 150 s.

oy
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This increase in the lattice assembly rate may be related to the probability of the DNA origami
triangles to form dimers in solution via blunt end stacking at their vertices. Higher monomer
concentrations may lead to a larger fraction of DNA origami dinaelsorbing on the mica
surface that can then act as additional nucleation seeds that stimulate lattice growth. There is
no clear trend in the fraction of adsorbed dimers with monomer concentration. Thereitore,
wasassumael that the observed decrease inghime to form a closed ML is due to an increase

in the arrival rate of the DNA origami triangles at the surface, even though the limited size of
the HSAFM images allows only a very small surface area tanladyzed The observation that

a further increase in DNA origami concentration does not result in faster ML formation
indicates that the rate of DNA origami arriving at the mica surfad#fission limited To reach

a target concentration of 10 nM in these experiments, a 500 pl sample oM2DNA origami
solution is manually injected into the liquid cell filled with 500 ul of Eitd& buffer. To reach

the surface, the DNA origami nanostructures have ttud# along the concentration gradient.
Therefore, the local DNA origami concentration at the miigaid interface gradually increases
until it reaches the nominal target value of 10 nM. To test this hypothasientrol experiment

was conducted in which28 pl of a highly concentrated DNA origami sample (360 nM) were
injected into the liquid cell filled with 972 ul buffer to reach the same target concentration of
10 nM. Indeed, as can be seen in the AFM images shoviagime 17, lattice assembly is
severely delayed in this setting. Therefoitevasassumel that under conditions that are not
limited by diffusion, lattice assembly will be even faster for DNA origami concentrations of 6

nM and more.
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To monitor the development of lattice order over time, Delauney triangulatiorwas
computed (a dual geometric characterization of the Voronoi tessella(@®#) 146 and

compute the distribution of triangle angles. For a perfectly packed DNA origami triangle lattice,
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we would expect a peak distribution at 60°. Of course, randomness in the deposition, as well

as tiny fluctuations in the automatic triangle discovery provided by our software, will broaden

this distribution. However, we can expect that the order is relatedthe height of the
histogram of angles around 60° (and using + 5° bin width). Naihelgsdenoted as theorder
parametery Oesd), i.e., the number of angles around 60° per um2. This parameter is less
sensitive toward boundary effects resulting frometHinite size of the AFM images than
parameters based on theearestneighbor distribution that were used previously to quantify

lattice order(34, 146
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The observation that increasing the DNA origami concentration from 6 to 12 nM does not result in
faster lattice assembly kinetics is attributed to the dominant influence of DNA origami diffusion
through the bulk volume after sample injection, which lintheir rate of arrival at the surface. For

the routine fabrication of DNA origami lattices for molecular lithography or other applicatibiss,

thus recommenedd to usea different experimental setting, in which the substrate is getting immersed
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in a weltmixed solution that contains the DNA origami nanostructures already at the final target
concentration of 10 nM. Under such conditioriscan beexpeced that lattice assembly to occur

almost instantly within less than 1 min.
oPMmdril SNARS &K 2 KR
DNA origami assembly angurification

The DNA origami triangléi) were assembled using the 7249 nt M13mp18 scaffold (Tilibit)

and 208 staples strands (Eurofins) at a tenfold staple excess in 1x TAE (Carl Roth) containing
10 mM MgdCGi(Carl Roth). The solution was heated to°80and subsequently cooled down to

room temperature over 90 min in a thermocycler Primus 25 Advanced (PEQLAB). The folded
DNA origami triangles were purified by spin filtering using Amicon Ultra 100K filters (Millipore).
The molar concentration of the puigfd DNA origami nanostructures was estimatgdUV/Vis
absorption using an Implen Nanophotometer P330.

HSAFM

HSAFM was performed using a JPK Nanowizard ULTRA Speed 3 with J&C3FaBtilevers
(NanoWorld) and a custommade liquid cell. Different concentrations of DNA origami
nanostructures suspended in 1x TAE (pH 8.5) containing 10 mM(Ma@ik) and 75 mM NacCl
(VWR) were injected into the buffdilled liquid cell to reach the final desired concentration in

a total sample volume of 1 ml. The first AFM image of each experiment was recorded about 10
s after injecting the sampl Sample injection was perforrdananually, resulting in some variation
between sampls. This in particular concerns the exact timespan between injection and start of
imaging, as well as the rate of injection and the place of injection within the volume of the liquid cell.
Since the arrival rate of the DNA origami nanostructures at the midacguis limited by diffusion,
sample to sample variations of these parameters are responsible for differences in the number of
adsorbed DNA origami triangles in the beginning of the experimentsthEdirst 10 min, HAFM
images were recorded with 1 x 1 pm?2 scan size at a line rate of 200 Hz and a resolution of 200 x 200
pixels resulting in a frame rate of 1 frame per second (fps). After about 10 min, the resolution was
increased to 400 x 400 piselowering the frame rate to 0.5 fps. After about another 15 min, overview
images 4 x 4 um? in size were recorded at a line rate of 20 Hz and a resolution of 2048 x 2048 pixels.

Image processing

The HSAFM images were flattened using the bafglocessing capabilities of the JPK DP Data
Processing Software, except the overview imageBignire 20, which were processed using
Gwyddion(164) For each experiment, between 795 and 880AFM images were analyzed,

i.e., 4267 images in total.
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In the past 15 years, DNA origdfri) has transformed the field of DNA nanotechnology and is
now a wellestablished technology used on a daily basis in hundreds of labs around the
word.(166) The main reasons for this tremendous popularity lie in the precise tunability of the
nanoscale shapes and molecular arrangements of the resulting DNA origami
nanostructureg(167, 169 their straightforward synthesis with high assembly yigltis9, 16

and their high mechanical and structural stability under relevant condit{@ii6cl72)
Therefore, DNA origami nanostructures are currently employed in many fields of research,
including biomedicin€173) sensing(174) electronics(175 and materials sciencél76)In a
materials science context, the possibility to transfer the vdelfined shapes of DNA origami
nanostructures into organic or inorganic materials is a particularly promising approach toward
nanomaterials synthesid.77) DNA assisted lithography (DALI) is a technology that exploits
DNA origami nanostructures as lithography masks in the fabrication of precisely shaped metal
nanostructures on aluminum oxide or silicon nitride substrates for applications in plasmonics
and opical sensing178) The accessible range of materials combinations has been further
extended by biotemplated lithography of inorganic nanostructures (BLIN), which enables the
transfer of DNA origami shapes into arbitrary inorganic materials on arbitrary subs{iatgs.

A central step in both of these technologies is the adsorption of the DNA origami
nanostructures on an oxidized silicon surface. While DNA origami nanostructures can be
adsorbed on various surfaces such as nfigg,gold(180) diamondlike carbon(181) and
graphene(182) silicon is chosen because of its compatibility with established semiconductor
processing methods such as HF and reactive ion et¢hB®). 184 So far, DALI and BLIN both
have been used to transfer only individual DNA origami shapes randomly placed on the
surface. Many relevant applications of these techniques, the fabrication of photonic
crystals or plasmonic metamaterials, howeyeather require defined arrangements such as
ordered lattices or patterns.

Numerous methods have been explored to direct the adsorption of DNA origami
nanostructures into defined arrangements. On $8D surfaces, this was achieved using
substrates that were prgatterned with topdown(181, 185, 18Bor bottom-up(187¢189)
lithographic techniques. As a more straightforward, estep approach, highly ordered DNA
origami lattices can be fabricated on mica surfaces without the need for anpaiterning

simply by controlling their electrostatic interactions with the surf§8¢, 38, 190, 32, 191, 192,
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44) This approach utilizes the competition between monovalent and divalent cations for the
DNAmica interface, which is tuned to a degree that provides the adsorbed DNA origami
nanostructures with sufficient mobility to diffuse along the surface and assemtayightly
packed, polycrystalline monolaye3) In order to create highly ordered lattices in this way,
the species and concentrations of the involved monovalent and divalent cation have to be
carefully optimized38, 32, 33 While this enables the homogeneous patterning of wediezed
substrates at low coqt192) extending it to Si@surfaces is not straightforward because mica
and SiQ have different zeta potentials and different ion binding propert{@93, 194
Additionally, Si@also has a larger roeheansquare surface roughness of about 2 A compared
to about 0.6 A of muscovite mi¢a95, 196 Nevertheless, Tapiet al.recently achieved highly
ordered fishnettype lattices of crosshaped DNA origami tiles on oxidized silicon
surfaceq197) Compared to DNA origami lattice assembly on mica, the authors had to use
much higher concentrations of monovalent cations and elevated substrate temperatures.
Furthermore, lattice formation was promoted by bluehd stacking of the DNA origami tiles.

In this study, we extend the approach of Tapioal (197) to hexagonal DNA origami lattices
assembled on SiQurfaces from DNA origami triangles without the aid of blant stacking.

A pronouncedly different behavior is observed for this particular system, which does not form
ordered lattices under conditions equivalent to those used by Tapal. i.e., 12.5 mM M§",

200¢ 600 mM N4, and temperatures between 30 and 4Q. Our results thus underscore the
benefit of attractive interactions between individual DNA origami tiles in the form of bt
stackingin the assembly of highly ordered lattices on S#Orfaces. Nevertheless, ordered
hexagonal lattices of DNA origami triangles on.Sifaces are obtained upon replacing ¥g

by C&". Under those conditions, the assembled lattices exhibit a degree of order slightly below
that of equivalent lattices assembled on mica surfaces inpilessence of Mg and N4 ions.
Successful transfer of the sssembled DNA origami lattices into the dry state is demonstrated
as well.

0 DB dzf 6/88 OdFERA A 2 Y

DNA origami lattice assembly on SEDrfaces was investigatad situ by timelapse atomic
force microscopy (AFM) over a time course of about 3.5 hours. The substrates sdepeg
Si(100) wafers with hydroxylated surface oxiglegure21a shows AFM images recorded in the
beginning and at the end of lattice assembly at 20 °C in the preserk@OoiM Na and 12.5

mM of either Mg@* or C&". It wasobserved that the presence of Mgas the major cation leads

to an overlapping of neighboring DNA origami triangles from the very beginning. The results in

the formation of a rather disordered monolayer after about 210 min of incubation. The lack of

ny
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order is further confirmed by the corresponding fast Fourier transforms (FFTs) of the AFM
images in the insets dfigure21a, which do not show any visible rings. ReplacingMgth

C&* under otherwise identical conditions changes the behavior of the DNA origami triangles

on the surface, so that no overlapping is observed anymore in the corresponding AFM images

in Figure2la. Nevertheless, the DNA origami do not assemble into an ordered lattice but

rather form a monolayer of randomly oriented triangles. These different behaviors may be
explained by the rather high Naoncentration. Both Naand Mg*can occupy various binding

sites at the phosphate backbone as well as the minor and major grooves of19BA199 so

that their combined presence may induce a local charge inversion of the DNA origami
nanostructures and thereby promote DNA origami aggregatiort’, @m the other hand,

interacts more weakly with nucleic ac{@90¢202) and is more easily replaced by Naan

Mg?*. Therefore, this system shows a reduced propensity for aggregation.

The degree of order of the assembling lattices as a function of tivae quantified by

Ol £t Odzft  GAy3 GKS NBfIFIGAGBS O2NNBfFGA2Yy fSyaidk
is a measure of the average domain size (see experimental se3®n203 The results are

plotted in Figure2lb® Ly o02GK OFasSaz v Aa F2dzyR G2 aidtl
NELINSaAaSYyidGAy3d G4KS LISNA2RAOAGE 2F GKS I GGAOSO®
Gl £dzS 2F I NRdzyR mdp < &G | o62dzi dgn YAythat y Odzo |
surface coverage starts well below one monolayer and increases only slowly, so that the
concept of correlation lengths and domain sizes does not apply yet. Only when a closed
Y2y 2f | @ SNJ Jassum&s2aNdraBldr valuevand does not increase any further with
incubation time. The latter indicates that surface diffusion is insufficient under the applied
conditions. On mica surfaces, it was previously observed under optimized assembly conditions

i K l-cantinuously increases with time, which resultsrfr the rearrangement of DNA origami

triangles and the associated dynamic annealing of lattice def@dts191, 38Nevertheless, it

can be seen that surface coverage still increases for prolonged assembly times, indicating that

the lattice is far from static at this point and more DNA origami adsorb with time.
Unfortunately, this does not result in notable improvemsiin lattice order. For all time points,

At A3KGE & KAIKSNI v @I f dzS a?, whids indicatés la slighByrhighery ( K S
surface mobility of the adsorbed DNA origami nanostructures, similar to whatpreviously

observed on mic#34)

n d
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While an increase of the Naoncentration to 600 mM has resulted in a slightly increased order
of the assembled DNA origami lattice, the corresponding AFM imageune23a shows also

the first signs of DNA origami aggregation and multilayer formation (bright spots). Therefore,
a further increase in Naoncentration beyond 600 mM does not appear promising. Rather, in
the next set of experiments, we have increased the substrate temperature from 20 to 30 °C.
In the recent work of Tapiet al.,, an elevated substrate temperature of about 30 to 40 °C was
essential for obtaining large and wefibrmed DNA origami lattices on Si€urfaces mediated

by bluntend stackind197) As can be seen ifigure24, this moderate increase in temperature

did not result in any notable improvement at a Neoncentration of 200nM, with the
correlation lengths of both the Mgand the C& systems remaining below 2 This indicates

that the surface mobility of the DNA origami nanostructure under these conditions was still
too low. Therefore higher Nd concentrationswasalso evaluated, whichad shown slightly

better results at 20 °C.



Dynami cdatodr al and ArtificialktBiSdli oqgiiioall nSyegtfeamse s

—a— Ca’"30°C
—e—Mg?* 30°C

LI 1 T 1 1 1 T

0 30 60 90 120 150 180 21

Time (min)

JWMB ' Ca AYIF3IASA 60 E o xYul NBO
Ly a

A RSR |G YaY&lLRA
FYR MH®p Ya'"2RIBANBIING @aFSt & d a

2 2

A

yia
akKz2g (GKS TFLad cC

NRSR ! Ca AYlI3Sa

i} Y

NNBf | oegf<at DI OKZE | 6 SR FNRY | f ¢
S g KAOK Of 2aS8SR

N
ySa Ay 00 AYRAOIGS GKS oaYS LRAYI
'G nnn P2y O3y IONITDAPPERS BB NB a2YS AYLINRAOSYSy(

A~

Y2y2ftl @SN F2NYSR A aiESt LINDEKENDOISRABIR o0& f

0dzA f RdzLJE G KISHFLINDB A YOS SaT GKIS | aaSvyofeé 2F | 5b
jdzt f AG@ YR 2NRSNXY LYy LI Nb»Odz  NE GKS CC¢ &aK2g¢
Ay CA3IdzZNB pl RS@St21La | 6SIF]1 NAy3I &idNUzOG dzNB

fy83aGK Aa Ay ONFIHEASAT MK AiISNERy NP ddKiSdal of 2 ylay |- f
I 62dzkl Gdpo2dzi wmn YAYyd C2NJ O2YLI NA&2 ¥ I dzyiR & NJ
ddzo A0 NI S UNBWISING&T darEBE & rdandsp

po



Dynami cdatodr al and ArtificialktBiSdli oqgiiioall nSyegtfeamse s

—=—Ca’" 30°C
5.0 —e—Mg? 30°C

%Y

2.0

0 30 60 90 120 150 180 210

Time (min)

CAIWMB ! Ca AYIINBOBOREROIEYa¥S LRAYyGa ot SDO FYR 9 Hwm
I-vyR MH®p Ya“"%l‘ﬁJ“j!?l)\NB@LAM}’@@eEI@Sf e o LYé§gé :E\f(?é; UKS TlFau C
(O NJ}IJSf I o ¥ i <at SD)J’@COFfjﬁ I v S,R fNQ Y £ f A N\BQg NBSR ! ?a Z\YI- 3 §1 I
fAYSa AY 00 AYRAOFGS (KS oBS210a8KNBERIGE 6 KAOK Of 2a8R Y
Increasing the Naconcentration to 600 mM at 30 °C substrate temperature leads to further
improvement. For G4, Figure26a shows the formation of a rathewell-ordered DNA origami

lattice. Despite a considerable number of lattice defects, the corresponding FFT has the form

of a welldefined ring with vaguely hexagonal shape. Téniganced lattice order is also

reflected in the correlation length(gure26b0 = g KA OK FdzNI KSNJ Ay ONBI &as.
about 210 min incubation. While this is a rather pronounced improvement compared to the

lower temperatures and Naconcentrations, the obtained correlation length is still lower than

those achieved on micsurfaces under optimized conditions, which routinely reach values of
Fo2dzi p < o0dzi YI & (34239 HdéwevErdiflvis sdedi KIF @ 2 dzii Ky a< ¢ 2
saturated at this time point but is still increasing, so that even higher values may be achievable

at longer incubation times. Interestingly, the combination of elevated substrate temperature

and high Naconcentration also leads to small improvementsintheMigé a 6 SY® | SNB 3> v
between 1.5 and 2 are obtained, which is further pfaf thermally enhanced surface

diffusion. Nevertheless, lattice assembly is still hindered by multilayer formation (see

corresponding AFM image krigure26a).
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Both effects of the increased temperatuiies., high surface coverage and multilayer formation

in the presence of G4 are markedly reduced at 400 mM N@eeFigure28a). This indicates

that the increased Na concentrations drastically enhances the surface mobiliand
particularlythe desorption rate of the DNA origami, which now counterbalances the increased
adsorption rate.The dramatically enhanced surface mobility in the presence éf @ald

directly been seen in the initial AFM image recorded at O min incubatiéigine28a. Here,

the DNA origami triangles have a rather blurry appearance because of their rapid motion along

the surface. A similar observatiovasmade also on mica at room temperature in the presence

of 75 mM Ndand 10 mM C%,(34) which was a further indication of the comparably low

surface mobility of the DNA origami nanostructures on the, Si®face. As one would expect,

the enhanced surface mobility also leads to improved lattice order as demonstrated by the
corresponding FFT iRigure28a, which shows a clear ring structure with notably hexagonal

shape. Furthermore, as can be seenHigure 28b, the correlation length of the lattice
assembled in the presence of CANB | OKSa | @lFrtdzS 2F o2dzi nodp
AyOdzo | GA2Y S | FGSNI 6 KAOK AG FfdzOGdzZr 6Sa o0SGeSS
could be attributed to the strong dynamics of the lattice, which is characterized not just by
lateral diffusion of the adsorbed DNA origami along the surface but also many desorption and

adsorption events. For this conditioit, was observel that the largest increase in surface
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coverage during assemblye., from about 73% upon formation of a closed monolayer to about

88% at the end of incubation.
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In Figure30, the correlation lengths of the different lattices obtained after incubation for about
210 min under the tested conditions are compared. It is observed that increasing either the
substrate temperature or the Naoncentration leads to increased lattice order. Furthermore,
there is an apparent interdependency of these two parameters, i.e., essentially the same
degree of order that is achieved at 40 °C with 400 mM d&da also be obtained at a lower
temperature of 30 °C if the Naoncentration is increased to 600 mM. This implies that thé Na
concentration essentially acts as an effective temperature with higher concentrations leading
to increased DNA origami mobility. This confirms previous postulations for Do lattice
assembly on mica surfacé38) Finally, all these trendsere much more pronounced for a

than for Mg* as the divalent cation.

py
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However, even under optimized conditions, the obtained lattices have a much lower degree
of order than on mica. For instance, incubation of 3 nM DNA origami triangles in 10 AiM Ca
and 75 mM Naon mica for 90 min at room temperature resulted in a highly ordered lattice
gAlK | O2 NNBgE<kad) Whilg'thi€ nSay ridtib& surprising considering the different
surface properties of mica and $SjCeven higher correlation lengths were obtained for
tetragonal DNA origami lattices assembled on similar, Si@faces and under similar
environmental conditions as used hefE7) Thiswasbecause the lattices of Tapét al.were
assembled from Seeman tiles, which are able to participate in Wadt stacking with
neighboring tiles. This additional attractive intermolecular interaction appears to be crucial for
obtaining highly ordered lattices on Si€urfacesecause it lowers the mobility of DNA origami
nanostructures incorporated into a growing lattice. For the DNA origami triangles studied here,
the limiting factor appears to be the high desorption rate that accompanies a |laighal
mobility of adsorbed DNA origami nanostructures along the, Si@face. At the high
temperatures and Naconcentrations required fosufficientlateral mobility, continuous DNA
origami desorption from lattice sites prevents the lattice from approaching adpergy state

with optimized packing density. In the presence of blend stacking, however, DNA origami
monomers have a higher surface militlyi and desorption rate than dimers and multimers.
Lattice assembly under such conditions thus resembles a nucleated crystal gnewtianism

and leads to much larger singteystalline lattice domains.

Finally,an attempt was madeto transfer the DNA origami lattices assembled on the,;SiO
surface in the presence of €anto the dry state, in order to enable further processing steps

such as growth of an oxide mask by chemical vapor depogiti®h,. 178, 204, 17For DNA

p &
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origami lattices assembled on mica and Si©the presence of Md, such a transfer was
achieved previously by addition of 2Nkither directly to the sample solution after lattice
assembly or after gentle washing of the substrate surface to remove free DNA ofb2ni.

Ni?* has a higher affinity for DNA than Kgand Nd and thereby efficiently fixates the DNA
origami nanostructures to the surface. For the current hexagonal lattices assembled.on SiO
the presence of G4 however, a more gentle approach was required. While simple
addition of N#*to the DNA origamcontaining solution after lattice assembly ensured that the
formed lattice remained essentially intact during subsequent washing, it also resulted in the
random adsorption of a large amount of DNA orgdriangles from solution. This is a general
issue frequently observed upon lattice transfer into the dry sta®2, 197, 4%and may be
reduced to some extent by additional fiiening of environmental parameterd.97) In the
present caseit wasfound that cooling the substrate to 4°C before the addition of Mid to

less pronounced DNA origami deposition, probably due to the reduced diffusion of the free
DNA origami nanostructures suspended in the bulk solutiayure31 showsan AFM image of

the resulting lattice in the dry state. As can be seen, DNA origami deposition is not fully
suppressed and there are still some triangles from solution adsorbed on top of the lattice.
Reducing the DNA origami concentration frormM to 3nM did not result in a notable
difference. In an attempt to completely suppress DNA origami deposition, we also tried to
carefully remove the DNA origaroontaining solution from the substrate surface before
addition of N#*. However, this destroyed the assembled lattice because of the high mobility of
the DNA origami nanostructures within the lattice. Despite the remaining DNA origami
triangles adsorbed on top of the lattice, the imageé-ipure31 demonstrates the possibility of
transferring the DNA origami lattice assembled on the, Si®face in the presence of €into

the dry state, which is an important prerequisite for further processing steps.
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In summary, the effects of Mgand C&" on the assembly of hexagonal DNA origami lattices
on RCAcleaned silicon surfaces in the absence of attractive intermolecular interactiens
investigated. Lattice assembly was monitored by tidepse AFM in dependence of Na
concentration and substrate temperature. Remarkably, in the presence 8f, Mg ordered
latticeswere obtained,insteadthe formation of disordered multilayeraas observedunder

all the conditions tested. This is most likely related to a partial charge inversion of the DNA
origamitriangles inthe presenceof Mg?* and large concentrations of Nan the presence of

C&*, on the other hand, assembly of ordered lattices was achieved at substrate temperatures
of 30¢ 40 °C and Naoncentrations of 400 t600 mM. This is attributed to the general weaker
binding of C& to DNA so that it is easier to replace by"Nahich provides the adsorbed DNA
origami nanostructures with enhanced surface mobility. Unfortunately, this enhanced surface
mobility was accompanied by an increased desaopt rate, which appears to limit the
maximum degree of lattice order that can be achieved in this way, so that the correlation
length of the hexagonal lattices assembled in this work on hydnaalylsilicon oxide surfaces

is only about half that of equivant lattices assembled previously on mica surfa@.39

In the recent work by Tapiet al.(197) highly ordered tetragonal DNA origami lattices were
obtained on Si@surfaces under similar conditions as employed here. Comparison with our
results suggests that such high degrees of order requires attractive intermolecular interactions

such as blunend stacking to minimize DNA origami desorption after incorporation ihé

- a

a
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growing lattice. It should be mentioned, however, that Tagli@al. hadassembled their lattices

in the presence of M, which in our experiments resulted only in low degrees of order and
multilayer formation. This suggests that the shape of the DNA origami nanostructures plays a
role as well. Indeed, Tapéi al. reported that large and wethrdered lattices could be obtained
only from twistcorrected Seeman tiles whereas ntwist corrected nanostructures formed
only unordered monolayers. While this was attributed to shape distortions of thetwist
correctedSeeman tiles preventing proper bluand stacking, our expeanents with the non

twist corrected and thus strongly distorted triang{265) may indicate that such factors may
also affect the general surface mobility, the desorption rate, and the aggregation propensity
of the DNA origami nanostructures.

Compared to mica surfaces, it appears that DNA origami lattice formation on hydroxylated SiO
surfaces is more sensitive toward environmental parameters. Based on our results, the order
of DNA origami lattices assembled on S0rfaces may be further enhanced in the future by
two general strategies. First, since DNA origami adsorption at electrolytei8i€faces
involves electrostatic interactions, tuning the charge density of the surface may be used to
control the interaction strength. This may be amled for instance by adjusting the pH in
solution or by surface modification approaches such as ion implanté20@. However, it
should also be mentioned that the hydroxyl density and surface energy ofsBifaces
depends strongly on the nature and history of the substrd®6%) including any applied
surface cleaning procedurd208) Alternatively, complex temperature profiles may be applied
during lattice assembly as they are used for instance in the growth of inorganic mixed
crystal$209, 210 in order to enable a slow crystallization with gradual immobilization of DNA
origami nanostructures on lattice sites. Even though exploring all these parameters in a
systematic way may turn out rather time consuming and be further complicated byrivoal
interdependencies, it may lead to optimized protocols for the reproducible fabrication of DNA
origamibased molecular lithography masks on silicon wafers fully compatible with established

microfabrication techniques.

odra®Pil SNARS GK2 KR

DNA origami assembly and purification

The DNA origami trianglélh) were prepared using the 7249 nt M13mp18 scaffold (Tilibit) and
208 staples strands (Eurofins). Staples and scaffold were mixed at tenfold staple excess in 1x
TAE (Carl Roth) supplemented with 10 mM M{Carl Roth). The solution was heated to°80

in a thermocycler (Primus 25 Advanced, PEQLAB) and subsequently cooled down to room

temperature over a time span of 90 min. The assembled DNA origami nanostructures were
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spin filtered to remove the excess unbound staples (Amicon Ultra 100K, Millipore). The molar
concentration of the synthesized DNA origami nanostructures was estimated by UV/Vis
absorption using a nanophotometer (Implen Nanophotometer P330)

Substrate preparation

Commercial epieady pdoped Si(100) wafers (rosheansquare surface roughness ~ 2.6 A,
Siegert Wafer) were cut into 2 x 2 cm2 pieces and cleaned inlROAItion (1:1:5 35% 4,

25% NH, H0) for 15 min at 78C to remove the organic residues and create a hydrophilic
hydroxytrich surfacg208)

Timelapse AFM

Timelapse AFM was performed using a JPK Nanowizard ULTRA Speed with LU&G3F0.3
cantilevers (NanoWorld). 4 nM DNA origami nanostructures were suspended in 1x T&E)(pH
containing 12.5 mM Mgegl[Carl Roth) or CaQMerck) and varying concentrations of NacCl
(VWR). The silicon substrate was placed in a liquid cell (JPK) with a tempaaitnaled

stage (JPK), after which the cell was manually filled with 1 ml sample solution. The first AFM
images (indicated as tiempoint O min inFigures21-29) were recorded after 1 to 8 min after
filling the liquid cell. AFM images were recorded with 3 x 3 um2 scan size at a line rate of 10 Hz
and a resolution of 512 x 512 pixebssulting in 51.2 s per frame. The measurements were
carried out over a period of approximately 210 min, during which sets of 8 images were
recorded at different time points.

Transfer into the dry state

The freshly cleaned silicon wafer was placed in a cudiait liquid cell. The liquid cell in turn
was placed inside a Petri dish containing an open reservoir filled with 10 ml of watgul 500

1x TAE containing 400 mM NacCl, 12.5 mM £a@dl 3 nM or 4 nM DNA origami triangles were
added to the liguid cell to immerse the silicon wafer. The Petri dish was covered with a lid,
placed in an incubator (INGlUne, VWR), and incubated for &t 40 °C. After incubation,

the liquid cell was tken out of theincubator and placed on ice. After 15 min, 25 of 50 mM

NiC} solution was added to the Petri solution in the liquid cell, resulting in a fin&l Ni
concentration of 2.38 mM. After another 15 min of incubation, the sample was removed from
the liquid cell, washed with 12 ml of HPLC grade water, and dried in a stream of argon.

AFM imaging of dried lattices

The dry samples were imaged in air using a Bruker Dimension ICON in ScanAs¥str&=ak
Tapping mode with ScanAsyst Air cantilevers (Bruker). Images were recorded with 1024 x 1024

pixels at a scan size of 3 x 3 umz2.

Image processing
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The images were processed using the ojgenrce software GwyddigB11) to calculate the

FFTs and the radial power spectral density functions. The latter were plotted using OriginPro
2022 and the first correlation peak fitted with a Lorentzian to determine itsviudkh at half
maximum (fwhm). The so determined fwhm was thesed to calculate the correlation length

of the lattice(38, 191, 34, 203
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The past few years have seen increasing interest in the hierarchicalsselinbly of DNA origami
nanostructures into ordered lattice@3, 213 This interest is motivated mainly by promising
applications of the resulting lattices in synthetic biol(®#y3;216) and materials scienc®17¢223) In

contrast to biological applications that often rely on the functionality of the assembled DNA origami
nanostructures themselves, applications in materials science usually employ the DNA origami
nanostructures only as templates for the synthesis or mddg of functional inorganic
nanostructureg217, 212223, 46 This can be achieved by a variety of techniques such agebol
silicification(219, 22%223) or the binding of colloidal nanoparticlé®217, 220, 4% Molecular

lithography approaches are particularly appealing for the fabrication of functional 2D surfaces because

they are based on wedistablished nanofabrication methods and thus not only highly versatile but

also compatible with largecale, higkthroughput production(224¢226) While being powerful in

producing functional surfaces for plasmonic and sensing applicaf@®%,227, 22Bthese molecular

lithography approaches so far utilized only disperse DNA origami nanostructures randomly adsorbed

at the substrate surface. This is because lsagea DNA origami lattices traditionally were fabricated

only on mica surface@29 whereas molecular lithography relies on silicon processing technology.
Recently, however, the surfa@essisted assembly of DNA origami nanostructures into large and well

ordered lattices was demonstrated on oxidized silicon wafess, 33 thereby paving the way toward

the molecular lithographypased fabrication of ordered arrays of arbitrarily shaped inorganic
nanostructures.

Compared to surfacassisted DNA origami assembly on mica, lattice assembly esiBf@ces was

found to be more sensitive toward environmental factors and especially the ionic composition of the
electrolyte and the substrate temperatuf@56, 33 This is mostly because SEDrfaces have a lower

zeta potential than mic@30, 23) and a larger roetmeansquare (rms) surface roughne@32, 233

Additionally, however, it is well established that the hydroxylation state and surface energy.of SiO
surfaces depend critically on the type and history of the specimen, including the fabrication method

and the storage condition@34¢239)
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Sample O1s (GSi) | O1s (GH) Si2p (SD) Si2p (SBi) | O:Si| OH:0Si n o6 h3i2p) 0O1s (SD) FWHM

(at%) (at%) (at%) (at%) (eV) (eV)

N 28.0 1.1 20.0 50.9 | 1.40 0.039 429.5 1.80

T 64.7 1.2 34.1 1.90 0.019 429.4 1.62

M 65.2 1.3 33.5 1.95 0.020 429.5 1.72

MB 67.4 0.8 31.8 2.12 0.012 429.5 1.70

PC 66.9 1.0 32.1 2.08 0.015 429.6 1.83

PO 60.4 2.1 37.5 1.61 0.035 429.9 1.60
¢l oy Svdzr yoill o@S Fylteara 2F GKS - t{ RFEGF® ¢KS
{kbh1I O2YLRySyd y2i O02yaiARSNBRO FyR iKSNIOZ NNB2
dzaAy3 (KS 1 O2YIR2 kBG4 A2T (KS HomaNILaSHE @ SINGS Gl i
LIS | F NBlFa 6AUK [ LILINBPLINAIF OGS yYy2NXYIEAlI a2y FI Ou2
5b! 2NAIFYA LAIANLIOSE 2y BANByYy3It & Aybaepo®IE o0&
gra | RRNBaaSR [fa2 o0& -t{ o6& I UGK2NRdzAK |yl fe&aa
Ayili2 G2 O02YLRYSY(azr 2F 6KAOK U(KSHEX2832yRVGESY ¥R
YdzOK aYlftSNI O2YLRYySYy (s LIBEOSKSINGAE LD NG pi@Epdi & +

¢CKS Ni¥fgA h200GFAYySR FTNRY
Aad + yS3la@s

0 KS ¢l @ a0 26YSLE2 yas VL {yal SANGS adeky

fAYSHNIh®2 NWNRf hy2 ¥ 08886SSy h

MKYAUA (NKGSo 20 | INB a2y Gllydz&IKFS o
0dzd (0 RIA ODKS RIS & NB DI 8 KEWND $ 2 NX

AAYAL | NORERNDES t KERWRE@K G $2 yIdDS

CAdoaN® ¢KA& ada3sSada
RSyaAiaSa 2F hl 3ANPRdJzZLIA
I f tea fzNAF OSa KI @S

cy



Dy nami chatour al and ArtificialkltBiSdliodiiaall nSygstfeamse s

0.040 -

0.035 u -

0.030 —

0.025 -

0O-H:.0-Si

0.020 =

0.015 -

0.010 —

Figure34: Correlation between the-8:0Si and the O:Si ratios given in table 1. Colors indicate the different
samples as shown in Figure 2. The solid line correspondst&aafit to the data.

DNA Origami Lattice Formation

DNA origami lattice formation on the different Si€urfaces was investigated using Rothemund
triangleg15) and a protocol established previously for R@shted silicon wafers with hydroxylated
native surface oxidél56) For this, 3 nM DNA origami triangles were incubated for 3.5 h on the
different surfaces at 40 °C in the presence of 12.5 mMGa@ 400 mM NaCl. Afterwards, the
adsorbed DNA origami nanostructures wéiseed at the surfaces by Nions and transferred into the

dry state.Figure35 shows AFM images of the dried surfaces. Despite the highly similar chemical
compositions of the six SiOx surfaces, remarkable differences in DNA origami adsorption and lattice
formation are observed. The native and the thermal oxide surfaces both shovoildd#ni lattices of
expected qualitfl56) with no major differences. For the other four surfaces, however, DNA origami
coverage is dramatically reduced. Of those surfaces, MB shows the highest DNA origami coverage,
which, however, is still far from that of a complete monolayer. For surface NMacicoverage is
further reduced and only very few DNA origami triangles can be identified in the AFM images. For the

two PECVD surfaces, barely any DNA origami nanostructures are visible at all.

c®
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DNA origami surface coverage was quantified from the AFM images of the different surfaces and is
shown inFigure35. Surfaces N and T have very similar surface coverage larger than 90 % of an ideal
monolayer (ML), whereas that of surface MB is only about 10 ML%. For the other three surfaces,
surface coverage is below 1 ML%. The extremely low DNA origami adsorptiothd?BCVD surfaces

is probably caused by their high surface roughnessKapee33). The reasons for the reduced surface

coverage on the MSD surfaces, however, are less obvious. As can be Beemdd3, the M and MB

surfaces have almost identicg] values as the N and T surfaces. Furthermore, while XPS did reveal
variations in the surface chemistry of these four surfaces, they do not follow the same trend as the
surface coverage (seeable?). For instance, surfaces T and M have almost identical O:Si-&h@ O

Si ratios, but very different surface coverage. In contrast, surfaces N and T have almost identical
surface coverage, but different O:Si aneH@-Si ratios, as well as different O1$C§ FWHM. This

suggests that the differences in DNA origami adsorption are caused not by variations in the chemical
composition of the different oxides but rather by different physical properties.

Considering only the two MSD surfaces, surface MB that was produced in the presence of a bias of

20 V shows a higher DNA origami coverage than surface M, which was produced without bias. Since

the application of a negative bias during MSD increases #esity of the deposited film&33, 247

it is rather obvious to attribute the enhanced DNA origami adsorption to an increased film density.
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Furthermore, it is well established that thermally grown ,Siiins have a higher density than

sputtered oxideg252) Therefore, the strong variations in DNA origami coverage observed on the
different SiQsurfaces can be attributed to two independent parametes, surface roughness and

oxide density, with efficient lattice assembly requiringxSi@faces of low surface roughness and high

oxide density.

0dd @o/ Of dzaA2Y

We have investigated the influence of the type of theSi@face on surfacassisted DNA origami
lattice assembly. Even though all surfaces were-@hetmically oxidized and hydroxylated prior to the
experiments and thus were chemically very similar as verified by XPS, we observed strong differences
in DNA origani adsorption and lattice assembly. Among all surfaces tested, only thermally grown oxide
films performed similarly well as silicon wafers with native surface oxide, whereas DNA origami
adsorption vas dramatically reduced on Si€urfaces prepared by MSD and-@¥D. While the latter

can be explained by the larger surface roughness of th€ VAR surfaces, the MSD surfaces are rather
similar to the native and/or the thermal oxide in terms of surface roughness, film composition, and
hydroxylation state. Nevertheless, application of a substrate bias during MSD resulted in slightly
increased DNA origami adsorption, which we attribute to a higher density of thdil§i®deposited

with bias(233, 247 In combination with the fact that thermally grown Si@s a much higher density

than sputtered oxide film§252) we conclude that the density of the grown $illims is a dominant
factor with a surprisingly strong influence on DNA origami adsorption and lattice assembly.

Our results demonstrate that the employed giSurface may decide over the outcome of an
experiment and should be considered as an additional parameter that may require tuning and
optimization before highguality lattices can be assembled. In particular, our results suggest that

efficient DNA origamiattice assembly on SiGurfaces requires a low surface roughness and a high

T M
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oxide density. While these requirements may automatically disqualify SiOx surfaces prepared by
certain techniques, oxide density may be increased either during deposition by appropriate choices of
experimental parameters such as the application of a nggasubstrate bias during MSD, or by
additional postdeposition processing steps such as hydrogen plasma treat(288}.

Finally, we would like to note that our results do not necessarily imply that it is impossible to assemble
ordered DNA origami lattices on the giSurfaces fabricated by MSD without additional surface
treatments. Rather, we assume that different environmental parameters are required to stimulate
DNA origami adsorption and lattice formation on these surfaces. For this, however, one may have to
screena large number of parameters, including species and concentrations of the-randalivalent
cations, substite temperature, DNA origami concentration, and possibly pH of the buffer solution,
every time DNA origami lattices should be assembled on a new type dusf@re. In such cases, it

may turn out economically more beneficial to develop a protocol for a well characterized and highly
reproducible Si¢Xilm that can be deposited on various substrates without major changes in its density
and surface roughness. The viability of this route should be explored in future studies.

oPodn al BSNKERRA | yR

Wafer Preparation

The substrates for the SiGilms were commercially available eqgady pdoped Si(100) wafers
(Siegert Wafer, resistivity-tn~ KOY X (KA Ol y S a &idepolighedy, Prierpto thethal a A y 3
oxidation, MSD, and PEVD, the wafers were cleaned in RCA1 solution (1:1:5 36% 25% NH

HO) for 15 min at 75 °C to remove organic contaminants. This cleaning step was repeated with the
SiQ-coated wafers directly before DNA origami adsorption to generate hydrophilic, hydroxylated

surfaces as previously refied.(156)

Thermal Oxidation
The cleaned wafers were placed ip@-heated oven (RHF 1500, Carbolite) in ambient atmosphere
at 1200 °C. After 5 min, the samples were removed from the oven and left at room temperature to

cool down.

MSD(Performed by ChantalheileRaschePaderborn University, Paderborn, Germany

The cleaned wafers were introduced into a magnetron system containing a vacuum chamber, an RF
generator (bdiscom), an automatic matching network (BDS ANM750, bdiscom), and a mass flow
controller (EL FLOR SELECT, FROSY. The system reached a base pressfid.6 x 16 mbar. The
YFEAYSGNRY O6¢KAY CAtY [/ 2yadzZ GAy3ao gl a OF LIISR gAd
thickness (99.999 % purity, Evochem Advanced Materials). The magnetron had an unbalanced

configuration, and the sample was placed at a distance of @adéumm from the target. SiO
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deposition was performed at a working pressure of 4.6 Xrb@ar with an Ar flow of 27 sccm and an

O flow of 3 sccm. The forward power was set to 10 W resulting in a DC Bias of 171 + 17 V. For surfaces
MB, a bias voltage 620 V was applied to the substrate, leading to an increase in DC voltage to 215 +
37 V. The deposition rate was determined via artpuarystal microbalance (QCM) to be about 1.26
nm/min. A deposition time of 8 min was chosen to generate films with a thickness of approximately

10 nm.

PECVD(Performed by Hendric Muller, Paderborn University, Paderborn, Germpny

The wafers were placed onto a grounded electrode. The base pressure was below mbatGvhile

the working pressure ranged between 0.2 and 0.5 mbar. As mixture of argon, oxygen and
hexadimethylsiloxane (HMDSO, 98.5 % purity, Sigma Aldrich) was used in different ratios. For the
deposition of SiQ) the partial pressure of argon and oxygen was set to 0.1 mbar and 0.3 mbar,
respectively. The monomer partial pressure was set to 0.05 mbar. The high partial pressure of oxygen
in a ratio of 3:1 promotes the formation of SiOx films. The plasma voltagd 3@a¥ while the power

was 1 W. The plasnfeequency was 3.5 kHz. For the SIOCH deposition, the partial pressure of argon
was increased to 0.2 mbar. The plasma voltage was 405 V and the plasma power was 0.9 W. The

plasma frequency was 3.5 kHz. The thickness of the deposited films was monitored@@i.

Ellipsometry(Performed by ChantalheileRaschePaderborn University, Paderborn, Germpny

To determine the thickness of the -deposited oxide films, a nulling ellipsometer (Nanofilm EP3,
Accurion) was used. The spectroscopic measurements were performed over a range of wavelengths
from 363.7 nm to 882.5 nm with an angle of incidence of 75°appéed optical layer model consisted

of Si(100), Sizand air. The dispersions were obtained from the software database, which are based

on the public Sopra database (www.sspectra.com/sopra.html).

XPSPerformed by ChantalheileRaschePaderborn University, Paderborn, Germpny

The coated substrates were inserted into the XPS setup shortly after RCAL treatment with exposure
times to air ranging from some tens of minutes to three hours for the different samples. XPS was
performed using a laboratory setup equipped with a PhoibdsNBP analyzer from SPECS. Frey X
source employed monochromatized Kadiation (1486.7 eV), generated by aF@CUS 600 NAP
source. This source produces a spot size of approximatelg 360 pm in diameter and impinges on

the sample at an angle of 56.&fative to the surface normal. The detection is done at 0° relative to
the surface normal. The power used for the measurements was 50 W. The nozzle used for the
experiments had an aperture of 3@Qn, with the nozzlesample distance ranging between 230dan

250 um. The background pressure during the measurements was maintained®anbko. All

measurements were conducted at room temperature. Survey spectra were acquired with a pass

TO
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energy of 100 eV, while core level spectra were recorded at a pass energy of 40 eV. Undierthe
conditions, the FWHM of the Au#fpeak was 0.87 eV, at a binding energy of 84.2 eV.

The evaluation of the data was performed with the Unifit software using a Siyeybackground

and a convolution of Gauss and Lorentz line shapes. The Si2p peaks were fitted using doublets for the
Si2p, and Si2p. components. The intensity ratio was 2:1 and the separation between the peaks was
0.6 eV.

The O1s peaks were decomposed in two components. The most intense component was assigned to
O-Si bonds, and the smaller component, placed at a fixed 1.5 eV higher binding energy position, to
OH groups. In the fit, both components were forced to have #raeswidth. The FWHM of the Gauss

component was left free to fit, while the FWHM of the Lorentz component was fixed to 0.27 eV.

DNA Origami Lattice Assembly

DNA origami triangles were synthesized and purified as previously deqdfgedsing the 7249 nt
M13mpl8 scaffold (Tilibit) and 208 staple strands (Eurofins). For lattice assembly, we used the
protocol previously established for RCG#dated silicon wafers with native surface oxi@eé6) In

short, the freshly cleaned substrates were placed in a liquid cell placed inside a Petri dish with a small
water reservoir to avoid the evaporation of the sample. The liquid cell was filled with 500 pL of 1XTAE
(Carl Roth) with 400 mM NacCl, 12.5 mM I2a@d 3 nM DNA origami triangles. The filled and covered
Petri dish was incubated for 3tbat 40 °C (INCGUine, VWR). Afterwards, the liquid cell was placed on

ice for 15 min and 25 pL of 50 mM NiGblution was subsequently added to the sample. After
incubation for another 15 min, the substrate was removed, washed with 15 mL-gtRd€ water,

and dried with a stream of argon.

AFM

The different surfaces before and after DNA origami adsorption were imaged in air using a Bruker
Dimension ICON operated in ScanAsyst Heake Tapping mode with ScanAsyst Air cantilevers
(Bruker). For each surface before and after DNA origami adsorption, four AFM images were recorded
at different positions with 1024 x 1024 pixels and a scan size of 3 .3 um

The AFM images were analyzed using Gwyd#6d) The rms surface roughness of each image was
calculated using the Statistical Quantities tool. For surfaces N and T, DNA origami surface coverage
was determined by thresholding as previously descrifié®) Since the other surfaces exhibited a
much lower surface coverage and a pronounced background topography originating from residual salt
and, in the case of the REVD surfaces, a higher surface roughness, the thresholding approach
suffered from large artefcts. Therefore, the adsorbed DNA origami nanostructures for each image

were counted manually instead. The relative surface coverage and number of DNA origami
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nanostructures, respectively, of each image were then normalized to those of an ideal, densely packed
monolayer. The Rothemund triangle has an outer and inner edge length of about 120 and about 50
nm, respectively. A densely packed, hexagonally orderedotagar will thus feature 160 triangles

per um?, corresponding to a relative surface coverage of 83 %.

Statistical Analysis
The rms roughness and surface coverage values are presented as the mean of four AFM images (n =

4) * standard deviation.
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of bacterial virulenc@59 and antibiotic resistance geng260) they can also be utilized to treat
antibiotic-resistant bacterial infections in what is called phage ther@81) However, while there is

an increasing number of case studies reporting positive treatment outcomes under compassionate

use, clinical trials so far had mixed suca@€d., 262 The latter is rooted in a number of challenges

that the clinical implementation of phage therapy faces. Chief among them is the highsteificity

of many phages, which requires the preparation of cocktails of different ssfagaific phages that

can effectively treat a large number of clinical isolates of the target path@§@éhc263) To achieve

this, large collections of hundreds of phages need to be scre@g].263 While several methods

have been developed or adapted for this purpose, ranging fromestdiblished plaque assdi64)

to more sophisticated techniques such as qRZES) surface plasmon resonan¢266) atomic force
microscopy(267) and several fluorescendeased assay@68, 269 all these approaches have their

own disadvantages and limitations, in particular regarding response time, universality, ease of use,

and throughput(262) Furthermore, phage therapy is considered a promising strategy against biofilm

related infections that are particularly difficult to tre®70) Most highthroughput screening
techniques, however, are compatible only with planktonic cells. Consequently, there is a growing
demand for surfacesensitive analytical techniques that enable the efficient screening of phages

against bacterial biofilms.
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