Downloaded via UNIV OF CALIFORNIA SAN DIEGO on April 11,2022 at 21:11:57 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Reconfigurable Chirality of DNA-Bridged
Nanorod Dimers

Brian Hyun-jong Lee, Nicholas A. Kotov, and Gaurav Arya™

I: I Read Online

Article Recommendations |

Cite This: ACS Nano 2021, 15, 13547-13558

ACCESS |

[l Metrics & More | @ Supporting Information

Gold nanorods assembled in a side-by-side chiral &. % . a . _wo i
. Je s, -
configuration have potential applications in sensing due to their strong - - i~ g E™ . wg
. &~ £ £ 100 =3
chiroptical surface plasmon resonances. Recent experiments have % - i Theoretical g e
. A 4 e . mode = 03
shown that dimers of gold nanorods bridged by double-stranded DNA | S " 2 .-
exhibit variable chiral configurations depending on the chemical and . , " ®, e o
. . . . L4 L .t 2 : 0 20 30 40 50
ionic properties of the solvent medium. Here, we uncover the & zeta potential (mV)

underlying physics governing this intriguing chiral behavior of such

DNA-bridged nanorods by theoretically evaluating their configurational free energy landscape. Our results reveal how chiral
configurations emerge from an interplay between the twist—stretch coupling of the intervening DNA and the intermolecular
interactions between the nanorods, with dimers exhibiting left-handed chirality when the interparticle interactions are
dominated by attractive depletion or van der Waals forces and right-handed chirality when dominated by repulsive
electrostatic or steric forces. We demonstrate how changes in the depletant or ion concentration of the solvent medium lead to
different classes of configurational responses by the dimers, including chirality-switching behavior, in good agreement with
experimental observations. Based on extensive analyses of how material properties like nanorod aspect ratio, DNA length, and
graft height modulate the free energy landscape, we propose strategies for tuning the environmentally responsive
reconfigurability of the nanorod dimers. Overall, this work should help control the chirality and related optical activity of
nanoparticle dimers and higher-order assemblies for various applications.
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hiral nanostructures formed by inorganic nano-

particles have potential applications in nanosensing,"”

chiral catalysis,3_6 cellular stimulation,” drug discov-
ery,’ nanoscale machines,”'’ and optical metamaterials."""*
Gold nanorods (AuNRs) in particular are popular building
blocks for creating such chiral structures, as their longitudinal
surface plasmon resonance in the visible and near-infrared
region along with their biocompatibility makes them useful
candidates for biological applications.'”'* Because of the
elongated shapes of these particles, chiral structures can be
fabricated simply by assembling the AuNRs in a side-by-side
arrangement in which the rods exhibit either a negative or a
positive twist angle ¢ between their longitudinal axes (0° < I¢l
< 90°) to produce left- or right-handed chirality, respectively.
Such chiral arrangements have been achieved by bridging the
AuNRs with organic materials like polymers,"> proteins,'®"”
nucleic acids,"*~** or templates such as DNA origami.”'***~*’
Among these, AuNR dimers bridged by a single piece of
double-stranded DNA (dsDNA) have been particularly useful
as biosensors with low detection limits due to the exceptionally
strong chiroptical activity in the part of the electromagnetic
spectrum where biomolecules display little to no polarization
rotation. Unlike AuNRs assembled on templates, these dimers
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were able to penetrate into cells and can potentially be scalably
produced through self-assembly.””*>** In addition, unlike the
particles bridged by polymers or proteins, AuNR dimers
bridged by dsDNA displayed intriguing changes in their
configuration and chirality, often accompanied by drastic shifts
in their circular dichroism, depending on the presence of
biological analytes and whether the dimers were present in
intra- or extracellular environment.

While these studies have demonstrated the potential of
AuNR dimers bridged by dsDNA as nanosensors, the
underlying mechanism for their chiral assembly configuration
and their medium-dependent switch in chirality observed
experimentally is not well understood. One possible source of
these behaviors is the twist—stretch coupling of the bridging
dsDNA: because of its handedness, dsDNA is a chiral molecule
that prefers to underwind when it is compressed and overwind
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Figure 1. Schematics showing the configuration and energetic interactions of the AuNR dimer system. (a) Polymer-grafted gold nanorods
are bridged by dsDNA and present in a solvent medium containing macromolecules and salt. For clarity, polymer chains attached to the rods
are shown in different colors, and only those chains attached to the interacting facets are shown. (b) Interparticle configuration of the dimers
is well described by d and ¢. (c—f) Free energy of this dimer system contains contributions from vdW and electrostatic interactions between
the rods (c), steric repulsion of the grafted polymers (d), depletion attraction (e), and elastic energy of dsDNA (f). Note that the penta-
twinned geometry of AuNRs is chosen here as an example. The model is equally applicable to AuNRs with other faceted geometries.

when it is stretched.”® This suggests that while the nanorods
on their own should not prefer any particular handedness,
AuNR dimers will prefer the negative twist angle when the
intervening DNA is in a compressed state and positive twist
angle with stretched DNA. The configuration of the bridged
DNA, and of the nanorods, must then depend on the interplay
between interparticle forces acting between the nanorods and
mechanical resistance of the bridging dsDNA itself. For AuNR
systems, the relevant interparticle forces include van der Waals
(vdW) and electrostatic interactions acting between the rods,
steric interactions between polymer chains grafted onto the
rods to stabilize them, and depletion forces arising from
macromolecules present in the solvent. Hence, we can
conjecture that the medium-dependent chirality of AuNR
dimers observed experimentally is related to changes in one or
more of these interparticle interactions brought about by
changes in solvent conditions, which then affects the twist of
the bridging dsDNA. Indeed, experiments have shown that
changes in the concentration of ions and macromolecules
present in the solvent'®*” and the capping agent on
nanorods,” each of which affect the interactions between the
nanorods, are accompanied by changes in the configuration of
the assembled AuNRs. How these various interactions vary
with the environment and material properties of the nanorods
to produce known—and potentially unexplored—AuNR
configurations also remains unknown.

In this study, we investigate the underlying physics
governing the self-assembled configuration of AuNR dimers
bridged by dsDNA and propose guidelines for controlling the
configuration. In particular, we develop a theoretical model for
estimating the interaction free energy of AuNR dimers that
incorporates all the aforementioned components of inter-
particle interactions and analyze the configuration-dependent
free energy landscape of the dimers as a function of solvent
conditions and material properties. Our analysis reveals that
the chirality switch can indeed spontaneously occur due to
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changes in solvent conditions tilting the balance between
attractive and repulsive forces between the AuNRs to modulate
their handedness via DNA’s twist—stretch coupling. Further-
more, by elucidating how factors such as the aspect ratio of the
nanorods and the length of the bridging DNA affect the free
energy landscape, we show how the responsiveness of the
dimers to changes in solvent conditions can be tuned from
“soft” where dimers sensitively reconfigure their chirality to
“rigid” where dimers maintain their chiral or achiral
configuration. Our results show good agreement with
experimentally observed behaviors and furthermore explain
the physical basis for these behaviors. We expect that the
mechanisms and principles introduced here will aid in the
design of AuNR-based nanodevices with controllable chirality.

RESULTS AND DISCUSSION

Model Development. To investigate the configuration of
AuNR dimers, we developed a theoretical model for calculating
their free energy as a function of their internal configuration.
The modeled system (Figure 1a) consists of a pair of polymer-
grafted AuNRs connected by dsDNA present in a solvent
medium containing ions and depletants. The internal
configuration of such dimers can be described in most general
terms by the surface separation distance d of its nanorods in
the direction perpendicular to their interacting facets, the
stagger of the rods in directions parallel to the interacting
facets, and the relative orientation of the rods. Given that the
AuNR dimers do not exhibit significant stagger in the
experiments,”” we assume that the relative positions of the
AuNRs can be described completely by d. In addition, as the
NRs are grafted with polymers of brush length comparable to
the length of the bridging DNA, the interacting facets are
expected to be nearly parallel. The relative orientation of
AuNRs can then be described by a single twist or dihedral
angle ¢ between the rods. Thus, the free energy landscape of
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Figure 2. Free energy landscape of AuNR dimers and its contribution from various interactions. (a—c) Configuration dependence of free
energy contributions from repulsive interactions F. at I = 50 mM and F4 (a), attractive interactions F,4y and Fyep (b), and dsDNA bridge
Fpna with ¢ = 0° (c). The white diamond symbol specifies the dimer configuration with minimum Fpy,, and the dashed line marks the ¢
that yields the minimum Fp,y, at the particular d. (d,e) Cross sections of the free energy landscape with respect to d at fixed ¢ = 0° (d) and ¢
at fixed d = § nm (e). (f) Overall free energy landscape Fy, at I = S0 mM (top) and I = 150 mM (bottom). White diamonds specify
minimum-free-energy configurations of the dimers. All landscapes were computed using § = 20 mV, hy¢ = S nm, ¢y, = 300 mg/mL, AuNR

aspect ratio = 1.31, and dsDNA bridge length = 15 bp.

AuNR dimers can be suitably described in terms of just two
internal coordinates, d and ¢ (Figure 1b).

In our model, the overall (total) free energy (F,,) of the
AuNR dimer includes contributions from various different
intermolecular interactions: vdW attraction between nanorods
(F,qw, Figure 1c), screened electrostatic interactions between
ionized groups on surface of rods (F.., Figure lc), steric
interactions between grafted polymer chains (Fgmﬁ, Figure 1d),
depletion attraction due to surrounding macromolecules (Fye,
Figure le), and stretching and twisting resistance of dsDNA
(Fpna, Figure 1f). Given that the overall size of the AuNR
dimer system (~50—100 nm) is beyond the capability of
atomistic simulations, we used a judicious combination of
theory and atomistic calculations to calculate the free energy.
Specifically, to obtain F4y and F,, we computationally
constructed two penta-twinned AuNRs out of a face-centered
cubic lattice of gold atoms in accordance with their
experimentally observed morphology (Figure 1a).”” From
this model, F 4y was calculated as the summation of the
Lennard-Jones (LJ) interactions acting between all pairs of
atoms across the two rods. F,. was also atomistically
calculated, by summing the Debye—Hiickel interactions
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between all pairs of surface atoms of the nanorods, as a
function of the ionic strength (I) of the medium and the zeta
potential ({) of the nanorods. To obtain Fyg, Fue, and Fpyy,
existing analytical models parametrized to match the
experimental conditions were employed. In particular, the de
Gennes model® was used to compute Fyraft as a function of the
polymer brush height (hg,q). Fge, was calculated using the
Asakura—Qosawa model%'l’32 as a function of depletant
concentration (cg,). Lastly, Fpy, was obtained using the
elastic-rod model of DNA*® based on the elastic constants
associated with stretching (C,) and twisting (C,) DNA, the
twist—stretch coupling coefficient (C,), and the interparticle
configuration of the nanorods (d, and ¢,) at which the DNA is
in its equilibrium conformation.

In this manner, the total free energy of the nanorod dimers
can be expressed as a function of their configuration (d, ¢),
solvent conditions (I, c4,), and material properties (rod
dimensions, and lengths of polymer grafts and bridging
dsDNA). The stable assembly configuration of the nanorods
can then be determined by the combination of d and ¢ values
that minimizes F,,. Our theoretical model does not utilize the
most sophisticated approaches for calculating each intermo-
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Figure 3. Solvent-mediated reconfiguration of AuNR dimers. Variation in dimer twist angle ¢ (a) and separation distance d (b) with ionic
strength I for nanorods of different zeta potentials . (c) Combined effect of I and ¢ on ¢. (d) ¢p-dependence of dimer free energy Fy, at I =
50 mM, 70 mM, 100 mM, and 150 mM for rods of { = 30 mV, where d = 5.82, 5.66, 5.50, and 5.41 nm at the four ionic strengths,
respectively. Open circles denote the MFE ¢. (e) Breakdown of the dimer free energy landscape plotted in blue in (d) corresponding to I =
50 mM into contributions F,;.. and Fpy,. (f) Variation of ¢ with depletant concentration Cep- In all plots, except (o), hoare = 5 nm and ¢y, =
300 mg/mL. The aspect ratio of the rods is 1.31 and the bridging dsDNA is 15 bp long.

lecular interaction and simplifies some molecular-level
phenomena such as interactions between the DNA and the
grafted polymer, and their grafting distribution and poly-
dispersity. However, the model is physically intuitive and
computational efficient, making it ideal for exploring dimer
configurations for an expansive range of solvent conditions and
material properties. Moreover, because all interaction
potentials and parameters are experimentally derived, we
expect that the model will be reasonably accurate in
representing the experimentally observed behavior of AuNR
dimers.

Configuration-Dependent Interaction Energies. As
the overall free energy of the dimers is determined by the
interplay of various interactions, it is vital to first understand
how the magnitude of each individual interaction varies with
dimer configuration. We begin by examining the free energy
landscape contributed by each non-DNA interaction, as
calculated via eqs 1—4 (Figure 2a and b). As expected, the
polymer graft and electrostatic interactions are repulsive (free
energy F > 0), whereas the vdW and depletion interactions are
attractive (F < 0). In all cases, the interaction strength (IFl)
rises with decreasing separation distance d and twist angle ¢
between the rods. Thus, on their own, the attractive vdW and
depletion interactions would cause the rods to come close to
each other (d — 0) in parallel configuration (¢ — 0°), which
maximizes the area overlap between the interacting facets of
the two rods. In contrast, the repulsive steric and electrostatic
interactions would cause the rods to be perpendicular and far
separated (d — oo and ¢ — £90°). It is important to note that
none of these interactions lead to any chirality preference, as
F(¢p) = F(—¢) . We also note that the strength of some of
these interactions is sensitive to solvent conditions. For
example, compare F.. at I = 50 mM and I = 150 mM in
Figure 2d and e. F, is the strongest interaction and displays

the largest variation with changing d and ¢ at I = 50 mM, but
the same interaction becomes the weakest and the least
variable with respect to dimer configurations at I = 150 mM,
where electrostatic repulsion becomes more strongly screened
by the ions. Therefore, we can expect that the force(s) that
dominate the AuNR interactions, and thereby its stable
configuration, would depend on solvent conditions.

We next examined the elastic free energy of the bridging
DNA calculated using eq S (Figure 2c). The results show
strong parabolic energy penalties to twisting, stretching, and
compressing DNA relative to its equilibrium configuration (d,
and ¢,), as marked by the white diamond in the figure. The
mechanical resistance of DNA thus acts as a mediating force
between the attractive and repulsive non-DNA interactions.
While non-DNA interactions clearly steer the dimers toward d
— o0 and ¢ = +90° or d = 0 and ¢p — 0°, DNA pulls the
dimers closer to its own energetically favored configuration,
toward d = d, and ¢ = ¢, Since the energetic penalty of
deforming DNA is large and dominates the rest of the
interactions (see Figure 2d and e), the dimers have to assemble
close to the DNA’s equilibrium configuration. We also observe
that the twist—stretch coupling of dsDNA causes the free
energy landscape to become “tilted” about d, and ¢, In
particular, the twist angle that yields the minimum elastic free
energy for fixed d is not constrained to ¢, but varies linearly
with d as indicated by the white dashed line. We will denote
this angle by ¢,..,(d), and its value can be obtained by setting

%ld =0ineqStoyieldgp = ¢ — CC—‘:(d — d,) (note that
Cs < 0). Thus, the twist—stretch coupling effect causes the
DNA to twist in the negative direction relative to ¢, when it is
compressed from its equilibrium length (d < d;) and in the
positive direction when DNA is stretched (d > d;). The
asymmetry in the Fpy, landscape also means that F(¢) #
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F(—¢) (for all d # d,), implying that Fpy, is the only
interaction component to display chirality preference and must
therefore be responsible for the experimentally observed
chirality of DNA-bridged AuNR dimers.

Together, these DNA and non-DNA interactions could lead
to an interesting behavior wherein a AuNR dimer adopts left-
or right-handed chiral configurations depending on the type of
interaction (repulsive or attractive) dominating the non-DNA
portion of the overall free energy. Consider a system
dominated by repulsive non-DNA interactions, such as dimers
present in a low-salt medium with I = 50 mM where F,,. is
large (solid blue lines in Figure 2d and e). The net force acting
on the rods due to non-DNA interactions is then repulsive, so
the DNA should stretch beyond its equilibrium length. This
would cause the minimum free energy (MFE) configuration of
the dimer to extend beyond its “equilibrium” distance (d > d,),
resulting in a positive change in its twist angle (¢ > ¢,) based
on the twist—stretch coupling effect discussed above. Indeed,
we observe that the MFE configuration shifts toward a more
extended and positively twisted (right-handed chiral) state in
the overall free energy landscape obtained at I = 50 mM
(Figure 2f, top). Now, consider this same dimer system in a
high-salt medium with I = 150 mM, where F, is much smaller
(dashed blue lines in Figure 2d and e) and attractive non-DNA
interactions dominate. Now the DNA would become com-
pressed and the MFE configuration contracts (d < d,), which
should result in a negative change in the twist angle (¢ < ¢,),
leading to negatively twisted (left-handed chiral) dimers, as
observed in the overall free energy landscape calculated at I =
150 mM (Figure 2f, bottom).

Solvent-Dependence of Dimer Configurations. The
above example showing changes in dimer chirality with salt
concentration highlights the crucial role played by the solvent
in determining dimer configurations. To investigate this
further, we used our model to determine the MFE
configuration of the DNA-bridged AuNR dimers as a function
of ion concentration (I) and depletant concentration (cdep).
The effects of I on dimer twist angle ¢ and separation distance
d are shown in Figure 3a and b. Our results show that the
response of the rods to varying I depends on their surface
charge density. For moderately to strongly charged rods with
zeta potentials of { = 20 mV and 30 mV, the dimers undergo
switches in chirality as ionic strength is changed. At low I, the
nanorods assemble with large and positive ¢ and d > d,
because their non-DNA interactions are dominated by
electrostatic repulsion F,.. However, as I is increased, the
electrostatic repulsion becomes screened, and the system
becomes more attraction dominated, causing the distance
between the nanorods to decrease. When d is reduced below d,
(denoted by dashed line in Figure 3b) where DNA begins to
get compressed, we observe a sharp switch in chirality from
positive to negative ¢, as shown in Figure 3a. For weakly
charged nanorods with { = 5 mV, the dimers are insensitive to
changes in I. This is because F,. is weak even at low I, and
changes in its magnitude are insignificant compared to the
overall free energy. The combined effect of { and I on ¢ is
presented as a contour plot in Figure 3c. This plot shows in
more comprehensive manner how the dimer configuration
becomes more sensitive to changes in ion concentration with
increasing ¢. For instance, weakly charged rods of { = S mV
exhibit small variations in twist angle in the range —4° to 6°,
while strongly charged rods of { = 50 mV exhibit twists ranging
from —4° at high I to 85° at low I. The sensitivity of AuNR

dimers to surface charge density and solvent ionic strength
should make them useful as chiroptical sensors for detecting
changes in solvent environments.

To elucidate the energetic basis of the “chirality switching”
behavior observed in Figure 3a, we examined the free energy
F,.; of the { = 30 mV dimers as a function of ¢ at various fixed
values of I while holding d fixed at the value corresponding to
the MFE configuration at the given I (Figure 3d). For the F, -
dominated case of I = 50 mM, we observe an energy barrier at
¢ ~ 0° separating two energy minima located at ¢ &% —36° and
¢ = 47° with the latter minimum being deeper and thereby
determining the positively twisted MFE configuration. This ¢-
dependence of F,,, may be understood by examining its
components plotted in Figure 3e; only F,. and Fpy, are
shown as the magnitudes of the other components are
negligible. We find that F,.. repulsion is strongest at ¢ = 0°
and slowly decays as Il increases, while Fpy, rises paraboli-
cally about ¢, & 5° (>0° due to twist—stretch coupling). The
two minima in F, arise due to the combination of a slowly
decreasing |0F,)../0¢| and linearly increasing |10Fpy,/0¢| with
increasing l¢l, which ensures the existence of a positive and
negative ¢ where the stability condition 0F,../0¢ = —0Fpxa/
0¢ is satisfied. In addition, as d > d, in this repulsion-
dominated system, the energetic penalty for twisting DNA to
arbitrary +¢ angles is greater in the negative than the positive
direction, as ¢,,;, > 0°. Therefore, the positively twisted state is
energetically more favorable at I = S0 mM. However, as I is
increased, |F,. | decreases, while Fpy, remains the same.
Therefore, the ratio of 10F,../d¢| to |0Fpy,/0¢l is reduced,
and the dimers exhibit smaller ¢ at their MFE configuration.
When F,,. is further reduced, d decreases below d,, and ¢,;,, <
0° the energy minimum at negative ¢ becomes slighly more
favorable compared to that at positive ¢, as observed in the F,,,
plotted for I = 150 mM in Figure 3d.

Next, we studied the effect of c4.,, as shown in Figure 3f. As
we observed with changing I, the response of the dimers to
changes in cg,, also depends on the balance of interactions. For
example, when I = 50 mM and { = 30 mV, the dimers are
unresponsive to changes in ¢y, as Fj.. dominates the system.
However, when F,,. becomes weaker, the dimers undergo a
transition from ¢ > 0° to ¢ < 0° to ¢ — 0° as cg,, is increased.
The first transition clearly occurs due to the change in non-
DNA interactions from repulsive to attractive as depletion
forces become stronger, but the origin of the second transition
is less obvious. To understand this transition, we must take
into account the opposing effects of attractive non-DNA
interactions and Fpyy. In the attraction-dominated regime, the
DNA forces the AuNR dimers to be negatively twisted as d <
dy, while the non-DNA interactions drive the dimers toward
the parallel configurations. Although the twist—stretch
coupling effect of DNA overcomes the effects of non-DNA
interactions at moderate c4, Fye, eventually dominates the
interparticle interactions and forces the nanorods to be parallel
to each other as ¢y, is increased.

Based on these results, we can now generalize the
mechanism by which these different interactions play with
each other to determine the configuration of the AuNR dimers,
as depicted schematically in Figure 4. For convenience, we
denote the cumulative free energy from all attractive non-DNA
interactions by F,, and that from all repulsive non-DNA
interactions by F,.,. Depending on their relative magnitudes,

rep*

the AuNR dimers will exhibit either d < d, when |F,| > |IF,. | or

rep

d > dy when |F,| < IF,|. Therefore, as a result of twist—stretch
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Figure 4. Overall mechanism for the observed chiral behavior of
AuNR dimers: (a) Schematic relationship between d and ¢ of the
dimers showing emergence of negative and positive chirality from
interplay between the twist—stretch coupling of DNA and the
attractive or repulsive non-DNA interactions. (b—e) Schematics
showing the front and side views of the AuNR dimers and the side
view of the bridging dsDNA for dimers that are strongly (b) and
weakly (c) dominated by attractive interactions, and weakly (d)
and strongly (e) dominated by repulsive interactions. Figures are
not drawn to scale.

coupling, the DNA will try to twist the rods in the direction of
positive ¢ as F,, is increased and toward the negative direction
as F,, is increased. However, the non-DNA interactions affect
the rod configurations differently depending on whether the
system is dominated by F,,, or F. As |F,| increases, the non-
DNA interactions will try to twist the nanorods away from the
parallel configuration in concert with DNA, causing both d and
¢ to increase monotonically. However, as |F,,l increases, the
non-DNA interactions will try to reduce ¢ toward the parallel
configuration against DNA’s twist—stretch coupling effect.
Therefore, while increase of IF,,/ will at first lead to more
negatively twisted nanorods, the rods will eventually approach
the parallel configuration (¢p = 0°) due to the effects of Fgy
and Fg,,. In summary, as the nanorods change from attraction-
to repulsion-dominated regime, the configuration of the dimers
will transition in the following order: parallel (strongly
dominated by attractive interactions, Figure 4b), left-handed
chiral (weakly dominated by attractive interactions, Figure 4c),
and right-handed chiral (weakly and strongly dominated by
repulsive interactions, Figure 4d and e).
Material-Dependence of Dimer Configurations. We
next investigated how the material properties of the AuNR
dimers impact their reconfiguration with respect to changes in
I and { as observed in Figure 3c. We first examined the effects
of changing the length of the hybridized portion of the
bridging DNA. As shown in Figure Sa, the main effect of
modifying DNA length is in changing the “intrinsic” separation

a

20 —— 10bp

—— 15bp
—— 20bp

Fpna(keal/mol)
5 @

2

d(nm) Z(mV)

Faiec (kcal/mol)

-90 -60 -30 O 30 60 90

¢ ¢(mv)

—— h,

graft = 4 NM
25 —— hgegp =5 nm
2 —— hgp =6 nM

15

Faratt(kcal/mol)

6 7 8 9 10 20 30
d(nm) ¢(mV)

90

75

60

45

6 ()

30

¢(mv)

T 2
¢(mv)

Figure 5. Material-dependent response of dimers to solvent conditions. (a) Fpy, as a function of d for dsDNA of different lengths. ¢- and I-
dependence of ¢ for (b) 10 bp and (c) 20 bp. (d) F,y. as a function of ¢ for nanorods of different aspect ratios. ¢- and I-dependence of ¢ for

(e) p = 0.92 and (f) p = 1.89 nanorods. (g) Fyy as a function of d. §- and I-dependence of ¢ for (h) L

grae = 4 nm and (i) Ly = 6 nm. ¢y, =

300 mg/mlL in all cases. Ly, is set to 3.5 nm in (b) and to 5 nm in (c,e,f). p = 1.31 and DNA length is set equal to 15 bp in all cases unless

otherwise indicated.
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Figure 6. Response of AuNR dimers to changes in ion concentration. Responses are analyzed as a function of ¢4, and h,¢ for nanorods
carrying different surface charges: (a) { = S mV, (b) { = 10 mV, (c) ¢ = 20 mV. The different symbols correspond to the five classes of
responses illustrated in (d), while the background shade signifies the three dispersion states of the AuNRs shown in (e). The aspect ratio of

AuNR was fixed to 1.31 and the dsDNA length to 15 bp.

distance d, between nanorods, which increases from 3.74 nm
for 10 bp DNA to 7.14 nm for 20 bp DNA. Given that all non-
DNA interactions vary with d (see Figure 2d), changes in DNA
length are expected to significantly affect the overall
magnitudes and balance of these interactions. The effect of
changing DNA length is shown in Figure Sb and c. The AuNRs
bridged by 10 bp DNA display stronger variation in ¢ as
compared to those with 20 bp DNA, where the AuNRs remain
mostly parallel across the full range of I and { explored. Such
behavior can again be explained by the competition between
F . and Fpy, as depicted in Figure 3e. For AuNRs bridged by
20 bp DNA, d, is large and F,. is accordingly quite weak.
Since the small energetic gain in F,. due to increase in ¢ is
outweighed by the larger energetic penalty from Fpy, (Figure
S1b), large changes in ¢ are suppressed. In contrast, the
AuNRs exhibit larger changes in twist when bridged by 10 bp
DNA, as the electrostatic interactions are more dominant
(Figure Sla). While it may be argued that the 20 bp DNA is
softer and incurs lesser energy penalty for twisting than the 10
bp DNA (see Figure Sa), the differences in the magnitudes of
the non-DNA interactions far outweigh the changes in the
softness of DNA with length. Therefore, the range of ¢
variations that the nanorods display with changes in solvent
conditions rapidly dimimishes with increasing DNA length.
Another parameter we investigated is the AuNR aspect ratio
p, defined as the ratio of its height h to its width w. The aspect
ratio is an important factor, as it affects the ¢)-dependence of all
non-DNA interactions. For example, F,.. shows much stronger
variations with ¢ for large aspect-ratio rods than small ones
(Figure 5d). This is because F,y,. is roughly proportional to the
interacting surface area of the two rods, and therefore F,.. (¢
= +90°) o w?, whereas F,.. (¢ = 0°) o wh (or pw?). To
elucidate the effects of p on dimer configuration, we computed
¢ as a function of { and I for nanorods of aspect ratios 0.92
and 1.89 (Figure Se and f). Our results show that rods with
larger p exhibit larger variations in ¢ with respect to { and I, a

13553

behavior that also can be linked to the competition between
F,iec and Fpy,. At small aspect ratios, F,.. (£90°) ~ F,. (0°)
and |0F,../0¢| is negligible (see Figure Slc). Thus, the
energetic cost AFpy, of twisting DNA outweighs the energetic
benefit AF,,. from twisting the rods, which suppresses large
changes in twist angle due to changing solvent conditions.
However, when the p is large, 10F../0¢! is large and becomes
comparable to 10Fpn/0¢! (see Figure S1d). Thus, the longer
nanorods can twist more in response to changing solvent
conditions as the energetic benefit AF,. to twisting is larger.
Note that while our model currently considers only penta-
twinned AuNRs, these findings should be equally applicable to
single-crystalline AuNRs as long as the rods are faceted.

Lastly, we investigated the effect of the length of the grafted
polymers, which provide constant repulsion between the rods
regardless of I or { (Figure Sg). We investigated dimer
configurations for two different polymer brush heights hg..¢ = 4
nm (<d,) and 6 nm (>d,) (Figure Sh and i). Unlike the hgq <
d, case in which we observe a wide range of ¢ values spanning
negative to positive chirality, we observe that ¢ is always larger
than ~35° when hg > d,. This is because the grafts are longer
than the equilibrium length of the DNA, which causes IF,,| to
always be greater than |F,| regardless of solvent conditions.
Therefore, such situations will lead to AuNR dimers that are
always right-handed chiral.

Reconfigurability. Our results so far have demonstrated
that the AuNR dimers can exhibit different configurations
depending on material properties and solvent conditions. To
better characterize the reconfigurability of dimers, we system-
atically analyzed how their twist angle ¢ changes as I is
increased from 50 mM to 150 mM for different combinations
Of Ciepr Mgraiy and ¢. The response of the dimers could be
broadly categorized into “soft” and “rigid” behaviors to
differentiate dimers that are highly sensitive to changes in I
from those that are relatively insensitive to I; the two behaviors
were further divided to yield five distinct classes of behaviors as
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depicted in Figure 6d: (1) Rigid (), where nanorods remain
parallel regardless of I, a behavior occurring when F,,, remains
strongly dominant over F,,, regardless of I (see Figure 4b); (2)
Rigid_), where dimers remain negatively twisted regardless of
I, which occurs when F,, is slightly stronger than F,, across all
I; (3) Soft(, ) where dimers are positively twisted at I = SO
mM and parallel at I = 150 mM, which occurs when F,, is
dominant at low I and gets outweighed by F,, at high I; (4)
Soft(,/—y, where dimers switch their chirality as I is changed,
which occurs when F,, is weakly dominant at low I but F,,
becomes dominant at high I; and (5) Rigid(,), when F,, is
dominant regardless of I and the dimers remain positively
twisted.

Figure 6a—c shows the above responses mapped onto the
parameter space of depletant concentration and polymer brush
height at different values of the AuNR zeta potential. We first
examine dimers with { = 10 mV whose responses are depicted
in Figure 6b. When cq,, is large and hgq is small, the dimers
exhibit Rigid) behavior, consistent with F,, being dominant
across the entire range of I due to the strong depletion
attraction Fg.,, which overwhelms both the electrostatic
repulsion F., even at low I, and the graft—graft repulsion
Fgrse that is negligible in this region (see Figure 3b). In a small
region of the parameter space where ¢y, is large but Ay is
moderate, the dimers exhibit Rigid_y behavior. Similar to the
above region, F,, > F,, irrespective of I, but the attractive
interactions are not as dominant because F, is not negligible
anymore. Thus, the dimers prefer a slightly negatively twisted
configuration to avoid the stronger graft repulsion at ¢ = 0°
(see Figure 3d). A further increase in hy,q results in the
Rigid(,) behavior, as the repulsive Fg,; now dominates the
interactions regardless of I (see Figure 3e), as is the case
observed in Figure Si. In fact, when hgq > 5.5 nm, the dimers
are always positively twisted regardless of I or ¢ .

In between the regions of Rigid() and Rigid,y behaviors, we
observe dimers displaying strong sensitivity to I. When ¢y, and
hg are both small, the dimers exhibit Soft(,,_) chirality-
switching behavior. Here, Fy,,4 is negligible and Fy, is also not
strong. Therefore, at low I where F is large, F,., becomes
dominant leading to positively twisted dimers; at high I where
Fg.. becomes small, F, becomes dominant leading to
negatively twisted states. Further increase in c4, results in a
Soft.,|) response, where the dimers still exhibit positive twist
at low I as above, but at high I, the attractive interactions more
strongly dominate the other interactions than above, causing
the nanorods to become parallel rather than negatively twisted
to each other.

The locations of the soft and rigid responses in the hg4—caep
parameter space depends on the surface charges carried by the
rods. When { is decreased to 5 mV as shown in Figure 6a, we
observe an expansion of rigid responses and disappearance of
soft responses. This is because F,.. becomes negligible at small
¢ values, and the dimer configuration becomes less sensitive to
changes in I. In contrast, when { is increased to 20 mV as
shown in Figure 6¢, soft responses become more prevalent.
Here, changes in I lead to larger differences in F., which
results in increased reconfiguration of the dimers with changes
in I. Table 1 provides a summary of the general effects of the
material parameters described in Figures 5 and 6 on the
responsiveness of AuNR dimers to solvent conditions.

We finally investigated how solvent conditions affected the
stability of the dimerized state of the AuNRs. If the non-DNA
interactions between nanorods are repulsive and larger in

Table 1. Qualitative Effect of Material Properties on the
Responsiveness of AuNR Dimers

property small large
Aspect ratio (p) Rigid Soft
Surface charge (¢) Rigid Soft
DNA length (Lpya) Soft Rigid
Graft height (hgmﬁ) Soft Rigid

magnitude than the hybridization energy of the bridging
dsDNA (predicted to be —17.5 kcal/mol through DINAMelt
software”™), we can expect the AuNRs to stay dispersed in
solution. On the other hand, if the non-DNA interactions are
sufficiently attractive, the AuNRs will aggregate into clusters.
These three possible dispersion states of AuNRs are overlaid
onto Figure 6a—c. In all cases, the AuNRs should stay
dispersed when hg.; > 7 nm. This is expected as the long
grafts will only allow the assembly of AuNRs when the DNA is
greatly stretched beyond its equilibrium length, which is
energetically very costly. Interestingly, a large number of
Rigid|,y states remain stable in the dimer state. When h,. < 4
nm, the AuNRs prefer to aggregate into clusters when I is 150
mM. This suggests that utilization of these nanoparticles in
solvents with high ionic concentrations requires grafted
polymers of hy.q ~ d, for stability.

Comparison with Experiments. To assess the predictive
strength of our computational model, we compared its
predictions to the experimentally reported configurations.
However, a quantitative evaluation of the model’s accuracy
against experiments is difficult. First, the interparticle
configuration (d and ¢) of AuNRs is difficult to measure
experimentally and is often not reported. In such cases, the
chirality of the AuNRs must be inferred from their chiroptical
properties such as their circular dichroism spectra. Second, the
solvent conditions (I, Cdepy and pH) and material properties ({)
are often unclear when the experiments use biological media.
Nevertheless, many of the experimentally observed trends are
explained by our model. For example, Sun et al.” reported that
oblong gold nanoparticles (aspect ratio ~1.3) transitioned
from right- to left-handed chirality as the concentration of
NaCl was increased. This transition is consistent with results
from our theoretical model (Figure 3a) and stresses the role of
electrostatic interactions in dictating dimer chirality. In
addition, this study observed that the nanoparticles change
their twist angles from ¢ & 6° in solutions containing bovine
serum albumin (BSA) at concentrations of 200 mg/mL to ¢ ~
—6° for solutions with BSA concentration of 400 mg/mL.
While our model does not consider BSA specifically as the
depletant, the observed effect of depletants on dimer
configurations agrees not only qualitatively but also almost
quantitatively with our predictions at { = 20 mV in Figure 3f.

Furthermore, multiple experiments have observed that the
AuNR dimers reconfigure from positive to negative chirality, as
they transition from extracellular (cell culture medium) to
intracellular environments.””** This difference in configuration
can be attributed to the different concentrations of macro-
molecules and salt in the two media. The intracellular
environment generally contains high concentrations of macro-
molecules (such as proteins) in the range of 200 to 400 mg/

L,34_36 while the extracellular environment contained
considerably smaller amount of proteins (<50 mg/mL). The
ionic strength of the intracellular environment was also high (I
> 150 mM)*”** compared to the extracellular medium where
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positive chirality was observed (I < 50 mM).”* Consequently,
the nanorods are dominated by attractive interactions in the
intracellular environment—as high I and cg.,, lead to weak F,,
and strong Fy.,—while repulsive interactions are expected to
dominate in the extracellular medium. Our theoretical model
that relates the chirality of AuNRs to the balance between
attractive and repulsive interactions (Figure 4) indeed explains
and predicts (see Figure S2) such experimentally observed
chirality switches.

Finally, experiments””** have revealed that AuNRs function-
alized with CTAB transition from the dimerized state in the
extracellular environment to aggregated clusters in the
intracellular environment. The dispersion stability of CTAB
at low I arises from the electrostatic interactions between
charges on CTAB; however, in high I environments, this
repulsion is strongly screened, and the steric hindrance
between the CTAB molecules, which are quite short, is not
sufficient to prevent aggregation of the AuNRs. Our computa-
tional results indeed demonstrate that regardless of £, the
nanorods will aggregate into clusters in high I medium if hg,q <
4 nm (Figure 6a—c). Also in agreement with our predictions,
the experiments have shown that grafting the same AuNRs
with longer poly(styrene-b-acrylic acid) chains allows them to
remain as stable dimers inside intracellular environments.
Thus, again, our model shows good agreement with experi-
ments and furthermore helps explain the observed behaviors in
physical terms.

CONCLUSIONS

We have examined the underlying physics governing the
assembly of dsDNA-bridged AuNR dimers and provided
guidelines for controlling their configuration, especially their
chirality. By theoretically modeling the free energy of the
dimers, we demonstrated how their configuration is dictated by
an interplay between the twist—stretch coupling of DNA and
the intermolecular forces acting between the AuNRs. In
particular, we showed that the dimers exhibit negatively twisted
or parallel configurations when the free energy contribution
from non-DNA interaction is dominated by attractive
depletion or vdW forces and positively twisted configurations
when the system is dominated by repulsive electrostatic or
steric forces.

Through extensive analyses, we revealed the full range of
configurations exhibited by the dimers as a function of their
material properties and solvent conditions. We found that
dimers can reconfigure their twist angle based on changes in
ion or depletant concentration and showed how this
reconfigurability can be engineered to be strongly or weakly
responsive to changes in solvent conditions by tuning the
height of the polymer brush, the aspect ratio of the AuNRs, or
the length of the dsDNA bridge. While many of these
predictions show good agreement with experimental observa-
tions, not all of the findings have been validated exper-
imentally. For instance, the effects of nanorod aspect ratio and
DNA length have not been verified through experiments.
Further experimental investigations into these untested
outcomes of our model would be a valuable endeavor to
pursue in the future.

Understanding the relationship between material properties
of the dimers and their reconfigurability is crucial for
fabricating application-specific nanostructures. For example,
nanosensing may require the dimers to sensitively alter their
interparticle configuration in response to changes in the

solvent, so that such changing solvent conditions are easily
detected from the circular dichroism spectra of the nanorods.
For these cases, our results suggest that using nanorods with
large aspect ratios and high surface charge densities may be
beneficial. However, for applications such as chiral catalysis, a
rigid interparticle configuration is likely desired. For such
applications, AuNRs with small aspect ratio, long grafted
polymers, or low surface charge densities would be advanta-
geous. Thus, the theoretical model developed here could be
used as a guiding principle for designing chiral nanostructures
with tunable properties for a variety of applications.

METHODS

The nanorods investigated in this study had a fixed width of 24 nm
and heights ranging from 22 to 46 nm to match the experimentally
utilized nanorods.'”**** The computationally constructed atomistic
model of the nanorods, as depicted in Figure la, was used for
computing the vdW interaction free energy F . This involved
summing up the LJ interactions acting between all pairs of atoms of
the two rods as given by*’

N N - 12 - 6
A A
deW = Z Z 4'sAu - -
i=1 j=1

k K (1)
Here, N, rj, €4, and 0,, denote the number of gold atoms in each
nanorod, the interatomic distance between gold atoms, and their LJ
energy and size parameters, respectively (Figure 1c). 6,, was set equal
to 0.292 nm,"° and &,, of 0.4223 kcal/mol was determined from the
Hamaker constant A of gold in water (2.5 x 107 J)*' and the

number density p of the gold atoms (0.098 mol/cm?) according to
Epn = 4]1,2:;6& .

The atomistic model of AuNRs was also used for obtaining the
electrostatic energy F,... The rod surface is usually charged due to the
presence of strongly adsorbed capping agents that often get ionized in
solution (Figure Ic). Given that the coating thickness of these
capping agents is generally quite small (~0.38—0.7 nm for citrates®
and ~1 nm for cetyl-trimethylammonium bromide or CTAB***), we
assume for convenience that the location of these surface charges
coincide with the positions of the surface gold atoms in our atomically
represented AuNRs. These charges on separate rods are expected to
interact with each other via screened electrostatic interactions due to
the presence of counterions and salt in the solvent medium.
Accordingly, the electrostatic interaction energy between dimer rods
was obtained by summing the Debye—Hiickel interactions between all
pairs of surface atoms across the two rods:

Nor Nourf 2
Fam 33 e
clec 4rer,
i=1 j=1 ij (2)

where N4 g, € and Ap, represent the total number of surface atoms
in each rod, the “effective” charge assigned to each such atom, the
permittivity of water, and the Debye length. As the electrostatic
interactions can become long-ranged at low salt conditions, Ny,
includes not only the surface atoms on the facets in proximity but also
the entire surface of the nanorods. The Debye length was calculated

using Ap = %, where N, ¢, and I denote the Avogadro
\ 2x 10°Ny

number, elementary charge, and ionic strength of the medium. g was
obtained from the surface charge density o, and the surface area A
of the rods via q = 0, Ay,¢/ Nyyp Where o, was estimated from the zeta
potential { using g = 2ek;T/ (e/IDsinh %).22

AuNRs are commonly grafted with polymers such as polyethylene
glycol (PEG) to prevent aggregation."”*”**> To describe the entropic
repulsion F,.q from the steric hindrance of this zpolymer brush in
good solvent, we employed the de Gennes model,”® which has been
shown to accurately reproduce the experimentally measured
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compression isotherms of PEG.***” According to this model, Foa 15
given by

c -5/4 7/4

A,

Ep = ———|7 4 4|2 - 12
2 | |2k 2y

graft

)

Here, C, represents an energy constant, A, the interacting surface
area, d the surface separation distance between interacting facets, and
Bypafe the brush height (Figure 1d). A;, was calculated as the projected

167h o T
overlap area of the two interacting facets. C, is given by . L

kT
where I is the grafting density of the polymer and hg.q = PR3,
The Flory radius Ry is set equal to appeNbee with appg and Npgg
representing the Kuhn length and number of monomers per chain of
PEG. We used apgg = 0.35 nm and Npgg = 114 to match the
experimentally utilized PEG grafts of M,, = 5000 g/mol.>*

Many potential applications of AuNR dimers are in biological
environments, so the rods could also experience attractive depletion
forces due to the presence of proteins and other macromolecules in
biological media. The free energy Fg., associated with depletion forces
was estimated using the Asakura—Qosawa formalism:*"**

Eiep = _HA‘/GXC (4)
where IT is the osmotic pressure of the depletants in the solvent and
AV, is the extra volume that becomes available to the depletants as a
result of the overlap between excluded volumes of the rods at close
proximity (Figure le). AV, is equal to Ajperact (Caep — d) when the
surface separation distance d between the rods is smaller than the
diameter oy, of the depletant, and 0 when d > 0y, For convenience,
we treated all depletant molecules as hemoglobin, as its osmotic
pressure has been modeled previously, using I1 = NykgT(c + 4vc* +
10026 + 18.36v°¢* + 28.24v*cs + 39.50°¢ + 56.4v°¢7).** 7> Here, v and
¢ are the molar volume and the concentration of the depletant. The
diameter of the depletant was taken to be 6., = 6 nm, consistent with
the size of hemoglobin.

Lastly, the bridging DNA consists of dsSDNA of length Lpy, flanked
on both sides by single-stranded DNA (ssDNA) that is capped by a
thiol group (Figure 1f). In experiments, the thiol group is covalently
bonded to the gold surface and the ssDNA ends are strongly adsorbed
onto the gold surface.’’™** For calculating the free energy Fpya
associated with such DNA, we assume that the ssDNA portions as
well as the terminal bases of dsDNA are fixed rigidly to the gold
surface and therefore cannot rotate. The only contribution to Fpy,
must then arise from the mechanical resistance of dsDNA, which can
be treated reasonably accurately using an elastic-rod model of DNA:**

C C
Fonpn = ———(d — dp)* + ——(¢ — ¢,)*
DNA 2LDM“{( o) TR (¢ - &)
C s
+——(¢ — ¢)(d — dy)
LDNA,eq (5)

where C, and C, are the elastic constants associated with stretching
and twisting of dsDNA, and C, is its twist—stretch coupling
coefficient. The values of C,, C, and C, were set equal to 1100 pN,
460 pN nm?, and —90 pN nm, as measured from magnetic tweezer
experiments.28 LpNaseq represents the equilibrium length of dsDNA,
where we assume that it is present in its natural B-form. d, is the
surface separation distance between the interacting facets of the rods
at which the length of the DNA is equal to its equilibrium value.
Based on the described geometry (Figure 1f), dy = Lpnaeq + 2Lanchon
where L, 4, is the thickness of the adsorbed layer of ssDNA assumed
to be equal to 0.34 nm, the length of one base pair, in accordance with
scanning tunneling microscopy measurements and molecular
dynamics simulations.>> ¢, represents the twist angle of the rods
that minimizes the free energy of the dimers during their assembly
involving DNA hybridization. Experimentally, the assembly of AuNR
dimers is carried out in solvents containing high concentrations of
macromolecules and ions.”' For our calculations, we assumed that
assembly occurred at I = 250 mM (=I,) and ¢y, = 400 mg/mL (=¢,)

and that DNA hybridizes at its equilibrium length Ly, .- We then
obtained ¢, by searching for the value of ¢ that minimized Fy,(d = d,,
I=1Iy cgep = ¢o). Thus, in effect, the above model describes the free
energy of the dsDNA bridge relative to its free energy in the
“equilibrium” configuration during hybridization.
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