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An experimentally-informed coarse-grained model is presented to probe the self-assembly of multiple

DOI:00.0000700000000K types of charged nanoparticles in a one-pot mixture in the presence of oppositely charged linkers
across a broad range of nanoparticle charge and ionic strength of the solution. The model is applied
to study the self-assembly of negatively-charged bacteriophage P22 virus-like particles (VLPs) of
different types, with each type comprising VLPs of a distinct surface charge, in the presence of
positively-charged PAMAM G6 dendrimers. The model accurately captures the self-assembly of
one-component systems, including the assembly states of the highest-charged P22 variant that were
inaccessible with earlier models, revealing that P22 VLPs assemble into ordered arrays below a
threshold ionic strength that increases with increasing variant charge, consistent with experiments.
Molecular dynamics simulations of two, three, and four-component mixtures of P22 VLPs show that
changing the ionic strength gradually over the range of well separated threshold ionic strengths via
dialysis generates hierarchical assembly of ordered multilayered core-shell structures, with each layer
comprising VLPs of a single variant type. A quick decrease in the ionic strength via rapid dilution
leads to amorphous aggregates with a mixed composition of different variants. The mechanisms
driving the VLPs into different macrostructures are explored by examining the bound and bridging
dendrimers associated with the different types of VLPs. Simulation findings are consistent with
experiments and establish salt dialysis as a simple and versatile strategy to engineer multilayered and
ordered structures via a single-pot synthesis of multiple types of nanoscale building blocks.

1 Introduction ) . o .
neering often involves tailoring the shape, size, and surface com-

From the crystal structure of a ribosome to viral capsids and
protein cages, self-assembly is a key principle in nature for the
creation of complex structures at the nanoscale®#. Inspired by
nature, scientists have explored self-assembly as a bottom-up ap-
proach to organize nanoscale building blocks into diverse types
of synthetic functional materials with optical, electromagnetic,
and biomimetic properties®8. Examples include nanocontainers
for drug deliverym, three-dimensional (3D) electrical networks@,
photonic crystals®, field-effect transistorsL, among others1214,

Many studies have focused on realizing the bottom-up assem-
bly of nanoparticles (NPs) into hierarchically organized 3D struc-
tures15"20 that can exhibit enhanced properties and functions
compared to their individual building blocks. This assembly engi-
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position of NPs with specific features?27 and modulating the
NP environment28-31 Protein-based materials such as virus-like
particles (VLPs) have attracted a lot of interest as building block
NPs288237 vLps are protein cages with a well-defined geom-
etry that are derived often from biological viruses by co-opting
the viral capsid’s robust self-assembly process from a few protein
subunits22839, They can reliably assemble into NPs that exhibit a
high degree of shape and size monodispersity. Further, their sur-
face can be engineered to alter features such as charge, polarity,
and hydrophobicity via chemical or genetic modifications4043,
These attributes make VLPs ideal as scaffolds for bottom-up hier-
archical assembly engineering. Additionally, a variety of cargoes
including active enzymes and smaller inorganic NPs can be encap-
sulated into individual VLPs228#4 Hierarchical assembly of VLPs
into superstructures opens design strategies for fabricating novel
plasmonic metamaterials and catalytic systems that can exhibit
collective functions, e.g., coupled catalysis.

The assembly of VLPs into 3D ordered structures has

been realized using electrostatic, hydrophobic, complemen-
tary DNA hybridization, and specific protein-protein interac-
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tions2812932154146552)  For example, the assembly of Simian Virus
40 VLPs into BCC crystal structures was driven by electrostatic
interactions modulated by magnesium ions®2. The self-assembly
process is often mediated using linker macromolecules such as
polymers and smaller NPs828129133146/47  For example, superlat-
tices with FCC crystalline order were self-assembled from cowpea
chlorotic mottle (CCMV) VLPs using different types of oppositely-
charged linkers including gold NPs%Z and polymers such as first-
generation Newkome-type dendron and first-generation polyami-
doamine (PAMAM) dendrimers®.

VLPs derived from the bacteriophage P22 have been utilized as
a building block by many researchers for generating hierarchical
assemblies28/22133146511  The P22 VLP is an icosahedral capsid of
~ 56 nm diameter that offers versatility in the encapsulation of a
wide range of functional cargoes28>3%55 Higher-order assembly
of P22 VLPs was realized using biological linker molecules en-
gineered from the capsid decoration protein (Dec), which binds
to symmetry-specific sites on the viral capsid4®, P22 VLPs were
self-assembled into ordered superlattices using inorganic NPs and
generation-3 (G3) PAMAM dendrimers as rigid and soft linker ma-
terials respectively, with NaCl salt solution controlling the VLP-
linker electrostatic interactions driving the assembly process=2.
Our earlier work employing small angle X-ray scattering (SAXS)
experiments and molecular dynamics (MD) simulations demon-
strated that P22 VLP variants, genetically engineered to exhibit
different surface charges, spontaneously assemble into ordered
arrays with FCC/HCP structure in the presence of oppositely-
charged generation-6 (G6) PAMAM dendrimers282951 - Agsem-
bly of different variants into ordered arrays was observed when
the ionic strength was decreased below a threshold value, which
increased with increasing the variant charge.

Realizing hierarchical self-assembled structures starting from
a mixture of multiple types of NPs have also received atten-
tion213447 however, it continues to be a challenge to control
the spatial arrangement of many distinct types of building blocks
when assembling them into 3D layered materials. Recently,
we demonstrated using experiments and simulations that two-
component mixtures of P22 VLP variants can self-assemble into
ordered and layered core-shell arrays, where each layer is com-
posed of a single type of VLPs, via a dialysis-based modulation of
the solution’s ionic strength>®, Experiments showed that the dial-
ysis approach can be extended to generate multilayered core-shell
structures in mixtures of 4 types of P22 variants®®.

In this paper, we develop a coarse-grained model to capture
the self-assembly of charged NPs in the presence of oppositely
charged linker macromolecules over a broad range of NP charges
and salt concentrations, and apply the model to probe the assem-
bly of different two, three, and four-component VLP mixtures in
the presence of G6 PAMAM dendrimers. We introduce a charge-
dependent proximity parameter to characterize the VLP-linker
steric interaction, which enables the application of the model to
probe the self-assembly of single-component systems associated
with highly-charged P22 variants. MD simulations of mixtures
of multiple types of VLPs show that changing the ionic strength
gradually via dialysis establishes an electrostatic drive to selec-
tively assemble VLPs of one type, characterized by the same sur-
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face charge, leading to hierarchical assembly of ordered multi-
layered core-shell structures. Reducing the ionic strength quickly
via rapid dilution produces amorphous aggregates with a mixed
composition of VLPs of different types. Simulation results are val-
idated by imaging and scattering experiments.

The differences in order characterizing the self-assembled
structures resulting from dialysis vs rapid dilution of the VLP
solutions are characterized using VLP-VLP self and cross pair
correlation functions. Simulations show that the method of
ionic strength control has a profound influence on the recruit-
ment of dendrimers that act as bridges between the VLPs. The
higher-charged VLPs are found to alter the assembly pathways
of the lower-charged VLPs, leading to their aggregation at ionic
strengths higher than the threshold values established via the as-
sembly of one-component systems. This aggregation is attributed
to the enhanced recruitment of bound and bridging dendrimers
by the lower-charged VLPs aided by the presence of the higher-
charged VLPs. These findings establish a bottom-up strategy to
synthesize multilayered materials by controlling the spatial ar-
rangement of mixed populations of NPs in a one-pot fabrication.
The hierarchical organization of NPs of multiple types in a sin-
gle superstructure opens pathways to engineer complex nanoma-
terials with tunable multifunctional properties for drug delivery,
biomimetic catalysts, and sensing applications.

2 Models and Methods

This section describes the new coarse-grained model and provides
the details of the simulation techniques and protocols. The reader
is referred to our previous publication for the details of the ex-
perimental methods to prepare P22 VLP variants, image the as-
sembled constructs using 3D structured illumination microscopy
(SIM), and identify the structure using SAXS measurements 20,

2.1 Coarse-grained model

A coarse-grained model of the NP-linker system is developed
based on the models employed in our earlier work2229 with the
goal of extending the application to NPs with large surface charge
and solutions of high ionic strength in order to enable the study
of a large variety of multi-component mixtures. The model is
tailored for the system of P22 VLPs (NPs) and G6 PAMAM den-
drimers (linkers) in an aqueous solution with added salt. VLPs
associated with 4 P22 variants: P22-EEE2, P22-E2, P22-Q2, and
P22-K2, are modeled as uniformly-charged, hollow spheres of
mass 20 MDa and diameter 56 nm222¢, The VLP surface charge
gy changes with the variant type as evidenced by the different ex-
perimentally measured ¢ potential values (Table[l]). P22-E2 VLPs
are assigned a charge of —1500e following an empirical approach
described in our previous paper2? which involved monitoring the
dendrimer-mediated assembly behavior of P22-E2 VLPs in simu-
lations over a range of VLP and dendrimer charge values near the
experimentally observed ionic strength threshold (= 250 mM),
and ensuring consistency between experiment and simulation re-
sults. ¢, is assumed to scale linearly with the { potential, and the
strength of the { potentials of other variants relative to that of
the E2 variant are assumed to be the same as that measured at
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Table 1 P22 variant type and the associated zeta potential {, charge
¢y, proximity parameter oy, and threshold ionic strength estimated using
experiments (I7"") and simulations (I5™)

P22 variant ¢ (mV) ¢, (e) o (nm) 7P (mM) ™ (mM)
K2 —12.8 —622 4 61.7+£20 75
Q2 —23.6 —1165 4 123420 160
E2 —-30.4 —1500 5.16 247420 245
EEE2 —43.0 —2122 5.16 555420 550

41.1 mM, which determines the acceptable range for the charge
of the 3 other variants. Following this process, P22-EEE2, P22-E2,
P22-Q2, and P22-K2 VLPs are assigned charges of ¢, = —2122e,
—1500e, —1165¢, and —622¢ respectively. Dendrimers are mod-
eled as positively-charged spheres of mass 0.058 MDa and diame-
ter 6.7 nm following the reported experimental measurements of
their hydrodynamic diameter>Z, and they are assigned a charge
qq = 45¢ following the aforementioned empirical approach®°.

While using the same ¢, and g, over the range of salt concen-
trations considered here enables an effective minimal model rep-
resentation, g, and g, can change with salt concentration282%,
Considering the relatively high ionic strengths and small VLP
packing fraction (=~ 0.02) probed in simulations, which leads to
0(100,000) ion pairs per VLP, we expect the change of VLP effec-
tive charge with salt to be a minor effect except for the smallest
ionic strengths probed in our study, with the largest correction
coming for the EEE2 variant for 7 < 100 mM®Y, Our capacity
to estimate the variability of effective charges of dendrimers as a
function of ionic strength is limited because of the dendritic topol-
ogy effects neglected in our model and the associated uncertainty
in estimating the salt-dependent dissociation cost of counterions
buried deep in the dendritic structure.

The solvent is treated as a continuous medium and its effect is
incorporated in the coarse-grained model by scaling the electro-
static interactions by the relative dielectric permittivity €, of the
solvent. The effects of salt ions are also taken into account im-
plicitly via a screened Coulomb (Yukawa-type) potential charac-
terized by a Debye length Ap which depends on the ionic strength
I of the solution. Utilizing these approximations, the effective
electrostatic interactions between each pair (i, j) of particles sep-
arated by a center-to-center distance r;; = r are modeled as:

,ekc,-/z ,eKG,'/Z Ipe~ K"
My(r) _ qi qj B (1)
(1+x0;/2) (1+x0;/2) r

where g¢;,q; are the surface charges and o;,0; are the diame-
ters associated with the i and j® particles respectively. uy
is expressed in units of kgT by introducing the Bjerrum length
Ip = €%/ (4mege kpT), where g is the vacuum permittivity, kp is
the Boltzmann constant, and 7 is the temperature. For wa-
ter at T =298 K, & = 78.5 and Ip = 0.714 nm. In Equation
k= Ay = \/8nlgl. Ap varied between ~ 3 nm and ~ 0.4 nm over
the range of ionic strength 7 € (10,600) mM probed in this work.

The steric interactions between a pair of VLPs or dendrimers
are modeled using the standard, truncated and shifted purely-
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repulsive Lennard-Jones (LJ) potential:

w45 -GV e rete
where o is the particle (VLP or dendrimer) diameter. For r >
21/66, uz;(r) = 0. In Equation 2] the characteristic LJ bond energy
parameter g ; = 1 kgT and uy; is expressed in units of kT .

P22 VLPs are significantly larger, by ~ 8x, compared to the
dendrimers. This size disparity is common in NP-linker systems
where linkers mediate the assembly of NPs into higher-order
structures®01i62 Inspired by the models developed to study sys-
tems of oppositely-charged particles with different sizes©304 the
steric interaction between a VLP and a dendrimer separated by
a distance r is modeled by an impenetrable hard-core potential
umrj(r) = oo for r <A, by a purely-repulsive modified LJ potential:

=+ (25) - (25)

for A< r < A+2'/%g,,., and as umry(r) =0 for r > A+2Y0c,.
Here, upr; is in units of kg7 and A = (o, + 64)/2 — Oy is the
hard-core diameter, where o, is the VLP diameter and oy is the
dendrimer diameter. The parameter o;,. modulates the hardness
of the repulsive interactions, which controls the extent to which
dendrimers may approach the VLPs, as discussed in detail below.

+1 3)

2.2 Selecting proximity parameter oy,

The electrostatic attraction uy between a VLP and a dendrimer
sets up a favorable energetic drive for a dendrimer to be in the
vicinity of a VLP. This drive is countered by the steric repul-
sion between VLP and dendrimer produced by u,,;;. Changing
oy modulates this repulsion and alters the net potential energy
Unet (r) = uy (r) + umry(r) driving the dendrimer closer to the VLP.
The effect of changing 6. on uu (r) is illustrated in Figure [1(a)
for the case of a dendrimer interacting with a P22-E2 VLP at an
ionic strength / = 240 mM near the experimentally observed ionic
strength threshold for the E2 VLPs to assemble into ordered ar-
rays. Tuning oy, alters the distance associated with the minimum
of une (r), also called the distance of closest approach r., and the
value of the net potential uZL"," = Upet (1) At 7.

The choice of o, can be guided by the parameters r, and
u™" specifying the VLP-dendrimer interaction driving the spon-
taneous assembly of VLPs of different variant types into ordered
arrays as observed in experiments near a threshold ionic strength
1,e P, Experiments show that the nearest neighbor spacing / be-
tween two P22 VLPs in an ordered array bridged by an intersti-
tial dendrimer is smaller than the VLP-dendrimer-VLP touching
distance (o, + 0;) by ~ 0.9 nm on average with a broad varia-
tion from [ ~ 6, 4+ 6, to | &~ 0, + 65 — 2.8 nm28220 This points
to a strong VLP-dendrimer attraction which translates in our
model into an average distance of closest approach r. < rr, where
rr = (0, + 0y4)/2 is the VLP-dendrimer touch distance. Thus, we
constrain oy, values for each variant to those that produce r. < rr,
as illustrated in Fig. [I[(@), where the dashed vertical line repre-
sents rr. For all variants, r. < rr for op. € (3.5,6.5) nm. Further,
r. decreases with increasing oy, within this range.
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Fig. 1 (a) The net VLP-dendrimer potential u,.(r) for a P22-E2 VLP at 240 mM for different proximity parameters oj.. (b) Minimum of the net

min

potential u vs oy, for different P22 variants near the respective experimentally-observed ionic strength threshold values. The gray region denotes
Uit ¢ (—4.75kgT,~5.5kpT). (C) tnet(r) near the threshold values predicted by simulations, using o, = 4 nm for P22-K2 and P22-Q2 VLPs, and o},

net

= 5.16 nm for P22-E2 and P22-EEE2 VLPs. Vertical dashed lines in (a) and (c) indicate the VLP-dendrimer touch distance rr =31.5 nm.

The minimum value of the VLP-dendrimer net potential, u/i,
associated with the spontaneous assembly of VLPs into ordered
arrays sets up another constraint on oj.. u/" represents the
potential energy gain associated with a dendrimer binding to a
VLP. This gain needs to be large enough for dendrimers to be re-
cruited by VLPs and yet sufficiently small for VLPs to avoid over-
recruiting dendrimers and aggregating into kinetically-trapped
amorphous clusters, as observed in experiments and simula-
tions2220, Through simulations, we observe that the assembly of
VLPs of different variants into ordered arrays is associated with

u™n between —4.75kgT and —5.5kgT.

net

The above arguments show that oy, values that produce ¥ ¢
(—4.75kpT,—5.5kpT) at r. < rr exhibit a dendrimer-VLP proxim-
ity consistent with the observed assembly behavior of different
variants near the threshold ionic strengths. We refer to oy, as the
proximity parameter. Figure b) shows ui" vs oy, for P22-K2,
P22-Q2, P22-E2, and P22-EEE2 variants at I = 70,150,250,560
mM respectively. These I values are near the respective I-*P*
associated with each variant. oy, values that produce u™" ¢
(—4.75kpT,—5.5kpT) are different for different variants. For ex-
ample, a wide range of o}, constrains u* € (—4.75kgT,—5.5kpT)
for P22-K2, however, only a very narrow range of oy, values yields
the appropriate " for the highest-charged variant P22-EEE2.

The above analysis points out the need to relax the restriction
of fixing oy, to a single value across all variants, as was the case
with our earlier models2228l to enable the study of systems com-
prising variants with a wide range of surface charge. Based on
Fig. [[(b), we choose o}, = 4 nm for P22-K2 and P22-Q2 vari-
ants, and a higher o, = 5.16 nm for P22-E2 and P22-EEE2 vari-
ants. These choices produce r. < r7 and similar " values within
the (—4.75kgT,—5.5kgT) range for all variants at I ~ I°*P". Fig-
ure c) shows the net VLP-dendrimer potential u,. (r) associated
with the four variants at their respective I$™. r. changes with the
variant, ranging from ~ rr to rr —0.6 nm, and ¥ is nearly the
same (=~ —4.85kgT) across all variants.

There exists a certain degree of freedom, as illustrated by
Fig. [I{(b), in selecting the proximity parameters characterizing
the variants. Similar variability has been noted previously2?

4 Journal Name, [year], [vol.], 1

in the choices for effective surface charges of VLP variants and
dendrimers. The VLP assembly behavior can be captured us-
ing coarse-grained models characterized with small variations
in these parameters as long as they produce a dendrimer re-
cruitment energy drive characterized by u" ~ —5kgT at r. < rr
near I/*®'. We attribute this “model elasticity” to the inevitable
limitations of our coarse-grained approach that makes a num-
ber of approximations in deriving a minimal representation of
a complex system comprising many distinct components includ-
ing VLPs, dendrimers, salt ions, and solvent molecules. For ex-
ample, condensation of counterions on VLPs and dendrimers can
vary with changes in salt concentration, which can alter the effec-
tive charge of VLPs and dendrimers. Our model also ignores the
dendritic (branched) structure of dendrimers©2©® which can af-
fect the dendrimer-VLP steric interaction, particularly as the den-
drimers get pulled closer to the VLP surface. Similarly, the flexi-
bility of polymeric chains forming the dendrimers can make them
conform to the VLP surface, enabling them to approach closer to
the VLP surface, particularly when dendrimers are bridging a pair
of VLPs. Accounting for this “squishy” nature of dendrimers via
a single adjustable parameter (the proximity parameter oy.) is a
simplified picture, and a finer-grained model description will be
needed to more comprehensively capture the dendrimer flexibil-
ity and branching effects on their bridging behavior.

2.3 Simulation details

Simulations were performed in an NVT ensemble using the
LAMMPS®? MD package. Initial states comprising 540 VLPs and
54000 dendrimers for 1- and 2-component systems, and 1500 VLPs
and 150000 dendrimers for 3- and 4-component systems, were
generated in a periodic unit cell with cubic geometry. For mix-
tures of many types of VLPs, the total number of VLPs was divided
equally between variants to achieve equimolar stoichiometry.
Positions and velocities of particles were updated using the ve-
locity Verlet algorithm with a timestep Ar ~ 4 ps. A Nosé-Hoover
thermostat with a damping timescale parameter set to 100Ar was
used to maintain the temperature at T = 298 K. Screened electro-
static interactions were cutoff at a distance where the net poten-
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tial dropped below 0.005kgT. This cutoff distance changed with
salt concentration and the variant charge. A typical simulation for
a 4-component mixture ran for ~ 1 milliseconds and took ~ 200
hours to complete on 32 cores using MPI parallelization method.
Simulations producing VLP aggregates required longer time to
reach a steady-state and were run sufficiently long to obtain con-
verged results.

At periodic intervals during the simulation, the positions of
VLPs and dendrimers were stored to compute structural quanti-
ties such as pair correlation functions and VLP-bound dendrimer
statistics. VLP positions were stored every 10* steps, and a com-
plete set of VLP and dendrimer positions was recorded every
10° steps. These post-processing calculations were performed
using a combination of code written in C++ and Python. VLP-
VLP pair correlation functions converged using a bin width of
6r = 0.0050, = 0.28 nm, where o, is the VLP diameter. To evalu-
ate VLP-bound dendrimer statistics, a nearest neighbor algorithm
with a fixed-distance cutoff of 1.05r7 was used2268,

All VLP-dendrimer systems, including mixtures of many P22
variants, were prepared at an overall VLP concentration of ¢, =
370 nM, which is 10x higher than the experimental value, and the
same bulk dendrimer concentration of ¢; = 37 uM as in experi-
ments. In agreement with our previous studies22~°, simulations
at experimental conditions of ¢, = 37 nM and ¢; = 1000¢, = 37
UM produced an assembly behavior similar to that observed in
simulations at ¢, = 370 nM and ¢; = 100¢,, = 37 uM, with compa-
rable threshold ionic strengths and structural features associated
with the assembly products. The lower computational costs of
simulations at ¢, = 370 nM and ¢, = 100¢, enabled us to explore a
variety of VLP-dendrimer systems including multicomponent mix-
tures over a wide range of solution conditions.

MD simulations were performed with two separate modes of
electrostatic control to bring the NP-linker system at a target ionic
strength /: dialysis and rapid dilution. For dialysis, starting from a
system equilibrated at a high ionic strength 7;,, where the solution
exhibited a liquid-like behavior, I was decreased gradually in a
stepwise fashion, allowing for equilibration between each step.
In the case of rapid dilution, the system was prepared at 7, and
the ionic strength was quickly lowered (in a single step) to the
target I, where the system was allowed to equilibrate.

3 Results and Discussion

Results for one-component systems are discussed first, followed
by a discussion on the results for the multicomponent mixtures
of two, three, and four variants. The last subsection elucidates
the link between the VLP assembly products and the VLP-bound
dendrimer statistics. Results for systems that include the P22-
EEE2 variant, which remained inaccessible with previous models,
are highlighted and their comparison with experiments are noted.

3.1 One-component systems

The assembly behavior of one-component systems comprising
VLPs associated with only one variant type in the presence of
dendrimers was studied for ionic strengths modulated via the
rapid dilution approach. Figure [2h shows the assembly products
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of P22-EEE2 VLPs through representative simulation snapshots
at selected 7 values: 560,550,400,200,100 mM. For 7 > 550 mM,
the VLPs remained in a liquid-like state as illustrated for the case
of I =560 mM. A decrease in / to 550 mM showed a dramatic
change with VLPs aggregating to form ordered arrays. The VLP-
VLP pair correlation function (PCF) g(r) shown in Figure [2b con-
firmed these observations. At / = 560 mM, g(r) exhibited a single
peak corresponding to weak interactions between VLPs at short
distances, however, at / = 550 mM, g(r) showed multiple sharp
peaks at positions consistent with an FCC/HCP lattice structure,
indicative of longer-range order.

The ionic strength at which the system exhibits ordered aggre-
gates and above which no significant assembly occurs, defined as
the ionic strength threshold /f'™, was found to be in good agree-
ment with experiments on EEE2 VLPs (Table . ForI < I,Sim, VLPs
continued to assemble into aggregates albeit with progressively
diminished order with decreasing /. For example, at I =400 mM,
aggregates are observed, however, the peaks in the correspond-
ing g(r) are much less pronounced. Lowering the ionic strength
to I =200 mM enhances the disappearance and attenuation of
these g(r) peaks. For I < 100 mM, the snapshots and PCF show
that VLPs remain either dispersed in the solution or form very
small clusters comprising a few VLPs. These findings are consis-
tent with experimental results reported in previous studies22=,

In addition to capturing the previously inaccessible assembly
behavior of the P22-EEE2 variant, the new coarse-grained model
reproduced the assembly behavior observed in past simulations
and experiments of the smaller-charge variants: P22-E2, P22-Q2,
and P22-K222, The Supplementary Information (SI) provides the
simulation snapshots and PCFs (Figures S1, S2, and S3). The
ionic strength thresholds /5™ predicted by simulations for these
variants were found to be in good agreement with the correspond-
ing experimental I”*?" values (Table . The threshold decreased
with decreasing charge of the VLPs, i.e., [FEE2 > JE2 > 102 5 [K2,

Increasing the ionic strength above the ionic strength thresh-
old associated with a variant weakens the electrostatic VLP-
dendrimer attraction compared to the entropic gain accessible to
either particle by remaining dispersed in the solution. In general,
the threshold value is determined by the charge and size of VLPs
and dendrimers as well as the proximity parameter modulating
the extent to which the dendrimers may approach the VLPs. An
approximate relation to estimate the threshold ionic strength I
for a given variant to form ordered arrays can be derived by not-
ing that this assembly is driven by a net VLP-dendrimer attraction
une (r) that enables an optimal recruitment of dendrimers to act
as bridges between the VLPs. Using Equations[I]and[3] we obtain
the relation upe (r.) = u™", where u™" ~ —5kgT is the optimal
potential energy gain associated with a dendrimer-VLP bond, and
re = rp —h is the dendrimer-VLP distance of closest approach, with
rr being the dendrimer-VLP touch distance and / denoting the ex-
tent of overlap between a dendrimer and a VLP. We introduce the
dimensionless dendrimer-VLP Coulomb energy Uc = |lggvqq/rr
as a parameter to quantify the strength of the dendrimer-VLP at-
traction. In general, experiments show that 4 can change with the
variant282950  To simplify the analysis, informed by the u,¢; ()
profiles for different variants near Ifi”‘ (Figure b)), we assume
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Fig. 2 (a) Assembly of P22-EEE2 VLPs (green spheres) mediated by G6 dendrimers (not shown for clarity) via rapid dilution starting from 600 mM
to selected ionic strengths I indicated by the legend at the top of the snapshots. Snapshots show fluid-like behavior for I higher than the threshold
I; =550 mM, the emergence of long-range order at I ~ I;, and the formation of increasingly less-ordered structures with decreasing I for I <. Note

that the clusters seen at I ~ I, are part of a larger ordered array considering the periodic boundary conditions used in the simulation. (b) Pair correlation

functions characterizing the assembly products formed at the selected ionic strengths.

h =0 for the lower-charged P22 variants (e.g., K2 and Q2) defined
by Uc < U, where for our case we approximate Uj = 1200, and
h ~ 0.5 nm for the higher-charged variants (e.g., E2 and EEE2)
characterized with Uc > U.

With these simplifications and noting that xo, > 1, the re-
lation e (r.) = u™" transforms into the equality: Uge®" —
B(1+0,x/2)0,%/2 =0, where B(Gpe,h) = s (rr — h) — u™" is
in units of kg7 and depends on the proximity parameter oy,
the overlap distance 4, and the net energy gain u" associ-
ated with a dendrimer-VLP bond. For the lower-charged vari-
ants, this equation simplifies using # ~ 0 and B = 6, yielding
an analytical estimate for the screening parameter (in nm~!)
k ~ (1/04)(/1+4(Uc/6)(04/0,) — 1) and the threshold ionic
strength I, ~ 0.09x2 (in M). Note that I, depends on the charge
and size parameters of the variant and linker, but does not de-
pend on the proximity parameter, which is consistent with the ob-

servation that a wide range of o, values are able to produce the

optimal " and r, ~ r for the lower-charged variants. For the
specific case of P22 VLPs and G6 PAMAM dendrimers, we find I,
scales almost linearly with increasing Uc within Uc € (400,1200).
The analytical result yields /; estimates of ~ 0.07 and ~ 0.15 M for
the K2 and Q2 variants respectively, which are in good agreement
with simulation and experimental findings.

For the higher-charged variants characterized with Uc > U# and
h =~ 0.5 nm, the exponential term in the aforementioned equality
cannot be neglected and B depends explicitly on the proximity
parameter. Setting o, = 5.16 nm for the higher-charged vari-
ants, we obtain B = 12, which yields a transcendental equation
for k: Uce*/? —12(1+oy%/2) 6,k/2 = 0. This equation can be
solved numerically to yield estimates for I, via I; ~ 0.09x* (in
M). For our specific case of P22 VLPs and G6 dendrimers, I; ex-
hibits a faster than linear rise with increasing Uc in the range
Uc € (1200,2500), and we find estimates of ~ 0.23 and ~ 0.5 M
for the E2 and EEE2 variants respectively, which are within 10%
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of the simulation and experimental findings. The closed-form an-
alytical result and the above transcendental equation (which can
be readily solved, e.g., using Mathematica) can be used as a rough
guide to predict the ionic strength thresholds for charged compo-
nents with different surface charges and sizes over an approxi-
mate range of Uc € (400,2500) and / € (0.05,0.6) M values.

3.2 Two-component mixtures

The model was next applied to study the dendrimer-mediated as-
sembly of mixtures of two types of VLPs. Our previous paper=®
showed that in an equimolar (1 : 1) two-component mixture of E2
and K2 VLPs, the disparity in the ionic strength threshold asso-
ciated with the two variants can be leveraged via salt dialysis to
produce multilayered nanostructures. Dialysis-based modulation
of the ionic strength established the electrostatic drive to selec-
tively assemble the E2 VLPs in the mixture into an ordered array
(core) by lowering I to IF2, and subsequently assemble the K2
VLPs into a layer enveloping the E2 core by further decreasing
I to IX2, Here, we examine the generality of this sequential hi-
erarchical assembly strategy by probing two new equimolar two-
component systems: a mixture of EEE2 and E2 VLPs, discussed
below, and a mixture of E2 and Q2 VLPs, described in the SI. For
the sake of completeness, the SI also describes the simulations
of the mixture of E2 and K2 VLPs using our new model, which
produced results in agreement with our past findings=°.

In the dialysis approach, starting from a solution of EEE2
VLPs, E2 VLPs, and dendrimers equilibrated at 600 mM, the ionic
strength was gradually reduced in small steps yielding equili-
brated mixtures at / = 570,550,500,400, 350,325,300,245, 100, and
40 mM. Figure [3(a) shows the simulation snapshots and PCFs as-
sociated with the steady-state assembly products for a subset of
the 7 values. For two-component mixtures, it is useful to examine
three types of PCFs: two self PCFs (EEE2-EEE2 PCF, E2-E2 PCF),
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Fig. 3 (a) Representative simulation snapshots of the steady-state assembly products associated with a two-component mixture of P22-EEE2 (green
spheres) and P22-E2 VLPs (red spheres) realized via salt dialysis to ionic strengths I indicated on the left. G6 dendrimers are not shown on the
snapshots for clarity. The second, third, and fourth columns show the EEE2-EEE2 PCF (green), E2-E2 PCF (red), and EEE2-E2 PCF (orange)
respectively. No assembly is observed at I =600 mM (top). Exclusive assembly of P22-EEE2 VLPs occurs at its ionic strength threshold I,EEE2 =
550 mM resulting in an ordered aggregate (second row); the EEE2-E2 PCF shows that the P22-EEE2 VLP core actively excludes P22-E2 VLPs.
Co-assembly with a layer of E2 VLPs enveloping the EEE2 VLP core occurs upon further dialysis to I =300 mM (center row) and near the E2
threshold, I7? = 245 mM. Core-shell structures persist at lower I values (bottom row), with PCF peaks sharpening as I is dialyzed down to 100 mM.
(b) Fluorescence microscopy images of EEE2-E2 mixture showing the core and core-shell structures. P22-EEE2 VLPs were labeled with Alexa-488 and
P22-E2 VLPs were labeled with Texas Red. (c) Structure factor I(g) observed in SAXS data associated with aggregates at I = 823,494,206 mM. The
sequence of events to change the ionic conditions is displayed with dashed arrows indicating the step-wise dialysis and the solid arrow to show direct
buffer replacement to change the ionic strength after isolating the assemblies by gentle centrifugation.
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and one cross PCF (EEE2-E2 PCF). At 600 mM, which exceeds the
ionic strength threshold of either species, no significant assembly
is observed. The PCFs show features characteristic of a simple
liquid; the EEE2-EEE2 PCF shows a single peak reflective of tran-
sient “dimer” formation while the E2-E2 PCF and EEE2-E2 cross
PCF show no semblance of any clear short-range order.

At 500 mM, the higher-charged EEE2 VLPs aggregate while the
lower-charged E2 VLPs remain dispersed in the solution. The
self EEE2-EEE2 PCF at I = 500 mM indicates that the aggregate
formed by the EEE2 VLPs is ordered, similar to the arrays ob-
served for the single-component P22-EEE2 variant system in Fig-
ure a). The cross EEE2-E2 PCF shows that the ordered array
(“core”) excludes E2 VLPs. Dialyzing down to I = 300 mM pro-
duces a layer (“shell”) of E2 VLPs around the EEE2 VLP core. The
layering is nearly complete as I approaches I?? = 245 mM, the
ionic strength threshold associated with the E2 variant. Core-
shell structures persist below I£? with PCF peaks sharpening at
I =100 mM. The associated EEE2-EEE2 and E2-E2 PCFs show
that a similar lattice structure is shared by the core and the shell.

These findings closely match the experimental results shown
in Figures b) and (c). Fluorescence microscopy images cor-
responding to I just below IFEE2 show only the presence of an
EEE2 VLP cluster. When [ is dialyzed down close to I£2, the EEE2
cluster (green) is enveloped by a layer of E2 VLPs (red). SAXS
data associated with the assembly products at I = 823,494,206
mM confirm these observations and produce structure factors /(g)
consistent with the PCF results.

The slow modulation of the ionic strength via dialysis is critical
to the realization of ordered core-shell structures. Figure [4]shows
the assembly products associated with the EEE2-E2 mixture pro-
duced via rapid dilution at the 7 values shown in Figure [3|starting
from the same fluid-like state at 600 mM. Decreasing / rapidly to
500 mM produces an assembly state similar to the dialysis case
where the EEE2 VLPs aggregate into an ordered array while the
E2 VLPs remain dispersed. Rapid dilution to I = 300 mM, how-
ever, yields a very different outcome: EEE2 and E2 VLPs mix to-
gether into amorphous aggregates instead of co-assembling into
spatially segregated, layered structures based on a “pre-formed”
EEE2 core, as realized via dialysis. The amorphous aggregates are
characterized with a much lower degree of order compared to the
core-shell structures produced with dialysis.

Decreasing [ rapidly to I,E2 = 245 mM generates similar
kinetically-trapped structures exhibiting a mixed composition of
EEE2 and E2 VLPs. As part of a single-component system, E2
VLPs produced ordered arrays via rapid dilution to 245 mM (Fig-
ure S3) while EEE2 VLPs assembled into amorphous aggregates
with reduced order (Figure [2). This proclivity of EEE2 VLPs to
form kinetically-trapped clusters disrupts the assembly pathways
of E2 VLPs to form ordered arrays near I72 in the two-component
mixture. Rapid dilution to I < IF? produces increasingly small
co-aggregates characterized with an overall reduced order.

The same general assembly behavior is observed across all
probed two-component mixtures, for both the dialysis and rapid
dilution approaches (Supplemental Figures S4-S7), and the re-
sults closely match experimental observations®®. Gradual or
rapid reduction in the ionic strength to values near the ionic
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strength threshold for the higher-charged variant produces the
same outcome: the higher-charged VLPs aggregate into ordered
arrays, while the lower-charged VLPs remain dispersed. Dialyz-
ing the ionic strength close to the ionic strength threshold of
the lower-charged variant leads to the formation of a core com-
posed of the higher-charged VLPs, and an outer shell composed of
the lower-charged VLPs, whereas rapid dilution yields aggregates
with a mixed composition of both types of VLPs.

An interesting feature of the two-component systems is that,
regardless of dialysis or rapid dilution, the higher-charged VLPs
alter the assembly behavior of the smaller-charged VLPs above
their ionic strength threshold /; established via the examination
of the one-component assembly behavior. For example, E2 VLPs
in the two-component EEE2-E2 mixture at / = 300 mM organize
into an ordered layer enveloping the EEE2 core using dialysis
(Figure [3) or mix with the EEE2 VLPs to form amorphous aggre-
gates via rapid dilution (Figure [4). However, as part of a single-
component system, E2 VLPs do not exhibit any aggregation at
I =300 mM, and remain dispersed in a liquid-like state (Figure
S3). These findings are consistent with our previous study on the
two-component E2-K2 system where both simulations and exper-
iments showed that in the case of dialysis, the lower-charged K2
VLPs organize into a layer around the E2 core above X229, Simu-
lations of the E2-K2 system with the new model reproduce these
results (Figures S4 and S5). As elucidated in detail in Sec. [3.5]
the change in the assembly behavior of the lower-charged VLPs
at I > I, can be attributed to the enhanced dendrimer recruitment
potential of these VLPs resulting from the presence of the den-
drimers bound to the surface of the higher-charged VLPs.

The ionic strength 7 > I; up to which the behavior of the lower-
charged variant is affected by the presence of the higher-charged
variant depends on the specific mixture. We illustrate this effect
for the EEE2-E2 mixture in Figure [5| by showing the dialysis re-
sults at a higher granularity of ionic strengths I € [300,500] mM. A
layer of E2 VLPs continues to envelop the EEE2 VLP core at I = 325
mM,; the associated PCFs reveal the presence of long-range order.
At I =350 mM, while no E2 layer is observed around the EEE2
core, the EEE2-E2 PCF reveals a clear correlation between the two
types of VLPs. Strikingly, the E2-E2 PCF shows first and second
peaks, in contrast with the no-assembly state observed at I > IF?
in a one-component E2 system. Only when 7 is increased to 400
mM, all order is lost and the associated PCFs appear similar to the
liquid-like state observed at 500 mM.

These results taken together with those obtained with rapid di-
lution, which show similar trends, reveal that EEE2 VLPs alter the
pathways associated with the assembly of E2 VLPs up to ~ 100
mM higher than the threshold 172 for the E2 variant. Similarly,
examining the assembly behavior of E2-Q2 and E2-K2 mixtures
(Figures S4-S7 in the SI) shows the influence of higher-charged
VLPs lasts up to 40 mM and 55 mM, respectively, above the re-
spective threshold values I,Q2 and IX? of the lower-charged VLPs.

3.3 Three-component mixtures

The model was next used to study the assembly behavior of
equimolar (1 :1: 1) mixtures of 3 types of P22 variants in the
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Fig. 4 Representative simulation snapshots of the steady-state assembly products associated with a two-component mixture of P22-EEE2 (green
spheres) and P22-E2 VLPs (red spheres) realized via rapid dilution at ionic strengths indicated on the left. G6 dendrimers are not shown for clarity.
The second, third, and fourth columns show the EEE2-EEE2 PCF (green), E2-E2 PCF (red), and EEE2-E2 PCF (orange) respectively.
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Fig. 5 Assembly products of a two-component mixture of P22-EEE2 and P22-E2 VLPs realized via dialysis for ionic strengths between 300 and 500
mM indicated on the left. Left column shows the representative simulation snapshots; G6 dendrimers are not shown for clarity. The second, third, and
fourth columns show the EEE2-EEE2, E2-E2, EEE2-E2 PCFs respectively. Emergence of order is evident even at 350 mM despite the ionic strength
threshold for assembly of E2-only one-component system being ~ 250 mM.
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presence of oppositely charged dendrimers. The total viral con-
centration was maintained at ¢, = 370 nM, and the dendrimer
concentration was set to ¢; = 100c¢,. Two different mixture com-
positions were studied using dialysis and rapid dilution methods:
a mixture of EEE2, E2 and Q2 VLPs (discussed below), and a mix-
ture of E2, Q2, and K2 VLPs (discussed in the SI).

In the dialysis approach, starting from a state
equilibrated at 600 mM, [ was decreased gradu-
ally in small steps to yield equilibrated mixtures at

I = 500,400,350,325,300,245,200,160,100,75,40 mM. Fig-
ure [ shows the representative simulation snapshots char-
acterizing the assembly states of the EEE2-E2-Q2 mix-
ture produced via dialysis for a subset of these values:
I = 600,500,400,350,300,245,200,160,40 mM. Figure |7| shows
the associated PCFs (results for I = 600,400 mM are excluded
for the sake of clarity.) For a three-component system, a total of
6 PCFs: three self PCFs and three cross PCFs, become relevant
in quantitatively assessing the assembly behavior. For I = 600
mM, which is higher than the ionic strength threshold values
of all variants, a liquid-like state is observed with VLPs of all
types dispersed in the solution. For I = 500,400 mM, which
are values near the ionic strength threshold IFF£? = 550 mM of
the highest-charged variant, an exclusive assembly of P22-EEE2
VLPs into ordered arrays is observed. The P22-E2 and P22-Q2
VLPs remain in suspension, excluded by the EEE2 aggregates as
evident by the EEE2-E2 and EEE2-Q2 cross PCFs.

Dialyzing down to 7/ = 350 mM enhances the order associated
with the EEE2 aggregates and produces a dramatic shift in the
EEE2-E2 cross PCF, signaling the emergence of significant corre-
lation between the EEE2 and E2 VLPs. Dialysis to / = 300 mM
further enhances these correlations and a layer composed exclu-
sively of E2 VLPs begins to form around the EEE2 aggregates.
The E2-E2 PCF shows that the layer exhibits order. The Q2 VLPs
continue to remain dispersed in the solution excluded from these
“core-shell” structures, and exhibit no significant correlation be-
tween each other or with VLPs of other variant types. Decreasing
I to the ionic strength threshold 12 ~ 245 mM of the E2 variant
results in the near completion of the E2 layers around the EEE2
cores. The E2-E2 PCF shows an increase in the order associated
with these layers. Interestingly, there is a significant change in the
EEE2-Q2 cross PCF which shows a clear peak at a distance r =~ 6,
indicating strong correlations between the EEE2 VLPs present in
the outermost part (surface) of the core and Q2 VLPs. This implies
that Q2 VLPs compete with the E2 VLPs for potential recruitment
by the EEE2 core. At the same time, the E2-Q2 cross PCF also
shows a clear first peak at r = o,, signaling the potential for Q2
VLPs to be recruited by the E2 layer itself.

The correlations between Q2 and EEE2 VLPs and those between
Q2 and E2 VLPs are enhanced, by a similar degree, upon dialysis
to I =200 mM. Thus, Q2 VLPs continue to have similar potential
of recruitment by either the EEE2 core or the E2 layer enveloping
this core. The Q2-Q2 PCF shows a low degree of short-range
order which can be attributed to the organization of Q2 VLPs into
small weakly-correlated clusters driven by their proximity to the
EEE2-E2 core-shell structures.

The recruitment of Q2 VLPs by the E2 layer is favored when the

Soft Matter

solution is dialyzed down to the ionic strength threshold I,Q2 =
160 mM of the Q2 variant as evidenced by the stronger E2-Q2
cross correlations compared to the EEE2-Q2 correlations. Nearly-
complete Q2 layers are observed enveloping the E2 layers formed
around the EEE2 cores. The Q2-Q2 PCF shows that these Q2
layers are ordered. Further reduction in 7 to 40 mM enhances this
order and strengthens the cross correlation between Q2 and E2
VLPs, resulting in multilayered ordered arrays.

The SI provides a discussion of the assembly products associ-
ated with the EEE2-E2-Q2 mixture when the [ values shown in
Fig. [f] are reached using rapid dilution starting from the same
fluid-like state at 600 mM. Figures S8 and S9 show the snapshots
and the associated PCFs respectively.

The same general assembly behavior is observed for the E2-Q2-
K2 mixture, for both the dialysis and rapid dilution approaches
(Figs. S10-S13). Overall, the findings with three-component mix-
tures are consistent with the results obtained for two-component
systems. Regardless of rapid or gradual dilution, as the ionic
strength is decreased to the ionic strength threshold of the
highest-charged variant, an ordered core composed exclusively of
VLPs of that variant type is formed, while the VLPs of other vari-
ant types remain dispersed. Decreasing the ionic strength further
via dialysis leads to the formation of layers around the core, with
each layer comprising VLPs of a single variant type. The layers are
arranged outwards from the core in order of decreasing variant
charge. On the other hand, if the ionic strength is decreased via
rapid dilution, the formation of multilayered core-shell structures
is prevented, and instead, kinetically-trapped aggregates with a
mixed composition of VLPs of different variant types are formed.

Similar to the two-component mixtures, the higher-charged
VLPs in the three-component mixtures alter the assembly path-
ways of the lower-charged VLPs above their ionic strength thresh-
old I, established via the examination of one-component assem-
bly states. For example, Q2 VLPs in the EEE2-E2-Q2 mixture at
I =200 mM begin organizing in the vicinity of the EEE2-E2 core-
shell aggregates into a layer exhibiting weak order (dialysis) or
they mix with EEE2 and E2 VLPs to form amorphous aggregates
(rapid dilution). However, as part of a single-component system,
Q2 VLPs remain dispersed in a liquid-like state, exhibiting no ag-
gregation, at 200 mM (Fig. S2).

3.4 Four-component mixtures

We now discuss the results of using the model to probe the assem-
bly behavior of equimolar four-component mixture of EEE2, E2,
Q2, and K2 VLPs. The total VLP and dendrimer concentrations
were kept the same: ¢, =370 nM, c¢; = 100c¢,, and the assembly
behavior was explored using dialysis and rapid dilution.

In the dialysis approach, starting from a state equili-
brated at 600 mM, the ionic strength / was decreased grad-
ually in small steps to yield equilibrated mixtures at I =
500,400,350, 325,300,245,200,160,125,100,75, and 40 mM. Fig-
ure |8 shows the representative simulation snapshots characteriz-
ing the steady-state assembly products associated with the EEE2-
E2-Q2-K2 mixture for a subset of these values. Figures [9] and
show the associated PCFs (results for I = 600,400 mM are ex-
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Fig. 6 Representative simulation snapshots of the steady-state assembly products associated with a three-component mixture of P22-EEE2 (green),
P22-E2 VLPs (red), and P22-Q2 VLPs (blue) realized via dialysis for the ionic strengths indicated at the top. G6 dendrimers are not shown for clarity.
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Fig. 7 Pair correlation functions (PCFs) characterizing the assembly products generated via salt dialysis of a three-component mixture of P22-EEE2,
P22-E2, and P22-Q2 VLPs in the presence of oppositely charged dendrimers at selected ionic strengths shown on the left. The first, second, and third
columns show the self EEE2-EEE2 (green), E2-E2 (red), and Q2-Q2 PCFs (blue) respectively. The fourth, fifth, and sixth columns show the cross
EEE2-E2 (orange), EEE2-Q2 (cyan), and E2-Q2 (purple) PCFs respectively.
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Fig. 8 Representative simulation snapshots of the steady-state assembly products associated with a four-component mixture of P22-EEE2 (green),
P22-E2 (red), P22-Q2 (blue), and P22-K2 (bright green) VLPs realized via dialysis for the indicated ionic strengths I. G6 dendrimers are not shown
for clarity. (Right) Super-resolution fluorescence microscopy images of structures formed in the same mixture using dialysis at the noted I values.
P22-EEE2, P22-E2, P22-Q2, and P22-K2 VLPs are labeled with Alexa-488, Texas Red, CF405M, and Alexa-488 respectively (adapted from 56).
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cluded for the sake of clarity.) For a four-component system, ten
PCFs: four self PCFs and six cross PCFs, become relevant to quan-
titatively characterize the assembly products.

A liquid-like state with VLPs of all four variants dispersed in
the solution is observed at I = 600 mM, which is higher than the
I; of all four variants. Decreasing I to 500 mM, which is below
IFEE2 — 550 mM, produces an exclusive assembly of P22-EEE2
VLPs into ordered aggregates. VLPs of the other variant types
remain dispersed in suspension excluded from the EEE2 aggre-
gates, as evidenced by the EEE2-E2, EEE2-Q2, and EEE2-K2 cross
PCFs. Dialyzing down to 350 mM produces a dramatic shift in the
EEE2-E2 cross PCF, signaling the emergence of strong correlations
between the EEE2 and E2 VLPs. A layer composed exclusively of
E2 VLPs starts forming around the EEE2 cores starting at ~ 300
mM. The layer formation is nearly complete by I ~ IF? =245 mM,
resulting in the generation of ordered EEE2-E2 core-shell struc-
tures. Further, a decrease from 300 mM to 245 mM produces a
significant change in the EEE2-Q2 and E2-Q2 cross PCFs (e.g., the
emergence of a prominent first peak at a distance r ~ ¢,), which
can be attributed to the onset of cross-correlations between Q2
VLPs and the VLPs associated with the EEE2 and E2 variant types.

At I =200 mM, the similarities between the EEE2-Q2 and E2-
Q2 cross PCFs indicate that Q2 VLPs are actively recruited by both
the exposed regions of the EEE2 core and the E2 layer envelop-
ing the EEE2 core. As [ is dialyzed down to the ionic strength
threshold I,Q2 = 160 mM of the Q2 variant, however, the E2 layer
outperforms the EEE2 core in recruiting the Q2 VLPs, and Q2 lay-
ers start enveloping the E2 layers formed around the EEE2 cores.
The Q2-Q2 self PCF as well as the EEE2-Q2 and E2-Q2 cross PCFs
indicate that the multilayered core-shell structures are ordered.

A layer comprising the P22-K2 VLPs starts forming around the
multilayered EEE2-E2-Q2 aggregates upon further reduction in
I to 125 mM, and gets completed as I is dialyzed down to the
K2 variant threshold IX? = 75 mM. The self and cross PCFs at 75
mM reflect a high degree of order characterizing each layer of the
multilayered VLP aggregates, as well as across different layers.

The simulation findings are consistent with the experimental
results obtained using fluorescence microscopy (right column)=2.
The image for I just below IFEE? shows only a cluster of EEE2
VLPs. As [ is dialyzed down to a value near and below the respec-
tive threshold of the smaller-charged variants, only the VLPs as-
sociated with that variant type form a layer enveloping the core.
For I < IX?, a three-layer structure enveloping the EEE2 core is
observed with the layers arranged outwards from the core in the
order of decreasing variant charge.

Figure S14 in the SI illustrates the assembly products obtained
using rapid dilution, starting from the same fluid-like state at
600 mM. The SI also provides the associated PCFs (Figs. S15
and S16). An exclusive assembly of EEE2 VLPs into ordered ag-
gregates occurs as / is decreased rapidly to 500 mM, which is
identical to the first step via dialysis. Exclusive aggregation of
EEE2 VLPs continues to occur until ~ 350 mM, however, the or-
der decreases with decreasing /. In stark contrast to the emer-
gence of core-shell structures produced via dialysis, rapid dilution
to 1 =300 mM leads to EEE2 and E2 VLPs mixing together into
weakly-ordered amorphous aggregates. At I = 245 mM, the cor-
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relation between EEE2 & Q2 VLPs and between E2 & Q2 VLPs be-
gins to emerge, and grows stronger with decreasing I, leading to
kinetically-trapped aggregates with a mixed composition of EEE2,
E2, and Q2 VLPs at I = 200 and 150 mM. Finally, for 7 = 125 and
75 mM, VLPs belonging to all four P22 variants are observed to
mix together into amorphous aggregates characterized with weak
long-range order.

Overall, these findings are consistent with the results obtained
for two- and three-component mixtures. Decreasing the ionic
strength via dialysis establishes an electrostatic drive to selec-
tively assemble VLPs of only a single variant type into a core or
a shell, leading to the hierarchical assembly of multilayered core-
shell structures. However, if the ionic strength is decreased via
rapid dilution, kinetically-trapped clusters with a mixed compo-
sition of VLPs of different types are formed. The presence of a
higher-charged VLP variant continues to influence the assembly
behavior of the VLPs associated with the lower-charge variants
above their respective ionic strength thresholds.

3.5 Assembly mechanisms: Bound and Bridging Linkers

To explore the mechanisms driving the macroassembly of VLPs,
the number of bound (condensed) and bridging dendrimers asso-
ciated with different variants were extracted. A condensed den-
drimer is defined as a dendrimer within 1.05 times the touch dis-
tance rr between a VLP and a dendrimer. A bridging dendrimer
is defined as a condensed dendrimer shared between multiple
VLPs2? of either the same or different variant types.

Figure [11f(a) shows the average number of condensed den-
drimers N, per VLP vs the ionic strength / for the steady-
state assembly products produced via rapid dilution for the one-
component systems. Overall, the results are consistent with our
previous findings on E2, Q2, and K2 variants??. N, rises sharply
for each variant as I is decreased to the respective ionic strength
threshold I;, which is associated with the formation of ordered
VLP arrays. N, is about the same for all variants at their respec-
tive I;, and continues to rise with decreasing I < I;, indicating an
enhancement in the dendrimer recruitment capacity of the VLPs.
However, for I < I;, a small drop in N, is observed attributable
to the over-condensation of dendrimers on the VLP surface, as
described in detail in our earlier work2?,

Figure[IT|(b) shows the average number of bridging dendrimers
N, vs the scaled ionic strength I/I; for each P22 variant. For all
variants, N, exhibits a sharp rise as I is decreased to I;. For I/I; <
1, N, increases with decreasing I, before decreasing sharply for
much smaller values of the ionic strength 7 < I, for which we
observe the disappearance of large VLP aggregates (Figure [2).

These findings indicate that the macroassembly of VLPs is
driven by a sufficiently strong electrostatic attraction between a
VLP and a dendrimer that enables the recruitment of condensed
dendrimers to act as bridges between the VLPs. On the other
hand, at low I < I; values reached via rapid dilution, the strong
VLP-dendrimer attraction causes rapid recruitment of dendrimers
which drives non-optimal bridging of VLPs by dendrimers such
that the VLPs get kinetically-trapped into small clusters and the
timescale to rearrange to form ordered aggregates becomes pro-

Journal Name, [year], [vol.],1 | 15



Soft Matter

EEE2-EEE2 E2-E2 Q2-Q2 K2-K2
800 1.4 1.2 j I IO S
700 12 : 1.2
600 i o i
500 :
= 08 0.8
£ CZao0 z Z o6 S
o 300 =08 = S 0.6
3 200 0.4 04 0.4
100 0.2 0.2 0.2
0 0 0 0
05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4 0.5 1 15 2 25 3 35 4
.
1800 25 12 12
1600
1400 2 B !
= 1200 0.8 0.8
£ 1000/ - _ ~
3 S 800 5, Sos Sos
™ 600 - 0.4 0.4
400
0.5
200! 0.2 0.2
[S] S L BOV.7Y. LA NPV O - 0 e ol RS 0
05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4
r
1800 90 12 12
1600 80
1400 70 ! !
= 1200 60 0.8 0.8
£ 1000 = 50 = ~
g T s S 40 g 06 R
™ 600 30 0.4 0.4
400 20
200 10 0-2 02
0 0 0 0
05 1 15 2 25 3 35 4 0.5 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4
r
2000 250 1.4 1.2
1800 12
1600 200 : :
= 1400 1
0.8
£ 1200 150 0.8
L £1000 o) T Z 06
N 100 © 0.6 2
0.4
00 o4
50
0.2
00 M|
0 Lanalil/A — 0 0 0 bt
05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4
r
2000 400 8 1.2
1800 350 7 L
- ;
0.8
= 1200 250 5
€ Zio00 Z200 < 4 < o6
] 5 =
8 800 150 3 0.4
< 600 -
100 2
400 5 0.2
200 1
0 0 0 0
05 1 15 2 r2.5 3 35 4 05 1 1.5 2 r2.5 3 35 4 05 1 15 2 25 3 35 4 05 1 15 2 I_2.5 3 35 4
r
2500 500 90 1.2
450 80
2000 400 70 !
350 60 0.8
= 1500 300 50 ’
g ¢ T 250 c o6
o 1000 ® 500 S 40 5
e 150 50 0.4
500 100 20 02
50 10 :
[ 0 o —— ) 0
05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4
2000 600 250 14
1800
1600 s 200 12
1400 1
400
= 1200 150 0.8
£ Zio000 Z 300 = =
19 800 > 200 100 =06
5w
50
o0 100 0.2
[ SN EPY.TY, IPA S - — 0 ol VT, . . roww 0
05 1 15 2 r2.5 3 35 4 05 1 15 2 r2,5 3 35 4 05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4
r r
1600 600 400 80
1400 - 500 350 70
1200 - 300 60
400
1000 - 50
s N 250 ,\
g Esoo Z300 =200 5 4o
&
ﬂ 600 - 200 150 30
400 - 100 20
200, 100 50 10
0

05 1 15 2 25 3 35 4
r

0
05 1 15 2r2.5 3 35 4

0
05 1 15 2r2'5 3 35 4

]
05 1 1.5 2 25 3 35 4
r

Page 16 of 24

Fig. 9 Self pair correlation functions (PCFs) characterizing the assembly products generated via salt dialysis of a four-component mixture of P22-EEE2,
P22-E2, P22-Q2 VLPs, and P22-K2 VLPs at the ionic strengths noted on the left. The first, second, third, and fourth columns show the EEE2-EEE2
(green), E2-E2 (red), Q2-Q2 (blue), and K2-K2 (dark green) PCFs respectively.
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Fig. 10 Cross pair correlation functions for the variant-pair indicated at the top associated with the assembly products of the four-component mixture
of P22-EEE2, P22-E2, P22-Q2, and P22-K2 VLPs generated via dialysis at the noted ionic strengths (left).
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Fig. 11 Average number of condensed and bridging dendrimers per VLP for one-component systems. (a) Condensed dendrimers per VLP vs ionic
strength I for different P22 variants. (b) Bridging dendrimers per VLP vs scaled ionic strength I/I; where I, is the variant’s ionic strength threshold.
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Fig. 12 Average number of condensed and bridging dendrimers per VLP vs ionic strength I for the two-component EEE2-E2 mixture. Solid and
dashed lines indicate dialysis and rapid dilution results respectively. (a) Condensed dendrimers associated with an EEE2 VLP (green) and an E2 VLP
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hibitively long. In our earlier work, we showed that ordered ag-
gregates can persist at these lower ionic strengths if one starts
with ordered arrays formed at I ~ I, and dialyzes out the salt22.
Starting with an ordered array of VLPs and using a dialysis ap-
proach to lower the ionic strength is tantamount to reducing the
timescale for VLP array formation to values comparable to the
dendrimer recruitment timescale. We extend this analysis to mix-
tures of multiple P22 variants, and explore the implications of
using different modes of modulating the solution’s ionic strength
on the linker distributions and associated macroassembly of VLPs.

We use the 2-component mixture of P22-EEE2 and P22-E2 dis-
cussed in section[3.2]to illustrate the general features of the linker
distributions associated with the multicomponent systems. Figure
a) shows the average number of condensed dendrimers N, as-
sociated with the EEE2 (green) and E2 (red) VLPs as a function of
1. Solid lines are dialysis results and dashed lines correspond to
rapid dilution. The higher-charged EEE2 VLPs recruit more den-
drimers compared to E2 VLPs at all I values, regardless of whether
I was reached using dialysis or rapid dilution. This signals that
the dendrimer recruitment potential increases with VLP charge,
which is consistent with one-component systems. Interestingly,
changing the mode of reducing the ionic strength produces mini-
mal variation in N, for either variants. In other words, the ordered
core-shell macrostructures and the amorphous aggregates with a
mixed composition of VLPs are characterized with a similar aver-
age number of condensed dendrimers. These trends in N, vs I are
observed across all probed mixtures (Fig. S17).

The impact of using dialysis vs rapid dilution to change the
ionic strength becomes apparent in Fig. (b), which shows the
average total number of bridging dendrimers N, vs I. For both
EEE2 and E2 variants, rapid dilution and dialysis produce entirely
different N, vs I curves for I less than their respective threshold
I; (recall that 1,EEEZ =550 mM and I,Ez =245 mM). In the case of
rapid dilution, N, rises initially with decreasing I before saturat-
ing and falling sharply as / < ;, following a pattern similar to the
one-component systems (Figure [1I). In stark contrast, dialysis
circumvents the early saturation as VLPs continue to recruit den-
drimers to form bridging sites, causing N, to rise with decreasing
I over a wide range before saturating at very low 1.

Differences in N, vs I are also observed for I > I;, depending on
the variant’s position in the charge hierarchy within the mixture.
For the highest-charged variant (in this instance, EEE2), the N,
vs I curves from dialysis and rapid dilution approaches coincide.
However, for the P22-E2 variant, N, is higher for rapid dilution
compared to dialysis, indicating that E2 VLPs recruit more den-
drimers to bridge with other VLPs (of either variants) when the
ionic strength is reduced abruptly. Indeed, comparing the sim-
ulation snapshots in Figures|3|and [4] at 300 mM, there are more
P22-E2 VLPs still in solution in the dialysis case when compared to
the rapid dilution case. This effect, present for all lower-charged
variants in a mixture, becomes more pronounced the lower the
variant is in the charge hierarchy of the mixture (Fig. S18).

In analyzing the role of bridging linkers in mixtures of multiple
types of NPs, it is useful to distinguish between bridging linkers
that link NPs of the same type vs those that “cross-link” NPs of dif-
ferent types. Figure[12 shows these self and cross bridging link-
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ers for the two-component EEE2-E2 system. We can now attribute
the higher N, in Figure (b) associated with the E2 variant in
the case of rapid dilution compared to dialysis for / = 300 mm
> IF2 to the large number of cross bridging dendrimers between
E2 and EEE2 VLPs. Under these solution conditions, VLPs co-
assemble into mixed-composition aggregates via rapid dilution,
leading to more contact sites between EEE2 and E2 VLPs, as evi-
dent in Figure |4} compared to dialysis, where only the EEE2 VLPs
at the edge of the core can share the cross-bridging dendrimers
with E2 VLPs. Moreover, we also observe that while the total
number of bridging dendrimers are similar for the case of rapid
dilution and dialysis at I ~ I*2, dialysis produces higher self bridg-
ing dendrimers than rapid dilution while rapid dilution leads to
higher cross bridging dendrimers. More importantly, the number
of self bridging dendrimers exceed significantly compared to cross
bridging dendrimers as I is reduced using dialysis, compared to
rapid dilution where they are similar. We link this excess of self
bridging compared to cross linking as critical to the formation
of core-shell structures. Other mixtures also yielded comparable
results for these self and cross bridging dendrimers (Fig. S19).
The bound and bridging dendrimer data associated with dif-
ferent mixtures acquired from simulations can be used to assess
the effect of the presence of higher-charged VLPs on the assem-
bly behavior of the lower-charged VLPs in a mixture. Figure
illustrates this, by showing the results of condensed N, and total
bridging N, dendrimers associated with the P22-E2 variant, which
is present in all the mixtures studied. Figure[I3p shows N, vs I for
both dialysis (solid lines) and rapid dilution (dashed lines) cases.
No significant difference is observed between the two different
methods of ionic strength reduction, in agreement with the re-
sults from Figure Further, for I < IF? = 245 mM, no clear sep-
aration between the different trendlines is present. However, for
1> I,EZ, the N, vs I curves separate into two branches. In mixtures
with E2 as the highest charge variant, N. decreases sharply with
increasing I above IF? similar to the case of the one-component
E2 system (black dashed line) indicating that the lower-charged
VLPs do not have considerable effect on the dendrimer recruit-
ment potential of the highest-charged variant. Note that in these
cases, simulations were only performed until 300 mM, as above
this concentration all VLPs remain dispersed in the solution and
are associated with a negligible amount of condensed dendrimers.
On the other hand, in mixtures containing P22-EEE2 VLPs, which
have a higher charge than P22-E2 VLPs, N, exhibits a gradual de-
cline with increasing I and we observe a significant number of
condensed dendrimers on the surface of the E2 VLPs at 300 mM.
A similar grouping of mixtures into two separate branches is
observed for I > I¥? for the bridging dendrimers in both dialy-
sis (Fig. [I3p) and rapid dilution cases (Fig. [I3k). In mixtures
where E2 is the highest-charged variant, N, decreases sharply to
0 as I is increased beyond 2. However, in mixtures where EEE2
VLPs are present, N, exhibits a gradual decrease with increasing
I. We attribute the enhancement in the dendrimer recruitment
potential of the lower-charged VLPs at I > I; to the presence of
the dendrimers bound to the higher-charged VLPs. The strong
electrostatic attraction between these dendrimers and the lower-
charged VLPs results in the changes in their assembly behavior.

Journal Name, [year], [vol.],1 |19



o
N—

Soft Matter

--+- single-component
8 100 —e— 2-component E2+K2, dialysis
Z ____________ —— 2-component E2+Q2, dialysis
0 80 2-component EEE2+E?2, dialysis
o —— 3-component E2+Q2+K2, dialysis
’g 3-component EEE2+E2+Q2, dialysis
© 6o —e— 4-component EEE2+E2+Q2+K2, dialysis
“E’ --+- 2-component E2+K2, rapid
5 --+- 2-component E2+Q2, rapid
g 40 2-component EEE2+E2, rapid
- --<- 3-component E2+Q2+K2, rapid
°Cu§ 3-component EEE2+E2+Q2, rapid
S 20 4-component EEE2+E2+Q2+K2, rapid
5
o
0.0 0.1 0.2 0.3 0.4 0.5 0.6
lonic Strength (M)
(b) (c)
40 25
o o
| |
S 351 S "
o~ o~ | i Y
w w 20 A
o~ 30 o~ Y -\\:.‘
o~ N Doal s A
& & Y
S 25/ g 7 EEANY
Q & 15 /’ //"l :':" ) %
o o iy
E 20 E i
.8 .g ”ll: “\ “\
815/ g1 / N
o o) [N
£ £ VN
g 10 <) o
5 5 2] [
£ 5 e
'9 '9 \‘; \\‘\
01 0 a-e ‘b----o -------- - ---e---9
0.0 0.1 0.2 0.3 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6

lonic Strength (M)

Fig.

lonic Strength (M)

Page 20 of 24

13 Average number of condensed and total bridging dendrimers per E2 VLP vs ionic strength I for the mixtures noted in the legend in (a)

involving the P22-E2 variant. Solid and dashed lines indicate dialysis and rapid dilution results respectively. (a) Condensed dendrimers per E2 VLP.
(b) Total bridging dendrimers per E2 VLP for the dialysis cases. Black dashed line represents the rapid dilution result for the one-component E2
system, and is shown for reference. (c) Total bridging dendrimers per E2 VLP for the rapid dilution cases.
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In the absence of the higher-charged VLPs, entropic forces drive
these dendrimers to remain dispersed in the solution.

Conclusions

Protein cages such as VLPs have emerged as attractive building
blocks for engineering synthetic self-assembled systems. VLPs de-
rived from P22 bacteriophage can be genetically engineered to
create variants of different surface charges. We investigated the
self-assembly of single and multiple types of P22 VLPs mixed with
oppositely-charged linkers (dendrimers) in aqueous electrolyte
solutions using an experimentally-informed coarse-grained model
validated across a broad range of NP charge and ionic strength.

The model accurately captured the self-assembly behavior of
single-component systems, in particular the assembly states of
higher-charged P22-EEE2 VLPs that were inaccessible with ear-
lier models225¢ over a broad range of ionic strength. All four
P22 variants assembled into ordered arrays when I was lowered
below an ionic strength threshold /; that increased with increasing
variant charge, consistent with experiments. The well separated
threshold ionic strengths for different variants enabled a dialysis
approach where decreasing ionic strength initiates assembly of
only one specific type of VLPs. MD simulations of VLP mixtures
containing two, three, and four types of VLPs revealed that this
dialysis approach can lead to the self-assembly of VLPs into or-
dered multilayered core-shell arrays with each layer comprising
VLPs of a single variant type. Simulation results were validated
by fluorescence microscopy and SAXS experiments.

The method of ionic strength adjustment—either through rapid
dilution or salt dialysis—profoundly influenced the recruitment
of dendrimers and the resulting self-assembled structure. A grad-
ual reduction in the salt concentration of the solution via dialysis
facilitated the formation of core-shell structures with the highest-
charged VLPs forming the core and other VLPs self-assembling
into layers around this core in order of decreasing VLP surface
charge outward from the core. The sequential aggregation of dif-
ferent P22 variants into layered structures with decreasing ionic
strength was associated with the rise in the number of bridging
dendrimers. Furthermore, the self and cross VLP-VLP pair cor-
relation functions showed that dialysis promoted the creation of
ordered aggregates with FCC/HCP lattice structure. Conversely,
rapid dilution produced amorphous aggregates of mixed composi-
tion characterized with lower degrees of order, which was linked
to the saturation and decline of bridging dendrimers due to the
abrupt reduction of the solution’s ionic strength. The multilay-
ered core-shell structures assembled via dialysis and the mixed
aggregates formed via rapid dilution can inform the design of
complex VLP-based materials with tailored functionalities for use
in biomedical and catalysis applications.

Simulations showed that, regardless of dialysis or rapid dilu-
tion, higher-charged VLPs in a mixture can alter the assembly be-
havior of lower-charged VLPs above their ionic strength threshold
I;, where as part of a single-component system they exhibit no ag-
gregation. Strong correlations between lower-charged VLPs and
higher-charged VLPs at ionic strengths up to a 100 mM higher
than I, were observed, which were a precursor to the assembly of
lower-charged VLPs at I > I, into ordered layers around the pre-
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formed cores in the case of dialysis or into mixed co-aggregates
in the case of rapid dilution. This aggregation of lower-charged
VLPs is accompanied by a rise in the condensed and bridging
dendrimers associated with these VLPs, and can be attributed
to the stronger localization of dendrimers by the higher-charge
VLPs. This behavior underlines the importance of the oppositely-
charged linkers in the self-assembly process, providing further in-
sight into the design of sophisticated VLP constructs.

We have demonstrated an approach based on salt dialysis
to generate and control the hierarchical assembly of charged
NPs into layered materials from a one-pot synthesis of multiple
types of NPs. The principles and mechanisms elucidated here
are broadly applicable to the self-assembly of diverse NPs me-
diated by electrostatic interactions, offering a framework for cre-
ating complex structures from nanoscale building blocks that re-
spond to changes in ionic strength. Overall, these findings con-
tribute significantly to the understanding and development of
self-assembled materials, paving the way for future advancements
in the broader field of soft-matter-based nanotechnology.
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