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Designing Surface Charge Patterns for Shape Control of Deformable Nanoparticles
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Designing reconfigurable materials based on deformable nanoparticles (NPs) hinges on an under-
standing of the energetically favored shapes these NPs can adopt. Using simulations, we show that hollow,

deformable, patchy NPs tailored with surface charge patterns such as Janus patches, stripes, and
polyhedrally distributed patches differently adapt their shape in response to changes in patterns and
ionic strength, transforming into capsules, hemispheres, variably dimpled bowls, and polyhedra. The links
between anisotropy in NP surface charge, shape, and the elastic energy density are discussed.
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Advances in nanotechnology have revolutionized the
capacity to fabricate nanoparticles (NPs) with exquisite
control of their surface properties [1-3]. The broad design
space spanned by surface modification and NP shape has
enabled the fabrication of application-specific super-
structures via assembly engineering strategies [4-8],
including the use of charge-patterned NPs and electrostatic
control [9-13]. Inspired by biology, there is a keen interest
in how self-assembly is affected by building blocks that
dynamically respond to stimuli and reconfigure during
assembly [14—18]. This dynamic dimension enables unique
structural organizations via otherwise inaccessible
assembly pathways, broadening assembly engineering
approaches to design reconfigurable materials [14,16].
For example, computational studies showed that shape-
flexible nanorods could overcome kinetic barriers to yield
reconfigurable structures that switch between assembled
mesophases, such as square grids and bilayer sheets
[14,19]. Additionally, phase transformations from simple
cubic to rhombohedral structures were realized experimen-
tally by accommodating the shape evolution of NPs from
cubes to spheres [17].

Shape-changing NPs have also received attention as
candidates for designing stimuli-responsive nanocontainers
in therapeutic applications [20-22], where studies have
demonstrated that the cellular uptake of nanocarriers is
affected by their shape, size, charge, and deformability
[21,23-25]. Many techniques have been developed to
synthesize such nanostructures [2,26-28] utilizing different
materials, including biomolecular constructs and polymer-
based vesicles, where electrostatic interactions play a
critical role in inducing shape changes via the control of
pH or ionic strength [26,27,29,30].

Here, we address a class of dynamic nanoscale building
blocks: deformable NPs whose surface is tailored with
charged patches. Although utilization of rigid, patchy NPs
is common in assembling desired structures, little is known
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regarding the utilization of spontaneous NP deformation
based on the location, size, or the number of surface patches.
Computational studies of deformations of patchy, flexible
NPs have been largely limited to the use of elastic surface
inhomogeneities, yielding, for example, regular polyhedra,
buckled conformations, and collapsed bowl-like structures
[31-33]. Alternatively, theoretical efforts have focused on
understanding shape transitions in homogeneously charged
nanostructures [34-37] and in uncharged elastic shells,
whose deformation is driven by topological defects, com-
pression, or magnetic forces [38-40]. Despite emerging
capabilities for synthesizing charge-patterned NPs and
colloids [3,41-43] and the prevalent use of electrostatic
control to induce changes in material assembly behavior
[13,44], a thorough understanding of the interplay between
electrostatic and elastic energies for shape manipulation in
charge-patterned flexible NPs is lacking [45].

We study a variety of shape-switching scenarios using a
continuum model of deformable, hollow NPs to elucidate
the relationship between surface charge patterns, deform-
ability, and the low-energy shapes of NPs. We show that
surface charge patterns can induce deformation in flexible
NPs for a broad range of salt concentrations. Our simu-
lations reveal that NPs with charged stripes, Janus patches,
and polyhedrally distributed patches adapt their shape
differently in response to changes in salt concentration
over 0.05-20 mM, transforming into rodlike structures,
capsules, spinning tops, hemispheres, variably dimpled
bowls, and particles with polyhedral protrusions. These
deformations, controlled by pattern type and screening
length, can change the directional specificity of interactions
between NPs, which may in turn hinder or promote
reconfiguration in assembled materials. The charge-
pattern-based shape control of deformable NPs revealed
in this Letter has implications for the design of responsive
nanocontainers and dynamic building blocks for assem-
bling reconfigurable materials.

© 2020 American Physical Society
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The model NPs are initialized as spherical containers of
radius R = 20 nm. Bending modulus x, and stretching
constant x, = k,R>, where k, is the spring constant
(proportional to the Young’s modulus), are introduced to
effectively account for the intermolecular short-range
interactions that resist deformation. These 2D elastic
parameters are chosen to be in a regime where the
equilibrium shape without any surface charge is a sphere.
The parameter values are inspired by experimental studies
of soft hydrogel NP systems, which have a 3D Young’s
modulus in the range of 10-100 kPa and exhibit significant
deformation [46-50]. Spontaneous buckling is suppressed
by choosing a low Foppl-von Kdrman number [38]. Long-
range electrostatic interactions are included via a screened
Coulomb potential with screening length A representing the
effects of mobile ions in solutions inhabiting the NP. The
surface charge patterns are restricted to designed patches
exhibiting charges of only one sign. The NP surface is
discretized with N, vertices, constituting N, edges and N
triangular faces. Using the discretization of the continuum
expression for the elastic energy [51], the Hamiltonian ‘H
characterizing the NP system [34,36] is written in units of
kT as
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where the first, second, and third term are the total bending,
stretching, and electrostatic energy respectively. H is
extended to include a volume constraint term, which allows
NP volume changes on the order of 10% for shape
deformations shown here (see Supplemental Material
[52]). The choice of this volume constraint is inspired by
experimental studies where preservation of the amount of
cargo encapsulated within the NP is desired across different
shapes [21,57]. In Eq. (1), 7 is the normal vector associated
with a face, a; is the equilibrium length of edge [, [ is
Bjerrum length in water, 7; denotes the position vector of
vertex i, and g; is the charge associated with this vertex.

To obtain the low-energy NP shapes, H is minimized
subject to the volume constraint using a molecular dynam-
ics (MD)-based simulated annealing procedure [34,36]
accelerated with an openmPp/MPI hybrid parallelization
technique [58]. The low-energy NP shapes are controlled
by the elastic moduli, charge pattern, and screening length.
The effects of counterion condensation, which may lead to
a reduction in the effective NP charge, are assessed by
performing MD simulations of counterions near a NP with
a shape produced via the energy minimization process [52].
These post-optimization simulations explicitly model the
presence of counterions, including their interactions with
the NP.

FIG. 1. Snapshots of low-energy shapes of deformable NPs for
striped patterns (left column), Janus patches (middle column),
and tetrahedrally distributed patches (right column). All NPs have
initial volume 4/37 203 nm?, with charged regions (orange) of
charge density 0.12 ¢/nm” in a salt solution at concentration
1 mM. Shifting the pattern changes the NP shape. Striped NPs
form spherocylinders with rounded or flattened tops, Janus
patches produce hemispheres and flattened bowls, and tetrahe-
drally distributed patches produce variably rounded tetrahedra.

Figure 1 shows the low-energy conformations of NPs for
three distinct sets of designed surface charge patterns:
alternating charged and neutral stripes of equal area, Janus
patches with varying fractional surface charge coverage,
and tetrahedrally distributed patches with varying patch
size. For each set, the different patches have the same initial
local charge density ¢ = 0.12 ¢/nm?. All NPs are in an
aqueous solution with salt concentration ¢, = 1 mM and
have elastic moduli of k, = 5 and x; = 125 (in units kzT).
NPs having striped patches yield spherocylinders including
rodlike and capsule-shaped structures as the number of
charged stripes is changed. Shapes with rounded or
flattened ends are observed depending on the charged or
neutral nature of the terminal ends. For Janus patches with
fractional surface charge coverage p, the NP exhibits shape
transitions from sphere (p = 0, fully uncharged) to hemi-
sphere (p = 0.5) to variably dimpled bowls (p = 0.75,
0.9). NPs with charged patches centered around the sites of
circumscribed tetrahedral vertices expand to generate
variably rounded tetrahedral-shaped NPs, depending upon
the patch size. For each of the three distinct types of charge
patterns, as the uniformly charged limit is approached
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(e.g., p=1 for Janus patches), the low-energy shape
converges to a disk conformation observed previously
for uniformly charged deformable NPs [34-36].

For a given patterned NP, its shape can be further
controlled by modifying solution conditions such as salt
concentration c¢,. The links between surface patterns and
shapes associated with NPs under varying c, can be
presented in the form of two-dimensional contour plots
using shape metrics such as asphericity. Figure 2(a) shows
an asphericity shape map for NPs with Janus patches as a
function of ¢, and p [52]. The solution conditions and NP
elastic properties are otherwise the same as in Fig. 1. The
map is constructed via an interpolation of the data for the
low-energy shapes generated from a set of 24 simulations
of deformable NPs with p =0.25, 0.5, 0.75, 0.9 and
c, = 0.05,0.1,0.5, 1, 5,20 mM [52]. Asphericity contours
demarcate regions of the design space capable of deforming
NPs to a given extent. Other shape descriptors such as
relative anisotropy yield similar results (see Supplemental
Material [52]).

Figure 2(b) shows the changes in the total energy H and
the area of the NP as a function of ¢, for different Janus
patches characterized with p = 0.25, 0.5, 0.75, 0.9. In all
cases, the difference A’H between the total energy of the de-
formed NP and the undeformed (initial) NP is negative. The
electrostatic and elastic energy components of 7 show that
the NP lowers its electrostatic energy at the cost of an incre-
ase in its elastic energy and area [52]. Similar trends are
observed for NPs with different patterns [52]. Figure 2(c)
provides snapshots of a specific shape transition (from
dimpled to flattened bowls) recorded in Figs. 2(a) and 2(b)
for p = 0.75 as ¢, is increased from 0.5 to 5 mM.

Figure 3 shows the distribution of local elastic energy
density (sum of the bending and stretching energies)
associated with a representative set of deformed NPs.
The inhomogeneous elastic energy density exhibits a
coupling to the anisotropic surface charge distribution in
each case. For example, NPs with Janus patches exhibit a
Janus-like elastic energy density, where an expansion of the
charged regions of the NP results in a higher local elastic
energy compared to the uncharged regions.

Charge anisotropy induces shape deformation, even for
the case of low charge density o with which NPs do not
deform when the surface charge is uniformly distributed.
We examined the shapes of NPs with Janus patches of
6 = 0.06 e/nm? and elastic moduli approximately half of
the values used in NPs studied in Fig. 1. When uniformly
charged, the NP does not deform at ¢, = 1 mM. However,
generating an inhomogeneity in the form of an uncharged
region induces deformation despite lowering the net surface
charge (Fig. 4). Tuning the anisotropy of the surface charge
deforms the NP into egglike, flattened bowl, and spinning-
top shapes.

The charge density ¢ in the NP model implicitly
includes the effects of charge renormalization due to ion

(@) o9F
10225
08 110.200
07 (0,175
a 0.150
K06
= 0.125
2
<
® o5 0.100
0.075
04
0.050
0.3 0.025

0.01 0.10 1 10

Salt Concentration c;
(b) 4 ; ; : : ;
=
£ -100¢
=
<
g -200+
B g
L 16F
E 3 15
% -300+ :
T 14
I3
E sk
5| E b
. -400-
g 2t
= 10f
~500+ 005 010 050 1

| . . . . .
0.05 0.10 050 1 5 10
Salt Concentration c¢; (mM)

Salt Concentration

FIG. 2. Pattern-shape links analyzed for NPs patterned with
Janus patches with fractional surface charge coverage p €
(0.25,0.9) (middle column in Fig. 1) for varying salt concen-
tration ¢, € (0.05,20) mM. (a) Asphericity as a function of ¢
and p. NPs associated with large p and small ¢, exhibit higher
asphericity, signaling greater deviations from the spherical con-
formation. (b) Changes in NP total energy and area (inset) vs ¢,
for different p. Shape transitions are accompanied by a decrease
in the total energy and an increase in the area relative to the
spherical conformation. (c) Representative snapshots of the low-
energy shapes of Janus NPs with p = 0.75 as ¢, increases from
left to right.

condensation. All charged patches in Fig. 1 have the same
6 = 0.12 e¢/nm?. The NP surface charge, however, varies
with the pattern and is largest (=600e) for the homo-
geneously charged NP. MD simulations of monovalent
counterions surrounding undeformed (spherical) NPs with
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FIG. 3. The elastic energy distribution on the surface of the
deformed NP for a representative set of NPs tailored with charge
patterns shown in the top left. NPs with Janus patches charac-
terized by fractional charge coverage p = 0.75 (a) and p = 0.5
(c) exhibit a Janus-like elastic energy density. A similar coupling
between anisotropy in charge pattern and elastic energy density is
observed in striped NPs (b) and NPs with polyhedrally distributed
patches (d).
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charge patterns depicted in Fig. 1 show that patchy NPs
experience less ion condensation compared to homo-
geneously charged NPs. For example, in the case of
undeformed NPs with Janus patches characterized with
patch size p, the majority of counterions condense on the
charged portion of the NP, which reduces the effective local
charge density to ~0.09 e/nm? for low p = 0.25 and down
o ~0.05 e/nm? for high p =1 (Supplemental Material
[52]). NPs with other patterns exhibit similar trends. As
condensation effects are most severe for the uniformly
charged spherical NP, the latter can be used to assess the
feasibility of realizing a charge density of 0.12 ¢/nm? in
the event of ion condensation, which is known to limit the
maximum effective charge or the critical valence [59]. The
extent to which ion condensation lowers the critical valence
is dependent on NP packing fraction # and c,. Mean-field
calculations based on the Manning model [34-36,52,60]
show that uniformly charged spherical NPs under salt-
free conditions have a critical valence greater than
6 =0.12 ¢/nm? for n < 1073, By the above arguments,
this ¢ value is also feasible for charge-patterned NPs for
similarly low #.

For high NP packing fraction, the ¢ value in the coarse-
grained model needs to be lowered as stronger condensa-
tion effects are expected [36,59]. MD simulations of
counterions surrounding NPs characterized with Janus-like
patches of size p and bare charge density 6, = 0.12 ¢/nm?
show significant condensation at 5 = 107> for both
undeformed and deformed NPs shown in Fig. 1 [52].
The associated effective charge reduces from 150e to
~120e for p = 0.25 and from 600e to ~220¢ for p = 1.
The condensation effects are most severe for the
homogeneously charged (p = 1) NPs that yield disklike
structures, for which calculations are analytically trac-
table [34,36,52]. A Manning two-state model can be
used to analyze the condensation effects under salt-free
conditions for different packing fractions # [52]. The model
approximately reproduces the effective charge (~220¢)
estimated by the explicit-ion MD simulations at
n =102 for p = 1. Using the model, we compute the
effective charge and the free energy for n € (107'2,1072),
where the latter comprises the electrostatic free energy and
the NP elastic energy. The difference in the net free energy
of a disk-shaped NP of aspect ratio ~0.3 (produced in our
simulations for p = 1) relative to that of a sphere, remains
negative by over ~100kT for 1072 < n < 10~* (Fig. 5 in
the Supplemental Material [52]). The free-energetic drive to
deform can be further enhanced for reduced effective
charges by synthesizing less rigid NPs. For example,
deformations similar to those observed for NPs
with Janus patches (Fig. 1) are achieved with lower
o = 0.09 ¢/nm? for NPs with reduced elastic parameters:
kK, = 3 and x, = 75 [52].

We also note that the difference in the extent of ion
liberation between spherical and deformed patterned NPs is
small for all patterns, as indicated by the slight increase in
the effective charges of deformed NPs extracted via MD
simulations (Fig. 4 in the Supplemental Material [52]). We
thus do not expect ion release and associated entropic
effects to sufficiently counteract the electrostatic drive to
deform, as has been found for highly charged nano-
containers [59]. However, the effects of explicit counter-
ion-NP interactions during the shape change process are
neglected in our model. A dramatic reduction in the ion
condensation during the shape change process may result in
an increase in the free energy of the released counterions,
stabilizing the spherical shape [59]. These effects may

FIG. 4. Low-energy shapes of NPs with Janus patches of charge density 6 = 0.06 ¢/nm? and elastic moduli x, = 3 and x, = 75 (in
units of kgT). Patch size increases from left to right as p = 0.25,0.50,0.75,0.90, 1.0; other parameters are the same as in Fig. 1.
Anisotropy of the surface charge itself causes deformation; when uniformly charged (p = 1), the NP does not deform.
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affect the parameter regimes to realize shape transitions, in
particular, for high packing fractions.

We have demonstrated the capacity to electrostatically
control the shape of hollow, deformable NPs via the
synthesis of surface charge patterns. Our simulations
showed that NPs with Janus patches, stripes, and
polyhedrally distributed patches adapt their shape in
response to changes in solution conditions and pattern
tuning, transforming into different structures including
spherocylinders, spinning tops, hemispheres, bowls, and
polyhedral particles. The model can be readily extended to
address other charge patterns, including oppositely charged
patches, and particles of larger size [36]. Our initial studies
indicate larger NPs of radius 100 nm with the same
charge density and smaller Young’s modulus (within the
10-100 kPa range) deform into shapes similar to those
shown in Fig. 1. However, we expect transitions to become
less feasible for much larger particles (radius 210 ym) as
the elastic modulus and salt concentration enabling defor-
mation may become prohibitively low. A key experimental
challenge will be to synthesize deformable NPs with
tailored charge patterns. Phase separation and masking
techniques are established methods for synthesizing poly-
mer-based patchy particles [43], which may be utilized with
pH-responsive polymers to form charge-patterned NPs
[2,43]. Further, methods of controlling the extent of
cross-linking in polymeric NPs [46,50] can enable the
tuning of their elasticities to facilitate the deformation
of charge-patterned NPs within the range of solution
conditions explored in this Letter.

This work is supported by the NSF through Grants
No. DMR-1753182 and No. 1720625. Simulations were
performed using the Big Red supercomputing systems.
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