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Abstract w

Under an a@agnetic field, superparamagnetic Fe;O4 nanoparticles with complementary DNA

strands ass‘go crystalline, pseudo-1D elongated superlattice structures. The assembly process

is driven combination of DNA hybridization and particle dipolar coupling, a property

dependent @16 composition, size, and inter-particle distance. The DNA controls inter-particle
distanc symmetry, while the magnetic field leads to anisotropic crystal growth. Increasing
the dipole inte n between particles by increasing particle size or external field strength leads to a
prefere rticular crystal morphology (e.g., thombic dodecahedra, stacked clusters, and

smooth roS). Molecular dynamics (MD) simulations show that an understanding of both DNA

hybridiza‘metic and magnetic interactions are required to predict the resulting crystal

morpholo together, the data show that applied magnetic fields with magnetic nanoparticles
can be delj y used to access nanostructures beyond what is possible with DNA hybridization

alone.
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Colloidal crystal engineering with DNA is a powerful method to achieve highly ordered
nanoparticle assemblies.' " Crystal composition, lattice parameters, and crystal symmetry can all be
dictatedm use of programmable atom equivalents (PAESs), entities consisting of nanoparticle
cores and @ functionalized, highly oriented DNA shells.”) The modular nature of the
nanoparticlemeesemand DNA shell has yielded a wide range of PAEs suitable for DNA-mediated
crystallizatm] Indeed, hundreds of crystals have been generated, spanning over 50 different
crystal sy@.[”’lsm Chemical parameters (e.g., core identity,"'*""*"" shell identity,*'*
solvent,!"® p#l | It concentration[24]) have been widely used to control particle assembly; however,
the inﬂuenm;/sical parameters on the crystallization process has not been fully explored, with

temperature and irtddiation wavelength and time (in the case of photo-sensitive PAEs) being primarily

utilized to gstal growth. 52!
In of magnetic particles, magnetism is a powerful tool that can be used to influence

crystal gro@neﬁsm has been used to influence particle assembly at the nanoscale in systems

27-29]

with a of surface ligands. Single-particle-wide chains! and disordered elongated

30 and in a few cases, single-crystal formation with

particle aggr have been prepared,'
spherical nanoparticle assemblies has been accomplished through evaporative methods whereby
crystallinit!is dictated by particle magnetic dipole coupling.”*>*! Herein, we describe experiments
aimed at d ining how magnetic fields can influence DNA-directed colloidal crystal growth.

These expe when combined with molecular dynamics (MD) simulations, provide a framework

for underst@ding and deliberately driving particle crystallization pathways, and they provide access

to structureg differgnt than what is possible with DNA hybridization alone.

To e assembly behavior of PAEs under a magnetic field, various sizes of Fe;O4
nanoparticl 20, and 25 nm diameter) were functionalized with DNA, as previously reported.!"”!
In a typi hesis, oleic acid-protected Fe;O, nanoparticles were transferred to aqueous media by

coating the nanopatticles with an azide-bearing capping polymer, N3-PMAO (synthesized by reacting

This article is protected by copyright. All rights reserved.

3



WILEY-VCH

poly(maleic anhydride-alt-1-octadecene) (PMAO) with 11-azido-3,6,9-trioxaundecan-1-amine (Nj-
PEG;-NH,)). Strain-promoted azide-alkyne cycloaddition was utilized to covalently attach
dibenzocy*oc!yl (DBCO)-terminated DNA to the azide group on the polymer-coated nanoparticles.
Thi nm Fe;O4-based PAEs, functionalized with A- and B-type sequences that have
H . .
complemetsry sticky ends (DNA sequences in Table S1), were slowly cooled (0.01 °C min ) to
form body-ggntasied cubic (bcc) structures in the absence of a magnetic field (Figure 1b). The
predicted ang symmetry™ was confirmed by small-angle X-ray scattering (SAXS; Figure 1d)

and by thf oPferMation of rhombic dodecahedron crystal habits”” using scanning transmission

S

electron mij (STEM; Figure 1b). To systematically investigate the assembly behavior of the

U

PAEs in ighticlds of various strengths, a custom magnetic stage was built to position samples

between twib magnets with adjustable spacing that enabled the strength of the magnetic field during

n

the reaction to be tuned (Figure la and Figure S1). Applying a magnetic field (3800 G) during the

slow coolifg o same 20-nm Fe;O4-based PAEs generated rod-like crystals (Figure 1c and Movie

a

S1) wit try as verified by SAXS (Figure 1d). This retention of particle symmetry suggests

that the in cture of the crystal is independent of the overall crystal habit. Some of the rods

V

are hundreds of microns in length (Figure 1e).

1

Thi were transferred to the solid state via silica encapsulation™ so that they could be

imaged wi to fully elucidate the crystal symmetry. It was only possible to observe shorter

©

sections wit (Figure 1c, f) because the long rods break during the silica encapsulation process

h

(see S i ormation for method). In addition, higher magnification images show that, in

contrast

f

bic dodecahedra single crystals with bcc lattice symmetry, the rod-like structures

are polycrystallinefand consist of many grains not oriented with respect to one another (Figure 1f). To

Ul

investigate this dam@gnetic field-induced anisotropic growth phenomenon further, we studied the

process tion of particle size, DNA length, and applied field strength (vida infra).

A
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Fe;0, magnetite nanoparticles less than ~30 nm in diameter exhibit superparamagnetism.>"!

This means they have a weak magnetic dipole that can flip due to thermal energy and their dipole only
orients Mternally applied magnetic field. The magnitude of the magnetic dipole moment of
a nanopart gesponds to: u = 4mr3M, /3, where p is the saturation dipole moment, M is the
saturatiah magmesization of the bulk material from which the particle derives, and r is the radius of
the nanop* he magnetic interaction can be attractive when dipoles align head-to-tail or
repulsive @dipoles are parallel but positioned next to each other. This directional interaction
operates 0y, distances relative to the particle size and directs particles to assemble into single
particle chm can then form bundles of chains when they become long enough. Conversely,

DNA hybridizatiofj interactions on the surface of spherical particles are spatially isotropic and exist

U

only betwe jeles that are adjacent and complementary to one another.

N

We sized that increasing the magnetic field applied during the slow cooling stage of a

ad

Fe;0, PARB,C lization process would strengthen dipole-dipole interactions and that such
interact dominate over DNA hybridization interactions. Two batches of complementary

10-nm Fe s (Fe;04 cores 10 nm in diameter functionalized with DNA) assembled at 1:1

\Y

stoichiometry in a relatively low field (140 G) form large clusters of PAEs fused together into bumpy
elongated &ictures (Figure 2a and Figure S2). Some structures under these conditions were

composed Qsingle—grained crystals fused together into a chain. These results suggest that DNA

interactions the crystal nucleation and initial growth; magnetic dipole interactions between

individual gnoparticles are too weak early in the process to dictate assembly (no single-nanoparticle-
wide chered). However, the chains of nanoparticle crystals suggest that these assemblies
have a col rger dipole when many particles are associated with one another, and it is these
crystals th:chains due to attractive dipole interactions at the micron scale instead of the

interpar oscale. When the field strength was increased to 3800 G for the 10-nm PAEs,

domains of parti fused into jagged and uneven rods (Figure 2d and Movie S2).

This article is protected by copyright. All rights reserved.
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When a field strength of 140 G was applied during the assembly of 20-nm Fe;O, PAEs, rods
with uneven surfaces were also formed (Figure 2b) (more jagged than those observed when the higher
3800 G Wrength was used). This shows that both applied field and particle core size contribute to
the nanopal @ ole strength, and the changes in morphology are dictated by the magnitude of that
interactign siiemathe core particle size was increased to 25 nm, a similar trend in the rod morphology
as a functihd strength was seen. As with the 20-nm particles, higher field strengths applied to

25-nm maghetic PAEs resulted in rod morphologies with smoother, better-defined sides (Figure 2f).

C

There weregla omains within the rods that appeared to have some crystallographic alignment

S

along the ro

U

Th S pattern allows the orientation of crystalline domains within a rod or fiber to be

analyzed. en no field is applied during the SAXS measurement, all samples grown in a high

N

magnetic field, 3800 G, have bcc symmetry (Figure S3) and exhibit isotropic scattering (Debye) rings

in the 2D ern as the rods are randomly oriented (Figure S4). Assembled rods were placed

a

back in field, 3800 G, and analyzed in situ with 2D SAXS. The rods align along the field

direction the X-ray beam is perpendicular to the rods’ long axes. Crystals assembled from

\Y

10-nm Fe;0, PAEs exhibited isotropic scattering (Debye) rings suggesting no preferred orientation of

the bcc latfice within the rods with respect to the external field (Figure 2g). In contrast, crystals

[

assembled - or 25-nm Fe;0, PAEs showed discontinuous scattering rings indicative of a

O

preferred o n of the crystal lattice in the magnetic field (Figure 2h and 2i). The azimuthal

modulatiolfof the scattering (Figure 2j, 2k, and 21) is consistent with the <100> direction of the bcc

g

lattice being orient@d parallel to the applied magnetic field (details in Supporting Information). As the

;

nanopartic:nd hence dipole strength increase, coupling between particles becomes more

relevant, 1 alignment of the crystals during rod formation along a preferred nanoparticle
crystall direction. Notably, in all cases, the bcc symmetry was unchanged when the field was
applied during ssembly process.

This article is protected by copyright. All rights reserved.
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By changing the DNA length at a fixed nanoparticle core size, the inter-particle dipole-dipole
coupling and, consequently, the final morphology can be controlled. For example, the use of longer
DNA (Meduces the particle density in the lattices and thus decreases the dipole-dipole
coupling sf @ at is dependent on the distance between particles. As a result, 10-nm Fe;0, PAEs
with lomgemiDNsmfiorm stacked crystallites at high field strength similar to what is observed for PAEs
with shortht lower field strength (Figure S5). When the length of DNA was increased for 20-
nm partic14; there’vas a less dramatic change in morphology at all field strengths than for the 10-nm

particle casgp(Ed@me S6). This provides an opportunity to engineer the magnetic density of the rods
n

without cha e rod shape.

Nejssembled different sized particles into lattices with different crystal symmetries

(other thangcc) to investigate whether trends in rod formation held for such systems. We synthesized
PAEs and
Fe;04 e other from complementary 10-nm Fe;O4 and 20-nm Au PAEs (spherical Au
nanopartic 0 nm in diameter and functionalized with DNA). These designs were based upon

the complementary contact model established previously, which allows one to deliberately control

lattices with face-centered cubic (fcc) symmetries formed from 20-nm self-complementary Fe;O,
mrent cesium chloride (CsCl) lattices, one from complementary 10- and 20-nm

superlattic!crystal symmetry.”! The resulting lattice symmetry in each case remained unchanged
when a mageld was applied during the assembly as confirmed by SAXS (Figure 3), similar to

when the b tures were assembled above. Moreover, there was a trend in morphology as the

magnetic igld strength was changed for Fe;O, PAE-based samples (comparable to the bce case). At
140 G, with eachm@system, clusters of particles aligned into chains with the cluster size varying
between t t symmetries (Figure S7). At 3800 G, better-defined rod structures resulted for

the fcc (F and CsCl Fe;0, only PAE crystals (Figure 3b). However, the superlattices
assemb¢1:d 3800 G with a mixture of complementary 10-nm Fe;O, and 20-nm Au PAEs
consisted of cha f fused, rounded, single-grained crystals (Figure 3c), possibly because of a lower

This article is protected by copyright. All rights reserved.
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magnetic dipole density that results from the integration of Au PAEs into the lattice. Again, the rod

formation is dictated not by the underlying particle symmetry but rather by the collective dipole of

particle cr*!als and their alignment in a field.

Th i
range mags ic attraction and short-range DNA hybridization. Simulations and theoretical models

the nanoparticle superlattice structure results from an interplay between long-

were utilizgd togunderstand this competition of interaction energetics. The size of the Fe;O4
nanoparticUPAE core controls the magnitude of the induced magnetic moment, but DNA
ligands™” m the diameter of the PAEs and therefore electrostatic and steric repulsion
contributes tightly two PAEs can be bound by magnetic forces. Therefore, it is necessary to

define the interactions that account for the whole diameter, d,, due to the length of the DNA

layer. Wel{define the magnetic interactions using a dimension-less coupling constant, I'; =

[

Uol2 /2ncd3 t represents the strongest dipolar attraction in the system normalized by thermal

[41,4

energy,

Uo is the magnetic constant, p; is the dipole moment of the PAE, kp is the

Boltzm: nstant, and T is the absolute temperature. This corresponds to the pairwise dipole-dipole

potentia etween two hard spheres of diameter, d;, in contact with each other with both

dipoles aligned with the field, normalized by kzT. The DNA hybridization between PAEs is

calculated nsionless quantity, €py 4, that measures the depth of the potential well created by

1

the hybridi Potential, Upyprig, normalized by kgT. The hybridization potential comes from the

model of Dhakal et al. **) that defines hybridization as the sum of electrostatic repulsion and attractive
overlap of ®NA binding regions between two PAEs. These two energetic interactions are compared

using sMies to fully capture the observed progression of morphologies at different field

strengths. s

A agram is proposed to describe the relationship between I'; and epy 4 given two
types of co ntary PAEs, represented as blue and red spheres (Figure 4a). In the absence of a

magnetic field (I; = 0) and DNA hybridization (epy4 = 0), PAEs are isolated particles in solution.

This article is protected by copyright. All rights reserved.
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Increasing epy4 Wwith no magnetic field leads to the nucleation and growth of bcc-oriented PAEs as
observed previously.”®! When a magnetic field is applied (I} > 0), the resulting structures are
elongate applied field direction and are single crystalline with preferred exposed facets
(Figure S8 @ s reports to explain superlattice crystal habits of Wulff polyhedra use a broken
bond msddmemeempare facet energies.*” Calculations for the magnetic contribution to the surface
energy of h-directed structures show a slight preference for the (100) facets but reveal a

complex efiergy lalidscape dependent on field angle and bulk volume due to long-range interactions

C

(Figure S9 iments, however, do not show preferred faceting on the rod structures and show
polycrystal ains; therefore, only anisotropic growth is explained by the simulations. In

addition, an analytial equation is derived to show that the aspect ratio of the crystals increases as the

magnetic dj pling increases (Figure S10).°” Experimental confirmation of this is difficult as
microscop iques disrupt the overall dimensions of the rod structures and thus exact
measurements spect ratio are not representative. The observance of stacked crystallites and
multipl ins in the elongated rods are not completely explained by these methods.

T s these observations, we turned to a thermodynamic theory developed by Andreu et

al. that used the magnetic coupling parameter to predict the aggregation of superparamagnetic

nanopartics.m The propensity of the system to aggregate and form chains of particles was defined

@
o

superparamagtietic particles. If N is small (N < 1), the system is entropically dominated and

by the ag pn number, N = ./¢oel1~1 | where ¢, is the total volume fraction of

individual gno;articles remain isolated. For N > 1, chains of nanoparticles begin to form. We
contend“gregation parameter derived by Andreu ef al. can apply to superparamagnetic

crystalline clustet, in the field strength regime used in this work, where clusters of PAEs are

approximately spherical. While the dipole of a single nanoparticle remains constant, the effective

magnet 4@

clusters, I;f, scales with its volume. Therefore, we replace the el171 term with eTerr =1,

nt of the entire cluster, and subsequently the magnetic coupling constant between

This article is protected by copyright. All rights reserved.
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At very low magnetic fields, I'.rf is small and cluster aggregation occurs only from growth
driven by complementary DNA ligands. As clusters grow, the collective magnetic dipole, [pff,

increases with the cluster diameter (Figure 4d). Figure 4f shows how the curves are identical when

pt

normalize ling parameter of the individual particles, I';, or equivalently by u?. Hence,

weaker Tha lds require larger clusters of nanoparticles before they reach the critical radius to

I

induce cha tion where stacked rhombic dodecahedron are observed (Figure 4e). The curve

produced i 4g shows how normalizing [,¢r produces a curve that can be used to predict a

C

critical clugfer 81ze9d,. ¢, given the initial PAE coupling I;. Since the dipole of a cluster or particle is

S

lume, we can solve for a geometric and materials constant, a through

_ (M)Z (deff>_3 _ CZZ (deff>3 (1)
M1 dy dy

, a? =~ 4/5. This equation can be solved for d, £r at N =1 to obtain

proportion

U

where, in

d

1/3

doyy _ (50~ Ing) -
d, 413
Thereforc, of the cluster that induces chain formation should scale with the PAE magnetic

coupling afjtl, s~ F1_1/3.

§

A

—

@ agnetic field strengths, the threshold cluster size to induce the formation of chains

is smaller, r ing in rods with smooth surfaces and fine grain structure as observed experimentally.

n

Two f: ibute to the reduction in surface roughness and smaller grains: the aggregating
clusters w(predicted to be < 100 nm in diameter) and form at higher temperatures relative to

lower field cases. I addition to the lower d, ¢ at larger coupling strengths, the nucleation cluster size

Ul

decreases as fi ength increases. This is due to long-range dipole-dipole coupling interactions that
can sta PAESs across a cluster and not just adjacent particles at the surface as when no field is

applied. This is qualitatively indicated by the sloping dotted line in the diagram of Figure 4a. Elevated

This article is protected by copyright. All rights reserved.
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temperatures, at which clusters begin to magnetically couple together, allow some of the PAEs to
remain mobile in solution. This accelerates grain coarsening and facilitates PAE rearrangement on the
rod surfmameter of the rods observed experimentally becomes qualitatively comparable to
that of the structures, potentially due to continued tangential addition of mobile PAEs in
solutiormatminighems temperatures. Future kinetic studies could reveal such temperature-dependent

structural Ls resulting from the two field strength conditions.

In u DNA hybridization regime, but when field strengths that are much larger than
those usedwm are applied, simulations indicate that PAEs begin to form single-particle-wide
chains wi ordering of the two complementary PAE types. As epy,4 increases, the
arrangeme icles along the chains becomes more regular and the chains begin to bundle

together. ,\Sasuring the radial pair distribution, g(r), between both particle types, we see the average

density of one particle type as a function of distance from its complementary type (Figure 4b). We

observe m@ giplementary nearest neighbors as the DNA hybridization energy increases, as

expecte ; strong fields facilitate magnetic trapping into disordered states that enhance the
mismatEDNA ligands of the same type. Using the nearest neighbor peaks from g(r) plots,
we can determine the probability that a particle will be mismatched with a neighboring particle of the
same type,si_A, as a ratio between mismatched neighbors and total neighbors (Figure 4c¢). Under an
even stron, increasing py 4 becomes less effective to promote bcc ordering and the time to

reach equili ecomes inaccessible!*”! for the largest values of I;. These simulations will inform

future wor!investigating such extreme field limits where single chains of PAEs could be assembled.

W)n, this work demonstrates that an applied magnetic field can direct the anisotropic

growth of magneti@ PAE crystals. Experiments and computations together establish a way of using

U

short-range D bridization interactions in combination with long-range magnetic dipole-dipole
couplin tions to form elongated structures. This structural control coupled with tunable

nanoparticle compositions and lattice symmetries enabled by DNA colloidal crystal engineering will

This article is protected by copyright. All rights reserved.
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facilitate future magnetic, optical, and mechanical property studies in high-aspect ratio PAE crystals.
In particular, recent micro-robotic studies with magnetic particles show reconfigurable control of

hierarchlcal mo!lon, and this fundamental study could push such work to nanoscale

manipulati
I
Experimental Section

Colloidal Mtion of PAEs under magnetic field: PAE colloidal crystals were assembled by

slowly cooling a solution of A- and B-type DNA-functionalized nanoparticles with respective DNA
linker strands ;T;; S1) or just A-type DNA-functionalized particles with self- complementary DNA

(Table S1) " PBS (pH = 7.4) and 0.65 M NaCl. Concentrations of PAEs and linkers used are
listed in T . A thermocycler (ProFlex PCR System, Thermo Fisher Scientific) or a temperature-

controlled m U-433, ESPEC) was used to slowly cool the reaction vessel containing the PAE

solutio t 65 °C (about 20 °C above the melting temperature, in order to start from
dissociated fr icles) to room temperature at a rate of 0.01 °C min™. For the magnetic field-
assemb , a custom-built adjustable magnetic stage was constructed (Figure S1) and placed

in the tem]!rature-controlled oven. The field can be adjusted between 140 and 3800 G by changing
the distance en magnets that are built to focus the field at the samples. It can hold eight different
samples \&Gﬂal field strength differences across the holder. The colloidal crystals were
transferﬂlid—state using silica embedding or silver stabilization processes.”***!

In situ SM under magnetic field: Synchrotron SAXS experiments under magnetic field were

conducted wme—built in situ magnetic stage (Figure S11). The stage holds a capillary between

e distance from the sample can be adjusted. The beam hits the sample at the

This article is protected by copyright. All rights reserved.
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Analysis of 2D SAXS data: Two-dimensional SAXS patterns were analyzed using

Datasqueeze (v. 3.0.12).1*) Azimuthal data plots were generated for the range —45° < y <

135°, wher is the azimuthal angle defined in Figure 2g, 2h, and, 2i, for the {200}

reﬂectionmest fit (solid green lines in Figure 2j, 2k, and, 21) are constructed from:
|

for 10-nmgparticles, a first-order polynomial function representing background intensity and

the constap@integsity of the {200} reflections; for 20-nm and 25-nm particles, the sum of a

first-order omial function representing background intensity and two Gaussian

functions wing two peaks in the intensity of the {200} reflections.

Supporting :n:ojation
Supporting Information is available from the Wiley Online Library or from the author. Materials and

experimen including DNA synthesis, colloidal crystal engineering under magnetic field,
small-anglcSX. attering analysis, molecular dynamics simulations, and others.
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Figure 1. chematic illustrating the assembly of Fe;O, nanoparticles functionalized with DNA
(Fe;O04 PA an applied magnetic field. STEM image of (b) a rhombic dodecahedron PAE bcc
crystal formed in the absence of a magnetic field with 20-nm Fe;O0, PAEs and (c) a rod-shaped bcc
crystal forihe the same particle under a 3800 G magnetic field, where the constituent
nanoparticl e observed (f). Scale bars: 500 nm. (d) Representative 1D SAXS patterns show
that the symmetry is observed both when no field (0 G) and a field of 3800 G is applied
during the ooling crystallization. (e) Optical microscope image of microcrystals formed under
3800 G. Sc 00 pm.
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Figure 2. SIE ages of representative microcrystals assembled under 140 G (a—c) and 3800 G (d—
f) with 10-nm F&O,4 PAEs (a,d), 20-nm Fe;O4 PAEs (b,e), and 25-nm Fe;O0,4 PAEs (c,f). Scale bars:
(a)2u . 2D SAXS data for assembled rods composed of 10-nm Fe;0, PAEs (g), 20-nm
Fe;04 PAEs 25-nm Fe;04 PAESs (i) placed on an in situ magnetic stage in a field of 3800 G.
The lo rods points along the field direction as indicated. The azimuthal modulation for rod-
shaped (k) 20-nm Fe;0,4 PAEs, and (1) 25-nm Fe;0, PAEs shows the <100> direction of
the bcc lattice oriented parallel to the applied magnetic field in contrast to the rods composed of (j)
10-nm Fe;@ PAEs with no preferred crystallographic orientation.
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Figure 3. w (S patterns (right) with a STEM image of representative microcrystals in fcc
symmetry composed of 20-nm Fe;O4 PAEs (a) and in CsCl symmetry composed of 10-nm Fe;0,4

PAEs and 20F 304 PAEs (b), and 10-nm Fe;O4 PAEs and 20-nm Au PAEs (¢). Scale bars: 1 um.
Color ¢ S patterns: green, experimental; black, simulated (without a magnetic field).
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Figure 4. atic showing how magnetic coupling between individual PAEs, I';, and the DNA
ion i ction strength, epy4, between complementary PAEs affect system morphology.
(b) Ra distribution plots with increasing epy4 . (c) Mismatch probability between

icle types increases with increasing magnetic field. (d) The change in the effective
etween clusters, [¢¢, as cluster diameter grows (in lattice parameter units). (e)
The aggregation parameter with increasing cluster diameter (in lattice parameter units). (f) The
magnetic cgupling between two clusters of equal size, Ifr, normalized by the magnetic coupling
between iL PAEs, I'1. (g) Calculation for the diameter of a cluster at the onset of chain

formation gi initial PAE magnetic coupling. It follows the scaling law d*~ I’} 13,
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DNA programmable assembly in combination with applied magnetic fields is used to direct
magnetite nanoparticles into high-aspect ratio superlattice crystals with various morphologies. A
range of field strengths, nanoparticle core diameters, particle symmetries, and DNA lengths are
and the competition between hybridization and magnetic dipole-dipole coupling
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