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As a strategy for regulating entropy, thermal annealing is a commonly
adopted approach for controlling dynamic pathways in colloid assembly.
By coupling DNA strand-displacement circuits with DNA-functionalized
colloid assembly, we developed an enthalpy-mediated strategy
for achieving the same goal while working at a constant tempera-
ture. Using this tractable approach allows colloidal bonding to be
programmed for synchronization with colloid assembly, thereby
realizing the optimal programmability of DNA-functionalized col-
loids. We applied this strategy to conditionally activate colloid
assembly and dynamically switch colloid identities by reconfiguring
DNA molecular architectures, thereby achieving orderly structural
transformations; leveraging the advantage of room-temperature
assembly, we used this method to prepare a lattice of temperature-
sensitive proteins and gold nanoparticles. This approach bridges two
subfields: dynamic DNA nanotechnology and DNA-functionalized
colloid programming.

colloid assembly | programmable colloidal bonding | enthalpy-mediated
strategy | DNA strand-displacement circuitry | structural transformation

Self-assembly is a thermodynamically driven nonequilibrium
process, which is easily trapped at intermediate local free-

energy minima, resulting in an unexpected malformed structure
(1–3) rather than reaching a global free-energy minimum and
producing ordered structures. Therefore, effective ways to evade
each local free-energy minimum are highly desired. Consider
that free energy is a thermodynamic state function that relies
solely on the initial and final state and is independent of dynamic
pathways. This advantage allows the rational design of arbitrary
dynamic pathways toward a global free-energy minimum. In the
free-energy change equation, ΔG=ΔH −KBTΔS, a negative en-
thalpy generally contributes to aggregation, while entropy leads to
dispersion. In terms of the mathematical definition of tempera-
ture, T = ð∂U=∂SÞV ,N, 1/T represents the driving force for guiding
a system toward the maximum entropy corresponding to a free-
energy minimum (4). In the case of an energy-invariant system,
where the internal energy accounting for the total interactions be-
tween particles is immutable, enthalpy is difficult, if not impossible,
to regulate. Then, the temperature capability of tuning entropy has
become the exclusive option for controlling dynamic pathways,
conventionally realized via a time-dependent temperature scheme
called thermal annealing. Considering that attraction between par-
ticles drives a system to an enthalpy minimum, we are inspired to
explore whether interactions between particles can be programmed
in a time-dependent manner for controlling dynamic pathway to
achieve a free-energy minimum in a temperature-invariant system.
The purpose of this research is to explore and solve this interesting
problem.
Consider that inorganic colloidal nanoparticles functionalized with a

layer of DNA molecules, known as “programmable atom equivalents”
(PAEs) (5–7), can be programmed via design of the base sequences
of the DNA molecules. To date, PAEs have shown powerful pro-
grammability in building three-dimensional colloidal superlattices (8–

11), realizing colloidal phase transitions (12), and regulating interac-
tions between nanoparticles (13). Colloidal particles endowed with
time-dependent interactions were also suggested as a promising way
of constructing artificial systems having properties of living systems
(14, 15). Here we create a system that allows PAE bonding to be
programmed, whereby we can explore whether it is possible to realize
an ordered structure corresponding to the free-energy minimum
under time-dependent interaction control.
In the field of dynamic DNA nanotechnology, a reaction

referred to as toehold-mediated strand-displacement reaction
(TMSDR) (16) provides a powerful solution for programming
DNA assembly (17–20). With the participation of this versatile
reaction, we establish a time-dependent interaction system
via cascading two subsystems (Fig. 1A): (i) a catassembly
DNA-circuit subsystem (18, 21) that is catalytically driven by a
Catassembler strand via TMSDRs to controllably release the
Trigger strands; (ii) a PAEs-based subsystem that is initiated
by the Trigger strands released from the catassembly DNA
circuit to assemble PAEs into different structures.

Results and Discussion
Constructing Time-Dependent Interaction System. As shown in Fig.
1A, the catassembly DNA-circuit subsystem is composed of a
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dual hybridized DNA complex named Substrate (made of three
single strands: Bottom-substrate, By-product, and Trigger; SI Ap-
pendix, Fig. S1) and a single-stranded Fuel strand; the PAEs-based
subsystem is constructed with DNA-functionalized gold nano-
particles (DNA-AuNPs) and DNA complexes (Duplex-linker in SI
Appendix, Fig. S5A and Duplex-linker′ in SI Appendix, Fig. S5B).
The deactivated PAE having protected sticky ends is defined as
“dPAE” (Fig. 1A and SI Appendix, Fig. S5B) to distinguish it from
the “PAE” having active sticky ends (Fig. 1B and SI Appendix, Fig.
S5A). The brief reaction scheme for system operation is shown in
Fig. 1A (detailed reaction steps are given in SI Appendix, sections
S2.1 and S2.2). In the catassembly DNA-circuit subsystem, upon
addition of Catassembler, the domain a* of Catassembler strand
combines with the toehold of domain a in Substrate to initiate the first
round of TMSDR; after a displacement reaction, the By-product
strand on Substrate is replaced with the Catassembler strand, yield-
ing a complex called Intermediate having a newly generated toehold of
domain c; then the Fuel strand binds to the toehold of domain c to
initiate a new round of TMSDR, thereby displacing Catassembler and
Trigger while producing a complex called Waste; the displaced
Catassembler is recycled to restart next round of reactions in the
catassembly DNA circuit. In the PAEs-based subsystem, Trigger re-
leased from the catassembly DNA-circuit automatically binds to the
toehold of domain e on the Linker strand to displace the Protector

strand from Duplex-linker′, thereby exposing self-complementary
sticky ends (domain f) to cause self-assembly of PAEs (Fig. 1A).
In the experiment, we just need to add all of the ingredients to the
solution in the PCR tube without further manipulation, and the
PAE assemblies will automatically sediment at the bottom of the
tube without being disturbed.

Time-Dependent Interaction Scheme for PAE Assembly. We first
created a unary system by assigning self-complementary sequences to
sticky ends (the f/f domains) on PAEs (Fig. 1B), which were reported
to assemble into a face-centered cubic (FCC) lattice under thermal
annealing (22, 23). As shown in the small angle X-ray scattering
(SAXS) data of our experiments, adding a full amount of Duplex-
linker to the energy-invariant system immediately led to disordered
aggregation (Fig. 1E, “Before annealing” curve) and an FCC
lattice after thermal annealing (“After annealing” curve in Fig.
1E) that was in agreement with the theoretical FCC structure
(Fig. 1E, gray line), replicating the results of an earlier report
(22). Regarding the temperature-invariant time-dependent in-
teraction system shown in Fig. 1A, fluorescence measurements
showed delayed Trigger release kinetics when less Catassembler
was added (SI Appendix, Fig. S6B), which correspondingly de-
celerated the assembly of PAEs measured by UV-vis absorption
spectroscopy in SI Appendix, Fig. S8B. In the experiment, a full amount
of 1.5-μM Trigger (using twice the number of Duplex-linker′ to

Fig. 1. PAE assembly in a unary system via a temperature-invariant time-dependent interaction scheme and an energy-invariant thermal annealing strategy. (A)
Scheme of PAE assembly driven by a DNA strand-displacement circuit. (B) Scheme of PAE assembly with a thermal annealing strategy. (C) SAXS patterns for PAE
aggregates formed by adding a full amount of Trigger (1.5 μM) with a 60:1 molar ratio of Trigger-to-dPAE (disordered aggregate shown in the “Control” curve)
and 0.5-nM Catassembler (FCC lattice shown in the “Catassembly” curve) in a time-dependent interaction system. (D) SAXS data for PAE aggregates with the
amount of Catassembler varied from 50 to 0.5 nM, indicating PAE aggregates changing from disordered to ordered structures. Here, [dPAE] = 25 nM, [Duplex-
linker′] = 750 nM, [Substrate] = 1.5 μM, and [Fuel] = 3 μM. (E) SAXS data for PAE aggregates formed by adding a full amount of Duplex-linker into the energy-
invariant system before (disordered aggregate shown in the “Before annealing” curve) and after thermal annealing (FCC lattice shown in the “After annealing”
curve). Here, [PAE] = 25 nM, [Duplex-linker] = 750 nM. The gray lines at the Bottom of C and E represent theoretical SAXS patterns for a perfect FCC lattice.
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ensure full activation of the protected sticky ends) was directly
added to realize the fastest assembly, disordered PAE aggregates
emerged (Fig. 1C, “Control” curve); by driving the catassembly
DNA circuit with 0.5-nM Catassembler for the slow release of
Trigger, an FCC lattice resulted (Fig. 1C, “Catassembly” curve).
The inability to resolve the third- and fourth-order peaks (Fig. 1D,
“50 nM” curve) indicates massive disordered components result-
ing from the rapid release of Trigger induced by the addition of
more Catassembler. With the reduction of Catassembler concen-
tration from 50 to 0.5 nM, the representative FCC peaks changed
from blurred to sharp (Fig. 1D), indicating the improvement of
crystalline quality. Generally, this strategy takes longer (∼18 h)
than the thermal annealing time (∼4 h). The strategy was also
systematically examined by changing the DNA linker density (SI
Appendix, Figs. S9 and S10) and size (SI Appendix, Fig. S11) of the
PAEs. Moreover, the kinetics for the formation of the FCC lattice
in the time-dependent interaction system were investigated (SI
Appendix, Fig. S12).
Given that the slow release of the Trigger strands from the

catassembly DNA circuits can lead to the ordered structures, we
conducted a controlled experiment to simulate this process by
manually adding the Trigger strands slowly and dropwise. To this
end, we first obtained three standard fluorescence curves (slow,
medium, and fast release) by adding 2-, 5-, and 50-nM Cata-
ssembler to the DNA circuit (SI Appendix, Fig. S13A); we then
used a fluorescent Reporter for characterization to track the ac-
tual amount of the Trigger strands released into the solution at
different times over a period of 24 h. When 50- and 5-nM
Catassembler were added, almost all of the Trigger strands
(1.4 μM of the entire 1.5-μM Trigger that hybridized to Substrate)
were released from the Substrate in 1 and 24 h, respectively; when
a 2-nM Catassembler was added, incomplete release (0.9 μM)
occurred within 24 h. Because 0.75-μM Trigger strands (the same
number with the protected sticky ends on the dPAE) are sufficient
to induce complete assembly of PAEs, thus PAEs were assembled
into FCC lattice in the presence of 2-nM Catassembler (Fig. 1D
and SI Appendix, Fig. S8B).
We manually added the Trigger strands to the PAEs-based

subsystems drop by drop over time based on the number of the
Trigger strands marked in these curves (SI Appendix, Fig. S13A).
As shown in SI Appendix, Fig. S13C, rapid addition (a total of
1.4-μM Trigger strands were added at the beginning) caused
disordered PAE aggregates; medium-speed addition (referring
to the dots on the blue curve of 5 nM in SI Appendix, Fig. S13A;
1.4-μM Trigger strands were added in 12 times in 24 h) induced
the formation of an FCC lattice; slow addition (referring to the dots
on the orange curve of 2 nM in SI Appendix, Fig. S13A; 0.9-μM
Trigger strands were added in 12 times in 24 h) resulted in a more
ordered FCC lattice. More details on manually adding strategy can
be found in SI Appendix, section S2.6. Based on these experiments,
we proved that the ordered structure was indeed caused by the slow
addition of the Trigger strands.
To assess the generality of the strategy, we then created a

binary system by assigning a pair of non-self-complementary
sequences to sticky ends (the g/g* domains) on two types of
PAEs (SI Appendix, Fig. S15), which were reported to form a
body-centered cubic (BCC) lattice under thermal annealing (22,
23). In our experiment (e.g., SI Appendix, Fig. S16F), the as-
semblies that were disordered at room temperature (“Before
annealing” curve) formed a BCC lattice upon thermal annealing
(“After annealing” curve) in the energy-invariant system; re-
garding the time-dependent interaction system, a disordered
aggregate was obtained again for fast PAE assembly by adding a
full amount of Trigger once (the “Control” line), but a BCC
lattice formed upon assembling slowly under controlled release
of Trigger (the “Catassembly” curve).

Mechanism for Realization of Ground State in Time-Dependent
Interaction System. To date, thermal annealing for mediating en-
tropy is the commonly adopted way to converge to the ground
state. The time-dependent interaction for mediating enthalpy
developed here offers an entirely different option that allows
“walking” along different paths on the free-energy landscape. We
have demonstrated the capability of a time-dependent interaction
scheme for the realization of ordered structures in a temperature-
invariant system. To understand the underlying mechanism, recall
that there are generally two types of dynamic pathways in self-
assembly: near-equilibrium pathways that are simply determined
by thermodynamic factors and far-from-equilibrium pathways that
strongly depend on dynamic effects. Assembling PAEs through
DNA hybridization is a typical far-from-equilibrium process be-
cause, compared with the structural growth of PAE assemblies,
the linkers made of DNA molecules sample their configuration
space more slowly (24). Competition between diverse time scales
leads to “walking” on the free-energy landscape that is largely
dependent on dynamic effects. Thus, directly adding a full amount
of Duplex-linker (referred to above as an energy-invariant system
in Fig. 1B) will mostly cause a nonequilibrium process that easily
falls into kinetically trapped states to generate a disordered struc-
ture (Fig. 1E) (25, 26). In the time-dependent interaction system
(Fig. 1A), the minimum increment ΔE in internal energy depends
on the binding energy ΔE of a sticky end, i.e., the f domain having a
self-complementary sequence of 5′-GCGC3′ with a binding energy
of −7.33 kcal/mol. Driven by the Trigger strand continuously re-
leased from the catassembly DNA circuit, the system evolves to pass
a discrete set of energy levels with an interval ΔE. If the process
develops slowly enough, the system may have a long residence time
at each energy level to achieve a near-equilibrium state. As the
interaction between particles grows, the system experiences a series
of near-equilibrium states that eventually converge to the ground
state. The small incremental value of internal energy resulting from
weak binding of the individual sticky ends facilitates rapid switching
between the binding and unbinding of the sticky ends, which is
important for exploiting thermal fluctuations to quickly sample the
bound configuration so that the system is capable of evading the
kinetic “traps” that are generated with incorrectly bound PAEs
(27, 28).

Advantages of Time-Dependent Interaction Strategy. In materials
science, one of the ultimate goals of nanoscientists is to manip-
ulate the bonds between colloidal particles to produce complex
functional materials, much like chemists manipulate chemical
bonds to synthesize complex molecules (29). To achieve this
goal, consider again that in PAEs, the programmability of these
atom equivalents should be optimized so that colloid bonding
and colloid assembly can be synchronized, thereby to precisely
control their spatiotemporal distribution. However, due to the
intrinsic kinetic-trap nature of PAE assembly, the compromise
scheme with a two-step operation, first performing hybridization
of DNA molecules and then thermal annealing (8, 22), serves as
a standard procedure to circumvent this difficulty and obviously
does not meet this synchronization requirement. Driven by the
catassembly DNA circuits, the strategy that leverages the optimal
programmability of PAEs via accounting entirely for the sequence
information of all participating DNA molecules is capable of syn-
chronizing the PAE bonding with its assembly. To date, well-
developed dynamic DNA nanotechnology allows construction of
sophisticated DNA circuits to perform complex tasks (30, 31),
and different kinds of PAEs capable of forging new “element
tables” using nanoparticle-based building blocks enable the
creation of abundant periodic structures, however, these two
subfields remain relatively isolated, and there are not many ex-
amples of overlap between these disciplines (13, 32). This
strategy provides a solution for building an “interface” to bridge
the gap between dynamic DNA nanotechnology and PAE
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programming, which represents an important step for nano-
scientists to manipulate colloidal bonds for creating complex
nanomaterials.
From a material manufacturing viewpoint, for the thermal

annealing approach, effective assembly occurs in the vicinity of
the melting point, while operation is generally carried out at tem-
peratures above the melting point. Entropy still strongly contributes
within this temperature span, which will cause significant perturbation
of the colloid motion by thermal energy, which is harmful to the
assembly. In contrast, the strategy here allows operation at an
appointed low temperature such as room temperature on demand
that facilitates suppression of this entropy effect.

Conditionally Initiating PAE Assembly by Selectively Activating PAE
Bonding. After developing this enthalpy-mediated PAE assembly
strategy, we started to explore its versatility to program the
bonding of PAEs for complex assemblies. To this end, we cre-
ated an asymmetric binary system having a pair of non-self-
complementary sticky ends (the g/g* domains) (Fig. 2A). Two
types of PAEs grafted with asymmetric DNA molecular archi-
tectures were prepared, as shown in SI Appendix, Fig. S18: PAE-1

bearing a dual DNA duplex complex named Dual-duplex-linker
and PAE-2 bearing a single DNA duplex complex named Duplex-
linker. A BCC structure emerged via thermal annealing treat-
ment (Fig. 2 A, Right). We changed Dual-duplex-linker on PAE-1
into the architecture shown in dPAE-1 (Fig. 2 B, Left, and SI
Appendix, Fig. S19), covering the sticky end to make it deacti-
vated against PAE-2; dPAE-1 was reactivated by reconfiguring
the DNA molecular structure back into the Dual-duplex-linker
with help of Trigger released from catassembly DNA circuit. We
observed a BCC lattice upon slow controlled release of Trigger by
adding less Catassembler (Fig. 2C). In a similar principle for
modifying PAE-2 into dPAE-2 (Fig. 2 B, Right, and SI Appendix,
Fig. S19), we observed an AlB2 lattice (Fig. 2C).
Why were two different PAE phases obtained in the experi-

ment? In our asymmetric binary system, the hydrodynamic radius
ratio of PAE-2/PAE-1 was intentionally designed to be ∼0.6.
According to previous work by Kim et al. (33), a higher linker
ratio (defined as the ratio between the numbers of active linkers
per particle) of PAE-2/PAE-1 favored a BCC lattice, while a
lower linker ratio of PAE-2/PAE-1 favored an AlB2 lattice. Con-
sistent with the observation, when dPAE-1 is gradually activated

Fig. 2. Programming PAE bonding in an asymmetric binary system using a DNA strand-displacement circuit to conditionally activate PAE assemblies for the
realization of different ordered structures. (A) Scheme of PAE assembly with a thermal annealing strategy (Left), where PAE-1 has a dual DNA duplex complex
with a sticky end of 3′-TTCCTT5′ and PAE-2 has a single DNA duplex complex with another sticky end of 3′-AAGGAA5′. SAXS patterns of the obtained BCC lattice
and the corresponding unit cell model (Right). [PAE-1] = 6 nM, [PAE-2] = 24 nM, [Dual-duplex-linker] = 480 nM, and [Duplex-linker] = 960 nM. (B) Scheme of
programming PAE bonding for the realization of conditional activation of PAE assemblies (see SI Appendix, Fig. S19 for details). (C) SAXS data of the BCC
lattice when PAE-1 was modified into dPAE-1 (Left) and the AlB2 lattice when PAE-2 was modified into dPAE-2 (Right), both of which were driven by slow
release of Trigger from the catassembly DNA circuit. The gray curves represent the theoretical SAXS patterns for perfect BCC and AlB2 lattices. Here, for the
BCC structure [dPAE-1] = 6 nM, [PAE-2] = 24 nM, [Dual-duplex-linker′] = 480 nM, [Duplex-linker] = 960 nM, [Substrate] = 960 nM, [Fuel] = 1.92 μM, and
[Catassembler] = 2 nM; for the AlB2 structure [PAE-1] = 6 nM, [dPAE-2] = 24 nM, [Dual-duplex-linker] = 480 nM, [Duplex-linker’] = 960 nM, [Substrate] =
1.92 μM, [Fuel] = 3.84 μM, and [Catassembler] = 2 nM.
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into PAE-1, PAE-2/PAE-1 maintains a relatively high linker ratio,
BCC lattice is formed (Fig. 2 B, Left). In contrast, when dPAE-2 is
activated, PAE-2/PAE-1 maintains a low linker ratio, the AlB2
lattice is formed (Fig. 2 B, Right). It is reasonable to suppose that
our asymmetric binary system should be near the boundary of the
BCC and AlB2 phases, thus the two resulted PAE aggregates are
located in different regions of the PAE phase diagram drawn by
Macfarlane et al. (10). Compared with thermal annealing, which
yielded only one ordered structure (BCC lattice), the time-dependent
interaction scheme enabled the production of two ordered structures
(BCC and AlB2 lattices) through slight modification of PAE-1 or
PAE-2 without altering the topology of the catassembly DNA circuit
and base sequences of DNA molecules, revealing the capabilities of
this strategy for programming the bonding of PAEs to control their
assembly and exemplifying the power of the current approach to
conditionally and dynamically activate PAE bonding by selectively
manipulating PAEs functionalized with distinct asymmetric archi-
tecture of DNA molecules.

PAE Lattice Transition through Dynamically Switching Bonding
Identity. The implementation of adaptable and switchable struc-
tures for dynamically controlling material properties is an exciting
but challenging task. In general, an intractable procedure for
dynamically changing the shape of particles or interaction be-
tween particles was required to realize this structural trans-
formation (12, 34). Zhang et al. developed a way to control PAE
lattice switching by postmodification of DNA shells to selectively
regulate the attractive or repulsive potential between PAE par-
ticles (13). Kim et al. obtained a switchable structure by creating
“transmutable nanoparticles” having reconfigurable DNA mole-
cules that allowed the nanoparticles to be conditionally activated or
deactivated in response to external stimuli (33). Considering that
the bonding identity of a PAE is dictated by its sticky ends, we
attempted to demonstrate the capability of this time-dependent
interaction scheme for manipulating PAEs by dynamically chang-
ing the base sequence of the sticky ends, thereby implementing the
transformation of the PAE lattices.
For this purpose, a liquid solution containing BCC solid crystals

was prepared a priori by thermal annealing in a binary system
having a pair of non-self-complementary sticky ends (the g/g*
domains) as illustrated in SI Appendix, Fig. S21. Within this so-
lution, once Trigger carrying a self-complementary sticky end
(domain f) was released from the catassembly DNA circuit, it
displaced both non-self-complementary sticky ends on the two
types of PAEs (PAE-1 and PAE-2) and led to all PAEs carrying
the self-complementary sticky end with an identical sequence
(PAE); accordingly, the binary system was switched into a unary
system (Fig. 3A and SI Appendix, Fig. S22). Correspondingly, the
structure was expected to transform from a BCC lattice to an
FCC lattice. Here, we intentionally designed a higher melting
temperature (Tm) for the unary system (Tm2 ∼ 57 °C) and a lower
one for the binary system (Tm1 ∼ 34 °C) (SI Appendix, Fig. S24).
At a temperature between the melting points of the two systems
(40 °C), the BCC crystals were first melted into dispersed PAEs
(fluid), and then FCC crystals formed by slowly releasing Trigger
(Fig. 3B and SI Appendix, Fig. S25). Trigger released from the
catassembly DNA circuit served two purposes: deactivating the
existing sticky end and creating a new sticky end so that the
sticky end can be dynamically switched. For this structural trans-
formation process, the kinetics-dependent manner occurred as
expected, and the rapid release of Trigger led to a disordered aggre-
gate (SI Appendix, Fig. S25, “50 nM” curve), while the slow release of
Trigger produced an ordered FCC structure (SI Appendix, Fig. S25,
“0.5 nM” curve).
Conversely, at a temperature lower than the melting point of

the binary system (25 or 30 °C), direct transformation from the
BCC phase to the FCC phase occurred in a solid-solid transition
way (SI Appendix, Figs. S23 and S26). SI Appendix, Fig. S26

indicated that it is not necessary to release Trigger slowly. Using a
10- to 50-nM Catassembler to release Trigger faster can achieve a
perfect solid–solid phase transition. Through observing the time
evolution of the solid–solid transition via simulating the fastest
release of Trigger by adding all 1.5-μM Trigger strands at once, we
found that the process experienced a disorder-like period before
transforming into the FCC lattice structure (SI Appendix, Fig. S27);
that is, the process started with the BCC lattice, then underwent
disorderly aggregation, and finally reached the FCC lattice. It is
conceivable that adding enough Trigger strands can quickly break
the bonds in the BCC lattice, thus forcing the system to jump from
the low free-energy state of the BCC lattice to the high free-energy
state of the disordered structure, from which the system may auto-
matically evolve to low free-energy state of FCC structure in the
presence of Trigger strands with self-complementary sticky ends. Thus,
Fig. 3B and SI Appendix, Fig. S26 illustrate how an identical ordered
structure is realized by experimenting at two different temperatures.
With the same principle, a unary system having a self-complementary

sticky end with a thermal-annealed FCC lattice as a nascent structure
(SI Appendix, Fig. S28), releasing two Trigger strands having a pair of
non-self-complementary sticky ends from two distinct DNA circuits to
displace the self-complementary sticky ends on PAEs caused the system
to switch from a unary system to a binary system (Fig. 3C and SI Ap-
pendix, Fig. S29); correspondingly, the structure was expected to trans-
form from an FCC lattice into a BCC lattice. When the unary system
and binary system were rationally designed to have different melting
temperatures (Tm1∼ 37 °C and Tm2∼ 51 °C, respectively) (SI Appendix,
Fig. S30), the transformation from the FCC lattice to the BCC lattice
was observed at 40 °C (Fig. 3D and SI Appendix, Fig. S31).
This enthalpy-mediated PAE lattice transformation strategy

(Fig. 3) offers an example of dynamically switching the PAE
identities, which is realized by replacing the original sticky end
with a new one as assembly is progressing. In fact, the identities
of PAEs can be switched not only by altering the sticky ends but
also by completely changing the outer-layer DNA molecules.
Furthermore, considering the catassembly DNA circuit, the se-
quence of the input Catassembler strand, which may be present a
priori in the environment or be released from another DNA
circuit, is independent of that of the output Trigger strand. This
orthogonality allows arbitrary sequence design of input DNA
molecules for DNA sequence exchange by outputting different
sequences of Trigger strands, thereby to construct complex re-
action systems by cascading different DNA circuits.

Programming PAE Bonding for the Formation of Binary AuNP-Protein
Lattice. The programmable coassembly of multiple nanoscale build-
ing blocks with disparate chemical and physical properties, in-
cluding different inorganic nanoparticles (e.g., Fe3O4, Pt, and
quantum dots) (5, 13) and biomolecules (e.g., proteins) (35–37)
is of great potential in the applications of catalysis, sensing, and
photonics. However, for thermal annealing, the strict melting
temperature limits the participation of biomolecules, because the
intrinsic temperature-sensitive biomolecule such as protein may
suffer from possible denaturation upon annealing treatment at a
high temperature. This drawback limits the complexity and func-
tionality of programming PAE bonding. The low operation tem-
perature of our proposed enthalpy-mediated scheme using the
time-dependent interaction surely facilitates the treatment of
such a temperature-sensitive biomolecule. To this end, we con-
structed a binary AuNP-protein assembly system programmed by
the enthalpy-mediated strategy (Fig. 4A and SI Appendix, Fig.
S32), where dPAE-1 with a AuNP core possesses protected sticky
ends and PAE-2 with a core of tetrameric heme-containing enzyme
possesses active sticky ends. A CsCl lattice was formed at room
temperature under programming of the catassembly DNA circuit in
the presence of 5-nM Catassembler as demonstrated by the simple
cubic scattering patterns shown in Fig. 4B (the scattering of the
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proteins was negligible compared with that of the AuNPs in the
practical SAXS measurements).

Conclusion
The enthalpy-mediated strategy provides a general solution for
programming PAE bonds. Combining the complex functions of
DNA strand-displacement circuits (30, 31) with sophisticated DNA
functional building blocks such as “transmutable nanoparticles”

(33), DNA-origami-based units (38, 39), and the methods for reg-
ulating the attractive and repulsive forces between particles (13) can
greatly increase the possibilities for the creation of complex and
functional nanoscale materials and for the realization of complex
phase behaviors (12, 34). Moreover, this time-dependent interaction
scheme may offer additional possibilities for creating artificial matter
that possesses properties of living matter (14, 15) to aid in new
discoveries.

Fig. 3. Programming PAE bonding using DNA strand-displacement circuits to dynamically change PAE identities for dynamic transformations of PAE lattices.
(A) Scheme for dynamically switching a binary system (Tm1 ∼ 34 °C) having non-self-complementary sticky ends of 5′-AAGGAA3′ and 5′-TTCCTT3′ on PAE-1 and
PAE-2, respectively, into a unary system (Tm2 ∼ 57 °C) having a self-complementary sticky end of 5′-TGCGCA3′ on all PAEs. A detailed mechanism can be found
in SI Appendix, Fig. S22. (B) SAXS patterns for transforming from a BCC lattice (Top) to an FCC lattice (Bottom) at 40 °C in a solid–fluid–solid transition. Here,
[PAE-1] = [PAE-2] = 12.5 nM, [Duplex-linker-1] = [Duplex-linker-2] = 500 nM, [Substrate] = 1.5 μM, [Fuel] = 3 μM, and [Catassembler] = 0.5 nM. (C) Scheme for
dynamically switching a unary system (Tm1 ∼ 37 °C) having a self-complementary sticky end of 5′-TAGCTA3′ on all PAEs into a binary system (Tm2 ∼ 51 °C) having
non-self-complementary sticky ends of 5′-GGAAGG3′ and 5′-CCTTCC3′ on PAE-1 and PAE-2, respectively. A detailed mechanism can be found in SI Appendix, Fig.
S29. (D) SAXS data for PAEs transformed from an FCC lattice (Top) to a BCC lattice (Bottom) at 40 °C in a solid–fluid–solid transition. Here, [PAE] = 25 nM,
[Duplex-linker-1] = [Duplex-linker-2] = 500 nM, [Substrate-1] = [Substrate-2] = 750 nM, [Fuel] = 3 μM, and [Catassembler] = 0.5 nM.

Fig. 4. Formation of a binary AuNP-protein superlattice at room temperature. (A) Scheme for the assembly of dPAE-1 and PAE-2 programmed by the DNA
strand-displacement circuit in a binary system, where dPAE-1 denotes the DNA-AuNP conjugate and PAE-2 denotes the DNA-protein conjugate. (B) The
obtained SAXS patterns of the simple cubic lattice indicated the formation of a CsCl crystal structure (the corresponding unit cell model is shown in the
Inset) in the binary AuNP-protein assembly system. The gray curve represents the theoretical SAXS pattern for a simple cubic lattice. Here, [dPAE-1] =
[PAE-2] = 25 nM, [Duplex-linker-1′] = [Duplex-linker-2] = 1 μM, [Substrate] = 2 μM, [Fuel] = 4 μM, and [Catassembler] = 5 nM.
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Materials and Methods
Materials. The 10-nmAuNPswere obtained fromnanoComposix.Corynebacterium
glutamicum (Cg) catalase was purchased from Sigma-Aldrich. All DNA sequences
used in this work (SI Appendix, Tables S1–S6) were synthesized by Sangon Bio-
technology Co., Ltd. More details regarding the materials can be found in SI Ap-
pendix, section S1.1.

Preparation of DNA Substrate. The detailed experimental procedures for
preparation and purification of DNA substrate used in DNA circuit can be
found in SI Appendix, section S1.2.

Preparation of PAEs. DNA linkers with different architectures were prepared
at first (SI Appendix, section S1.3). Then, DNA-AuNPs were prepared by
grafting thiolated oligonucleotides on surface of AuNPs through a “salt
aging” process (more detailed information can be found in SI Appendix,
section S1.4). The quantification method of the number of thiolated DNA
strands on each AuNP can be found in SI Appendix, section S1.5. DNA-
proteins were obtained according to the method described in SI Appendix,
section S1.6. Last, PAEs were prepared through hybridization of DNA linkers
and DNA-AuNPs or DNA-proteins; detailed process can be found in SI Ap-
pendix, section S1.7.

Kinetic Characterization. The setup process for PAE assembly system driven by
DNA circuit can be found in SI Appendix, section S1.8. The performance of the
DNA circuit was investigated via real-time fluorescence kinetic measurements
(see SI Appendix, section S2.1 for details). The aggregation kinetics of the PAE

assembly driven by the DNA circuit was studied using a UV-vis spectropho-
tometer (see SI Appendix, section S2.2 for details).

Thermal Annealing.Detailed methods for test of melting temperatures of PAE
aggregates and preparation of PAE assemblies through thermal annealing
were described in SI Appendix, section S1.9.

SAXS Characterization. All SAXS experiments for characterization of PAE
assemblies were performed at the BL16B1 beamline of the Shanghai Syn-
chrotron Radiation facility. For more details, see SI Appendix, section S1.10.

Data Availability. All data discussed in the paper are included in the main text
and SI Appendix.
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