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From Mixtures to Multilayered Arrays via Self-Assembly

Biology shows many examples of spatially
controlled assembly of cells and biomacromolecules into
hierarchically organized structures, to which many of the
complex biological functions are attributed. While such
biological structures have inspired the design of synthetic
materials, it is still a great challenge to control the spatial
arrangement of individual building blocks when assembling
multiple types of components into bulk materials. Here, we
report self-assembly of multilayered, ordered protein arrays
from mixed populations of virus-like particles (VLPs). We
systematically tuned the magnitude of the surface charge of the
VLPs via mutagenesis to prepare four different types of VLPs for mixing. A mixture of up to four types of VLPs selectively
assembled into higher-order structures in the presence of oppositely charged dendrimers during a gradual lowering of the
ionic strength of the solution. The assembly resulted in the formation of three-dimensional ordered VLP arrays with up to four
distinct layers including a central core, with each layer comprising a single type of VLP. A coarse-grained computational model
was developed and simulated using molecular dynamics to probe the formation of the multilayered, core-shell structure. Our
findings establish a simple and versatile bottom-up strategy to synthesize multilayered, ordered materials by controlling the
spatial arrangement of multiple types of nanoscale building blocks in a one-pot fabrication.

self-assembly, ordered protein arrays, hierarchical structures, core-shell structures, multilayered materials, virus-like particles,
electrostatic interactions

iomimetic materials design and discovery often takes

inspiration from the functional complexity of biological

systems; nowhere is this complexity more striking than
in the organization of cells in complex living organisms. Well-
defined spatial segregation of cells into hierarchically organized
three-dimensional (3D) structures is a critical developmental
step in biological systems. Studies of developing embryos
suggest that spatial segregation of cells during morphogenesis
is not solely due to the chronological sequence in the
developmental process. The process often involves selective
adhesion of cells leading to the formation of more
thermodynamically stable structures, which can be independ-
ent of the developmental sequence.' For example, Townes and
Holtfreter demonstrated that, when three amphibian germ
layers (endoderm, mesoderm, and ectoderm) were dissociated
into a mixture of individual cells, the mixture could self-
assemble into their developmentally correct positions to
remake the three spatially segregated germ layers in vitro.”
More recently, Foty and Steinberg showed that a mixture of
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two populations of cells of the same cell type but differing in
the expression levels of a cell adhesion protein (N-cadherin)
segregated from each other (data reproduced in Figure S1)’
based on a reduction of the free energy of adhesion, as cells
tend to maximize their mutual binding. These studies highlight
the inspiration, importance, and potential of developing
synthetic approaches to control the self-assembly of complex
mixtures of different types of biomolecular building blocks in
order to fabricate spatially segregated, multilayered hierarchical
structures.
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Figure 1. (a) Schematic showing assembly of multiple types of P22 VLP building blocks into an ordered core-shell array in the presence of
G6 dendrimers through modulation of ionic strength by dialysis. Each VLP subpopulation assembled into an ordered array below the
corresponding ionic strength threshold, leading to the formation of a multilayered hierarchical structure during dialysis through each
threshold. (b) Assembly of VLPs in a one-component system, i.e., a single P22 variant in the presence of G6 dendrimers, was examined by
monitoring optical density at 800 nm for a range of ionic strengths. High optical density indicates the formation of large aggregates due to
light scattering. Each variant of P22 VLP exhibited different threshold ionic strengths (I,), above which array formation does not occur. (c)
Super-resolution fluorescence microscope observation of P22 VLP arrays formed in a mixture of four types of VLPs at various steps of the
dialysis process. P22-EEE2, P22-E2, P22-Q2, and P22-K2 VLPs were labeled with Alexa-488, Texas Red, CF405SM, and Alexa-488
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Figure 1. continued

fluorescent dyes, respectively. Hierarchically organized protein arrays were constructed from four types of P22 VLPs through a step-by-step
dialysis from the ionic strength I = 823 to 41 mM. VLP arrays formed at I = 494 mM showed only a green fluorescent color, indicating they
are composed solely of P22-EEE2 VLPs, because I is slightly below I,"**2 but much higher-than I*%, I,%, and I/ A layer of red fluorescent
color was observed on the top of the green core at I = 206 mM, suggesting that P22-E2 VLPs selectively attached on the P22-EEE2 array.
Similarly, thin layers of P22-Q2 and P22-K2 VLPs were formed on the existing layers at I = 103 mM and I = 41 mM, respectively. The
images were acquired with a section spacing of 0.125 ym along the z-axis, and sections from the middle of the arrays are shown here. (d)
Small-angle X-ray scattering (SAXS) analysis of samples containing a mixture of four types of VLPs, at each step of the dialysis process. At
the starting point (I = 823 mM), only a form factor of P22 VLPs was observed, because all types of VLPs were dispersed in solution at I =
823 mM. Peaks attributed to a structure factor of VLPs became more prominent as the samples were dialyzed to low ionic strength. The
peaks are indicative of long-range ordering and correspond to an FCC structure. The structure factor gradually diminished as the samples
were dialyzed back to high ionic strength, suggesting the disassembly of VLPs from the arrays when the ionic strength reached above the I, of

each type of VLP.

Hierarchically organized 3D assemblies of nanoscale
building blocks can exhibit properties and functions beyond
those of individual building blocks.*™® Thus, significant effort
has been devoted in recent years to establish strategies to
control the bottom-up assembly of nanoscale building blocks
into well-defined architectures.””'* Because of their diverse
and sophisticated functionalities, proteins have attracted a lot
of interest as building block macromolecules for constructing
hierarchical 3D assemblies.''~'* Besides conventional protein
crystallization approaches,> ™" interactions such as metal—
ligand coordination,”"””* complementary DNA,**™*® as well as
electrostatic,”” > hydrophobic,”**> and specific protein—
protein®®*” interactions have been exploited to mediate the
assembly of protein building blocks into ordered 3D structures.
Nevertheless, it continues to be a challenge to control the
spatial arrangement of two, three, or more types of building
blocks while assembling them into hierarchically organized 3D
architectures.

Here, we report the self-assembly of multilayered ordered
arrays from a mixed population of building blocks, where each
layer is populated with building blocks of the same type. Such a
selective, spatially defined assembly of building blocks is
achieved by modulating two material attributes: the surface
charge of the building blocks and ionic strength of the sample
solution. Different types of building blocks possess negatively
charged surfaces characterized with different magnitudes of
surface charge. We demonstrate that, by tuning the ionic
strength, these distinct surface charges can be utilized to
induce assembly of only one selected type of building block in
the presence of building blocks of all types. We use virus-like
particles (VLPs) derived from the bacteriophage P22°%*" as
building blocks. VLPs and other cage-like proteins offer
distinct advantages for higher-order assemblies; ' > 725273031
these nanostructures are extremely homogeneous in size and
can be engineered with additional functionalities via chemical
and/or genetic modifications."**®*" The P22 VLP, an
icosahedral capsid of a diameter of 56 nm, is a particularly
attractive platform due to its versatility in the internal
encapsulation of a wide range of functional cargoes including
inorganic nanoparticles,"* polymers,** and proteins.*~*
Higher-order assembly of P22 VLPs is governed by the
interaction between the exterior surfaces of the VLPs and is
independent of the cargoes packaged inside the VLPs.
Furthermore, the surface properties of these VLPs, including
surface charge, can be easily tuned without altering their
overall structure (e.g., shape, size), which enables the study of a
higher-order assembly of VLPs in a systematic manner. We
previously showed that P22 VLPs self-assemble into ordered

3D arrays, regardless of the cargo encapsulated inside them,
when they are mixed with oppositely charged generation 6
(G6) polyamidoamine (PAMAM) dendrimers, which act as
linkers.”’ The assembled arrays exhibiting the highest long-
range order were formed only near a threshold ionic strength,
above which the VLPs did not exhibit any appreciable higher-
order assembly. The VLP variants with different surface
charges exhibited different ionic strength thresholds.” In the
present study, we extend this approach to generate multi-
layered, ordered protein arrays via the selective, spatially
segregated assembly of multiple types of VLP building blocks.

Starting from a mixture of four different types of VLP
building blocks produced by tuning the magnitude of the VLP
surface charge, the assembly of VLPs of the same type (same
surface charge) into spatially segregated regions is directed by
modulating the ionic strength of the sample solution in the
presence of oppositely charged linkers. The overall structure is
defined by a central core, composed of VLPs of a single type,
that seeds the formation of multiple layers (shells), each
populated with VLPs of only one type. We develop a coarse-
grained computational model to describe the selective
assembly of a two-component mixture of VLPs into a spatially
segregated, ordered core-shell array. The integrated exper-
imental and computational approach enables a clear
elucidation of the underlying mechanisms of the self-assembly
process responsible for creating these multilayered, ordered
materials. The process of assembling such core-shell structures
is reversible, and the assembly and disassembly of these arrays
is readily controlled through modulating the ionic strength of
the solution. The slow and gradual modulation vs a rapid
change of the ionic strength also plays an important role in the
realization of the core-shell structures. This work establishes a
design strategy for synthesizing spatially defined hierarchical
architectures that self-assemble from multiple types of
nanoscale building blocks in a one-pot fabrication.

Construction of Spatially Segregated Ordered Pro-
tein Arrays with Four Distinct Layers. We have
demonstrated the construction of hierarchically ordered 3D
protein arrays, via the controlled self-assembly of up to four
different types of VLP building blocks into layered, core-shell
structures (Figure la—c). Unlike conventional layer-by-layer
assembly strategies in which different layers are added in
isolation,” ™" we assemble the multilayered structure of VLPs
from a one-pot mixture containing all types of building blocks.
The sequential, type-specific VLP layer formation is mediated
by linkers and is controlled by a gradual change in the ionic
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strength of the solution (through dialysis), which modulates
the electrostatic attraction between VLPs and linkers. We
engineered variants of P22 VLP building blocks that exhibit
identical morphology but different surface charges (Table 1

Table 1. Peptide Sequence, Zeta Potential at pH 7.0, and
the Threshold Ionic Strength of Each P22 VLP Variant

threshold I, estimates
ionic from
peptide zeta potential  strength (I,)  simulation
VLP variant sequence mV) (mM (mM)
P22-EEE2  (VAALEEE),  —43.0 + 4.1 355 NA
P22-E2 (VAALEKE),  —304 + 2.8 247 225
P22-Q2 (VAALQSQ), —23.6 + 2.0 123 150
P22-K2 (VAALKEK), —12.8 + 2.1 61.7 75

and Figure S2). The surface charge of the VLPs was tuned
systematically by introducing two repeats of heptapeptides at
the C-terminus of the P22 coat protein, which is exposed on
the exterior of the assembled VLP.’” Because the P22 VLP is
assembled from 420 copies of the coat protein and the C-
terminus of the P22 coat protein is exposed outside the VLP,
up to 420 copies of these peptides are displayed on the surface.
The four different VLP variants, P22-EEE2, P22-E2, P22-Q2,
and P22-K2, that possess four different peptides, exhibited
negatively charged surfaces with zeta potentials of —43.0,
—30.4, —23.6, and —12.8 mV, respectively (Table 1).

In assembly studies involving only a single type of VLP, each
of the four variants exhibited a different ionic strength
dependence for their self-assembly into higher-order structures
when combined with positively charged G6 PAMAM
dendrimers of a diameter of 6.7 nm (Figure 1b). The
dendrimers acted as bridging linkers connecting the VLPs
together through electrostatic interactions. A direct correlation,
consistent with our previous study,*® was found between the
zeta potential (surface charge) of a variant and the threshold
ionic strength (I,), below which VLPs of that variant self-
assembled into arrays (and above which no assembly was
observed). Specifically, we found the threshold ionic strength
values of IFE¥2 = 555 mM, IF* = 247 mM, I,2 = 123 mM, and
1X* = 61.7 mM for P22-EEE2, P22-E2, P22-Q2, and P22-K2
variants, respectively (Table 1 and Figure 1b). The individual
VLP mutants with a higher negative zeta potential exhibited a
higher I, that is, [**%2 > [ > [[¥ > [

Starting with a mixture of all four types of VLP variants
(building blocks) and lowering the ionic strength of the
solution via a step-by-step dialysis, VLPs of a specific type
assembled into an ordered structure as the ionic strength
traversed the associated threshold value I, This led to the
formation of ordered protein arrays with four distinct layers
exhibiting a consistent face-centered cubic (FCC) structure
(Figures 1c,d, S3, and S4). Furthermore, this assembly was
reversible; when the ionic strength was increased sufficiently
above the I, associated with a particular VLP type, the layer
composed of VLPs of that type spontaneously disassembled
from the array.

To aid with direct visualization of the layered fabrication,
P22-EEE2, P22-E2, P22-Q2, and P22-K2 VLPs were
individually labeled with Alexa-488 (green), Texas Red
(red), CF405 M (blue), and Alexa-488 fluorescent molecules,
respectively (Figures la,c, S3, and S4). When equimolar
populations of VLPs of these four types were mixed with
positively charged G6 PAMAM dendrimers in a solution at

ionic strength I = 823 mM (above the threshold values of all
the variants), the solution was transparent indicating no
assembly of VLPs into arrays. At this high ionic strength (823
mM), the electrostatic attraction between VLPs and G6
dendrimers is highly screened, which suppresses the formation
of stable VLP-G6-VLP bridged structures and subsequent
assembly of VLPs into 3D arrays.

When the ionic strength of the sample solution was lowered,
via dialysis, to I = 494 mM, which is slightly below the I, of
P22-EEE2 (I < I*F%2) but much greater than the I, of P22-E2,
P22-Q2, and P22-K2 (I > IF>>I¥>1*%), the solution became
visibly turbid, characteristic of the formation of assembled
arrays. Direct observation of the sample using super-resolution
fluorescence microscopy revealed the formation of VLP arrays
with green color (Figure 1c), signaling that only the P22-EEE2
VLPs assembled into arrays while VLPs of other variants
remained as individual particles in the solution. At this ionic
strength (494 mM), the electrostatic attraction between VLPs
and G6 dendrimers is sufficiently strong to facilitate the
formation of VLP-G6-VLP bridged structures for P22-EEE2
VLPs, but too weak to nucleate the bridged structures for any
other type of VLP. Upon further lowering of the ionic strength
to I = 206 mM, slightly below the I, of P22-E2 (I < 1),
fluorescence microscopy images (Figure 1c) showed a red-
colored layer (shell) composed of P22-E2 VLPs enveloping the
surface of the green-colored P22-EEE2 VLP arrays (core), thus
generating a two-layer core-shell array structure. The images
also indicated that VLPs of other variant types (Q2 and K2)
remained as individual particles in the solution. When the ionic
strength of the sample solution was further lowered to I = 103
mM, below the I, of P22-Q2 (I < %), a blue layer composed
of P22-Q2 VLPs was observed enveloping the red-colored
P22-E2 VLP layer, generating a three-layer core-shell structure
(Figure 1c). Finally, when the ionic strength of the solution
was decreased to I = 41 mM, below the threshold of P22-K2 (I
< I/?), the formation of a thin, green layer of P22-K2 VLPs
was observed as the fourth, outermost layer (Figures lc, S3,
and S4). Because the surface area of the array increases with an
increasing number of shell layers, equimolar amounts of the
four building blocks contained in the sample solution yield
outermost shell layers that are thinner than the inner core.

Structure Analysis of the Multilayered Protein Arrays
with SAXS. Small-angle X-ray scattering (SAXS) measure-
ments of the multicomponent mixture at each of the ionic
strength values associated with the dialysis process (823, 494,
206, 103, and 41 mM) verified that the VLPs self-assembled
into an ordered FCC structure across the observed multiple
layers (Figure 1d). At I = 823 mM, the sample showed a
scattering profile that could be ascribed to the form factor of
P22 VLPs; no structure factor component was observed,
reflecting the dispersed, nonassembly state of all VLPs in the
solution. On lowering the ionic strength to I = 494 mM, peaks
attributed to the structure factor of an FCC lattice
emerged.”"*® These peaks became progressively more
prominent as the ionic strength was lowered toward 41 mM.
The increase in peak prominence occurs because only the P22-
EEE2 VLPs, corresponding to a quarter of the total VLP
population, are assembled into an ordered array (core) at I =
494 mM, while the form factor arising from the dispersed VLPs
of types P22-E2, P22-Q2, and P22-K2 makes a significant
contribution to the overall scattering intensity. In stark
contrast, when the dialysis experiment reaches I = 41 mM,
VLPs of the remaining three types are sequentially assembled
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Figure 2. Analysis of the formation of the core-shell structure composed of P22-E2 and P22-K2 VLPs. (a) Super-resolution fluorescence
microscope images of the ordered core-shell VLP array formation. When P22-E2 and P22-K2 VLPs were mixed at a 1:1 molar ratio together
with an excess of G6 dendrimers at I = 329 mM, the VLPs did not assemble into large aggregates, as the ionic strength is higher than the
associated ionic strength thresholds, I”> and I,%. When the mixture was dialyzed against I = 206 mM, which is lower than I,”* but higher
than I;%, only P22-E2 VLPs assembled. At I = 103 mM (>I;%?), a thin layer of P22-K2 VLPs (green) was observed on the surface of the P22-
E2 VLP core (red). The shell layer composed of P22-K2 VLPs became thicker when the mixture was dialyzed further to I = 41 mM (<I<?).
(b) Selected simulation snapshots of a typical steady-state configuration of P22-E2 VLPs (red spheres) and P22-K2 VLPs (green spheres) at
different ionic strengths indicated by the legend at the top. Ionic strength is decreased from left to right. G6 dendrimers are not shown on
the snapshots for clarity. Pair correlation functions (PCFs) of E2-E2 (red, top row), K2-K2 (green, middle row), and E2-K2 (blue, bottom
row) VLPs at the corresponding ionic strengths are presented below each snapshot. No assembly is observed at high I = 300 mM (left).
Exclusive assembly of P22-E2 VLPs occurs at its threshold ionic strength I,"> = 225 mM >> I;* resulting in an ordered structure (center left);
the assembled P22-E2 VLP core actively excludes P22-K2 VLPs as seen in the E2-K2 PCF. Coassembly with a layer of K2 VLPs covering the
E2 VLP core occurs upon further dialysis to I = 100 mM (center) and at the K2 threshold, I,> = 75 mM (center right). Coassembly persists
below the ionic strength threshold of P22-K2 variant (right), with PCF peaks sharpening as the ionic strength is reduced to 50 mM.

as layers (shell) into the same ordered structure, leading to a
clear enhancement of the structure factor contribution to the
overall scattering intensity.” The lattice parameter of the FCC
array obtained at I = 41 mM was estimated as 86.0 nm from
the peak positions (Figure SS). When the sample was dialyzed
back from I = 41 mM to higher ionic strength values (up to
823 mM), the peaks attributed to the structure factor gradually
diminished, and the form factor became progressively more
prominent (Figure 1d). These changes indicate that VLPs of a
specific variant progressively disassembled from the ordered
array when the ionic strength was increased above the
corresponding ionic strength threshold I, of the variant.

We have previously demonstrated using both experiments
and simulations that P22 VLPs of a single type spontaneously
self-assemble into an FCC lattice in the presence of G6
dendrimers when the ionic strength of the solution is close to
its I. At ionic strengths sufficiently lower than I, VLPs
assembled into kinetically trapped amorphous aggregates.”**
However, we showed that starting from the initial config-
uration where the VLPs have already assembled into the
ordered array near their I, the ordered FCC structure is
sustained even when the ionic strength of the solution is
lowered below I.** Thus, the multilayered ordered array, with
each layer having assembled near the corresponding I,
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similarly sustains its ordered structure at all ionic strengths
below I, (Figure 1d).

Mechanisms underlying the Formation of Core-shell
Arrays: Two-Component VLP Systems. To probe the
mechanisms underlying the formation of ordered core-shell
protein arrays in detail, we investigated the two-component
(binary) system containing VLPs of two types, P22-E2 and
P22-K2, using experiments and molecular dynamics (MD)
simulations. As expected, a two-layer core-shell structure
composed of spatially segregated P22-E2 (red) and P22-K2
(green) VLPs was observed in experiments by decreasing the
ionic strength from I = 329 to 41 mM via a step-by-step
dialysis (Figures 2a and S6). According to the estimation of the
yield of the arrays, nearly 97% of the P22 VLPs in the starting
solution were assembled into arrays (Supporting Information
Section 1). A preliminary analysis of the long-term stability of
the assembled structures was conducted by storing the two-
component core-shell array sample at 4°C for 17 months after
preparation and observing it with super-resolution fluorescence
microscopy. Over this time frame, the core-shell architecture
was maintained, and some arrays coalesced (Figure S7).

The two-component VLP system was investigated via MD
simulations using a coarse-grained model adapted from our
previous study describing the linker-mediated assembly of
single-component VLP systems characterized with VLPs of
only one variant.*® P22-E2 and P22-K2 VLPs were modeled as
56 nm wide charged spheres with charges of —1500e and
—600e, respectively. G6 dendrimers were modeled as positively
charged spheres of a diameter of 6.7 nm. The steric
interactions between a pair of VLPs and between a pair of
dendrimers were modeled using the standard purely repulsive
Lennard-Jones (LJ) potential. To account for the significant
differences in the sizes of the VLPs and the dendrimers, the
VLP-dendrimer steric interactions were modeled using a
modified L] potential characterized by a parameter oy, which
controls the degree of proximity of dendrimers to the VLP
surface (see Methods). The VLP-VLP, VLP-dendrimer, and
dendrimer-dendrimer electrostatic interactions were modeled
using the standard Yukawa potential. This model system was
the same as the one developed in our previous study,*® except
for the reparametrization of the dendrimer charge and oy,
which was informed by experimental studies of the assembly of
highly charged single-component VLP systems (e.g., P22-
EEE2). Specifically, the dendrimer charge was increased to
4Se, and the VLP-dendrimer steric repulsion was altered by
choosing 6, = 4.5 nm. These modifications enabled an
appropriate dependence of VLP assembly on ionic strength for
the highly charged VLP variants, yet preserved the assembly
behavior found in our previous paper for the single-component
VLP systems (P22-E2, P22-Q2, P22-K2). Further, the
reparameterized coarse-grained model enabled the study of
the two-component system with both rapid and gradual
changes in the ionic strength of the solution. All simulations
were performed in an NVT ensemble at a temperature of 298
K. The Methods section provides more details about the
model parameters, interaction potentials, and simulation
protocols.

In simulating dialysis, ionic strength values were updated in
a stepwise fashion, allowing for the equilibration of the system
between each step. This coarse-grained model successfully
reproduced the binary core-shell array formation composed of
two equimolar populations of VLPs corresponding to P22-E2
and P22-K2 variants (Figures 2b and Figure S8). Previous

work showed that P22-E2 VLPs assemble into ordered arrays
at an ionic strength threshold I,** &~ 225 mM, while P22-K2
VLPs only assemble when a much lower ionic strength
threshold I* & 75 mM is reached (note the small differences
in the threshold values associated with simulations and
experiments (Table 1); simulation estimates are within 25
mM of the experimental results). Because of this disparity in
ionic strength thresholds and the gradual nature of dialysis, it is
possible to selectively establish the electrostatic drive to
assemble P22-E2 VLPs in a mixed system of P22-E2 and P22-
K2 VLPs. Gradually decreasing the ionic strength from
nonassembly conditions to I** leads to an assembly of only
P22-E2 VLPs into an ordered array (core), as illustrated in the
simulation snapshots (Figure 2b). Further lowering of I to I &
I yields coassembly into core-shell structures with a layer of
P22-K2 VLPs enveloping the core formed by P22-E2 VLPs.
Simulations also confirmed the ionic-strength-dependent
reversible nature of the core-shell assembly and disassembly
(Figure S9).

The pair correlation functions (PCFs) associated with P22-
E2 VLPs (E2-E2 PCF), P22-K2 VLPs (K2-K2 PCF), and P22-
E2 and P22-K2 (E2-K2 cross-PCF) VLPs quantitatively
illustrate the electrostatic control mechanism for realizing
core-shell structures via the dialysis-based modulation of ionic
strength (Figure 2b). Above the ionic strength threshold of
either species, there is little more than a transient first peak
characterizing a nonassembly configuration. This is the product
of fleeting, weak interactions at short distances between VLPs.
During the initial exclusive assembly of the higher-charged
species (P22-E2 VLPs) at I ~ 225 mM, the correlations in
the entire system are dominated by those associated with P22-
E2 VLPs (E2-E2 correlations). The corresponding PCF (red in
Figure 2b) exhibits an ordered HCP/FCC lattice structure,
similar to that observed in our earlier work."® This structure
provides the core for the core-shell structures resulting from
subsequent dialysis. At an ionic strength I,”* ~ 225 mM, the
K2-K2 PCF (green in Figure 2b) shows no significant
assembly of P22-K2 VLPs, consistent with the ionic strength
threshold for the K2 variant. Further, the E2-K2 cross-PCF
(blue in Figure 2b) at I* ~ 225 mM shows the exclusion of
P22-K2 VLPs from the P22-E2 VLP core as evident from the
smaller than 1 PCF values until a distance greater than 7 VLP
diameters, a rough approximation of the size of the P22-E2
VLP core array, considering finite-size effects in simulations.

Interestingly, simulation snapshots and the PCFs indicate
that upon further dialysis, P22-K2 VLPs start forming a layer
(shell) surrounding the P22-E2 VLP core at an ionic strength
above the threshold ionic strength I/* ~ 75 mM for assembly
of the single-component P22-K2 VLP system (Figure 2b).
Even at I = 100 mM (I > I[%), clear and defined peaks in the
K2-K2 PCF are observed, indicating a significant population of
P22-K2 VLPs in the solution have already started to form the
layer (shell) on the surface of the P22-E2 VLP core (see Figure
S8 for a cross section of this core-shell array). The population
of the P22-K2 VLPs in this layer increases further as the ionic
strength is lowered to I = 75 mM. We posit a scenario based
on the accumulation of dendrimers (linkers) on the surface of
the already formed core to explain this finding. In our previous
study, simulations of the single-component P22-E2 VLP
system showed a significant rise in the average number of
dendrimers (linkers) condensed on the surface of the P22-E2
VLPs at low ionic strengths.”® This effect was also observed to
persist in the assembly of the two-component system, as
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(a) Nustration of assembly at E2:K2 = 1:4 via dialysis

(b) Fluorescence microscope images
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Figure 3. Assembly of P22-E2 and P22-K2 VLPs with a 1:4 stoichiometry ratio via dialysis. (a) Schematic showing assembly of P22-E2 and
P22-K2 VLPs. For an E2:K2 = 1:4 stoichiometric ratio, formation of core-shell structures persists, yet homogeneous nucleation and growth
of K2-only assembly becomes more prominent. (b) Fluorescence microscopy observations of a sample showed that in addition to the E2-K2
core-shell assembly, a standalone K2-only array formation also readily occurred when the sample was dialyzed from the ionic strength I =
329 to 41 mM via 206 mM. (c) Simulation snapshot (left) and associated PCFs (right) for a dialyzed sample are shown. In the PCFs, red,
green, and blue profiles denote E2-E2, K2-K2, and E2-K2 VLP correlations, respectively. The PCFs are shown at the ionic strength threshold
of the lower charged species (75 mM). Inset shows K2-K2 and E2—K2 correlations with zooming in on the y-axis of the outset. The core-
shell assembly is seen to persist, wherein peak positions in the PCF remain similar to those observed in the E2:K2 = 1:1 case (Figure 2b).

evidenced by the dramatic rise in the average number of
dendrimers per VLP (Figures S11 and S12). We hypothesize
that this enhanced local linker concentration on the surface of
the P22-E2 VLP core increases the potential for P22-K2 VLPs
to bind to the P22-E2 VLPs associated with the core at an
ionic strength higher than the threshold ionic strength I,*
(~7S mM) based on the isolated assembly of the P22-K2 VLP
system.

The P22-K2 VLP layer (shell) formation at an ionic strength
higher than I* was experimentally verified (I = 103 mM in
Figure 2a). Consistent with simulations, a thin layer of P22-K2
VLPs (green) formed on the surface of the already-formed
array composed of P22-E2 VLPs (red) when the ionic strength

was lowered to I = 103 mM, which is higher than I,*. It should
be noted that the P22-K2 VLPs alone with G6 dendrimers did
not assemble into an array at I = 103 mM (Figure S10). The
simulation and experimental results suggest that the accumu-
lation of the dendrimers on the surface of the P22-E2 VLP core
makes the core surface a unique recruiting site for P22-K2
VLPs, leading to the formation of a thin layer of P22-K2 VLPs
even at an ionic strength higher than I,>. These findings show
a clear preference in a two-component system toward the
formation of the binary core-shell arrays over isolated cores of
only P22-K2 VLPs at the lowest ionic strengths. In addition,
when the ionic strength was lowered to I = 41 mM, the
thickness of the shell composed of P22-K2 VLPs was observed
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(a) lllustration of E2:K2 = 1:1 assembly via rapid dilution (c) SAXS
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Figure 4. Assembly of P22-E2 and P22-K2 VLPs into arrays via a rapid change of the ionic strength from I = 329 to 41 mM. (a) Rapid
dilution leads to a homogeneous distribution of VLPs in an amorphous aggregate. (b) Fluorescence microscopy images indicate that, unlike
the slow dialysis process, E2 and K2 VLPs distributed homogeneously in the aggregates. (c) SAXS profiles of P22 VLP arrays assembled via
rapid dilution of the ionic strength from I = 329 mM to 41 mM. The E2-K2 binary sample as well as the E2-only sample do not exhibit a
structure factor in the SAXS profiles, which is characteristic of amorphous aggregates. In contrast, the K2-only sample has a prominent
structure factor attributed to an ordered FCC arrangement. (d) Simulation snapshot (left) and PCFs (right) for the rapid change in ionic
strength from I = 329 to 75 mM are shown. Inset shows K2-K2 and E2-K2 correlations with zooming in on the y-axis of the outset. In the
case of gradual change via dialysis shown in Figure 2b, a clear core is formed at high ionic strengths, which—due to the disparate time scales
of dialysis and assembly—is followed by layered deposition of the lower-charged species. Rapid dilution circumvents this time scale disparity
and does not allow for the P22-E2 core formation prior to the P22-K2 VLP shell deposition. Instead, a homogeneous mixing of the P22-E2
VLPs (red spheres) and P22-K2 VLPs (green spheres) is observed at I = 75 mM. PCFs similarly suggest that rapid dilution leads to
kinetically trapped, amorphous aggregates at this low ionic strength.

to increase (I = 41 mM in Figure 2a), indicating that additional
P22-K2 VLPs incorporated into the shell layer near X% A
considerable increase in the K2-K2 PCF peak heights and the
lack of isolated K2 VLPs at 75 and 41 mM (compared to 100
mM) in the snapshots (Figure 2b) also suggested that more K2
VLPs were recruited on the surface of the E2 VLP core as the
ionic strength was lowered to values near I;*

Dialyzing gradually to the ionic strength threshold of the
lower-charged variant (I* ~ 75 mM) and below sharpens the
peaks associated with all PCFs, in particular the K2-K2 PCF
(Figure 2b). While structure analysis with SAXS indicates that
the entire core-shell VLP array structure exhibits order
consistent with an FCC lattice, it is experimentally difficult
to isolate the contributions to the order in terms of the
emergence of lattice structure within each layer and across the

interface of the two layers (i.e., epitaxy growth of the second
layer on the surface of the first layer). In simulations, the E2-
K2 cross-correlation PCFs show peaks at positions correspond-
ing to those associated with both E2-E2 (core) and K2-K2
(shell) correlations, which is indicative of the presence of the
same FCC lattice characterizing the ordered array with P22-K2
VLPs acting as a shell extension of the P22-E2 VLP core.
Furthermore, a clear sharpening of the PCF peaks associated
with E2-E2, K2-K2, and E2-K2 correlations as dialysis
proceeds below the threshold of both species to I = 50 mM
indicates that the enhancement in the order of the array
structure arises due to the VLPs present within each layer and
the VLPs associated with the E2-K2 interface. We also note
that the SAXS profiles obtained in experiments and the PCFs
of ordered VLP arrays extracted from simulations indicate that
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the lattice of the VLP array contracted slightly when the ionic
strength was lowered (Figure S13). The contraction can be
attributed to the stronger electrostatic interactions between
negatively charged VLPs and positively charged dendrimers
due to a longer Debye screening length at lower ionic strength.
Both sharpening of the peaks and contraction of the lattice
align with intuition: stronger electrostatic forces counteract
thermodynamic fluctuations away from a close-packed ground
state.

The assembly of different species of VLPs controlled by
modulating ionic strength implies that changes in their relative
abundance (i.e., their stoichiometric ratios) might also
influence the fabrication of core-shell structures. The molar
ratio of E2:K2 in the samples shown in Figure 2 was 1:1. When
the molar ratio of these two building blocks was changed to
1:4, two different types of structures were readily observed
(both experimentally and computationally): arrays with a
consistent core-shell structure and arrays composed of only
P22-K2 VLPs (Figure 3). This coexistence suggests that the
homogeneous, isolated assembly of P22-K2 VLPs becomes
progressively more favorable as the relative proportion of P22-
K2 VLPs is increased.

A gradual change of ionic strength in the solution is critical
for the fabrication of well-ordered core-shell structures. When
the ionic strength of a solution containing P22-E2 VLPs, P22-
K2 VLPs, and dendrimers was reduced rapidly from 329 to 41
mM, the two types of VLPs did not assemble into a core-shell
array with an ordered arrangement but rather formed an
amorphous aggregate in which the two types of VLPs were
homogeneously distributed (Figure 4). Unlike slow modu-
lation of the ionic strength via dialysis, rapidly assembling
systems—formed by the quick reduction of ionic strength well-
below that of the ionic strength threshold for the P22-E2
variant—yield kinetically trapped, amorphous P22-E2 VLP
aggregates (Figure 4c, bottom), which resembles glass
formation by rapid quenching. On the other hand, the P22-
K2 VLP only system yielded an ordered array (Figure 4c, top)
despite the rapid dilution, because the ionic strength of 41 mM
is close to its threshold ionic strength (I/* = 61.7 mM). The
amorphous aggregate formation was observed in the binary
system of P22-E2 and P22-K2 VLPs in experiments (Figure
4a—c, middle) and in simulations (Figure 4d), suggesting that
the kinetic trapping of P22-E2 VLPs disrupts the arrangement
of P22-K2 VLPs in what would otherwise be the assembly of
P22-K2 VLPs into well-ordered arrays at the associated
threshold ionic strength I,

Spatially defined hierarchical organization of cells and
biomolecules is one of the defining features of biological
systems. While scientists have drawn inspiration for materials
design from biological structures, controlling the spatial
arrangement of multiple types of building blocks into
hierarchically organized structures is still a synthetic challenge.
Here, we have demonstrated a self-assembly-based approach of
fabricating spatially segregated core-shell architectures from
multiple types of VLPs whose surface charges were finely
tuned. Importantly, this fabrication was achieved in a one-pot
synthesis by modulating the ionic strength through a dialysis
process. Gradual modulation of ionic strength was critical to
develop an ordered core-shell structure rather than a kinetically
trapped, amorphous structure.

We also developed a coarse-grained computational model,
which successfully predicted the experimentally observed core-
shell array formation for the two-component system, providing
insights into the mechanism of the spatially segregated
assembly of multiple types of VLPs. For example, formation
of the P22-K2 VLP layer on the P22-E2 VLP core at an ionic
strength higher than the ionic strength threshold for the P22-
K2 variant was predicted via simulations prior to the
experimental assessment. Similar integrated experimental-
computational approaches will be valuable in exploring the
regions of the material design space exhibiting the formation of
bioinspired macromolecular assemblies such as the multi-
layered, ordered arrays reported in this work.

VLPs encapsulating a wide range of functional cargoes such
as enzymes and inorganic nanoyarticles have been prepared by
many research groups.'”***> The approach to fabricate
hierarchically organized and spatially segregated arrays
presented in this study can be readily applied to control the
arrangement of a diverse population of VLP building blocks
with various functionalities. This facilitates the design of
ordered array materials with emerging functionality arising
from the interaction between the individual building blocks,
including the ability to control core-shell layering vs
homogeneous clustering of VLPs with different cargoes in
order to desirably tune cargo reactivity and catalysis.

Methods for preparation and characterization of P22 VLP mutants
and labeling of P22 VLPs with fluorescent molecules are provided in
the Supporting Information.

Construction of Multilayered Ordered VLP Arrays. The
ability to construct multilayered core-shell VLP arrays was
investigated using stepwise modulation of ionic strength via dialysis.
To construct four-layered core-shell arrays, four types of P22 VLPs,
i.e, P22-EEE2, P22-E2, P22-Q2, and P22-K2, were used as building
blocks. Concentration of each VLP was adjusted to 50 nM in a
sodium phosphate buffer with I = 823 mM (sodium phosphate 200
mM, sodium chloride 400 mM, pH 7.0). The PAMAM G6 dendrimer
was diluted in the same buffer solution at a ratio of 1:4 (v/v).
Equivalent molar amounts of each type of VLP were mixed unless
otherwise stated followed by addition of the G6 dendrimer at a
defined ratio of 1000-fold excess of dendrimer per VLP. The mixed
solution was then transferred into a 12—14 kDa molecular weight
cutoff dialysis tubing (Spectra/Por 4) and sequentially dialyzed
against buffers with I = 494, 329, 206, 103, and 41 mM for 3 h each.
The sample reached at the lowest ionic strength was dialyzed back to
higher-ionic-strength buffers to examine reversible disassembly of the
arrays.

To prepare two-layered core-shell arrays, P22-E2 and P22-K2 VLPs
in I = 329 mM were used as the building blocks. After mixing with G6
dendrimers, the sample solution was dialyzed in a stepwise manner
similar to the preparation of the four-layered arrays. Some VLP array
samples were prepared via rapidly lowering the ionic strength (within
a few seconds) instead of stepwise slow modulation via dialysis. For
these samples, solutions of I = 329 mM containing P22-E2 and/or
P22-K2 VLPs with G6 dendrimers were diluted with ultrapure water
in order to drop the ionic strength to 41 mM. Water was added
quickly to the sample solution with a pipet while stirring. The sample
solution immediately turned cloudy.

Super-resolution 3D-Structured Illumination Microscopy
(SIM). Core-shell arrays of VLPs constructed from the fluorescently
labeled P22 VLPs at various ionic strengths were imaged using the
DeltaVision OMX-SR 3D-SIM (Cytiva) equipped with a 1.42 NA
Olympus 60X oil objective. The array samples were diluted with a
buffer at the corresponding ionic strength. After a SecureSeal imaging
spacer (13 mm inner diameter X 0.12 mm thickness, Grace Bio-
Laboratories) was attached on a no. 1.5 microcover glass (22 X 22
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mm), 20 uL of each sample was spotted on the cover glass just before
imaging. A microscope slide (25 X 75 mm) was gently placed on the
cover glass with the spacer to seal the sample. Immersion oil with a
reflective index of 1.516 was used when the sample cover glass was
mounted on the microscope. Laser lines of 405 nm with emission
filters of 419—465 nm, 488 nm with emission filters of 500—550 nm,
and 561 nm with emission filters of 609—654 nm were used for
collecting CF 40SM, Alexa Fluor 488, and Texas Red signals,
respectively. The z-axis section spacing was 0.125 pm. Fluorescent
images of the VLP arrays were acquired using DeltaVision-OMX
image acquisition software, while the images were reconstructed using
softWoRx image processing software. Collected fluorescent images
were processed in terms of brightness and contrast using Image]
software (version 2.1.0/1.53c).

Small-Angle X-ray Scattering (SAXS) Measurements. SAXS
measurements were carried out at the 12-ID-B beamline at the
Advanced Photon Source (APS). The measurements were conducted
at 13.3 keV, and the scattering data were collected using a Pilatus 2 M
detector. A volume of 100 uL of each sample was injected and
continuously agitated by a syringe pump during the measurement to
minimize radiation damage and prevent sedimentation. The scattering
angle was calibrated using silver behenate as a standard. A total of 20
scattering patterns were collected from each sample and averaged,
while each scattering pattern was acquired for 1 s with 2 s intervals.
One-dimensional scattering profiles were obtained by averaging two-
dimensional scattering patterns. The data were presented as scattering
intensity as a function of scattering vector, g

4r
= —sin 0
177 (1)
where @ is half of the scattering angle 26 and 4 is the X-ray wavelength
used for the measurements.
Coarse-Grained Model and Simulation Details. The electro-
static interactions between each pair (ij) of spherical particles

separated by a (center-to-center) distance r; = r are modeled using
the standard Yukawa potential

eK(H‘ZJJ) —Kr
ug(r) = g4, (e ™)

(1 (3)) (14 +(3)) @)

where ug; is measured in units of k3T and g; is the net surface charge
associated with the i particle measured in units of the electronic

charge e. Iy = ~ 0.7 nm is the Bjerrum length in water at

€
(4mege, kpT)
temperature T = 298 K, where ¢, is the permittivity of the vacuum

and €,, = 78.5 is the dielectric constant of water. k = Aj, V= [8xl] is

the inverse of the Debye screening length A, where I = : " czlis

2 =1 %
the ionic strength of the solution characterized by electrolyte ions of
concentration ¢; with valence z;. Ionic strength, I, was swept from 10
to 300 mM changing A, from 3.04 to 0.514 nm. All simulations were
performed at a VLP concentration of ¢, = 370 nM (10 times greater
than the experimental value) and dendrimer concentration of 37 uM
(the same bulk concentration as in experiments). Most properties of
the assembly of single-component systems at ¢, = 370 nM, including
the ionic strength threshold to assemble into ordered structures, were
consistent with the assembly behavior observed in our previous study
involving simulations at experimental concentrations (VLPs at 37 nM
and dendrimers at 37 uM). In simulating dialysis, ionic strength and
associated x values are updated in a stepwise fashion, allowing for
equilibration between each step. The entire system is first equilibrated
at 300 mM, after which the ionic strength is decreased to 225 mM.
After equilibration at 225 mM, the ionic strength is reduced in steps
of 25 mM down to S0 mM (that is, VLP systems are sequentially
transitioned to and equilibrated at 200, 175, 150, 125, 100, 75, and S0
mM). In the case of rapid dilution, the system is prepared at a high
ionic strength of 300 mM, and the ionic strength is quickly reduced
(in one step) to the target low ionic strength (e.g,, 75 mM).

P22 VLPs of all types and dendrimers are modeled as smooth
spheres of diameter 6, = 56 nm and diameter 6; = 6.7 nm,
respectively. The steric interactions between a pair of VLPs and
between a pair of dendrimers are modeled using the standard purely
repulsive Lennard-Jones potential

() =1+ 4[(%)12 - (%)6] “

for r < ¢/2 6, where upy is measured in units of kzT and o is the

particle diameter. For r > ¢/20, uL](r) = 0. The steric interactions
between a VLP and a dendrimer are modeled using the modified
Lennard-Jones potential to account for significant differences in the
size of the particles

12 6
o o
umu<r)=1+4[ *‘CA] —[ “A]
TR T )
j» where u,;; is measured in units of kT

for Aij <r< ‘i/zahc + Af}"
and A; = (6, + 64)/2 — 0} For r < Ay, uij(”) = oo, and for

r> 420, + Ay t,)(r) = 0. The 0}, parameter effectively accounts
for the degree of proximity of dendrimers to the VLP surface and
tunes the average distance of closest approach between a dendrimer
and a VLP.

This model s!stem is the same as the one developed in our
previous study;”® however, a few model parameters are updated,
informed by experimental studies of a higher-order assembly of highly
charged single-component VLP systems (e.g, P22-EEE2). The
modifications enabled an appropriate dependence of the VLP
assembly on ionic strength for these highly charged VLP variants
yet preserved the assembly behavior found in our previous paper for
the single-component VLP systems (P22-E2, P22-Q2, P22-K2).
Specifically, dendrimer charge was increased to g; = 4Se (from g, =
3Se), and the VLP-dendrimer steric repulsion was altered by choosing
a smaller 6}, = 4.5 nm (from 6, = 6.7 nm), which corresponded to a
distance of ~31 nm for the VLP-dendrimer closest approach distance,
~0.3 nm smaller than the VLP-dendrimer touching distance. These
updates result in minimal changes to the behavior of the model as it
pertains to the single-VLP-type systems. At the same virus and
dendrimer concentrations as before, the thresholds I, increase
minimally: K2 VLPs now assemble at I[* = 7S mM (up from 58
mM), and the E2 threshold is increased slightly.

Pair correlation functions (PCF) between VLPs are used for
characterizing the order of the assembly. The self-PCF g(r)
characterizing the correlations between VLPs of the same type (e.g.,
P22-E2 VLPs) is computed following the standard procedure adopted
in our previous paper.***® A similar process, briefly described next, is
employed for computing the cross-PCF g;(r) characterizing the
correlations between VLPs of different types (e.g., between P22-E2
and P22-K2 VLPs). Consider N; particles of type I and N; particles of
type J. gy(r) represents the average relative density of IJ pairs
separated by a distance r in a sample of volume V and is calculated as
the average density of particles of type J at a distance r from particles
of type I normalized by the expected number density at that distance
for an ideal gas. gy(r) is given by

) = V< 22127415(1’ - rij)>
b NN, (s)

where 5(r—rij) is the Dirac-delta function, r; is the distance between
the i particle of type I and the j* particle of type J, and < > denotes
an ensemble average performed over trajectory samples collected
during a selected time window. The delta function represents the
density of IJ pairs separated by a distance r. In practice, we consider
the position of a particle of type I as a reference center and count the
number of particles of type J surrounding the central particle within a

spherical shell of radius r and thickness dr. This count is divided by
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the spherical shell volume. Note that the cross-correlative PCF is
symmetric with respect to particle types, that is, g(r) = gy(r).
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