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Orientational discrimination of biomolecular recognition is
exploited here as a molecular engineering tool to regulate
nanoparticle self-assembly or stability. Nanoparticles are
conjugated with the heterodimerizing coiled-coils, A and B, which
associate in parallel orientation. Simply flipping the orientation of
one coiled-coil results in either self-assembling or colloidally stable
nanoparticles.

Controlled nanoparticle self-assembly or stability is essential for
technological development in nanomedicine and
nanobiotechnology.>2 For example, nanoparticles used for
computerized tomography imaging and plasmonic
photothermal therapies are required to be highly stable under
physiological conditions.3# Controlled nanoparticle self-
assembly has been extensively exploited to develop therapeutic
methods for viral inhibition and detection technologies for
biomolecules, viruses, and circulating tumor cells.5>-10
Currently, the most common approach to stabilize
nanoparticles is surface modification with poly(ethylene glycol)
(PEG),11-13 although approaches using zwitterionic ligands have
also been proposed.14Self-assembly of nanoparticles into larger
hierarchical structures is typically engineered on the basis of

hydrophobic interactions, electrostatic interactions, and
biomolecular recognition.15-20 Biomolecular recognition
modes, such as DNA hybridization,22-23 coiled-coil self-

assembly,24-26 streptavidin-biotin interactions,?” and antibody-
antigen interactions,?® have high specificity, and have been
extensively used to direct nanoparticle self-assembly.
Hybridization of DNA complementary strands and self-assembly
of some protein domains, such as coiled-coils, exhibit
orientational discrimination,?® making these modes more
versatile in controlling self-assembly and forming nanoparticle
superstructures.
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Here we report that orientational discrimination of
biomolecular recognition can be used as a molecular tool to
control nanoparticle self-assembly and stability. In a model
system, we conjugated a pair of heterodimerizing coiled-coil
proteins, “A” and “B”,3° on gold nanoparticles (GNPs). While the
A protein was conjugated to the GNPs in a fixed orientation, the
B protein was conjugated at either its N-terminal or C-terminal
side, providing two different orientations of this domain on the
particle surface. Simply flipping the orientation of B led to two
completely different particle behaviors: one orientation
maintaining colloidal stability of the GNPs, and the other
orientation driving GNPs into large aggregates.

The molecular design of the nanoparticles is illustrated in
Figure 1. A and B proteins have been previously shown to
heterodimerize in the parallel direction through hydrophobic
and electrostatic interactions.3° Immobilizing A and B in anti-
parallel orientation on the same nanoparticle results in a
parallel orientation on adjacent nanoparticles, promoting
interparticle protein heterodimerization and nanoparticle self-
assembly (Fig. 1a). Alternatively, intraparticle protein
heterodimers can form when A and B are immobilized in parallel
orientation on the same nanoparticle. These coiled-coils do not
bridge adjacent nanoparticles, resulting in colloidal stability
(Fig. 1b).

GNPs synthesized using the Frens-Turkevich method were
characterized by dynamic light scattering (DLS) and UV-Vis
spectrophotometry.31 DLS revealed a hydrodynamic diameter
of 20.5£0.7 nm with a polydispersity of 0.077+0.020. The UV-Vis
spectrum showed a characteristic maximum absorbance at 518
nm, corresponding to surface plasmon resonance (SPR) of GNPs
having a diameter of 16.8 nm.3233 The GNP concentration was
determined by the ratio of the absorbance at the SPR peak to
that at 450 nm as previously reported (see ESI for detailed
information).33

Two non-cysteinated coiled-coil proteins, nA and nB, and
three cysteinated coiled-coil proteins, cysA, cysB, and Bcys,
were synthesized (see Table S1 for protein sequences, ESI). In
the cysteinated proteins, the cysteine residue was incorporated
near the N-terminus of the coiled-coil domain in cysB and cysA,
and near the C-terminus in Bcys.

By combining heterodimers of a non-cysteinated protein
with its cysteinated partner, solutions were prepared
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Figure 1 The molecular design of the nanoparticles. (a) When coiled-coils A and B

N-terminus
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cysB

are conjugated on nanoparticles in anti-parallel orientation, A and B on adjacent
particles are parallel and form interparticle heterodimers that promote
nanoparticle self-assembly. (b) When coiled-coils A and B are conjugated on
nanoparticles in parallel orientation, A and B on the same particle form intraparticle
heterodimers, and the nanoparticles remain colloidally stable.
containing nA and cysB (nA/cysB), nA and Bcys (nA/Bcys), and
cysA and nB (cysA/nB) in the presence of a reducing agent,
tris(2-carboxyethyl)phosphine (TCEP) (75 um and 50 um for non-
cysteinated and cysteinated proteins, respectively). These
heterodimers were then conjugated to the GNPs by gold-thiol
reaction. Specifically, the solutions of nA/Bcys and cysA/nB or
the solutions of nA/cysB and cysA/nB were mixed at a 1:1 ratio,
and the mixture was added to a GNP suspension (1.53 x 1012
GNPs mL1) at a 1:3 ratio while stirring. Solutions of coiled-coil
protein heterodimers, in which one partner was non-
cysteinated, were used in order to prevent an excessively dense
packing of covalently conjugated proteins, which may inhibit
interparticle coiled-coil heterodimerization. The GNPs modified
with cysA and Bcys (denoted here as cysA-Bcys GNPs) had the
two coiled-coils conjugated on the surface in anti-parallel
orientation, and the GNPs modified with cysA and cysB
(denoted as cysA-cysB GNPs) had the two coiled-coils on the
surface in parallel orientation (Fig. 1).
Table 1 The properties of unmodified and protein conjugated GNPs characterized with
DLS and UV-Vis spectrophotometry.

‘ Dynamic Light Scattering

Immediately following protein conjugation, DLS revealed
hydrodynamic diameters of approximately 35 nm for both cysA-
Bcys and cysA-cysB conjugated GNPs (Table 1). The change in
hydrodynamic diameter from 20 nm for unmodified GNPs to 35
nm for coiled-coil conjugated GNPs suggests an approximately
7.5 nm thick corona. This is largely consistent with the 6.3 nm
length of the coiled-coil rods as previously reported3* plus the
additional small linker sequence length of ~1.6 nm (see SAXS
data below for further information). The polydispersity of the
protein conjugated GNPs was the same as that of unmodified
GNPs, suggesting that aggregation did not occur during or after
the conjugation procedure. Colloidal stability of GNPs at this
step was most likely maintained by the large excess of unbound
coiled-coils in the solution, which dominated strand exchange
with the noncovalently immobilized coiled-coils on the GNPs
and prevented interparticle coiled-coil interactions. The protein
conjugated GNPs were also characterized using UV-Vis
spectrophotometry. The maximum SPR peak of the UV-Vis
spectra shifted from 518 nm for unmodified GNPs to 524 nm for
both cysA-Bcys and cysA-cysB conjugated GNPs (Fig. S1, ESI)
(Table 1). The red shift in the SPR peak was due to the presence
of proteins bound to the GNP surface and suggests that surface
modification had occurred.32

Nanoparticle behavior after reducing the concentration of
unbound coiled-coils in solution was then examined.
Specifically, each suspension was centrifuged, and 85% of the
supernatant was removed, followed by resuspension in PBS at
50% of the starting suspension volume. The samples were then
examined over a time course of 10 days to observe the behavior
of the protein conjugated GNPs. The difference between the
two types of protein conjugated GNPs was first observed
visually (Fig. 2a). On day O, both suspensions of protein
conjugated GNPs appeared red, as expected for non-aggregated
GNPs.32 On day 10, visible dark red and purple aggregates in a
clear background were observed for the cysA-Bcys conjugated
GNPs, but no visible aggregates or color change was observed
for the cysA-cysB conjugated GNPs. Representative UV-Vis
spectra of cysA-Bcys conjugated GNPs also exhibited a red-shift
and broadening of the SPR peak over 10 days, while those of
cysA-cysB conjugated GNPs remained almost unchanged (Fig.
2b). It has been reported that a red-shift in the SPR peak of the
UV-vis spectra occurs when GNPs form aggregates.32:33.35-37 The
differences in the UV-Vis spectra between the two particle
samples confirm that the cysA-Bcys conjugated GNPs
aggregated readily and the cysA-cysB conjugated GNPs were
highly stable. As a final confirmation of disparate aggregation
behaviors, TEM images (Fig. 3) revealed that the cysA-Bcys
conjugated GNPs formed large aggregates after 5 days, while
the cysA-cysB conjugated GNPs did not form aggregates at 5 or
10 days.

UV-Vis spectrophotometry

Sample ‘ Size (nm) Polydispersity Maximum SPR (nm)
Unmodified GNPs 20.5+0.7 0.077+0.02 518
cysA-Bcys GNPs 35.2+0.4 0.069+0.018 524
cysA-cysB GNPs 35.7+0.4 0.077+0.009 524
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The structure of cysA-Bcys conjugated GNP aggregates was
probed using Small Angle X-Ray Scattering (SAXS). SAXS spectra
on day 10 (Fig. 4) exhibited a maximum peak at a g-value of
0.234 nm-! for cysA-Bcys conjugated GNPs corresponding to a
d-spacing of 26.8 nm (Equation S3, ESI).38.39 SAXS spectra for
cysA-cysB conjugated GNPs were of low amplitude and did not
exhibit any distinct peaks on day 10 (Fig. 4). Size of the
unmodified GNPs was also characterized using SAXS. Fitting the

(a) -

Figure 3 TEM images of cysA-Bcys GNPs (a-c) and cysA-cysB GNPs (d-f) on day O (a,
d), day 5 (b, e), and day 10 (c, f). Scale bar is 100 nm.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2 (a) The suspension of cysA-Bcys conjugated GNPs exhibited visible large aggregates on day 10, while the suspension of cysA-cysB conjugated GNPs did not show

any visible changes. (b) UV-Vis spectra of protein conjugated GNPs over a time course of 10 days. The spectra of cysA-Bcys conjugated GNPs showed a broadening and a

red-shift in the maximum SPR peak over time (left). The spectra of cysA-cysB conjugated GNPs remained almost unchanged (right). All spectra are normalized to the

absorbance at 450 nm.
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scattering data to the Guinier function (Fig. S2, ESI) yielded a
radius of gyration (Rg) of 6.66+0.11 nm, corresponding to a hard
sphere radius of 8.60 nm (Equation S4 and S5, ESI) and a
diameter of 17.2 nm, which lies between the previous estimates
of particle diameter derived from DLS (20.5 nm) and SPR (16.8
nm). The particle center-to-center distance of 26.8 nm and the
particle radius of 8.60 nm suggest that the surface-to-surface
distance between neighboring particles was 9.6 nm. This value
is largely consistent with that expected for GNP aggregates
mediated by interparticle coiled-coil heterodimerization,
because these coiled-coil A and B rods are 6.3 nm long34 and
both cysA and Bcys contain a few amino acid residues between
cysteine and the coiled-coil domains (suggesting a linker length
of 1.6 nm).

To demonstrate that self-assembly of cysA-Bcys conjugated
GNPs was due to protein-protein interactions, GNPs self-
assembled for 10 days were treated at 80°C to denature the
proteins. The UV-Vis spectrum of the resulting GNP suspension
was substantially different from that of the aggregated GNPs on
day 10, but essentially indistinguishable from that of the pre-
aggregation suspension on day O (Fig. S3a, ESI), indicating that
the self-assembled GNPs could be disassembled upon protein
denaturation. The same treatment had no effect on the
colloidal stability of cysA-cysB conjugated GNPs (Fig. S3b, ESI).
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Figure 4 The SAXS profiles for cysA-Bcys and cysA-cysB conjugated GNPs on day 10.
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The maximum peak in the spectrum of cysA-Bcys conjugated GNPs revealed a d-
spacing (center-to-center distance) of 26.8 nm in the aggregates as calculated by d
=21/q, where d is the d-spacing and q is the scattering vector.
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The inclusion of non-cysteinated partners when the GNPs
were conjugated with cysA and Bcys was necessary to provide
an optimal spacing between the latter coiled proteins, such that
they could form interparticle coiled-coil heterodimers. In the
absence of nA and nB, the packing density of cysA and Bcys was
too high to permit cysA-Bcys coiled-coil bridges between GNPs,
and hence impaired GNP aggregation (Fig. S4, ESI). On the other
hand, reducing the packing density of cysA-cysB by conjugating
these proteins in the presence of B-mercaptoethanol, a small
thiolate that competes with thiol-mediated protein binding to
the GNP surface, eliminated GNP colloidal stability (promoted
aggregation: Fig. S5, ESI), most likely due to the increased
distance between cysA and cysB conjugates, and hence
prevention of intraparticle cysA-cysB heterodimerization. These
observations highlight the importance of both protein
orientation and packing density on particle behavior.

While previous work introduced the use of coiled-coil
proteins to drive self-assembly of inorganic nanoparticles into
larger hierarchical structures24-26, this is the first demonstration
that orientational discrimination of biomolecular recognition
can control self-assembly versus colloidal stability of inorganic
nanoparticles. In particular, colloidal stability has not been
shown previously to be controlled by coiled-coil proteins. The
tendency of cysA-Bcys conjugated GNPs to self-assemble and
the colloidal stability of cysA-cysB conjugated GNPs as observed
in these experiments suggest that interparticle and intraparticle
coiled-coil heterodimerization is energetically favorable for
these two types of GNPs, respectively, verifying the material
design illustrated in Figure 1.

The cysA-Bcys conjugated GNPs could be stored in a
colloidally stable state in the presence of a large excess of
solubilized coiled-coils, and their aggregation could be triggered
upon reduction in the concentration of solubilized coiled-coils.
These might be important properties in practical applications,
such as detection technologies.>® Future studies may include
investigation of the aggregation kinetics of cysA-Bcys
conjugated GNPs as a function of nanoparticle or solubilized
coiled-coil concentration. In addition, the coiled-coils presented
here can be easily modified with bioactive ligands or targeting
moieties for both self-assembling and stable nanoparticles, via
protein engineering. Thus, this approach can be tuned to create
colloidally stable or self-assembling nanoparticles while
maintaining the bioactivity and targeting ability of the ligands.

In summary, we report that orientational discrimination of
biomolecular recognition can be harnessed as a molecular
engineering tool to control nanoparticle self-assembly and
stability. We demonstrated that when a pair of
heterodimerizing coiled-coils was conjugated on the
nanoparticle surface, simply flipping the orientation of one of
the coiled-coils led to two completely different particle
properties: one driving the nanoparticles into large aggregates
and the other keeping them colloidally stable.
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