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Synergy of Two Assembly Languages in DNA Nanostructures:

SelfAssembly of Sequenc®efined Polymers on DNA Cages

Pongphak Chidchoflhomas G. W. Edwardso@hristopher J. Serpe&, Hanadi F. Sleiman*

Department of Chemistry and Centre for Skdsembled Chemical Structures (CSAGSRMAA), McGill

University, 801 Sherbrooke Street West, Montreaiekec H3A 0B8, Canada

Abstract

DNA basepairing is the central interaction in DNA assembly. However, smwple fourletter (A-T and
G-C) language makes it difult to create complex structures without usingaegé number of DNA
strands of different sequences. Inspired by profeiding, we introduce hydrophobic interactions to
expand the assembly language of DNA nanotechnoldgy.achieve this, DNA cages of fiirent
geometries are combined with sequedeéned polymers containing long alkyl and oligoethylene glycol
repeat units. Anisotropic decoration of hydrophobicypwrs on one face of the cage leads to
hydrophobicallydriven formation of quantized aggedgs of DNA cages, where polymer length
determines the cage aggregation number. Hydrophobic chains decorated on é®tbf fdie cage can
undergo an intracaffold OhandshakeO to genéata-micelle cageswhich have increased structural
stability and assembly cooperativity, and can esolgte small molecules. The polymer sequence order
can control thenteractionbetween hydrophobic blocks, leading to unprecedeftddghnutshapedO
DNA cagering structures. We thus demonstrate that new strucamdlfunctional modes in DNA
nanostructures can emerge from the synergy of two interactions, providiadgtractive approach to

develop proteisinspired assembly modules in DNA nanotechnology.
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Introduction

Sequenceontrolled polymers, such as oligonectides and polypeptides, are remarkable
macromolecules in which the order of the buildingcks along the polymer chain provides all necessar
instructions for efficient structural control, molgar recognition and catalysisn particular, polypeptide
chains are programmed to fold themselves into fomatietermined structures with very high accuracy t
construct importantbiological nanomachines. Although such a level of structural and functional
complexity has not been fully realizeginthetically the field of DNA nanotechnology offers a powerful
tool to create finely designed twand threedimensional architectures and devices by using DNA as the
main building block™ However, a large number of DNA strands of uniqugusaces are generally
requred for the assembly of more complex structuress Tecreases scalability and can theoretically

increase assembly errors, due to the limited-fetier AT and GC OlanguageO in DNA assembly.

The incorporation of multiple molecular interactonvithin the same building block is an
efficient strategy to achieve complex and hierarghiassembly in biological systems. Of these,
hydrophobic interactions are the underlying mechanism for many structema¢mrts in biology such as
phospholipid bilayers, vedies and many proteins. They are also a fundamdritahg force for the self
assembly of synthetic block copolymers into varioumphologies such as spherical micelles, cyliradric
micelles and vesicle®. The integration of hydrophobic interactions WiDNA basepairing is a
promising approach not only to overcome the complesaiability-error issues, but also to introduce
new assembly modes and functionalities in DNA assembfynspired by protein folding, weould like
to create assembly modale like protein coilegoil motifs, as elementary repeats in DNA
nanotechnologythuswe need to understand the rules governing theplatgibetween the two languages
in the assembly. However, one of the problems idtfiigulty in the synthesis of DNAonjugated with
hydrophobic molecules and polymers. Our group has recently developed an autooligt@thase
synthesis to prepare monodisperse Dpilymer conjugates based on phosphoramidite chenl?stiyis
approach is not only convenient, rapid andhhigelding but also allows one to place functional

monomers in a sequencentrolled manner on the polymer backbone.

The combination of DNA basgairing with hydrophobic interactions can expand assembly
modes to DNA nanostructures which would not be fdssotherwise DNA cages have emerged as
promising platform for cellular delivery of therapeutt&8’ However, unmodified DNA/RNA structures
suffer from nuclease instability, poor cellular paation and rapid clearande vivo'®? Attaching
hydropholic functionalities and increasing the assembly eaofjDNA cages can be an effective method

to overcome these barriers. To our knowledge, thdementation of hydrophobic interactions in the

ACS Paragon Plus Environment



Page 3 of 22

O©CoO~NOUTA,WNPE

Journal of the American Chemical Society

design of DNA nanostructures is still considerably unexplor8dme examples that integrate
hydrophobic interactions with DNA nanostructures include-feddfing of DNA rectangles mediated by
cholesterd® and hydrophobic dendritic molecul®s,and DNA tetrahedra functionalized with a
thermoresponsive polymer that cdransition betweena discrete tetrahedron and gissrfactant
aggregate&’ Recent work by our group has demonstrated the #gnif role of hydrophobic interactions
in directing the association of alkyl chains oretadimensional DNA scaffoldsThe number and position

of the chains on DNA cubes can dramatically alter their assemebigvior-**

In this article, we repordn in-depthstudy of the selassembly of sequenakefined hydrophobic
polymers on DNA cages (Figure Dur system allows the siematic change of cage structure and size,
and orientation of individual polymer chains on DRA scaffold. On the polymer end, the polymers are
monodisperse and sequence controlled in such athaywe can precisely change the number of
hydrophobic repats, the relative number of hydrophilic to hydropic repeats, and the polymer
sequenceWe found that decoration of the polymers on theesalgads to new DNA supstructures
through hierarchical assembly, via DNA bgssring and hydrophobic interactions. (i) Short hydrophobic
chains result iiTmonomeric DNA cage structure@i) Intermediate chains arranged on one face of the
DNA cage result inqguantized cage assemblieghere a specific number of DNA cages is organized
around a hydrophobic core; hetlke number of repeats in the polymer defines the size of theblyobic
core, and dictates number of DNA cages that forese¢haggregates. (iii) Hydrophobic chains on both
faces of the cage undergo an irscaffold OhandshakeO, to gdA-micelle cages Hydrophobic
interactions not only mediate the encapsulatiorsraill molecules in the cagbut also significantly
increase structural stability and assembly coopatat (iv) Specific polymer sequences result in
unprecedentedoughnutshaped DNA cagdng structures where DNA cages are organized into rings,
whose diameter and density can be controlled byingrthe length of the polymer blocks. We propose a
mechanism for the hydrophobicalliriven quantized setissembly that is dependent on the rHangth
of the polymers, and we study the dynaralility of the quantized DNA cage assemblies toargd
structuralexchangeWe thusdemonstrate thefficient use of sequenegefined hydrophobic polymers to
create orthogonal assembly modedich synergstically combine hydrophobic and base pairing

interactions in the assembly of DNA nanostructures.
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Figure 1. Schematic representation of the ssdsembly of sequenadefined hydrophobic polymers on
DNA cages. The blue and magenta circles denoteopyaibic and hydrophilic monomers along the
polymer chains, where On0 is the number of hydrophobic r@peateft Hydrophobic polymers on one
face of DNA cage lead to Oquantized cage assembiles$®, aggregation number depends on the number
of hydrophobic polymer repeatsop right, Depending on their sequence, polymers with hydidapand
hydrophobic repeats givmonomeric cages, or dorshaped OcagmgsOBottom left when both faces of
the DNA cage have hydrophobic polymers, they caretgu an intrescaffold @andshak@into a Ocage
micelleO that encapsulates small molecules arigniicantly more stabléhan the unsubstituted cage.
Bottom right,depending on cage geometry, the irdcaffold andshak@occurs with a different number

of hydrophobic polymer repeats, with different capacity for small nuddac

Results and discussion
Design of DNA cageand sequencalefined DNApolymer conjugates

DNA cages were chosen as scaffolds for thdieeensional positioning of DN#Avolymer
conjugates and were assembléd a Ocligoy-clip® approactt®® The clips are 8@ner DNA strands
composed of four singlstranded segments separated by a hexaethglyxpl (HEG) spacer. The 20
mer segment in the middle of the clip can hybridzéwo peripheral 1.8ner segments of the next clip.
Cube (C) can be cotracted from four clips where the fourth clip foldack and hybridizes to the first
clip, cyclizing the cubic assembly (Figura)2This structure presents 8-Bfer segments that are single

stranded, and provide binding sites for DIg8lymer conjugatesnla similar approach, triangular prism
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(TP) and pentagonal prism (PP) can be generated from dhedive clips, respectively, and structures

were generated in quantitative or near quantitatiglls (see Section V in Supporting Information).

To preparesequencalefined DNApolymer conjugates, 1,1@decandliol (hexaethylene, HE)
and hexaethyloxyglycol (HEG) were chosen as hydrophobic and hydrophilic monomers (Figpyre 2
These monomers were attached to anid DNA by automated solighase synthesis g
phosphoramidite chemist/y. The DNA segments contain a 5T spacer andmg# complementary
sequence to the singiranded segments on the cages. A series of -BIRAconjugates and DNA
HE/HEG copolymer conjugates were synthesized ttegyatically invegate the design parameters of
DNA-polymer conjugates for their assembly behavior on DNA cages (Figurantlisee Section IV in

Supporting Information

a DNA cages
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Hydrophilic hexaethyloxy-glycol (HEG)

Figure 2. Cage and DNApolymer conjugate designa) Clip-by-clip approach for DNA cage
construction. A cube can be constructed from fatfieient 80 mer DNA clips and contains maximum of
8 binding sitesb) Hydrophilic hexaethyloxyglycol (HEG) and hydrophobic 1,idodecanaliol (HE)
monomers for the syhesis of sequenegefined DNApolymer conjugates. The dMer singlestranded

DNA can hybridize to the singlstranded segments on the cages.
Polymers: number of hydrophobic repeats

We had previously decorated DNA cubes with derditkyl chains, and showetiat a cube
with 4 dendritic units on one difs facescan associate inta dimer via an intermolecular OhandshakeO of
the hydrophobic unit§® We alsointroducedhydrophobic polymers HEDNA (Figure 2b) on one face of
a DNA cube, angbreliminaily showed their assembly into discrete aggregatesshwhie hypothesized to

be cube dimer, tetramer, hexamer, %td/ith a very long alkyl component in HIPNA (n=12) on one

ACS Paragon Plus Environment



O©CoO~NOUTA,WNPE

Journal of the American Chemical Society Page 6 of 22

face of aDNA cube, we showed the formation ofpherical micelle with a hydrophobic core, and DNA
cubeson its exterior.This cube micelle displayed dynamic characterbes can be removeyy strand
displacemen)y the ability to form higheorder micelle networksandto act as a scaffold torganiz

fluorescent dyeito an antenna structure with controlled FRET.

To developa betterunderstanding of theules for this hydrophobically driven assemblywas
crucial to further characterize the molecularitytioé quantized cagaggregatesWe thus examinedthe
effect of the chain length of hydrophobic polymeEits,-DNA on their assembly with DNA&ages (Figure
3a we name the DNA sequence on the polymer ODNAG. Guims four identical singlstranded
stretches ormne of its faces, each complementary to the DNA strand of the-pdyner conjugates.
The decoration ©with four HE-DNA was achieved by mixing all components in magumascontaining
buffer then thermally annealing from ®5to £C over 4 hours. The foration of DNA nanostructures
was followed by native polyacrylamide gel electropsis (PAGE) as shown in Figurb. Addition of
four complementary unmodified DNA strands tq felded a single band of lower electrophoretic
mobility. Addition of strands wit short hydrophobic chains to one face of cuhdr@m HE-DNA to
HE,-DNA, resulted in single bands of similar electropdtec mobility compared to £with unmodified
DNA, consistent with a monomeric cube. The lackddference in electrophoretic mobilitfor these
cubes as the number of hydrophobic repeats iR-BI¥A increases (n=%) is possibly consistent with
some chain folding or interaction of these chaia®ss one face of the cube in a manner that does no
impede the movement of the assembliemative PAGE. Thus, when DNAolymer conjugates with-4
hydrophobic repeatavere added to one face of the cube, monomeric structdesorated with

hydrophobic groups are formed.

When longer hydrophobic chains from HENA to HE;,-DNA wereadded to G, we no longer
see the monomeric cube as a major product. Insteachbserve the combination of cubes into discrete
aggregates. This is likely due to the increaseddpfubbicity of the polymer chains attached to thbeg
promoting cube association to hitteese hydrophobic chains in the core (akin to aegimocoiledcoil
motif). The identity of GHEs-DNA was elucidated by atomic force microscopy (AENFigure &
reveals elongated structures of two spheres, whichuated for 76% of population (cube dimers), and
triangular structures with the edge length of ~80 (Tube trimers, see below). Somlisaggregation of
the higherorder structures into individual cubes (diameterl 4f7-18 nm)was also noted on the mica
surface, and can be attributed to strorecibstatic interactions between DNA and mica, twhpete
with the hydrophobic interactions holding togethliee DNA nanostructuré® The hydrodynamic size
measured by dynamic light scattering (DLS) indisateat G/HEs-DNA had low polydispersity, but was
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not able to differentiate between the two populationshigherorder structures (Figured3 and see

Section XX in Supporting Information foisolation of the individual higheorder structurés

To further support the identity of JHEs-DNA, we tagged each cube with a gold nanoparticle

O©CoO~NOUTA,WNPE

(see Section VIII in Supporting Informatiprand preliminarily characterized the assemblies by
11 transmission electron microscopy (TEM). We obsdradarger population of the clusters containing 2
and 3 AuNPs in clge proximity (seeSuppkmentaryFigure B5). The technique was complicated by
14 samplesurface interactions, which sometimes resulted apupations of higheorder aggregates.

16 However, these observations are consistent withedamand trimeric structures dise identity of the

17 higherorder structures for fHEs-DNA.
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HE,-DNA. Finite cube aggregation number that scale wie number of hydrophobic polymer repeats

are observed) Native PAGE showing the assembly of C/DNA and G/HE,-DNA. c) AFM image of
C4/HEs-DNA showing cubedimers (green circles) and cube triméotue circles) d) Size distribution
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1

2

2 histogram of G/HEs-DNA obtained from DLS. gee Supplementary Figures Zor additional AFM

5 images$

6

; As the number of hydrophobic HE repeats on the mpely increas# increasingly large

9 superstructuregvere formed. Interestingly, their aggregation number elated with the number of HE
ﬂ repeats.Comparison of these bands to the DNA ladder allowedestimation of relative Omolecular
ig weightO for each higherder structure, and we can calculate a cube agiipagaumber by comparing
14 these molecular weights to that of the monomerigcsire. The results suggest that the cube aggoegati
ig number gradually increases by increments of gee Gection VII in Supporting Informatoihus, HE-

g DNA gives dimer, trimeand tetramer, and BEDNA gives trimer, tetramer and pentamer.HENA to

19 HE;-DNA give nonpenetrating bands, which may be composed of incrementally higher cube
3(1) aggregation numbers. However, it should be notatttie relationship between cube aggriegatumber
22 and electrophoretic mobility can also be nonlinear.

23

gg Polymers: sequences of the polymers and relativenbers of hydrophilic to hydrophobic repeats

26

27 The monomer sequence along polymer chains canfisgmiy influence polymer physical
gg propertiesTo investigatehis effect on DNA cages, we assembled cubeavith a series of copolymers of
32 different sequences, all containing a constant number of 6 hydrophobic HE laydrdphilic HEG
32 repeats per chain. This includes alternating chairgngfle monmers (HEHEG)-DNA, two monomers
gi (HEx-HEG;,):-DNA, three monomers (HEHEG;),-DNA and six monomers (Figuread The latter
gg polymer has two sequences; HEBEs-DNA, in which the hydrophobic portion is betweere thNA and
37 HEG chains, and HEHEGs-DNA, in which the hydrophobic portion is at the oh@nd.Only the latter
gg structure among this copolymer seri@ss previously shown toassemble into micellar aggregates,
22 whereas the other structures remain as unimersunien.*

jé Decoration of these HE/HEGNA polymers on cube L£yielded monomeric structures (Figure
jg 4b, with one exception, see below). The electrophonetability of these structures on native PAGE
46 increased with HE block length, consistent with tgeatructure compaction. As the Hilfock becomes
j; longer, the local hydrophobicitgf individual HE segments increases, thus potentiatighéng more
49 efficient folding of the hydrophobic chains, whidan make the structures increasingly compact and
22 increases their gel mobilitynterestindy, these polymers didot result in cube aggregation, despite their
gg relatively high hydrophobic content. These cages apedally interesting for applications in cellular
54 delivery: they behave as monomers, yet their hydrophobic content carafadilieraction with cellular
gg membranes and modify their delivery profifd®*>®It is of note thathis behavior is a direct result of
57

58

59

60
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sequence control of the polymers, where regulackblopolymers would not be able to generate this

property.

The exceptin to this monomeric assembly wag/lEs-HEGs-DNA, which gave higheorder
structures that appeared as a-penetrating band on the native PAGE. The AFM images (Figdre 4
reveal polygonal rings containing33vertices with edge length bf30 nm. The sizef the structures was
also supported by DLS measurementg=@R nm). We believe that the flexible HEG block Heato
serve as a spacer between hydrophobic HE domaththarcubes. The HE block of HHEGs-DNA can
form hydrophobic domains by interacting with the iosaon the other cubes siti®side, resulting in
polygonal rings.As the HEG block might be a crucial parameter foe diameterof the ringlike
structures, we hypothesized that a longer HEGglbkould create structures with larger spacing between
the cubes. The hydrodynamic radius afHEs-HEG,,-DNA (18 nm) was indeed significantly larger than
that of G/HEs-HEGs-DNA. However, in this case, we also observed desagdy of some of the
structues on the mica surfadey AFM, which is likely due to the larger hydrophilio-hydrophobic

content of this polymer (Figurech

To further increase the stability of this hydroplwonterscaffold andhak& we assembled
C4/HE;>-HEGs-DNA, which has a Inger hydrophobic HE block than/ElEs-HEGs-DNA. This molecule
generatedh high yield ofwell-defined ringlike structures with hollow features in the middle observed
by AFM (Figure 4). Further increasing the length of the HEG block tHE;>HEG;»-DNA also
showedefficient formation ofring structures, which looked denser by AFM. The ratflib@th structures
were comparable (20 nm/27 nm (DLS/AFM) for/il@E,,-HEGs-DNA; 21/24 nm (DLS/AFM) for
C4/HE;>-HEG;-DNA, Figure £ and see Section K in Supporting Informatn for DLS). TEM
characterization also confirmed the presence atively homogeneous spherical structures (radiusm?2
for C4JHE;-HEGs-DNA and 15 nm for @QHE;-HEG;DNA, see Section Xl in Supporting
Information). It shouldbe noted that the sizes obtained from AFM and DLS were similané another,
and were significantly larger than those obtaingd BEM, suggesting that the structures may be-likg
in solution. The possible explanation for the sntaBzes measured byEM is a collapse of the
structures on the hydrophobic carborated grids and the drying of DNA structures undegh

vacuum?’

The estimated yields of the doughisiiaped structures obtained by examination of th& AF
images were high in all cases, except for the sempuém which the HE block is short (6 units) as
compared to the HEG block (12 unitd}.was difficult to providea precise yield from the AFM images,

because of the presence of some misassembled structures of unknown ittmmposthe image
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background.Thus, we can conclude that the addition of HEG a&p@rovides a spacer between DNA
scaffolds and yields ring situres. To our knowledge, the assembly of DNA cagts Odaghnutliked
ring structures is unprecedented. It is interesting thedpite the flexibility of both HE and HEG chains,

we observd discrete cube assemblies here, rather than linear oligomers.

O©CoO~NOUTA,WNPE
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Figure 4. Decoration of G with four HE/HEGDNA. @) Assembly products of Qvith HE/HEG-DNA.
The polymer sequences can dictate whether the a$geither yields a monomeric cube or forms higher
order structureb) Native PAGE showing the assembly of, C/DNA, C,with HE/HEG-DNA. *Only
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the schematics of-8ertices rings were shown here foyl@Es-HEGs-DNA and G/HEs-HEG;-DNA. ¢)
AFM images of G with HE-HEG,,-DNA (n=6,12 and m=6,12). The presence of HEG blotkhe

polymer chains can increase the spgdetween the cubes.
Cages: arientation of the polymer chains on the cage

We previously reportethat 8 dendritidHE units attachedon both face®f a DNA cube result in
an intramolecular associatiomith the ability to encapsulate molecules in the intedmgdrophobic
environment’ We were interested in probing the dependence of fitienomenon on polymer
architecture and chain length (g.pow manyhow many hydrophobic chains can fit inside the cage?
Cube Cg was designed tallow decoration with up to 8 polymer chains onhbib$ top and bottom faces
(Figure ®). A onepot assembly of £with HE,-DNA was performed. In Figureb5 short HE chains
generated monomeric structures with a sharp band on the gel. Iiniglsesis the number of hydrophobic
repeats increased, the electrophoretic mobility of Hdasd increased (rather than decreased); it then
remained constant at FHDNA until HEs-DNA. The structure of gHEs-DNA was characterized by
AFM, whichrevealed mostly single spherical features with a radit®6:4.8 nm comparable to £(see
Supplementary Figuse32 and 33). DLS measurements (Figurec)5indicated that @HEg-DNA
(Rh=6.4x0.3 nm) was smaller thany/DNA (Ry=7.1+0.6 nm). A likely assemplmode here is that HE
chains (HE-HEg) collapse and create a hydrophobic core inside the,a@sulting in a more compact
structuresimilar to that of dendritic HE chairi$ The formation of the hydrophobic core iR/BE;-DNA
was further supported by the encapsulatiomydrophobicNile Red fluorescent dy&® Compared to a
cube decorated with unmodified DNA, there was aificantly higher fluorescent signal of Nile Red in
Co/HEs-DNA (Figure ).

As the number of hydrdmbic repeats on the polymer increased;-BRA started to forma
cube dimer and longer hydrophobic chains resuhlietigherorder structures as the major prodddtus,
up to6 HE chains per polymer can be accomodated in the cobe (a total o8 HE chains), beyond
which intermolecular assembly sets Both AFM and DLS measurements suggested that exiende
structures formed in the case of/l@Es-DNA and G/HE;-DNA (see Section Kand X! in Supporting
Informationfor DLS and AFM.
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Figure 5. Cg assembly with HEDNA (n=1,12) on its two face®) Assembly products of {&with HE;-
DNA. Medium chain length of hydrophobic polymers=8®6) prefers Ointrscaffold handshake® and
create hydrophobic core inside the cutheNative PAGE showing the asseiniproducts of @, Co/DNA

and G/HE,-DNA. c) Hydrodynamic radii of & Cg/AT (7.1+£0.6 nm) and ZHEs-AT (6.4+0.4 nm).d)
Fluorescent traces of Nile Red molecules encap=ililmiside G@DNA and G/HEs-DNA. The signal of
Nile Red was higher in the presendeHEs-AT. No fluorescent signal was observed in the buféee
Supporting Information section XIV for details)These observations suggest the formation of

hydrophobic core inside the cube.
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1

2

2 Cages: structures and sizes of the cages

2 The clipby-clip approach allows the efficient constructioncaes with various geometries and
; sizes. This geometric variation offers more degigrameters to control the number and the oriemtatfo

20 the polymers on the cagdsallows us to answer ¢hquestion: an the cage geometry change the onset of
11 assembl® To investigate this effect, triangular prism (TR)dapentagonal prism (PP) were assembled
ig with HE,-DNA in an analogous way to the cube C/HENA. With these chains on one face of the cage,
14 the hydrophobically driven aggregation numbers fog aRIPR; wereindeeddifferent from those of the
ig cube G. With HE-DNA on one face, TPgave dimer, trimer and tetramer whilge &d PR gave only

g dimer and trimernsee Supplementary FiguGand 7 for TP; and PB). This can be explained by the
19 smaller size of the triangular prism, allowing marages to fit around the hydrophobic core. Thus,
3(1) aggregation number can be tuned with the cage gepme

22

23 With HE,-DNA on both faces, we expect that the smallearnigular prism can accommodate
gg shorter polymer chains in its core than the culmel the pentagonal prism would encapsulate larger
g? polymer chains. Indeed, TRould accommodate lengths up to Hithin its core(capacity30 HE units)

28 before the cage started to dimerize withgHthis transition occurred from HEo HE; for the cube

gg (capacity 48 HE unitsyand from HE to HEg for the pentagonal prisncdpacity 70 HE unitsrigure &).

31 The larger cages and higher total number of HE atpper cage can in pdiple increase the loading
gg capacity of hydrophobic guests. To verify this, emnpared the loading capacity of the three differen
gg cages decorated with FHDNA (Figure &). The results showed an approximately-fdl6l increase in

36 Nile Red loading capacitwhen the size of cages and thus total number gfBI¥A increased: 9.1+1.7
g; molecules per PBHEs-DNA, 3.6+1.2 molecules perg@Es-DNA and 1.5+0.4 molecules per JREs-

23 DNA.

j; We had previously shown that th#Es-DNA conjugate formanicelles with a diameter 0f13

ﬁ nm.*® Yet if this polymer is fully stretched, it has a if long DNA portion and a ~12 nm long
45 hydrophobic chain. Considering teficient chain packing opolyethylené® and the fact that HE chains
jg are punctuated by phdsgte groups, it is possible that they fold upon themselves to enableditiihg

jg between adjacent HE repeati; a similar way to the arrangement of phospholipilyers and bola

50 amphiphiles®®" This would result in a smaller micelle size and a Bghtmore densely packed
g; hydrophobic core. The same tight chain packing may be present in the toeeGrhicellar cagesO above,
53 which may explain their relatively low loading cajtg. It has been shown that tieeystallinity of the

gg hydrophobic core of block copolymer micelles tends to decrease the loagaxgtgdor guest molecules,
g? because of lower chain mobility that hinders the diffusion of the hydrophobiecmies®®® While

58
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60
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additional studies need to be performed to betteletstand the chain gding in our Omicellar cages@,
will also examine reducing the extent of core pagkby using unsaturated lipids, rather than HE rhai

as the hydrophaobic units.

a  Transition from monomer to higher-order structures b
TPe Cs PP;o 12.0
1 1 1 o
n=5 6 7 8 n=5 6 7 8 n=5 6 7 8 8 100 -
a
s = 80
&
(-] o 6.0
- K& =
N i:,:' s 4.0
< 5 B
2 2.0
Ui el @ E
i < 00

@0000%0\_~\ HE,DNA

Figure 6. Effect of the cageOs structura). Native PAGE showing the assembly produstgriangular
prism TR, cube G and pentagonal prism RRvith HEs-DNA to HE;-DNA. Larger cages could provide
more space for the hydrophobic core and therefareaccommodate longer EHDNA without forming
higherorder structures. (HEDNA for TPs, HEs-DNA for Cg and HE-DNA for PPy). b) Nile Red
encapsulation in doublgtranded cages (red bars) and cages decoratedH®itDNA (blue bars). There

was a ~2.5old increase in loading capacity with increasedecsige.

Assembly dynamics and thermodynamimperties

The cage architectures described here were allrgttkby a onstep thermal annealing protocol
(95 to £C) where all component strands and DNA polymersnaised and annealed together. There are
two possible mechanisms for their assemblyasgilthe strands are cooled fronf®@5the cage assembles
first, followed by hybridization to the individual DNpolymer strands; then subsequent hydrophobic
interactions drive the assembly of sugéuctures as the temperature further decreagethg DNA cage
and the micelles prorm separately, and the two objects hybridize togetnto the final structure, thus
transitioning from a micelle morphology to cube srgtructures. Texplorethis mechanistic aspectve
pre-assembled cube,@nd HE-DNA separately, and then incubated them together at neomperature
for 30 minutes(see Supplementary Figur®)5 Short HE chains (HEDNA to HE,-DNA) that are not
expected to form stable micelles yielded monomstiactures similar to the oxgot assembly. On the

other hand, the twetep assembly process witinger chains HEs-DNA to HE;>-DNA) resulted in non
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penetrating bands, as well as unfunctionalized DNA c(iigure & andseeSupplementary Figure 58
Supporting Information Thus in this case, theube cannot disassemble ffoemed micelles in order to
hybridize with their individual chains at room temperature. Intargtifor HE--DNA and HE-DNA,
increasing the incubation temperature t6GZonverted the mixture of higherder structures and cube
into the cube dimers and trimers observed eaffégure A and see Suppkementary Figure59 and
Supplementary Figure 60 for temperature dependeAtehis temperature, the Héhains in the micelle
may possibly rearrange into the more thermodynamictdiyorable cubeaggregate statelhusa pre
formed DNA-polymer spherical micellean shapeshift into quantized cage assemblie®relyby adding
DNA cagesat 37C.

The second cestion that we would like to address is the poBsilnf shape discrimination, i.e.,
whether two DNA cages of the same geometry woulkfeprto associate together via hydrophobic
interactions. In a onpot annealing of HEDNA with both the triangulaprism TR and cube ¢strands,
we found no selectivity in the cage structures:ewample, homoand heterodimer combinations of ;FP
TP, TP;-C4 and G-C, were observed (Figurebyleft gel) However, if TR-TP; and G-C4, homodimers
were separately geneted and mixed together at room temperature for 30utes, no observable
exchange occuredFigure b, right gel). At 37C, scrambling stagdto happen (Figre 7, middle gel)
Additionally, we verified the formation of this legbdimer by labeling eacH the cube Gand triangular
prism TRwith two dyes of different emission colors, and eétving colocalization by gel electrophoresis
imaging (Supplementary Figure 64Because ofts stability at room temperaturet is possible to isolate
the heterodimer (for example, B, to generate anisotropic nanoparticles, whose fredesgtiganded

faces can be of different sequences and can provid@asites for further functionalization.

a b One-pot Two-step
@ assembly assembly
+ X & &
RT higher-order 37°C tiainiing’
structures Incubation
PR 37°C RT_
RT incubation 37°Cincubation & ’ t-! b
n=6 7 8 6 7 8 H w
= - — — & & e
. ’ | W [}
- &

%
& 1l
& e
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Figure 7. Assembly dynamics of the quantized structuepdMixing of separately prassembled cubes
and HE-DNA (n=6,8) micelles generated larger aggregateselsing incubation temperature converted
these structures back to small structures (dimensets and tetramers) observed in the-ppeassembly.

b) As representative examples, only the bands correBpg to dimers were labeled. Gpet annealing

of TP;, C; and HE-DNA generated all cage combinations such as dimefds/TP;, TP/C, and G/C,
(left gel). Mixing separately preformed JHEs-DNA and G/HEs-DNA at room temperature did not
result in exchange (right gel). Incubation at@Tor 30 minutes resulted in scrambling to the roetamer
(TP5/Cy).

Decoration of HE-DNA on the cube gwith 8 binding sites resulted in a totally diffetanode
of HE chain interactions, as compared to cube lgere, the pr@rganization of 8 HEchains on @
increased the extent of intszaffolddandshakeO of these chains over-sttaffold @andshakeO. This is
likely due to the lower entropic penalty of theramtolecular assembly, and the increase in the effective
concentration of HEin the DNA cage corethus favoringmicellization below the critical micelle
concentration of the polymets Thermal denaturation analysis was performed to stigate the
thermodynamic properties of these Omicellar cage@estingly, the presence of KEhains in the core
of the cube provided significant stabilization of/@NA, with an increase of 56 in thermal
denaturation (Figured. The full width at haimaximum(FWHM) determined from the first derivatives
of the melting curves can be used as the indication for the degrempérativity®>>® The dramatic
decrease in FWHM of §HEc-DNA (4.0+0.LC) in comparison to ZDNA (10.1+1.6C) indicatel a
significantly increased positiveooperativity of DNA nanostructure assembly/disagsdyg. To confirm
this cooperativity, we performed a titration expegimyy in which increasing quantities of HENA were
added to @ (Supplementary Figure6). All-or-none binding was olksved with substoichiometric
amounts of the DNA polymer with respect to the cbibeling sites. On the other hand, titration gf C
with unmodified DNA strands gave intermediate swoes and did not exhibit such a cooperativity
(Supplementary Figure 6. Thus with the intrescaffold handshake, the DNA basairing and
hydrophobic effects are acting synergistically, providing greater syabitid assembly cooperativity to
the cubemicelle structures. This is of significant importanfor the biological gdications of these

structures.

We hypothesized that decoration of $H-IBENA on only one face of the cage@vould not affect
DNA hybridization to the same extenty/BEs-DNA exhibited a slight increase ofQ in T, compared to

C4/DNA (Figure &). Interesingly, increased cooperativity was also observethis system, as indicated

ACS Paragon Plus Environment



Page 19 of 22 Journal of the American Chemical Society

1
2
2 by a significant decrease in FWHM (10.3£C8for C/DNA and 4.5+0.7C for CJ/HEsDNA). A
5 comparable increase inhTand decrease in FWHM was observed fofHE;»-DNA. Moreover, sme
6
7 extra stabilization was also observed in assembliéis block copolymers HEGHE,-DNA. Hence, the
g hydrophobic HE chains contribute to greater stabilization and cooperatwvitpNA assemblies; this
10 additional stabilization possibly stems from sondiional intrascaffold interactions between HE
11 . - . I .
12 chains, providing extra cohesion to the assly. Therefore, the hydrophobic interactions can notyonl
ﬁ introduce new DNA assembly modes but also syneécgist work together with the bagmiring
15 interactions to form and stabilize the DNA nanostructures.
16
17 a b
18 1.00 1.00 =
2 S$&
32 L 075 | o 075 | '
g 2 Ca/HEs-DNA
22 = @ % T _=56.740.2°C
S Cs/DNA S i
gi E 030 1 _s4.640.4°C @ 5 0-30
25 s 2
Cs/HEs-DNA | Cs/DNA
025 o 3 0.25 By
g? T =59.9+0.2°C T,=54.6:1.8°C/ / C.JHEDNA
T =56.8+0.2°C
28 0.00 ' - ' 0.00 : :
29 30 40 50 60 70 80 30 40 50 60 70 80
32 Temperature (°C) Temperature (°C)
32
33 Figure 8. Melting profiles of the assembk ofa) Cos/DNA and G/HEs-DNA; b) C4/DNA, C4/HEg-DNA
gg and G/HE;-DNA. An increase in melting temperature,jTof the cubes with HEDNA suggested the
36 synergistic stabilization of DNA nanostructurestbg hydrophobic interactions. The narrow transitén
37
38 the curve is consistent with a large increase iopeoativity of DNA hybridization/dissociation in eéh
23 presence of hydrophobic chains.
41
42
43
44 .
45 Conclusion
46
47 We have demonstrated the use of sequeetmed hydrophobic polymers to provide orthogonal
48 . . T .
49 assembly modeto DNA cages and to synergistically work togethethwbase pairing interactions. A
22 range of new structures can be accessed bytdimag of the length of hydrophobic blocks, the same
52 order of the polymers and the orientation of the polymers onatlpesc Short hydrophobic chains result in
2431 monomeric DNA cage structures that are decoratdtl alkyl or oligoethylene glycol units. Loeg
55 hydrophobic chains arranged on one face of the DNA prismatic cageinegu#intized cube higherder
56
57 structures; are, the number of hydrophobic repeats definesntihmeber of DNA cages that form these
58
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60
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aggregates. When thelsgdrophobic chains are organized on both faces of the cage, these chaits point
the interior of the cage and undergo an isicaffold Ohandske®. The sequence order of hydrophobic
and hydrophilic monomers on the polymer chains smmificantly control the interactions between
hydrophobic blocks, resulting in monomeric cages and Odousfaped® DNA cagimg structures for
specific sequence3 hese DNApolymer nanostructures can be alternatively viewed as amphiphilic block
copolymers, where the hydrophilic block consistsao®DNA cage, and the hydrophobic block has
hexaethylene chains. However, unlike block copolymers, the two componentsca@disperse,
sequence defined, and the placement of hydrophmmbjeners on the DNA cage is anisotropic. This gives
rise to entirely new morphologies that are not obsewigdl block copolymers, and provides guidelines
for the design of DNA nanostructuresediated by hydrophobic interactiorisis remarkable that high
specificity is achieved in these assembled strestdiespite the fact thtite hydrophobiceffectis one of

the least directional supramolecular interactiolfe. have only worked with hydphobic interactions so

far, but the potential for structural complexity gmoteininspired folding is tremendous when additional

interactions (fluorophilic, metabinding, etc.) are introduced.

Supporting Information. DNA cage design and assembly, etatination of cage aggregation number,
gold nanoparticle labeling, characterization by DLS, AFM and TENg Mid encapsulation, studies of

stability and cooperativity, effect of cage geometnd concentration, isolation of cage aggregates.
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