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to the molecular cooperativity required for the fast chain growth
into large supramolecular structures.5 Inspired by the sophisticated assembly mechanisms in the biological processes, we
developed a strategy to rationally design NP building blocks that
undergo cooperative supramolecular polymerization into NP
assemblies (Scheme 1).

ABSTRACT: Controlled assembly of inorganic nanoparticles (NPs) into structurally deﬁned supramolecular
polymers will create nanomaterials with new collective
properties. However, supramolecular polymerization of
isotropic NPs remains a challenge because of the lack of
anisotropic interactions in these monomers to undergo
directional associations for the cooperative growth of
supramolecular chains. Herein we report self-assembly
behavior of poly(L-glutamic acid)-grafted gold NPs in
solution and describe how combined attractive and
repulsive interactions inﬂuence the shape and size of the
resulting supramolecular assemblies. The study shows that
the chain growth of supramolecular polymers can be
achieved from the NP monomers and the process occurs
in two distinct stages, with a slow nucleation step followed
by a faster chain propagation step. The resulting
supramolecular structures depend on both the grafting
density of the poly(L-glutamic acid) on the NPs and the
size of the NPs.

Scheme 1. Nucleation-Controlled Assembly of PolypeptideGrafted Nanoparticles into Fibrous or Globular
Supramolecular Structures

We ﬁnd three basic design requirements must be met in order
to facilitate controlled supramolecular polymerization of NP
monomers. First, the monomers should have multiple sites that
allow speciﬁc and coordinated noncovalent interactions
(“bonding”). This requirement can be met by the synthesis of
NPs covered with ligands that are subject to multivalent Hbonding for cohesive interactions. Synthetic polypeptides, such
as poly(L-glutamic acids) (PLGs), are well-known for their
intermolecular H-bonding and therefore are excellent candidates
for this purpose.6
Second, the monomers need to adopt a relatively high-energy
state to allow for thermodynamically favored incorporation of
NPs into the supramolecular structure. This requirement can be
met by controlling the reaction conditions to tune the
conformation of the surface ligands to diﬀerent stabilities.
PLGs can respond to environmental changes by adopting
diﬀerent secondary structures.7 At appropriate pH and temperature, the grafted PLGs can have partially extended coil
structures in solutions, as some side-chain carboxylate groups

E

nsembles of inorganic nanoparticles (NPs) may possess
collective properties that are superior to those of individual
NPs and bulk samples.1 Technological applications of NPs rely
on the ability to control the cooperative interactions of NPs in
the ensembles in order to exploit their ordered structures and
collective properties.2 Much progress has been made in the selfassembly and directed assembly of NPs into diﬀerent types of
nanostructures with unique optical, electronic, and magnetic
properties.3 However, success has been limited in the prediction
and control of the architecture of NP assemblies and the kinetic
process of assembly.4
In remarked contrast, globular proteins can be “polymerized”
into speciﬁc helical or tubular assemblies via a well-deﬁned
nucleation−growth mechanism (i.e., cooperative supramolecular
polymerization), as exempliﬁed by the formation of actin
ﬁlaments, microtubules, and bacteria ﬂagella.5 In these biological
processes, the association of several protein monomeric units
ﬁrst forms an aggregate that serves as the nucleation center and
template for the docking of additional protein monomers,
resulting in a chain propagation of protein polymers. The unique
disposition of the repeating units in ﬁlamentous structures and
the multiple coordinated interactions between the units give rise
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are deprotonated. Upon the assembly of NPs grafted with PLGs
(NP-g-PLG) into superstructures with intermolecular PLGchain intercalation, the conformation of grafted PLGs can evolve
to the more thermodynamically stable β-sheet structure (Scheme
1).6b
Third, for spherical NPs that do not possess the inherent
anisotropy to undergo directional interactions in a well-deﬁned
helical/tubular polymerization mechanism, speciﬁc repulsive
forces between monomers need to be present in order to make
ﬁbrous supramolecular structure.4d,8 Without a preventive force,
globular aggregates of NPs would be thermodynamically most
favorable. In the case of NP-g-PLG, the repulsive forces can come
from the electrostatic interactions between the partially charged
PLGs on NP surface. The third requirement is less obvious than
the previous two but can play a central role in control of NP
assembly architectures.
We ﬁrst consider how the electrostatic interactions and
association energies inﬂuence the shape and size of charged NP
aggregates. Formation of multiparticle aggregates is driven by the
diﬀerence in the NP chemical potentials between aggregated and
dispersed states. The aggregates begin to form when the NP
concentration exceeds a critical aggregation concentration
(Xcrit).8b To describe formation of globular and ﬁbrous
aggregates consisting of N particles,9 we approximate the shape
of a NP aggregate by an ellipsoid with an axial ratio p (p = 1 for
spheres, p < 1 for prolate spheroids, and p≪1 for rods). The
change in standard chemical potential of the charged NP in an
aggregate has contributions from the particle−particle “bond”
energy in the assembly relative to isolated particles in solution,
the increase of energy from unsaturated “bonds” from the
particles on the surface of the aggregate and electrostatic
repulsion between charged groups. In this approximation, the
standard chemical potential can be expressed as

Figure 1. The relative energetic stability of globular and ﬁbrous
aggregates at the δ equal to (A) 0.015 and (B) 0.006.

NP40-g-PLG55, with an average core diameter of 40 nm for
gold NPs and a degree of polymerization (DP) of 55 for PLG
grafted on the surface, was synthesized and characterized using
our previously reported method (Schemes S1−2).6b Unbound
PLG-SH (PLGs end-functionalized with thiols) was removed
from the solution after the synthesis of NP-g-PLG, and the PLG
grafting densities on NPs were quantiﬁed by 1H NMR
spectroscopy (Figures S1−2). The ligand coverage was found
to be tunable by controlling the initial amount of PLG-SH added
into the synthesis of NP-g-PLG and the incubation condition.
Three NP40-g-PLG55 samples, denoted as NP40-g-PLG55-I, -II
and -III, were made by the above procedure and the average
numbers of ligands bounded on each particle were determined to
be around 2 × 103, 9 × 102, and 2 × 102, respectively (Figure S2).
NP40-g-PLG55 samples with diﬀerent grafting densities were
incubated in water with the pH adjusted to 6.5 (added salt
concentration <5 mM) and 4 °C. Under these selected
conditions, NP-g-PLG has partially charged PLG side chains,
allowing the NP-g-PLG to be water-soluble and also have
reduced charge repulsion to facilitate the interparticle PLG-chain
intercalation and subsequent formation of β-sheet conformation
for stable supramolecular structures (see Scheme 1).6b All NP40g-PLG55 samples were well-dispersed in their monomeric form
initially, but they started to form supramolecular structures after a
few days. The supramolecular structures evolved in solution were
examined by TEM after incubation for 1, 3, 7, 20 days (Figure
2D−F). As predicted, for the particles with a high grafting density
of PLGs on the surfaces (NP40-g-PLG55-I with a largest δ in the
three samples, Figure 2D), the resulting supramolecular
structures were globular. The particles with the medium grafting
density of PLGs (NP40-g-PLG55-II, Figure 2E) assembled into
short ﬁbrous structure. Long ﬁbrous structures were only
assembled from particles with a low PLG grafting density
(NP40-g-PLG55-III, Figure 2F).
The kinetic process of the supramolecular polymerization was
studied by monitoring the concentration change of NP-g-PLG in
pH 6.5 solutions over time using absorption spectroscopy
(Figure 2A−C). For each sample, ﬁve solutions with diﬀerent
concentrations were ﬁrst ﬁltered to remove dust and other
impurities in order to avoid nucleation on a foreign substrate,
after which they were incubated at 4 °C. The formation of
supramolecular structures depleted the freely dispersed NP-gPLG in solution, corresponding to the decrease in the absorption
of the supernatants. Figure 2A−C shows that, above a critical
particle concentration, the growth of the supramolecular
structures for all three samples occurred in two distinct stages,
with a slow nucleation step followed by fast propagation. A
sigmoidal transition was always found in these kinetic experiments (see the ﬁtting in Figure 2A−C), indicating a cooperative
process in the supramolecular polymerizations.
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p
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+
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d
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where n and n ′ are the number of nearest neighbors per particle
in the bulk and on the surface, respectively; ε is the “bond” energy
between two neighboring particles in terms of the thermal energy
kBT; lB is the Bjerrum length determining strength of the
electrostatic interactions; d is the center-to-center distance
between neighboring particles; z is the number of charges per
particle; g(p) and f(p) are geometric functions of the shape factor
p (see Supporting Information, SI).
The most probable size (N) and shape (p) of the NP
assemblies are determined by ﬁnding the minimum of the
chemical potential in eq 1. Our study shows that there are two
local minima corresponding to p = 1 with ﬁnite N and p≪1 with a
very large N (Figure 1). The stability of particular aggregate is
governed by the value of the dimensionless parameter δ = lBz2/
d(n − n′)ε. Increasing the value of the parameter δ favors the
formation of globule aggregates (p = 1) with a ﬁnite N. Long
ﬁbrous aggregates may be found in the systems with suﬃciently
small values of δ. The value of δ is varied by changing the grafting
densities of PLGs on NPs (causing z and ε to change
proportionally). Based on this model, we synthesized NP-gPLG with diﬀerent grafting densities and investigated the
supramolecular assemblies from these particles and the kinetics
of the assembly process.
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Figure 2. Type of supramolecular structures and kinetics of their formation depend on the grafting densities of PLGs on NPs. (A−C) Supramolecular
polymerization kinetics of NP40-g-PLG55-I, -II, and -III with PLG coverage of 100%, 40%, and 10%, respectively, at pH 6.5 and 4 °C. Five diﬀerent initial
concentrations were used for each NP40-g-PLG55. (D−F) TEM images of the NP40-g-PLG55-I, -II, and -III and their supramolecular structures in
solution after incubation for 1, 3, 7, and 20 days. The initial particle concentration is 0.17, 0.34 and 0.24 nM, respectively.

(e.g., heterogeneous nucleation on the surface of poly(NPs)
once they are formed). Detailed investigations focusing on the
early stage of supramolecular polymerization using light
scattering or other in situ methods will provide further insight
into the exact secondary pathway of the nucleation process in the
system.
Poly(NP40-g-PLG55), the equilibrium supramolecular structure assembled from NP40-g-PLG55-III, was isolated and
examined by electron microscopy and found to form long,
ﬁbrous structures (Figure S3A). Poly(NP40-g-PLG55) appeared
to be shorter and more rigid than the tubular supramolecular
structures assembled from PLG-grafted comb polymers in our
previous study.6b The formation of β-sheet structures between
PLG grafts was conﬁrmed via staining of poly(NP40-g-PLG55)
with thioﬂavin T dye (ThT) (Figure S3B), a ﬂuorescent
molecule that is known for its strong, speciﬁc aﬃnity to βsheet structures.11 The nature of the β-sheet structure was further
revealed by FTIR analysis (Figure S4). The structural change of
the grafted PLGs on the NPs during the assembly process allows
for thermodynamically favored growth of supramolecular
structure. The extinction spectra of NP40-g-PLG55 in solution
recorded before and after the formation of supramolecular
structures are given in Figure S5 and show the emergence of redshifted plasmon resonance due to interparticle coupling.
Encouraged by the qualitative agreement between the
thermodynamics analysis and the experimental data for NP40g-PLG55, we next prepared NP20-g-PLG55 with a core size of 20
nm and DP of 55 for PLG to test the general applicability of the
assembly mechanism. Figure 3A shows that globular assemblies
with ﬁnite size were obtained as the equilibrium structure for
particles with a high grafting density of PLG (∼400 ligands per

From the kinetic experiments shown in Figure 2, the critical
aggregation concentrations (Xcrit) for NP40-g-PLG55-I, II, and III
at pH 6.5 and 4 °C were derived to be 1.8(±0.2) × 10−12,
2.5(±0.4) × 10−12, and 4.0(±0.4) × 10−13, in the unit of mole
0

fraction. As Xcrit ≈ eΔμN/kBT,8b the change of standard chemical
potential of NP40-g-PLG55 in the assembly relative to isolated
particles was found to be in the scale of −27.1, −26.7, and
−28.6kBT for the three samples. These free energy changes
provide thermodynamic driving forces for the formation of stable
supramolecular structures. The most stable structure was found
in the ﬁbrous supramolecular polymers assembled from NP40-gPLG55-III.
We then closely examined the nucleation-controlled polymerization of NP40-g-PLG55-III that resulted in a ﬁbrous supramolecular structure. Although a nucleation event, such as the
closure of a ring, a tube, or the completion of the ﬁrst turn of a
helix, is often visualized as a singular steric step, we did not
observe these special structures in the early stage of the
oligomerization (Figure 2F). From a thermodynamic point of
view, nucleation does not require such special structures as the
turning point in stability for the chain growth. The formation of
diﬀerent clusters (see Scheme 1) may illustrate a more realistic
nucleation process for NP-g-PLG, based on the experimental
observations. The time course of the supramolecular polymerization (Figure 2C) shows that the concentration of polymerized
particles increases much more abruptly than the t2 dependence
predicted in the classic theory by Oosawa,5c that described the
homogeneous nucleation and growth of protein polymers. The
autocatalysis observed in our experiments strongly suggests the
existence of a secondary mechanism10 for poly(NPs) formation
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Figure 3. TEM images of supramolecular structures assembled from
NP20-g-PLG55 with (A) high and (B) low grafting densities, in solution
at pH 6.5 and 4 °C.

particle). Interestingly, ﬁlamentous poly(NP20-g-PLG55) assembled from NP20-g-PLG55 with low PLG grafting density
(∼100 ligands per particle) showed distinct character as
multiwall hollow tubes (Figure 3B). Plasmon resonance was
also found in the these poly(NP20-g-PLG55) structures (Figure
S6). The geometry of a hollow tubule was not included in eq 1,
which is based on a generalized ellipsoid shape function.
Although a similar free energy analysis can be carried out for a
given shape, a prediction of phase transitions requires the explicit
evaluation of the prefactor for each energy term in the equation.
Elucidating the complete phase diagram for the supramolecular
assembly of NP-g-PLG is the subject of future study and requires
high-resolution structural information on the orientation and
distribution of grafted PLGs on NP surface, the consideration of
the counterions, the suppression of charge dissociations in PLGs
during assembly, and the distortion of the electric ﬁeld at the
boundaries.
In conclusion, we demonstrated supramolecular polymerization of polypeptide-grafted NPs by controlling their
interactions under speciﬁc environmental conditions. The
resulting supramolecular structures are strongly correlated to
the grafting density of the polypeptides on the NPs and the sizes
of the NPs. Thermodynamic analysis indicated the delicate role
of the electrostatic interactions between the charged NPs in the
assembly process. The controlled supramolecular polymerization
process allows us to access ﬁbrous poly(NPs) as new materials
with potentially interesting collective properties. This approach
should be applicable for a variety of NPs and their hybrids that
are amenable to surface modiﬁcation with polypeptides. If
precise controls over the interparticle spacing and the mechanical
strength can be realized in the supramolecular structures, these
poly(NPs) may ﬁnd potential applications in plasmonics and
optoelectronics.
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