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ABSTRACT:

The nonequilibrium assembly in nature exists at the microscopic and macroscopic scales, and
represents the most common way to regulate object motions by consuming chemical fuels. In
artificial nonequilibrium systems, most of the work has focused on the microscopic dissipative
assembly, whereas the investigation on nonequilibrium assembly of macroscopic building blocks
is rarely reported. Here, we present an efficient strategy to dynamically mediate the interfacial
chemistry of pH-responsive polyelectrolyte hydrogels, thereby regulating their macroscopic
nonequilibrium assembly. The driving force for the assembly is the transient electrostatic
attraction, which is regulated by the biocatalytic feedback-driven temporal programming of the
pH of the system. The dissipative assembly process can be controlled by adjusting the hydrogel
parameters and fuel composition and it can be repeated by refueling the system. Most
importantly, the ordered sewing of complementary hydrogels promotes the precise
nonequilibrium supramolecular assembly to yield transient macroscopic supramolecular devices

potentially useful for timed release.



INTRODUCTION

The nonequilibrium assembly in nature is a common and essential process.’” The dissipative
self-assembling systems always run at high energy states and maintain the active structures by
consuming chemical fuels, which are the basis for living organisms to perform their complex
functions.* ® 7 Diverse transient assembly processes exist in life forms on both micro and
macroscales.® ® Learning from nature, the dissipative assembly of synthetic molecules driven by
chemical fuels was suggested in 2010 by Boekhoven et al.”® Now, scientists have successfully

constructed diverse nonequilibrium systems by adopting various types of microscopic building
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blocks, such as small molecules,”™* synthetic polymers,™ ** biomacromolecules, and

nanoparticles.’** Recent work has also shown promise in controlling drug release behaviors®

and self-healing functions™ #*%°

in nonequilibrium systems. Despite these achievements, current
studies in this filed are still focusing on the micro level, and far too little attention has been paid

to the macroscopic nonequilibrium assembly.

Macroscopic assembly refers to a process of clustering of building blocks larger than ten

2128 covalent bonds,?® or supramolecular

micrometers,”® commonly driven by long-ranged forces,
interactions.*>* With the rapid development of supramolecular chemistry,** macroscopic
supramolecular assembly has been intensively studied for a decade since the first example was
presented by Harada et al.*® Up to now, the supramolecular assembly of macroscopic building

blocks with different material textures, hardness and surface chemistries has been performed,®

which sheds new light on the possibility of using macroscopic assembly to fabricate biomedical



materials.>” Simultaneously, the controlled dissociation of macroscopic assemblies is also
important, and the programmed disassembly has been demonstrated to be useful in overcoming
kinetically trapped assembly states for improving assembly accuracy.?® Current strategies to
achieve macroscopic disassembly mainly rely on external stimuli such as acid,*® salt,”® and heat
triggers* to destroy the dynamic covalent bonds or supramolecular interactions at the interacting
hydrogel interfaces. In principle, a more advanced method is to use preprogrammed reactions to
regulate the nonequilibrium transient assembly (successive assembly and disassembly) of
macroscopic building blocks; unfortunately, this method has yet to be experimentally verified.
The nonequilibrium macroscopic assembly enables the self-regulated and temporal control of
macroscopic supramolecular devices, which are of great interest in the fields of supramolecular

chemistry and materials science.

Here, we designed a self-regulated and temporally controlled system to demonstrate that
transient assembly of macroscopic materials can be performed by activating the nonequilibrium
supramolecular interactions. The enzyme-entrapped, pH-sensitive polyelectrolyte hydrogels are
used as macroscopic building blocks that can achieve the nonequilibrium assembly in response
to the addition of chemical fuels. The programmed assembly-disassembly cycle of the
polyelectrolyte hydrogels is controlled by a switching between the electrostatic attraction and
repulsion at the interacting hydrogel interfaces, which is essentially regulated by an
enzyme-mediated competing process. Moreover, an ordered sewing/growing method is

developed for the fabrication of hybrid polyelectrolyte hydrogels with modularized surface



chemistry. The resulting hydrogels can form transient macroscopic supramolecular assemblies

with controllable shapes and lifespans.

EXPERIMENTAL SECTION

Materials. Acrylamide (AAm), N,N’-methylenebis(acrylamide) (MBAAm), sodium
p-styrenesulfonate (SSNa), 4-vinyl pyridine (4VP), ammonium peroxodisulfate (APS), and
N,N,N’,N’-tetramethyl ethylenediamine (TEMED) were purchased from Aladdin Reagent
Company (Shanghai, China). Urease (U1500, type III from Jack Bean, 15000—50000 catalytic
U/g) and fluorescein O-methacrylate (FM) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All other reagents were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China) and used as received without any further purification. Deionized water was used for all
the experiments.

Fabrication of (x,12-x)-hydrogels. The hydrogels were fabricated with varied SSNa and
4VP concentrations. FM and carbon black were used to improve the contrast of the hydrogels in
aqueous solutions. The typical fabrication procedure for (6,6)-hydrogels is as follows: AAm
(61.2 mg, 0.86 mmol), SSNa (12.6 mg, 0.06 mmol), 4VP (7.0 L, 0.06 mmol), MBAAmM (3.1 mg,
0.02 mmol), urease (6.0 mg), TEMED (1.5 L, 0.01 mmol) and FM (1.0 mg) were dissolved in
water (1.0 mL). After sufficient mixing under ultrasonication, APS (2.3 mg, 0.01 mmol) was
added to the system. The solution turned into gel within 30 min at room temperature. The gel

was washed repeatedly with deionized water. Other (x,12-x)-hydrogels were fabricated with a
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similar procedure but with different SSNa and 4VP amounts.

Fabrication of sewed/grown hydrogels. The polyacrylamide (PAAm) precursor aqueous
solution was prepared by mixing AAm (61.2 mg, 0.86 mmol), MBAAm (3.1 mg, 0.02 mmol),
urease (6.0 mg), and TEMED (1.5 pL, 0.01 mmol) in 1.0 mL of deionized water. After sufficient
mixing under ultrasonication, the solution was poured into a rectangular Teflon mold. The
urease-containing (0,12)- and (12,0)-hydrogels were cut into long strips and assembled along the
length, and then immersed into the PAAm precursor solution for 30 min. APS (2.3 mg, 0.01
mmol) was then added to the precursor solution. The urease-containing sewed/grown hydrogels
were formed within 20 min.

Fabrication of (x,12-x)-DN hydrogels. The double network (DN) hydrogels were
fabricated by immersing the single network (SN) hydrogels in the PAAm precursor solutions,
following by the addition of APS to initiate the polymerization. The typical fabrication procedure
for (0,12)-DN hydrogels included the preparation of the PAAm precursor solution, mixing under
ultrasonication, and pouring into the Teflon mold as indicated above. The urease-containing
(0,12)-hydrogel was cut into long strips and immersed in the aqueous solution for 30 min. APS
(2.3 mg, 0.01 mmol) was then added to the PAAm precursor solution. The (0,12)-DN hydrogels
were formed within 20 min. Other (x,12-x)-DN hydrogels were fabricated with the similar
procedure but different SSNa and 4VVP amounts.

Determination of urease activity. The urease activity was determined by the titration
method. Briefly, 1.8 mg of urease was added to the buffer solution (3.6 mL) containing urea (30

mg/mL) in a test tube at 25 <C, with or without APS (2.3 mg/mL) and TEMED (1.5 piL/mL),
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4VP (7 p/mL), and SSNa (2.3 mg/mL). After 30 min, the enzymatic reaction was terminated by
adding 30 mL of HCI (0.12 M). The solution was transferred to a beaker, and the test tube was
washed twice with water (5 mL each time), and the washing water added to the beaker. The pH
of the system was adjusted to 5.0 with 0.1 M NaOH. The blank test was performed by adding
HCI to the solution, followed by adding the same amount of urease. The urease activity (U/g)

was calculated with the following equation:

0.1x103x(Vo=V)
2X30%1.8x1073

Urease activity = Q)
where Vy and V are the NaOH volumes (mL) in the blank and sample, respectively.

Determination of kinetic parameters for immobilized urease. The method is similar to
the determination of urease activity. Two pieces of (0,12)- and (6,6)-hydrogels immobilized with
urease were placed into a buffer solution (3.6 mL) in a test tube at 25 <C. Different amounts of
urea molecules were added to initiate the enzymatic reaction. The reaction rate (the change of
urea concentration at a certain time period) was determined by the same titration method
mentioned above. The results were fitted by using the Michaelis-Menten equation (eq 2) to
obtain the maximal velocity (Vmax) and the Michaelis constant (Kn):

Reaction rate = ‘zj(mma_j:[[:]] @)

where [S] is the concentration of urea.

Determination of swelling ratio. The equilibrium swelling ratio (ESR) of

(x,12-x)-hydrogels was measured by the gravimetric method. The ESR value was calculated as

follows:



ESR = % (3)
where W, is the weight of swollen hydrogels at equilibrium in buffer solutions with different pH,
and W; is the weight of initial swollen hydrogels at equilibrium in buffer solutions at pH 8.

Macroscopic nonequilibrium assembly. The hydrogels were cut into cubes (size: 5x5 x5
mm?3). Four pieces of cubic hydrogels were placed into a container with 1.5 mL of alkaline buffer.
The urea-containing acidic buffer (citric acid/sodium citrate) was then added to the container,
and the container was placed on a rotating shaker at 180 rpm to trigger the nonequilibrium
assembly.

Characterizations. Fourier transform infrared (FTIR) spectra were obtained using a
Fourier transform infrared spectrometer (Tensor Il, Bruker, MA, USA). Scanning electron
microscopy (SEM) images and energy-dispersive spectroscopy (EDS) mapping images were
acquired on a Hitachi SU8010 microscope. Confocal laser scanning microscopy images were
collected on a Leica TCS SP8X confocal microscope, and the excitation wavelength was 495 nm.
UV-vis spectra were collected on a microplate reader (Spark, Tecan, Switzerland). The optical
microscopy image was collected on an optical microscope (MP41, Guangzhou Micro-Shot
Technology Co., Ltd.). The adhesion strength between hydrogels and the elastic moduli of the
hydrogels were measured using a TMS-Pro texture analyzer (Food Technology Corporation) in
tensile stress-strain experiments. The probes for the tensile tests were wedge grips (part number
432-298) and the test speed was 60 mm/min. The zeta potential of the hydrogel particulates was

characterized through the laser particle size and zeta potential analyzer (Zetasizer Nano ZS, UK).

Each measurement was performed in triplicates. The hydrogel particulates were fabricated by
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crushing the freeze-dried hydrogels.

RESULTS AND DISCUSSION

Polymer hydrogels have been widely used as model building blocks for macroscopic assembly
studies®® 32 %40 due to their excellent deformability and motility of the surface and potential
applications in tissue engineering®” and stimuli-responsive materials.** To demonstrate the
macroscopic nonequilibrium assembly, five kinds of polyelectrolyte hydrogels with different
charge proportions were fabricated. Figure 1a shows the fabrication processes of
urease-containing (x,12-x)-hydrogels, which were made through radical copolymerization of
AAm, MBAAmM, 4VP, and/or SSNa in the presence of urease in water. The reaction was initiated
by APS and accelerated by TEMED. The parameters x and 12-x represented the amounts (mol%)
of 4VP and SSNa monomers in the system, respectively. Among these hydrogels, the negatively
charged (0,12)-hydrogels were stained with carbon black and the others were stained with a
yellow dye (FM) to improve the visibility of the hydrogels. The FTIR spectra in Figure S1
suggest the successful introduction of 4VP and/or SSNa units to the hydrogels, as evidenced by
the appearance of peaks at 825 and 1176 cm™, which were assigned to the out-of-plane C-H
bending vibration of the p-substituted benzene ring and the C-N stretching vibration,
respectively. The SEM image in Figure S2 reveals that the urease-containing hydrogels presented
a porous network structure. The homogeneous distribution of urease in the hydrogel was

demonstrated through the EDS mapping results in Figure S2, where the characteristic elements P



and K in urease were uniformly distributed in the hydrogel, along with the C, O, S, and N. This
was further confirmed through the homogeneously distributed fluorescein isothiocyanate
(FITC)-labeled urease in the hydrogel (Figure S3). The urease showed moderately reduced
activity in the presence of APS and TEMED, 4VP or SSNa (Figure S4), suggesting that the
urease remained active in the polyelectrolyte hydrogels. Urease was stably immobilized in the
polyelectrolyte network via multiple supramolecular interactions, and thus no urease was

released during the long-time immersion of the urease-containing hydrogels in buffer solutions

(Figure S5).
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Figure 1. Fabrication of polyelectrolyte hydrogels and measurement of the interactions between
oppositely charged hydrogels. (a) Schematic illustrating the synthesis of (x,12-x)-hydrogels. The
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parameters x and 12-x represent the amounts (mol %) of 4VP and SSNa monomers used in the
hydrogels, respectively. (b) Photograph and microscopic image of combined (0,12)- and
(12,0)-hydrogels. (c) Typical stress-strain curves of the joined surfaces between (0,12)-hydrogels
and different hydrogels (contact area: 10 mm x 5 mm) at pH 3.5. The insets show the device and
principle of the experiment. (d) Rupture stresses between (0,12)-hydrogels and different
hydrogels and zeta potentials of different hydrogel particulates at pH 3.5. (e, f) Swelling ratios of
(x,12-x)-hydrogels after immersion in buffer solutions with different pH in the absence (e) and
presence (f) of urea (50 mg/mL) for 400 min.

The 4VP monomer (pKa = 5.62) contains a tertiary amine group which is protonated under
acidic conditions, and thus its homopolymer or copolymer has pH responsiveness.*? Accordingly,
(x,12-x)-hydrogels (x = 12, 9, 6, or 3) containing 4VP units are pH-sensitive, and present
electrostatic interactions with negatively charged (0,12)-hydrogels under acidic pH. Figure 1b
shows the photograph and microscopic image of acidified (0,12)- and (12,0)-hydrogels, which
exhibit tight contact at the interacting hydrogel interface. The adhesion strength between (0,12)-
and (x,12-x)-hydrogels (x = 12, 9, 6, 3, or 0) in the acid buffer (pH 3.5) was investigated with a
texture analyzer. Figure 1c demonstrates the typical procedure for the stress-strain measurements
and the tensile curves for the joined surfaces between (0,12)-hydrogels and different hydrogels.
The combined hydrogels were pulled toward opposite positions, and the rupture stress was
obtained from the stress-strain curve as the maximal stretching force divided by the
surface-to-surface area. Figure 1d shows that the rupture stress for the joined surface between
(0,12)- and (x,12-x)-hydrogels (x = 12, 9, 6, 3, or 0) significantly decreased with decreasing 4VP
content at pH 3.5, which was attributed to the decreased zeta potential of the hydrogel
particulates, along with the gradually decreased electrostatic attraction. In addition, we compared

the adhesion strength between (0,12)- and (12,0)-hydrogels in either acidic or alkaline buffers
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and found that there were strong interactions between the hydrogels at acidic pH but no
interactions at basic pH (Figure S6). These results demonstrate that the interactions between
polyelectrolyte hydrogels can be precisely controlled by adjusting the pH of the system and the
contents of the 4VP cation and SSNa anion moieties in the hydrogels. Next, the swelling ratios of
(x,12-x)-hydrogels were investigated by immersing the hydrogels in buffer solutions with
different pH in the absence and presence of urea (50 mg/mL) for 400 min. The results in Figure
le,f indicate that the hydrogels exhibited negligible swelling or deswelling ratios after long-time
immersion in various aqueous mediums, which are conducive to accurately investigating the
nonequilibrium assembly behaviors of hydrogels.

The autocatalytic urea-urease clock reaction has been widely used to temporally control the
pH of the systems.***® Using this enzymatic reaction, we previously balanced the kinetic
stability and healing ability of acylhydrazone-based polymer hydrogels.?* ? Here the reaction
was adopted to regulate the nonequilibrium assembly between oppositely charged hydrogels. We
found that the number of the hydrogels (4, 6, or 8) used for assembly and the location of urease
(immobilized in the hydrogels or dispersed in the solutions) slightly affected the macroscopic
nonequilibrium assembly (Figures S7, S8). To simplify the experimental condition, we chose
four building blocks with immobilized urease for further studies. We investigated the
macroscopic nonequilibrium assembly between (0,12)- and (x,12-x)-hydrogels (x = 12, 9, 6, 3, or
0) in the solutions with a constant urea concentration of 50 mg/mL. The conceptual scheme of
chemically fueled macroscopic nonequilibrium assembly is displayed in Figure 2a. Figure 2b

depicts that (0,12)- and (x,12-x)-hydrogels (x = 12, 9, 6, or 3) did not assemble when shaken in
12



an alkaline buffer (pH 8) and assembled to form irregular-shaped aggregates within 2 min when
acidic urea solutions were added to the systems. By contrast, (0,12)- and (0,12)-hydrogels could
not assemble due to the electrostatic repulsion. The time for disassembly decreased with
decreasing 4VP content in the hydrogels (Figure 2b,c), which corresponded to the adhesion
strength of the joined surfaces between hydrogels. The whole nonequilibrium assembly
processes of the hydrogels with different combinations are displayed in Figures S9-S13. When
the acidic urea solutions were added, a remarkable acceleration of the pH decline followed by a
slow pH recovery was observed in all the groups (Figure 2d). The ambient pH dropped to as low
as ~3.8 and the final pH of the solutions used for macroscopic nonequilibrium assembly reached
~9.0 as the urease-regulated catalytic reaction progressed. The zeta potential measurements were
conducted to record the time-dependent zeta potential variations of (x,12-x)-hydrogel
particulates (x = 12, 9, 6, 3, or 0) after fuel addition. Figure 2e shows that the zeta potential of
(0,12)-hydrogel particulates without 4VP functionalities generally maintained a constant
negative value during the measurement, while the zeta potential of (x,12-x)-hydrogel particulates
(x=12, 9, 6, or 3) generally decreased over time after fuel addition due to the increase in the pH
of the system. Notably, the zeta potentials of (x,12-x)-hydrogels (x = 12, 9, 6, or 3) were positive
at the beginning but became negative at the end (Figure 2e), suggesting the possibility to perform
the switching between electrostatic attraction and repulsion using the urea-urease clock reaction

to temporally control the pH of the system.
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Figure 2. Macroscopic nonequilibrium supramolecular assembly for different hydrogels. (a)
Schematic representation of the nonequilibrium supramolecular assembly of macroscopic
building blocks. (b) Photographs showing the nonequilibrium supramolecular assembly between
(0,12)-hydrogels and different hydrogels. Scale bars: 1 cm. The blue and red boxes indicate the
starting points for assembly and disassembly, respectively. (c) Time for disassembly in the
systems containing (0,12)-hydrogels and different hydrogels. (d) Time-dependent pH variations
for the solutions with (0,12)-hydrogels and different hydrogels immersed. (¢) Time-dependent
zeta potential variation for different hydrogel particulates.

Next, we investigated the effect of urea concentrations on assembly-disassembly kinetics
using the combination of (0,12)- and (6,6)-hydrogels as an example. Figure 3a shows the
nonequilibrium assembly processes of (0,12)- and (6,6)-hydrogels in the solutions with urea

concentrations from 0 to 50 mg/mL. The detailed nonequilibrium assembly processes are
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presented in Figures S14-S19. The hydrogels did not assemble in the initial alkaline buffers (pH
8), while after addition of the acidic urea solutions, the pH of the system significantly declined to
~3.8 and the hydrogels assembled after shaking for 2 min (Figure 3a). No disassembly was
observed in the group without urea addition, and the time for disassembly in other groups
decreased with the increasing urea concentration (Figure 3b). We further determined the
enzymatic reaction rate for the immobilized urease by the titration method (details can be found
in the Supporting Information) and found that the reaction rate increased as the urea
concentration increased below 60 mg/mL (Figure 3c). The data was fitted by using the
Michaelis-Menten equation®®, which yielded a maximal velocity (Vmax) of 7.6 0.7 mM/min and
a Michaelis constant (Ky,) of 639.4 £141.1 mM. These kinetic parameters are larger than those
for free urease,*’ indicating the reduced enzyme activity after being immobilized in the hydrogels,
which is in reasonable agreement with the results in Figure S4. The results in Figure 3c indicate
that the selected urea concentrations are within an adjustable range, which can well explain the
phenomena in Figure 3a,b. The reversibility of the macroscopic nonequilibrium assembly was
further validated. Figure S20 shows five cycles of repeated nonequilibrium supramolecular
assembly processes of (0,12)- and (6,6)-hydrogels. With repeated additions of acidic urea
solutions, the pH of the system periodically switched between 8 and 3.8 (Figure S21), implying
that the electrostatic interaction was the driving force for the repeated macroscopic

nonequilibrium supramolecular assembly.
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Figure 3. Macroscopic nonequilibrium supramolecular assembly between (0,12)- and
(6,6)-hydrogels in the solutions with different urea concentrations. (a) Photographs showing the
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indicate the starting points for assembly and disassembly, respectively. (b) Time for disassembly
in the systems with different urea concentrations. (c) The Michaelis-Menten curve describing the
influence of urea concentration on the enzymatic reaction rate.
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After careful investigation on nonequilibrium assembly of macroscopic hydrogels, we
focused on precise macroscopic nonequilibrium assembly with hydrogel sewing assistance.*® °
Four-layered building blocks containing complementary DN hydrogels were fabricated via an
ordered hydrogel sewing/growing method (Figure 4a). The top and bottom layers of the building
blocks were non-charged PAAm hydrogels, and the middle two layers were (0,12)-DN and
(12,0)-DN hydrogels. After addition of acidic urea solutions to the system for 5 min, the building

blocks assembled precisely into an oriented cuboid (Figure 4b, Video 1) because of the specific

binding between the positively and negatively charged sites. As the urea-urease clock reaction
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progressed, the aggregate disassembled once the energy was depleted. By analyzing the structure
of the building blocks, we noticed that, in principle, there were diverse assembly shapes and
imprecise assembly might occur during the assembly process. However, the experimental results
show that the orderly sewed/grown hydrogels can assemble only into a well-defined straight
shape (Figure 4b). We hypothesize that this phenomenon is caused by the increased elastic
modulus of the charged hydrogels after sewing, which decreases the electrostatic attraction
between hydrogels and makes the macroscopic assemblies with small contact areas easy to
dissociate (Figure S22). To test this hypothesis, we measured the elastic moduli of (x,12-x)- and
(x,12-x)-DN hydrogels (x = 12, 9, 6, 3, or 0). Figure 4c shows that for the hydrogels with the
same charge ratio, the elastic moduli of SN hydrogels were lower than those for the DN
hydrogels. Among the groups with different contents of 4VP and SSNa functionalities, the
largest change in elastic modulus occurred in the group containing (12,0)- and (12,0)-DN
hydrogels, in which the elastic modulus increased from ~6 to ~12 kPa. The adhesive strength
between (0,12)-DN and (x,12-x)-DN hydrogels (x = 12, 9, or 6) was then measured. The
stress-strain curves shown in Figure 4d indicate that (0,12)-DN hydrogels assemble with
(12,0)-DN hydrogels, but do not efficiently assemble with (9,3)-DN and (6,6)-DN hydrogels.
When compared to the adhesive strength for the SN hydrogel systems in Figure 1c, the binding
strength between the DN hydrogels greatly reduced because of the increased elastic modulus of
the hydrogels. According to the conclusions drawn by Shi and coworkers, the macroscopic
supramolecular assembly probability declines with increasing substrate rigidity (elastic modulus)

under similar surface chemistry and once the modulus reaches the boundary value, no assembly
17



between the hydrogels occurs.®® Therefore, as the elastic modulus of the sewed hydrogels
increases, the contact area between the sewed hydrogels must be large enough to enhance the
interfacial interactions for maintaining the stable assembly under shaking. If the contact area is
too small, the imprecise assemblies will dissociate due to the weak adhesive strength. This is the
major factor in achieving the precise nonequilibrium supramolecular assembly of the orderly

sewed/grown hydrogels.
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Figure 4. Precise macroscopic nonequilibrium supramolecular assembly. (a) Schematic
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illustration of the structure and transient assembly process of sewed/grown hydrogels. (b)
Photographs showing the macroscopic nonequilibrium supramolecular assembly process of
sewed/grown hydrogels. Scale bar: 1 cm. (c) Elastic moduli of (x,12-x)-SN and (x,12-x)-DN
hydrogels. (d) Typical stress-strain curves of the joined surfaces between (0,12)-DN hydrogels
and different DN hydrogels at pH 3.5.

To explore the potential application of the macroscopic nonequilibrium supramolecular
assembly, orderly sewed/grown hydrogels with specific shapes (Figure 5a,b) that could form a
transient container for timed release were fabricated. Figure 5a shows the working principle and
process of the transient macroscopic supramolecular device. Notably, human intervention was
used to facilitate the formation of a well-defined macroscopic container. After formation of the
container upon fuel addition, a cargo with a sharp-bottom holder as shown on the left of Figure
5b was placed into the center of the container. As the urease-containing hydrogels were exposed
to the urea solution, urea started to hydrolyze and increase the pH of the system via ammonia
production. When the pH of the system was higher than the pKa of pyridine groups, the transient
container started to dissociate. This led to the collapse of the sharp-bottom holder and, therefore,
the cargo was released into the solution. Figure 5b shows the entire process of timed release in
the solution with a urea concentration of 50 mg/mL. When the transient container disassembled
at a time point of 125 min, a model cargo (i.e., an effervescent tablet) dropped into the aqueous
solution and generated bubbles. This fact indicated the successful timed release via macroscopic
nonequilibrium supramolecular assembly. Moreover, we can further regulate the cargo release
time by adjusting the urea concentration. Five different conditions were used to study the

influence of urea concentrations on the lifetime of the transient macroscopic supramolecular
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assemblies. We found that the lifetime decreased with increasing urea concentration (Figure 5c),
suggesting that the release time can be controlled by adjusting the urea concentration and both
were negatively correlated. Figure 5d shows the influence of urea concentration on the pH of the
system. The higher urea concentration led to a faster pH increasing rate, resulting in a shorter
lifetime of the transient macroscopic supramolecular device. The controllable and programmable
lifetime of the transient supramolecular assemblies is particularly attractive for timed feeding in
closed analytical systems. In addition to timed release, the precise nonequilibrium
supramolecular assembly of macroscopic building blocks is also promising to be applied for

mass transfer when combined with fluid environments.
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Figure 5. Construction of a transient macroscopic supramolecular device for timed release. (a)
Schematic illustration of the timed cargo release using a transient macroscopic supramolecular
device. (b) Photographs showing the timed-release process using a transient macroscopic
supramolecular device. Scale bar: 1 cm. (c) Lifetimes of the transient macroscopic assemblies
fueled by acidic urea solutions with different urea concentrations. (d) Influence of urea
concentrations on the pH of the system.

CONCLUSIONS
In this study, we present the first example of precise nonequilibrium supramolecular assembly of
macroscopic building blocks using an enzyme-mediated, pH-sensitive polyelectrolyte hydrogel
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system. This contribution fills the gap in the field of macroscopic nonequilibrium supramolecular
assembly and overcomes the technical difficulty in building block design for achieving precise
macroscopic supramolecular assembly. The properties of the transient macroscopic assemblies
based on temporally programmed electrostatic interactions, including their stability and lifetime,
can be precisely controlled by adjusting the hydrogel synthesis parameters and chemical fuel
compositions. More importantly, we developed an ordered sewing/growing method to fabricate
well-defined hydrogels with multilayered structures and complementary interactions through in
situ polymerization of crosslinked polymers interpenetrated in and extended outside the original
hydrogel networks, which plays an important role in achieving the precise nonequilibrium
supramolecular assembly of macroscopic building blocks. The principle and methods presented
in this study cannot only solve the problems of control over dynamic and precise macroscopic
supramolecular assembly but also promote the creation of self-adaptive chemical systems for

potential applications such as controlled release and mass transfer.
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