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ABSTRACT: A similarity between the polymerization reaction of molecules and the self- DNAProgrammable Self-Assembly

assembly of nanoparticles provides a unique way to reliably predict structural characteristics of
nanoparticle ensembles. However, the quantitative elucidation of programmable self-assembly
kinetics of DNA-encoded nanoparticles is still challenging due to the existence of
hybridization and dehybridization of DNA strands. Herein, a joint theoretical—computational
method is developed to explicate the mechanism and kinetics of programmable self-assembly
of limited-valence nanoparticles with surface encoding of complementary DNA strands. It is 0.0
revealed that the DNA-encoded nanoparticles are programmed to form a diverse range of self-
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assembled superstructures with complex architecture, such as linear chains, sols, and gels of

nanoparticles. It is theoretically demonstrated that the programmable self-assembly of DNA-encoded nanoparticles with limited
valence generally obeys the kinetics and statistics of reversible step-growth polymerization originally proposed in polymer
science. Furthermore, the theoretical—computational method is applied to capture the programmable self-assembly behavior of
bivalent DNA—protein conjugates. The obtained results not only provide fundamental insights into the programmable self-
assembly of DNA-encoded nanoparticles but also offer design rules for the DNA-programmed superstructures with elaborate

architecture.

B INTRODUCTION

Nanoparticles with surface encoding of DNA strands are
widely regarded as “programmable atom-equivalents”: Like
atoms, the uniformly DNA-encoded nanoparticles (abbrevi-
ated as DNA-NPs) are directed to self-assemble into
periodically crystalline structures; unlike atoms, the nano-
particles encoded by various DNA strands carry diversity and
information that can be utilized to “program” a number of
superlattice crystals through Watson—Crick base-pairing
rules.'™ With the advances of nanotechnology, researchers
have recently realized a novel system of nonuniform DNA-NPs
with limited valence,'”™*" which have highly addressable and
programmable surfaces. In comparison with the uniform
system, such nanoparticles have the capability to control
both the binding directionality and specificity, allowing for the
programmable access to self-assemblies with unexpected
complexity and diversity. For instance, multivalent nano-
particles regioselectively functionalized with DNA strands are
programmed to self-assemble into sophisticated superstruc-
tures such as discrete dimers and necklaces,'*'"2° which are
common in the molecular system but rare in the system of
uniform DNA-NPs. More recently, well-defined surfaces of
proteins have provided an alternative possibility to construct
bivalent DNA-NPs,>'~2* enabling the realization of one-
dimensional chain-like superstructures. However, despite a
significant step toward the addressable surfaces and many
unique phenomena of self-assemblies, the universal principles
(e.g, mechanism and kinetics) determining the collective self-
assembly behavior of DNA-NPs remain unclear. A promising
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method to quantitatively predict the programmable self-
assembly is to draw inspiration from the conceptual frame-
works in atomic and molecular systems, such as reaction rate
equations and detailed-balance principles.

Polymerization reaction, in which many reactive monomers
are brought together and then form macromolecules,”* bears
strong similarities to the self-assembly behavior of anisotropic
nanoparticles, such as self-repeating features of building units
and topological characteristics of ensembles. Based on these
similarities, an extension of molecular concepts to the self-
assembly of anisotropic nanoparticles enables quantitative
predictions of structural characteristics of nanoparticle
ensembles.””™** A representative example is the self-assembly
of patchy nanoparticles into supracolloidal polymers, whose
growth can be described by the polymerization-like
kinetics.”>™** Although these investigations provide innovative
proofs-of-concept, it is still challenging to quantitatively
elucidate the programmable self-assembly kinetics of DNA-
NPs with limited valence, due to the reversible and dynamic
features of physical, noncovalent “bonds” originating from the
hybridization and dehybridization of DNA strands.

To address these challenges, we integrate computer
simulations and theoretical analyses to shed light on the
programmable self-assembly behavior of DNA-NPs with
limited valence. Specifically, the coarse-grained molecular
dynamics is used to yield new insights into the mechanism
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and kinetics of programmable self-assembly of DNA-NPs with
various valences, as it was successfully applied to explicate the
formation of superlattice crystals of nanoparticles.””~* The
simulation outcomes are in good accordance with the
theoretical predictions of the reversible step-growth polymer-
ization model. Moreover, the joint theoretical—computational
method allows us to reproduce the self-assembled super-
structures of DNA—protein conjugates and further compre-
hend their self-assembly kinetics, which is currently difficult to
achieve in experiments. This study will enable the precise
construction of nanoparticle ensembles with controlled size
and complex architecture, greatly broadening the scope and
functionality of DNA-based materials.

B RESULTS AND DISCUSSION

The generic coarse-grained model developed by Travesset’s
group is extended to probe important issues of programmable
self-assembly of DNA-NPs with limited valence."*~*® The
system consists of a binary mixture of Ny V- and Ny, W-type
nanoparticles respectively dressed by fy and fy DNA strands.
As a typical example, Figure la illustrates bivalent V- and W-
type nanoparticles respectively dressed by two complementary
DNA strands at their opposite poles. The coarse-grained
simulations are performed under the canonical ensemble using
the Nosé—Hoover thermostat,”*® where the diameter ¢ and
mass m of beads as well as the potential strength & are set as
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Figure 1. (a) Schematic representation of programmable self-
assembly for the binary mixture of bivalent V- and W-type
nanoparticles. (b) Set of snapshots of programmable self-assembled
superstructures. Red lines represent the connections between the V-
and W-type nanoparticles. Insets illustrate the representative
configurations of superstructures. (c) Temporal evolution of weight
fraction # of chain-like superstructures consisting of X nanoparticles.
(d) Temporal evolution of number-average length M, of nanoparticle
chains. Vertical dashed lines indicate approximate boundaries between
different stages of programmable self-assembly. The error bars are not
shown for clarity. The reduced temperature and the initial
concentration are fixed at T* = 0.90 and ¢, = 1.3 X 107" 673,
respectively.

basic units. The reduced temperature is denoted by T* = kzT/
¢, and the simulation time is measured in units of 7. The initial
concentration of DNA strands attached onto the V-type
nanoparticles is defined as ¢, = Ny fy/L? where L is the size of
simulation boxes. Unless otherwise stated, the total numbers of
sequence-specific DNA strands attached onto the V- and W-
type nanoparticles are equal. The detailed descriptions of the
model and simulation protocol can be seen in Part 1 of the
Supporting Information (SI).

Mechanism of Programmable Self-Assembly of DNA-
NPs. Figure 1b displays a set of snapshots of DNA-
programmed superstructures for the binary mixture of bivalent
nanoparticles (designated as 2/2 DNA-NPs)."’ Initially, free
nanoparticles acting as building units are mutually connected
to form dimers and trimers, driven by the DNA hybridization
between the complementary bases of sticky ends. Subse-
quently, the existence of free sticky ends at terminations
enables their further growth to yield nanoparticle oligomers.
Finally, the binary mixture of nanoparticles self-assembles into
long polymer-like chains with an alternating arrangement of V-
and W-type nanoparticles. Our coarse-grained simulations well
reproduce the experimental observations of self-assembly of
DNA-NPs.'>'%" However, a fundamental exploration of the
mechanism and kinetics of programmable self-assembly is still
pending due to the limitations of experimental techniques.

To quantitatively describe the self-assembly behavior, DNA-
programmed superstructures are distinguished by a general
distance criterion, and their length corresponds to the number
of nanoparticles. For clarity, the superstructures are roughly
divided into four subsets according to their length X, where X
= 1 (monomers of nanoparticles), X = 2, 3 (dimers and
trimers), X = 4—7 (oligomers), and X > 8 (polymers).
Populations of different subsets of superstructures are
measured by their weight fraction 7 defined as 5y, ;=
% Xny/N, where ny denotes the number of superstructures
containing X nanoparticles and N represents the total number
of nanoparticles. The number-average length M, of chain-like
superstructures is represented by M, = N/ Y ynx.

Figure lc and d display the weight fraction # of different
subsets and the number-average length M, of chain-like
superstructures in terms of the time, respectively. On the basis
of the temporal evolution of #, we divide the self-assembly
process into three stages. In stage I, the consumption of free
nanoparticles accounts for the formation of short chains
including dimers, trimers, and oligomers. The length M, of
nanoparticle chains shows a linear dependence with the time.
In stage II, the fraction of short chains shows a decrease, while
the fraction of long chains increases rapidly, suggesting that the
elongation of nanoparticle chains originates from the coupling
between existing short chains instead of the sequential addition
of free nanoparticles (i.e., a salient feature of step-growth
polymerization). Consequently, the growth rate of nanoparticle
chains slows down. In stage III, the nanoparticle chains with
various lengths coexist in the system and their respective
fraction remains constant. As a result, the number-average
length of nanoparticle chains reaches a plateau.

To further probe the growth pathway of nanoparticle chains
over three stages, we select individual chains and trace the
chain length X, which is plotted in Figure 2a. The curves
exhibit alternating jump-ups and jump-downs, suggesting that
the superstructures are elongated/broken through the hybrid-
ization of DNA strands and the dehybridization of DNA
duplexes. To characterize the elongation and breaking of
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Figure 2. (a) Length X of representative nanoparticle chains in terms
of the time t. (b) Occurrence frequencies F, and Fy of assembly and
disassembly events of nanoparticle chains in terms of the time ¢ (c)
Schematic illustration of the self-assembly pathway of DNA-NPs via
hybridization/dehybridization of DNA strands. The V- and W-type
DNA-NPs are represented by the spheres with distinct colors, and
their connections are shown by the red-colored lines.

nanoparticle chains, we analyze the occurrence frequencies (F,
and F;) of assembly and disassembly of nanoparticle chains in
the time interval AL e.g, AI = 4000.07 (Figure 2b). In stage I,
due to the existence of large amounts of free DNA sticky ends,
the occurrence frequency of nanoparticle assembly far exceeds
that of disassembly, which promotes the elongation of
nanoparticle chains. In stage II, the continuous consumption
of residual DNA sticky ends leads to a reduction in the
assembly frequency. In stage III, the occurrence frequencies of
assembly and disassembly of nanoparticle chains are very close,
indicating that the formed chains of nanoparticles are dynamic,
breaking and recoupling.

Figure 2c outlines all the programmable self-assembly
pathways of divalent nanoparticles functionalized with
complementary DNA strands. The hybridization of DNA
strands and the dehybridization of DNA duplexes promote the
dynamic interconversion between self-assembled superstruc-
tures through three distinct processes: addition of free
nanoparticles into short chains, coupling of short chains into
long ones, and breaking of long chains into short ones.
Namely, the bivalent DNA-NPs behave as bifunctional
molecules. The V- and W-type DNA-NPs in the chain-like
superstructures correspond to the repeat units of molecular
polymers, and the complementary base pairs of sticky ends act
as physical, noncovalent “bonds”. The growth of chain-like
superstructures undergoes the nanoparticle monomer <«
oligomer < polymer pathway. Therefore, these phenomena
observed from Figures 1 and 2 manifest the fact that the
programmable self-assembly of DNA-NPs into chain-like
superstructures is markedly analogous to the reversible step-
growth polymerization of molecules instead of the living
polymerization, which is further demonstrated by the
distribution of the number fraction of nanoparticle chains
(Figure S3.1 of the SI).

Kinetics of Programmable Self-Assembly of DNA-
NPs. Below, we generalize Flory’s model of molecular
polymerization in polymer science to conceptualize and
quantify the self-assembly kinetics of DNA-NPs.”**° The
formation of superstructures with x and y repeat units can be
cast by a series of parallel “chemical reactions”

AV-WIV+W{V- w+~=+v W

x+y+l

where k, and kg respectively represent the rate constants of
assembly and disassembly of superstructures. The wavy lines
denote the possible V- or W-type nanoparticles connecting
with repeat units. The hybridization extent of DNA strands
attached onto the V-type nanoparticles is represented by p =
(co = €)/co and its equilibrium value is designated as p,, where
¢ is the concentration of residual DNA strands. The apparent
equilibrium constant is given by K/o® = k,/ky = p./co(1 — po)*
On the basis of the relationship M, = 1/(1 — p) for the binary
mixture of 2/2 DNA-NPs, the analytical expression of number-
average length M, of nanoparticle chains is written as

p (bl )

M =1+ PRy
(1= p)(eHet2 0 4 p) 1)

Full details on the generalization of the theoretical model can
be found in Part 2 of the SL

Similar to the reaction kinetics of molecules, the self-
assembly kinetics of DNA-NPs described by eq 1 can be finely
tuned by modulating the initial concentration ¢, of DNA
strands. Figure 3a shows the number-average length M, of
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Figure 3. Effect of initial concentration ¢, on programmable self-
assembly of bivalent DNA-NPs. (a) Temporal evolution of number-
average length M, of nanoparticle chains under various initial
concentrations ¢, The solid lines denote the fitting curves of the
theoretical model. (b) Equilibrium hybridization extent p, and
apparent equilibrium constant K (inset) in terms of the initial
concentration ¢, (c) Combined assembly rate coefficient k,c, and
disassembly rate constant k; (inset) in terms of the initial
concentration ¢, The dashed line shows the linear relationship
between k,co and ¢,. (d) Occurrence frequencies F, and F4 of assembly
and disassembly events of nanoparticle chains in terms of the time .
The reduced temperature is set as T* = 0.90.

nanoparticle chains in terms of the assembly time under
various initial concentrations c,. High initial concentration ¢,
accelerates the growth of nanoparticle chains and results in a
larger value of M, at a given time. The simulation data are well
captured by our proposed model based on the kinetics of
reversible step-growth polymerization. Through fitting the
simulation data to eq 1, the obtained equilibrium value p, of
hybridization extent and the combined value of k,c, are used to
deduce the apparent equilibrium constant K and the
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Figure 4. (a) Schematic representation of programmable self-assembly for the binary mixture of trivalent V- and W-type nanoparticles. (b) Set of
snapshots of self-assembled superstructures. The largest superstructure is highlighted. The reduced temperature is set as T* = 0.90, and the initial

concentration ¢, = 2.0 X 107*

672 (c) Temporal evolution of hybridization extent p of DNA strands under various initial concentrations c¢,. (d)

Combined assembly rate coefficient k,c, and equilibrium hybridization extent p, (inset) as a function of the initial concentration ¢, for the
programmable self-assembly of binary mixtures of 2/2, 2/3, and 3/3 DNA-NPs. The dashed line shows the linear relationship between k,c, and c,.
The reduced temperature is set as T* = 0.90. (e) Equilibrium hybridization extent p, as a function of the reduced temperature T* for the
programmable self-assembly of binary mixtures of 2/3 and 3/3 DNA-NPs. The arrows highlight the critical values p. of hybridization extent for the

sol-to-gel transition. The initial concentration is set as ¢, = 2.0 X 10

oS,

disassembly rate constant k; (Figure 3b and c). An increase in
the initial concentration ¢, results in larger values of p, and k,c,.
However, the apparent equilibrium constant K and the
disassembly rate constant kg are weakly dependent upon the
initial concentration c,. It should be mentioned that the dashed
line in Figure 3c represents the fitting curve of combined value
k,co versus ¢, which yields the rate constant k, = 0.616°7" of
programmable self-assembly of bivalent DNA-NPs.

Figures 2b and 3d show the effect of initial concentration ¢,
on the occurrence frequencies (F, and F;) of assembly and
disassembly of nanoparticle chains. In the case of a high initial
concentration ¢y, F, has a large value in the initial stage.
However, F, and Fy reach a comparable plateau in the late
stage, whose value is weakly dependent upon the initial
concentration ¢,. The solid lines in Figures 2b and 3d display
the theoretically predicted values of F, and Fy from the
reversible step-growth polymerization model (the case of r =
1.0 in eq S-2.1 of the SI), i.e., F, = k,¢o*(1 — p)’L*Al and Fy =
kacopL*AL The good agreement between the theoretical
predictions and the simulation outcomes further supports the
findings that our proposed model of reversible step-growth
polymerization has the capability to describe the program-
mable self-assembly kinetics of DNA-NPs.

Because of the incorporation of molecular information on
DNA strands into the mesoscopic system, the self-assembly
kinetics of DNA-NPs is also affected by the physiochemical
properties of DNA strands (e.g, reduced temperature T*,
linker length n;, and spacer length n, of DNA strands as well as
initial ingredient r), which are shown in Figures $3.2—S3.5 of
the SL It is worthwhile pointing out that the initial ingredient
of the binary mixture markedly affects the growth of chain-like
superstructures, which can be utilized to tune the length of
nanoparticle chains. In addition, the thermodynamics of self-
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assembly of DNA-NPs such as free energy AG and activation
energy E, can be extracted from the relationship between the
reduced temperature and the apparent equilibrium constant K
as well as the disassembly rate constant ky (Figure S3.6 of the
SI).

In comparison with the polymerization of molecules, the
polymerization-like kinetics of bivalent DNA-NPs possesses
inherent characteristics. Specifically, the rate constant k, =
0.616°7" & 7.34 X 10" L-mol":s™" is notably larger than that
of the molecular system (about 107°—107> L-mol':s™").”°
More importantly, the programmable self-assembly kinetics of
DNA-NPs can be efficiently tuned by the molecular design of
DNA strands (e.g, linker length of DNA strands), which
provides new opportunities for constructing the hierarchical
superstructures.

Generalization of Polymerization-like Kinetics. Con-
sidering the fundamental resemblance between the program-
mable self-assembly of DNA-NPs and the polymerization of
molecular monomers described above, the design rules of
building units used to construct nonlinear polymers are
generalized to enable the realization of self-assembled
superstructures with complex architecture.”’ ~>* Similar to the
experimentally realized system of nonlinear polymers, trivalent
nanoparticles in the coarse-grained simulations are function-
alized with three DNA strands, which are equally spaced on the
equator. Below, two types of programmable self-assembly
system of DNA-NPs are considered: one is the binary mixture
of trivalent V- and W-type nanoparticles (coded as 3/3 DNA-
NPs, Figure 4a), and the other is the binary mixture of bivalent
V-type and trivalent W-type DNA-NPs (2/3 DNA-NPs, Figure
S4.1a of the SI). Herein, the total numbers of DNA strands
attached onto the V- and W-type nanoparticles are equal. The
hybridization of complementary DNA strands drives the
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Figure S. (a) Coarse-grained model of ellipsoidal V-type DNA-NPs with dimensions 8.56 X 6.06 X 4.06. (b) Self-assembled superstructures of a
binary mixture of ellipsoidal V- and W-type DNA-NPs. (c) Number fraction y of nanoparticle chains as a function of the chain length X. (d)
Temporal evolution of number-average length M, of nanoparticle chains. In panels (c) and (d), the solid lines represent the fitting curves of the
theoretical model. (e) Combined assembly rate coefficient k,c, and equilibrium hybridization extent p, (inset) as a function of the initial
concentration ¢, for the spherical and ellipsoidal nanoparticles (coded as 2/2 DNA-sNPs and DNA-eNPs, respectively). (f) Double-logarithmic
plot of gyration radius R, of nanoparticle chains versus the chain length X. Solid lines represent the best-fit scaling law (i.e., R, ~ X") in the range of

short and long chains of nanoparticles. The reduced temperature is set as T* = 0.90, and the initial concentration ¢, = 1.3 X 107* ¢
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trivalent nanoparticles as branching points to self-assemble into
the finite-size clusters (i.e., nanoparticle sols) with branched
architecture, and the small clusters are coalesced to eventually
form network-like superstructures (i.e, nanoparticle gels)
spanning the entire box of simulations, which are depicted in
Figures 4b and S4.1b of the SL Correspondingly, the self-
assembly mechanism of multivalent DNA-NPs is schematically
illustrated in Figure S4.2 of the SI. It should be mentioned that
such novel superstructures with complex architecture cannot
be produced by the programmable self-assembly of a binary
mixture of 2/2 DNA-NPs.

For the programmable self-assembly kinetics of multivalent
DNA-NPs, it is straightforward to evaluate the time-dependent
hybridization extent p of DNA strands (Figures 4c and S4.1c of
the SI).>*~*7 During the coarse-grained simulations, the value
of p rapidly increases in the initial stage and gradually reaches
its equilibrium value p, in the late stage. Because the
programmable self-assembly of multivalent DNA-NPs shares
conceptual similarities with the reversible step-growth
polymerization of multifunctional molecules, the analytical
expression of hybridization extent p can be derived from our
proposed model of step-growth polymerization (Part 2 of the
SI). A fitting of simulation data to eq S-2.2 of the SI yields the
combined value k,, of assembly rate constant and the
equilibrium value p, of hybridization extent (Figure 4d).
Notably, the data of k., versus ¢, for different systems of
binary mixtures collapse on a master curve, which yields the
rate constant k,= 0.616°7 ' of programmable self-assembly of
DNA-NPs with various valences. It should be mentioned that
the influence of reduced temperature on the self-assembly
kinetics of multivalent DNA-NPs is also captured by our
proposed model (Figure S4.3 of the SI). Unlike the earlier
works on the single-component system of multivalent DNA-
NPs,* > a salient feature of the binary system of DNA-NPs is
that the self-assembly kinetics and self-assembled super-
structures of DNA-NPs can be finely tuned by changing the
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initial ingredient (Figure S4.4 of the SI). These observations
verify the fact that the conceptual framework of polymer-
ization-like kinetics of bivalent DNA-NPs can be generalized to
describe the programmable self-assembly behavior of multi-
valent DNA-NPs.

The presence of trivalent nanoparticles in the binary mixture
introduces one important phenomenon (i.e., a sol-to-gel or
percolation transition from finite to infinite clusters of
nanoparticles, as shown in Figures 4b and S4.1b of the SI),
which is missing in the programmable self-assembly of bivalent
DNA-NPs. The Flory—Stockmayer theory on the cross-linking
and gelation of multifunctional molecules is able to provide
mean-field predictions for the distribution of cluster size
(Figure S4.5 of the SI) and the location of sol-to-gel transition
(Figure $4.6 of the SI).**° For the binary mixtures of 3/3 and
2/3 DNA-NPs, the critical values p, of hybridization extent for
the sol-to-gel transition are p. = 0.51 and 0.73, respectively.
The critical values can be used to identify the self-assembled
superstructures of DNA-NPs, which are tightly correlated with
the reduced temperature and the initial concentration. As a
representative example, Figure 4e depicts the temperature
dependence of equilibrium hybridization extent p. for the
binary mixtures of 2/3 and 3/3 DNA-NPs. As the reduced
temperature is increased, the self-assembled superstructures of
trivalent DNA-NPs switch from the gels (i.e., infinite spanning
clusters under the condition of p, > p.) to sols (finite clusters
in the case of p, < p.) and finally to monomeric nanoparticles.
Thus, our findings suggest that the rational design and use of
DNA-NPs with limited valence make it possible to generate
thermoreversible gels, which can be used to realize soft
materials with promising horizons for biomedical applications.
It should be mentioned that above a critical value of the
valence of DNA-NPs the crystalline phase of DNA-NPs is
more favorable than the gel-like superstructures.”"**

Experimental Discussion. So far, there are no relevant
studies on the programmable self-assembly of limited-valence
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DNA-NPs with a spherical shape. Thus, the comparison
between the experimental findings and the theoretical
predictions remains difficult to realize. However, there are
still some experimental observations with respect to the self-
assembled superstructures of nonspherical DNA-NPs with
limited valence.'”'®**** For instance, Mirkin’s group have
recently synthesized bivalent proteins functionalized with DNA
strands at the opposing ends of their surfaces,””** which allow
one to engineer directional interactions. It was demonstrated
that such bivalent DNA—protein conjugates are programmed
to self-assemble into chain-like superstructures, which are
reasonably reproduced by the coarse-grained simulations of
DNA-NPs with a spherical shape (coded as DNA-sNPs below,
Figure 1).

To thoroughly elucidate the programmable self-assembly of
bivalent DNA—protein conjugates, we construct the coarse-
grained model by considering the shape of proteins. The
proteins are modeled by ellipsoidal rigid bodies (coded as
DNA-eNPs, Figure Sa),21 which are dressed by two DNA
strands. As illustrated in Figure Sb, the DNA-eNPs are
programmed to self-assemble into chain-like superstructures.
Despite the use of the coarse-grained model of bivalent DNA—
protein conjugates, the theoretical predictions in accordance
with the experimental observations unequivocally confirm the
role of bivalent DNA-NPs for the chain-like superstructures.

As illustrated in Figure Sc, the number fraction y = ny/N of
nanoparticle chains in terms of the chain length X can be fitted
by the Flory—Schulz distribution, ie., 4 = p* (1 — p)2.24 It
should be noted that the distribution of number fraction in the
experimental works shows a peak.””** One of the reasons for
the deviation between the experimental and our works comes
from the different self-assembly strategies of DNA—protein
conjugates (Figure SS.1 of the SI).

More importantly, the coarse-grained model can be applied
to probe the self-assembly kinetics of DNA—protein conjugates
and the conformational statistics of chain-like superstructures,
which are currently challenging to evaluate in experiments.
Figure Sd displays the number-average length M, of self-
assembled superstructures in terms of time. The self-assembly
kinetics of DNA—protein conjugates can be captured by our
proposed model of reversible step-growth polymerization. The
combined assembly rate coeflicient k,c, and the equilibrium
hybridization extent p. are close to those of spherical
nanoparticles (Figure Se).

Inspired by the scaling theory of molecular polymers,
we further analyze the gyration radius R, of chain-like
superstructures containing X nanoparticles, defined as Rg2 =
(X5 (R — R)*)/X, where R; is the coordinates of jth
nanoparticle and R_ is the position of the center-of-mass of the
self-assembled superstructure. Figure Sf (also Figure S3.7 of
the SI) shows the relationship between the gyration radius and
the chain length for the DNA-sNPs and DNA-eNPs. In both
cases, the radius of gyration in terms of the chain length obeys
the scaling law, ie., R, ~ X%, where the scaling exponent v is
varied over the range of chain length. In the case of short
nanoparticle chains, the size of self-assembled superstructures
increases as a function of X%, which is the scaling law of rod-
like polymers. As nanoparticle chains become long, most of the
data points follow the X°7° relationship, which has a slight
deviation from the good-solvent scaling law X% of linear
polymer chains. It should be pointed out that the dependence
of gyration radius of branched clusters of DNA-NPs on their

19,24,63

size is weaker than that of chain-like superstructures (Figure
S4.7 of the SI).

As illustrated above, the reversible polymerization-like
mechanism and kinetics for the programmable self-assembly
of bivalent DNA-NPs are valid for the system of DNA—protein
conjugates. Thus, the results together with the findings of Part
3 of the SI provide significant information to kinetically control
the size and dispersity of chain-like superstructures (Figure
SS.1 of the SI). Furthermore, our findings of multivalent DNA-
NPs will facilitate the design of new, complex superstructures
of DNA—protein conjugates by mimicking a large library of
molecular polymers, e.g., hyperbranches and networks (Figure
§5.2 of the SI), whose internal architecture is regulated by the
molecular design of DNA strands (Figure $4.8 of the SI).

Finally, it is worthwhile pointing out that the model of step-
growth polymerization is also able to describe the self-assembly
kinetics of patchy nanoparticles. However, there are some
differences between the polymerization-like kinetics of patchy
nanoparticles and that of DNA-NPs. Specifically, the self-
assembly kinetics of patchy particles is generally modeled by
the irreversible step-growth polymerization due to the
formation of permanent “bonds”.”>**~** By contrast, the
programmable self-assembly of DNA-NPs resembles the
reversible step-growth polymerization of molecules, owing to
the hybridization and dehybridization of DNA strands.
Another significant characteristic of the DNA-NP system is
the constant rate coefficient of self-assembly. However, the
self-assembly of patchy nanoparticles satisfies the diffusion-
controlled kinetics with a variable rate coefficient,>”*® due to
the conformational characteristics of self-assembled super-
structures. These differences mentioned above pinpoint the
significance of design rules of nanosized building units, which
have a tight relationship with their self-assembly kinetics.

B CONCLUSIONS

In summary, the joint theoretical—computational method is
proposed to investigate the programmable self-assembly of
DNA-encoded nanoparticles with limited valence. Driven by
the hybridization of DNA strands, the binary mixture of
bivalent nanoparticles is programmed to self-assemble into the
chain-like superstructures. The incorporation of multivalent
nanoparticles results in the achievement of self-assembled
superstructures with complex architecture, such as sols and gels
of nanoparticles. It is demonstrated that the kinetics of
programmable self-assembly is conceptually identical and
quantitatively comparable to that of reversible step-growth
polymerization. Furthermore, the simulations and theoretical
analyses can reproduce the experimental observations of
programmable self-assembly of bivalent DNA—protein con-
jugates and capture their self-assembly kinetics. Our findings
bear wide implications for quantitatively predicting the self-
assembled superstructures and self-assembly kinetics of DNA-
encoded nanoparticles with limited valence, which will
considerably facilitate the experimental realization of hier-
archical self-assemblies with controlled size and complex
architecture.
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