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ABSTRACT: In living organisms, precise control over the spatial and EDC EDU 2 3
temporal distribution of molecules, including pheromones, is crucial. i 4 P ‘ :
This level of control is equally important for the development of g ‘m {

O — <

artificial active materials. In this study, we successfully controlled the \'\Il\/\M’\)L
distribution of small molecules in the system at nonequilibrium states by 6 OH
actively transporting them, even against the apparent concentration :,('I/\,H/\WOH

gradient, with high selectivity. As a demonstration, in the aqueous ' ® 0

solution of acid orange (AO7) and TMC,,COOH, we found that AO7 \_< EDC /

molecules can coassemble with transient anhydride (TMC,,CO),0 to & == / @
form larger assemblies in the presence of chemical fuel 1-ethyl-3-(3- H20

(dimethylamino)propyl) carbodiimide hydrochloride (EDC). This led

to a decrease in local free AO7 concentration and caused AO7 molecules from other locations in the solution to move toward the
assemblies. Consequently, AO7 accumulates at the location where EDC was injected. By continuously injecting EDC, we could
maintain a stable high value of the apparent AO7 concentration at the injection point. We also observed that this process which
operated at nonequilibrium states exhibited high selectivity.

B INTRODUCTION We propose to use surfactant TMC,;,COOH, which is a
carboxylic acid carrying an ammonium salt at its termini to
regulate the distribution of small molecules (Figure 1a). It is
well-established that carboxylic acid undergoes a dehydration
reaction in the presence of l-ethyl-3-(3-(dimethylamino)-
propyl) carbodiimide hydrochloride (EDC) and forms the
corresponding anhydride, which hydrolyzes back into carbox-
ylic acid again when EDC is depleted in aqueous solution, as
reported by Boekhoven,” Hartley,” and other groups.® In the
meantime, surfactants with chemical structures similar to
TMC,,COOH will coassemble with molecules carrying
negative charges to form micelles above their critical
concentration.” It should be noted that (TMC,,CO),0
possesses a longer hydrophobic chain and has a lower critical
concentration compared to TMC,;COOH. Taking advantage
of these properties, at an appropriate concentration, we can
expect (TMC,,CO),0 to coassemble with other molecules,
such as acid orange (AO7) to form micellar structures, while
TMC,,COOH still dissolves in the solution. By utilizing the
reaction cycle between EDC and TMC,,COOH, we are able
to load AO7 into the assemblies with larger sizes in the

Active materials are a class of matter that exhibit emergent
properties similar to living systems, fueled by their con-
sumption of energy.' These properties include the ability to
adapt and dynamically respond to environmental changes and
even reproduce themselves.” However, to achieve these
properties in artificial systems, controlling the matter
distribution with spatiotemporal accuracy is crucial.’ Such
active materials fall under the category of out-of-equilibrium
systems from a thermodynamics perspective. While nonuni-
form concentration distribution of matter can be generated in
equilibrium states with the aid of external fields, controlling it
at nonequilibrium remains a challenge. To address this, Prins’s
group reported that by using a hydrogel as a reaction medium,
they are able to accumulate the assemblies with large sizes
trapped in a hydrogel framework through the local injection of
chemicals.” Nature, on the other hand, employs sophisticated
biostructures to selectively manipulate the concentration of
small molecules. For instance, using carrier proteins fueled by
ATP consumption, biological systems are able to create vital
concentration gradients such as the Na* and K' gradients
across cell membranes.” Building on this inspiration, we

present an artificial carrier that can selectively load and release Received: November 1, 2023 SJALS
small molecules in response to the presence of chemical fuel. Revised:  January 11, 2024
Such a system allows for the regulation of molecular diffusion, Accepted: January 12, 2024

Published: January 26, 2024

effective management of matter distribution, and the
preservation of concentration differences across membranes
selectively.
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Figure 1. (a) Chemical reaction network employed to drive the product coassemble with AO7. The carboxylate group on the precursor reacts with
EDC to form a transient anhydride (product). (b) Yields of anhydride against the time with varying EDC amounts monitored by "H NMR. (c)
Plot of the maximum yield of anhydride against the amount of EDC. (d) Time at the maximum yield of anhydride against the amount of EDC. (e)
Simulated kinetic traces of the precursor (8.0 mM) with varying EDC amounts. (f) Plot of the maximum yield of anhydride against the amount of
EDC from theoretical simulation. (g) Time at the maximum yield of anhydride against the amount of EDC from theoretical simulation. (h) Yields
of anhydride against the time when EDC (16 mM) was added into the solution of the precursor (8.0 mM) in S00 min. The frequency of EDC
supplied was once (blue curve), twice (green curve), five times (yellow curve), ten times (orange curve), or continuous injection (red curve). (i)
Yields of anhydride against the time with varying injection rates of EDC. (j) Plot of the maximum yield of anhydride after reaching steady states
against the rate of EDC addition. Please note that the spherical assembled structure in the cartoon does not represent the actual structure of the

assembled micelle.

presence of chemical fuel EDC and release them into the
solution again after the complete consumption of EDC. This
dynamic process allows us to tune the local concentration of
AO7 instantaneously, enabling the generation of a concen-
tration gradient in the solution through EDC fuel injection.

B RESULTS AND DISCUSSION

Reaction Cycle in the Continuous Supply of Chemical
Fuel EDC. We first confirmed that, during the reaction cycle
between EDC and TMC,,COOH, we were able to maintain
the concentration of transient product (TMC,,CO),0 at a
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steady value, if the chemical fuel EDC was injected in a
continuous manner. When EDC (2.0 X 10™° mol, 2.0 equiv)
was added into the aqueous solution of TMC,;,COOH (1.0 X
107° mol in 0.5 mL D,0, 20 mM), the reaction between them
(Figure S1, see the Supporting Information for details) will
lead to the formation of transient anhydride (TMC,;,CO),0
with a maximum yield of 24% at around 20 min (Figure 1b)
and then hydrolyze to form original TMC,;;COOH again. The
maximum yield of (TMC,,CO),0 was positively correlated to
the total amount of EDC in the process (Figure 1c). We also
confirmed that this result matched our theoretical simulation

https://doi.org/10.1021/jacs.3c12228
J. Am. Chem. Soc. 2024, 146, 3323-3330
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Figure 2. (a) Photographs of the reaction mixture of the TMC,;,COOH and AO7 after adding EDC at different moments. (b) Time-dependent
size distribution of the reaction mixture after the addition of EDC monitored by DLS spectroscopy. (c) Time-dependent transmittance of the
solution after adding EDC (top) and the concentration of anhydride (down) monitored by UV—vis spectroscopy and '"H NMR spectroscopy,
respectively. (d) Photographs of the filtrates at different periods after removing the assembled AO7 through filtration. (e) Concentration of AO7 in
the filtrates as a function of time monitored by UV—vis spectroscopy. (f) Time-dependent loading efficiency of AO7 in the assemblies upon the
addition of EDC multiple times to the aqueous solution containing TMC,;,COOH and AO7 measured by UV—vis spectroscopy. (g) Time-
dependent loading efficiency of AO7 in the assemblies after varying the dosage of chemical fuel EDC.

(see the Supporting Information for details) at different
conditions very well (e.g., simulation result of TMC,,COOH
at 20.0 mM, see Figures S2—S4; simulation result of
TMC,,COOH at 8.0 mM, see Figures le—g and S5). Ideally,
when the same amount of EDC (0.104 mmol in 6.5 mL, 16
mM) was divided into two equal portions and supplied at an
interval of 250 min (Figure S6), we will find two maximum
yields of (TMC,,CO),0 (Figure 1h, green curve). One can
anticipate that each extra supplied EDC (Figures S7 and S8)
will generate an additional peak value of (TMC,,CO),0
formation (Figure 1h, yellow and orange curves). When the
time intervals between each batch of EDC were negligible,
which means that EDC was injected in a continuous manner
(0.012 mmol-h™', Figure S9), the peak values of
(TMC,,CO),0 production will close to a continuous manner
(Figure 1h, red curve). In other words, the amount of as-
formed (TMC,,CO),0 will reach a steady plateau under these
circumstances. A further study reveals that, when the injection
rate of EDC was increased from 0.02 mmol-h™" (Figures 1i and
S10, red curve) to 0.04 mmolh™" (Figures 1i and S10, green
curve) and 0.08 mmol-h™" (Figures 1i and S10, blue curve),
the yields of (TMC,,CO),O after reaching steady states will
increase from 4 to 7 and 14%, accordingly. This result suggests
that we could tune the concentration of anhydride
(TMC,,CO),0 in the system through the supply rate of
EDC at a nonequilibrium state (Figure 1j).

Loading and Releasing AO7 during the Reaction
Cycle between TMC;,COOH and EDC. The resulting
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transient anhydride (TMC,,CO),O bearing positively charged
trimethylammonium termini was able to coassemble with AO7,
which carries negative charges in situ during this reaction cycle.
To illustrate, we added AO7 (1.1 X 10~7 mol, 0.038 mM) into
an MES buffer solution (pH 5.5, 3.0 mL, 200 mM) containing
EDC (9.2 mg, 4.8 X 107> mol) and TMC,;,COOH (2.4 X 107>
mol, 8.0 mM) in a quartz cuvette. We found that the initially
transparent solution turned into a turbid suspension after
approximately 8 min and gradually returned to a transparent
state (Figure 2a). Using dynamic light scattering (DLS)
spectroscopy, we did not detect any visible peak before adding
EDC. However, around 8 min after the addition of EDC, we
could observe the formation of particles with sizes at hundreds
of nanometers in the system, which persisted for approximately
400 min and completely disappeared after 540 min (Figure
2b). However, in a control experiment without the presence of
AO7, we did not observe the formation of nanoparticles. This
clearly demonstrated the formation of coassemblies between
(TMC,,CO),0 and AO7. From optical microscopy, atomic
force microscopy (AFM), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM), we
confirmed the formation of aggregated assemblies (Figures
S1la—d). Using in situ bright-field microscopy, we could
capture the dynamic growth process of micellar bundles
(Figures Slle—h). By monitoring the time-dependent trans-
mittance of the solution after adding EDC using UV—vis
spectroscopy, we found a clear transition point at 8 min
(Figure 2c, top), which indicates the critical concentration of

https://doi.org/10.1021/jacs.3c12228
J. Am. Chem. Soc. 2024, 146, 3323-3330
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Figure 3. (a) Geometrical representation of the gel used in this work. The chemical fuel EDC was added into the center spot of the gel. (b) 3D plot
of the absorbance at 484 nm in the gel at t = 60 min after the addition of EDC. (c) 2D plot of the absorbance at 484 nm in the entire gel at t = 60
min after the addition of EDC. (d) Photographs of the two-cell container at different times after the injection of EDC into the right side cell. (e)
Time-dependent absorbance at 484 nm and the total concentration of AO7 of left side (blue dot) and right side (red dot) cells. (f) Plot of the
delivery capacity of AO7 from the left side cell to another against the time. (g) Evolution of the amount of anhydride in the right side cell during
the continuous injection of EDC calculated by kinetic models. (h) Plot of the delivery capacity of AO7 from one cell to another with EDC injection

against the injection rate of EDC.

(TMC,,CO),0 when the coassemblies start to form. Using
time-dependent 'H NMR, we were able to determine that the
concentration of (TMC,,CO),0O at this moment was 0.24 mM
(Figure 2c, down).

We also found that during the reaction cycle between
TMC,,COOH and EDC, along with the formation and
hydrolysis of anhydride (TMC,,CO),0, small molecules AO7
could coassemble with (TMC;,CO),0 and be released to
solution in the process of disassembling. Due to the relatively
larger size of the assembled states, we were able to monitor the
concentration of unassembled AO7 in the solution after
removing the assembled AO7 through filtration. For instance,
we first added EDC (4.8 X 107 mol, 2.0 equiv) into 3.0 mL of
MES buffer (pH $.5, 200 mM) containing TMC,,COOH (2.4
X 107° mol, 8.0 mM) and AO7 (1.1 X 1077 mol, 0.038 mM).
After keeping the mixture at 25 °C for different periods of
time, the mixture was filtered by using a filter membrane with
0.45 pm pore size to remove the assembled nanoparticles. We
found that the color of the obtained filtrate changed from
orange to light orange and colorless in the first 50 min, and
then changed back to orange color in the next 540 min,
indicating the different residual amounts of AO7 in the
solution (Figure 2d). From their ultraviolet—visible (UV—vis)
spectra, all filtrates showed a typical absorption spectrum of

AQO?7 (Figure S12). Meanwhile, the intensity of the maximum
absorption peak at 484 nm gradually decreased in the first SO
min and then increased and returned to its original state within
~540 min (Figure S12). Using the intensity of the maximum
absorption peak, we were able to determine the concentration
of AO7 in the solution quantitatively. By plotting the
concentration of AO7 in the filtrates over time, we could
clearly observe a minimum concentration of AO7 of 8.2 X 1073
mM in the solution at 50 min, indicating that a maximum ratio
of AO7 (78%) was loaded into the assembled states at S0 min
(Figure 2e).

Subsequently, we found that loading and releasing AO7
could be repeated in consecutive cycles upon adding additional
EDC as a chemical fuel multiple times. As shown in Figure 2f,
upon adding EDC (2.0 equiv) for the first time, the percentage
of AO7 in the assemblies increased to 78% in S0 min and
gradually decreased to 4% after 540 min. When another batch
of EDC was added into the solution, once again, we observed
that the percentage of AO7 in the assemblies increased to 72%
in 50 min and gradually decreased to 5% after 540 min. In the
third cycle, maximum percentage of AO7 in the assemblies was
found to be 50%, probably due to the fatigue caused by EDU

10
waste.

https://doi.org/10.1021/jacs.3c12228
J. Am. Chem. Soc. 2024, 146, 3323-3330
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Moreover, we were able to control the loading efficiency of
AQ?7 by varying the dosage of chemical fuel EDC. As shown in
Figure 2g, if the initial dosage of EDC was decreased to 1.2 X
10~ mol (0.5 equiv), at 50 min, we could still observe a
maximum loading efficiency at 35%. When different amounts
of EDC (from 0.5 equiv to 3.0 equiv vs precursor) were added
to the solution of TMC,;,COOH (2.4 X 10™° mol, 8.0 mM)
and AO7 (1.1 X 1077 mol, 0.038 mM), we found in all cases
that, after 50 min, the content of AO7 in the assemblies
reached the maximum with different values at 35% for 0.5
equiv EDC, 56% for 1.0 equiv EDC, 78% for 2.0 equiv EDC,
and 79% for 3.0 equiv EDC.

Pumping Small Molecule AO7 at Nonequilibrium
States. Utilizing this feature, we were able to manipulate the
distribution of small molecules carrying negative charges such
as AO7 by the consumption of chemical fuel. Using a
polyacrylamide (PAM) hydrogel (see the Supporting In-
formation for sample preparation details) as a reaction
medium, we were able to visualize this process clearly. For
instance, starting with a PAM hydrogel soaked with AO7 dyes,
0.01 mL of a concentrated stock solution of EDC (6.8 M) was
added into the center spot of the hydrogel (Figure 3a). After
that, we could clearly observe that the orange dye molecules
AO7 were moving toward the center of the hydrogel. By using
a microplate reader, we were able to plot the absorption
intensity at 484 nm vs position and map the overall
distribution of the AO7 in the whole hydrogel. As shown in
Figures 3b,c and S13, 60 min after the addition of EDC, the
absorbance of AO7 close to the location where EDC was
added is much larger compared to other parts of the gel,
indicating that the distribution of AO7 was inhomogeneous
and AO7 tended to move toward regions where EDC was
supplied.

In order to get more insight into this process in a
quantitative way, we conducted the experiment in solution,
utilizing a two-cell container separated by a microporous
membrane with a pore size of 0.45 ym (Figure 3d). In this
experimental setup, only small molecules were able to pass
through the membrane through diffusion, while convection
between the left and right cells was prohibited. Each cell was
filled with TMC,,COOH (8.0 mM) and AO7 (0.038 mM)
aqueous solution (6.0/6.5 mL) containing MES buffer (200
mM, pH S.5), respectively. Then, EDC (2.0 X 10° mM in
H,0) was continuously injected into the right side cell with a
microfluidic syringe at the rate of 0.04 mmolh™". In the first
120 min, the color of the right cell became lighter due to the
free AO7 in solution being loaded into the assemblies. Then,
the color of the left cell went lighter as well, caused by the
diftusion of free AO7 from the left side to the right side cell.
From 540 min, we could clearly observe that the cell on the
right side showed a darker color than the cell on the left side.
By plotting the absorption intensity at 484 nm vs time, we
were able to obtain the total concentration of the AO7
(including the ones dissolved in solution and loaded in the
assemblies) of each cell. As shown in Figure 3e, at the initial
stage, both left and right side cells showed an absorbance equal
to 0.45 at 484 nm. Along with the continuous injection of EDC
fuel, the absorbance of the left side cell gradually decreased and
maintained at 0.33 after 540 min. In the meantime, the
absorbance of the right side cell gradually increased to 0.52.
Here, we used the amount of AO7 in the right cell over the
amount of AO7 in the left cell to denote the capacity to deliver
AO7 from one cell to another. By comparing the total
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concentration of AO7 in the left (Figure 3e, blue dots) and
right cells (Figure 3e, red dots) at different times (Table S1),
we could clearly find that the delivery capacity increased in the
beginning and reached a plateau at 57% (Figure 3f). These
results unambiguously demonstrated that AO7 molecules in
the left side cell were diffusing through the membrane in
between two cells and accumulated in the right side cell over
time. This means that using the continuous injection of EDC
fuel, we were able to maintain a higher concentration of AO7
on the side where EDC was injected. In other words, in the
presence of transient (TMC,;,CO),0 as an artificial dynamic
vessel, we were able to control the distribution of small
molecules, such as AO7 in the system by continuous chemical
energy input. Additionally, after approximately 12 h of
withdrawing EDC, the solution color in both cells would be
identical (Figure S14).

These results could be well supported by theoretical
simulations (see the Supporting Information for details of
the theoretical model). As shown in Figures 3g and S15, during
the continuous injection of EDC, the anhydride
(TMC,,C0O),0 in the solution will maintain its critical
concentration, while the amount of (TMC,,CO),0O in the
assembled states started to increase after a threshold and
reached a plateau eventually over time. Considering that the
AQO7 in the assembled states was positively correlated to the
amount of coassemblies, we could conclude that the ability to
deliver AO7 through EDC injection came from that
continuous injection of EDC would maintain a stable amount
of anhydride (TMC,,CO),0 in the assembled states.

Moreover, the ability to deliver AO7 from one cell to the cell
with EDC injection could be well controlled by adjusting the
injection rate of EDC. As shown in Figure 3h, when the
injection rate of EDC was increased from 0.01 mmol-h™" (5.0
X 10> mM, 0.02 mL/h) to 0.02 mmol-h™ (1.0 X 10° mM, 0.02
mL/h), we could observe that the delivery capacity will reach
the maximum. Further increasing the EDC injection rate
would not lead to a significant enhancement of the delivery
capacity. This was probably due to the fact that, during the fast
EDC injection, the diffusion of EDC from the right side cell to
the left side cell was not negligible.

Selectivity of the Pumping Process. We also found that
energy-driven loading process showed high selectivity. For
instance, in the presence of another dye carrying positive
charges (crystal violet, CV), AO7 could be loaded into the
assemblies selectively (Figure 4). To demonstrate, we added
EDC (4.8 X 107° mol, 2.0 equiv) into 3.0 mL of MES buffer
solution (pH $.5, 200 mM) containing TMC,,COOH (2.4 X
10™° mol, 8.0 mM), AO7 (1.1 X 10~ mol, 0.038 mM), and
CV (1.2 X 107® mol, 0.004 mM) and mixed them together.
After keeping the reaction mixture at 25 °C for different
periods of time, the mixture was filtered by using a 0.45 ym
filter membrane to remove the assemblies. We found that the
color of the obtained filtrate changed from Indian red to plum
in the first 50 min and then turned back to Indian red in the
next 540 min, probably due to different residual amounts of
AO7 and CV in the solution (Figure 4a). By measuring the
UV-—vis spectra of the filtrates, we were able to determine the
amounts of AO7 (Figure 4b) and CV (Figure 4c) in the
filtrates and assemblies quantitatively over time. We found that
the percentage of AO7 in the assemblies increased to 78% in
S0 min and gradually decreased to 8% after 540 min (Figure
4b). At the same time, CV could be barely detected in the
assemblies (Figure 4c). This means that AO7 was selectively

https://doi.org/10.1021/jacs.3c12228
J. Am. Chem. Soc. 2024, 146, 3323-3330
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Figure 4. (a) Photographs of the filtrates at different periods after
removing the assemblies through filtration. (b) Percentage of AO7 in
the assemblies (dark color) and the filtrates (light color) against the
time. (c) Percentage of CV in the assemblies (dark color) and the
filtrate (light color) against the time. (d) Photographs of the two-cell
container at different periods after the injection of EDC into the right
side cell. (e) The histogram reports the absorbances of AO7 and CV
at 720 min on the both sides cell. (f) Delivery capacity of AO7 and
CV from the one side cell to another at 720 min.

loaded to the assemblies and released into the solution during
the reaction between TMC,,COOH and EDC, while CV
remained in the solution all the time.

Subsequently, we were able to control the distribution of
AQ?7 selectively, even in the presence of AO7 and CV by the
consumption of chemical fuel EDC. As shown in Figure 4d, we
utilized a two-cell container separated by a microporous
membrane with a pore size of 0.45 um again, filled with
TMC,,COOH (8.0 mM), AO7 (0.038 mM), and CV (0.004
mM) aqueous solution containing MES buffer (200 mM, pH
5.5). Then, EDC (2.0 X 10> mM) was continuously injected
into the right side with a syringe at the rate of 0.04 mmol-h™".
In the first 120 min, the color of the right cell became plum
due to the free AO7 in solution being loaded into the
assemblies. Then, the color of the left cell went lighter as well,
caused by the diffusion of free AO7 from the left side to the
right side cell. From 540 min, we could observe that the cell at
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the right side showed a darker color than the cell on the left
side. The color difference between these two sides reached the
maximum after 720 min of continually fueling the right side
cell with EDC. After 720 min, from their UV—vis spectra, we
were able to obtain the absorbance of AO7 on the left side at
0.36 and on the right side at 0.52 and the CV on the left side at
0.25 and on the right side at 0.24 (Figure 4e). By calculating
the delivery capacity of these two small molecules, we found
that the delivery capacity for AO7 was 44%, while for CV, the
value was only 5%. These results clearly demonstrated that,
using the continuous injection of EDC fuel, we were able to
control the distribution of AO7 (Figure 4f) in a highly selective
manner. To further refine this selectivity, we are actively
pursuing strategies to discriminate between specific functional
groups and tune binding affinities at a finer level.

B CONCLUSIONS

In conclusion, by utilizing the reaction cycle between EDC and
carboxylic acid, we were able to control the distribution of
small molecules in the system at nonequilibrium states by
actively pumping the small molecules even against the
concentration gradient. Meanwhile, this transportation process
shows high selectivity. We believe these achievements will
contribute to the development of artificial active materials.
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1. General

Unless otherwise noted, *H NMR spectra were recorded at 25 °C using a JEOL model JNM-
ECZ500R spectrometer, operating at 500 MHz, where chemical shifts (6 in ppm) were determined
with respect to non-deuterated solvent residues as internal references. Ultraviolet—visible (UV—vis)
absorption spectra were recorded on the SHIMADZU model UV-3600 Plus UV-vis
spectrophotometer using a quartz cell with 10 mm optical path length. Dynamic light scattering
(DLS) was conducted on a Brookhaven model Omni particle size tester using a cell with 10 mm
optical path length. Bright-field micrographs were recorded using Zeiss model LSM 880 NLO
confocal laser scanning microscope using a 63x oil immersion objective. Atomic force microscope
(AFM) images were recorded using an Oxford Instruments Asylum Research model Cypher VRS
AFM microscope with Olympus AC200TS-R3 probe for gas phase scanning. Transmission electron
microscope (TEM) images were recorded on a JEOL model JEM-1400 electron microscope
operating at 120 kV, each of the samples was deposited on a specimen Cu grid covered with carbon
support films manufactured by Zhongjingkeyi Technology Co., Ltd. Scanning electron microscope
(SEM) images were recorded on a JEOL model JSM-7900F SEM microscope operating at 5 kV.
Each of the samples was deposited on a silicon substrate followed by sputtering with Pt. The pH was
recorded using the pH meter (Leizi, PHS—2F).

2. Materials

Unless otherwise noted, all commercial chemicals and reagents were obtained from commercial
sources and used as received without further purification. 11-Bromoundecanoic acid, trimethylamine
(30% in ethanol, TMA), acid orange (AQ7), crystal violet (CV), 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide hydrochloride (EDC HCI), 2-(N-morpholino)ethanesulfonic acid (MES) buffer, sodium
hydroxide (NaOH), deuterium oxide (D.0), deuterated dimethyl sulfoxide (DMSO-ds), ethanol
(EtOH) were purchased from Adamas chemicals. Ethyl ether was purchased from Guangzhou
Chemical Reagent Factory and the deionized water used in all experiments came from our laboratory.

3. Experimental Procedures

1. Precursor synthesis and purification

0]

B \/W Trimethylamine 30% in ethanol <
r N
6 OH /+\«/%v7€\/J‘OH

48 hours, r.t.

TMC,,COOH

Scheme S1. Synthesis of the quaternary ammonium-acid TMC10COOH

Compound TMC1;0COOH was prepared according to the reported procedure.! 11-
bromoundecanoic acid (8.00 g, 0.03 mol) was mixed with trimethylamine (30% in ethanol, TMA)
(70 mL) and stirred for 48 h at room temperature. Then, the solvent was removed by vacuum
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evaporation, the obtained solid residue was recrystallized from methanol/ethyl ether (1:1.5, v/v)
to afford a white powder as TMC10COOH (3.75 g, yield 51%). *H NMR (500 MHz, DMSO-ds)
o (ppm) 11.96 (s, 1H), 3.28 (t, J = 5.0 Hz, 2H), 3.05 (s, 9H), 2.19 (t, J = 7.0 Hz, 2H), 1.71 - 1.62
(m, 2H), 1.53 — 1.44 (m, 2H), 1.34 — 1.22 (m, 12H).

Fabrication of the samples of AFM, SEM and TEM

We added EDC (1.6 x10~° mol, 2.0 equiv.) into 1.0 mL MES buffer solution (pH 5.5, 200 mM)

containing TMC10COOH (8.0 % 10-° mol, 8.0 mM) and AO7 (3.8 <108 mol, 0.038 mM) and

mixed together. After keeping the reaction mixture at 25 <C for 10 min, the mixture was
centrifuged to remove the supernatant first, and then transferred the remaining solid to silicon
substrate and Cu grid.

Preparation of polyacrylamide hydrogel

The polyacrylamide (PAM) hydrogel was prepared by the free radical polymerization of an

aqueous solution containing acrylamide (AM, 1.4 x 10° mM), N, N -methylenebisacrylamide

(Bis, 6.5 mM) and 2-hydroxy-4'-(2-hydroxyethoxy)-2-methyl-propiophe (Irgacure2959, 8.9 mM)
under UV irradiation (3.0 mW, 4.0 h). Then, the hydrogel sample was soaked with the MES
buffer solution (pH 5.5, 200 mM) containing TMC10COOH (8.0 mM) and AO7 (0.038 mM) for
48.0 h.

Analysis of the fuel-driven reaction cycle by in situ *H NMR

The kinetics of the chemical reaction network were monitored over time using in situ *H NMR
spectroscopy. The spectra were used to determine the concentrations of precursor, activated
anhydride, fuel (1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride, EDC) and
waste (1-[3-(dimethylamine)propyl]-3-ethylurea, EDU) in solution over time. In this experiment,
EDC (2.0 x10~° mol, 2.0 equiv.) was added into 0.5 mL D,O solution containing TMC1,COOH
(1.0 x107° mol, 20.0 mM), 1,4-dioxane (50.0 mM, as an internal standard) and MES buffer (pD
= 5.5, 200 mM). By comparing the integral area between peak intensity with chemical shift of
the precursor at 2.32 ppm (-CH>COOH, t), anhydride at 2.59 ppm (-CH2CO, t), EDC at 1.19
ppm (—CHg, t) and EDU at 1.12 ppm (—CHs, t) to the integral area of the internal standard with a
chemical shift at 3.78 ppm to determine the concentrations of corresponding compounds.

Small molecules pumping experiment.

The experiment was carried out using a two-cell container separated by a microporous
membrane with a pore size of 0.45 pm microporous membrane. The length, width, and height of
the cells were 20 mm. The cross-sectional area between the two cells was 1.3 x10% mm?2. 20 mL
of MES buffer solution containing TMC1COOH (8.0 mM) and AO7 (0.038 mM) was prepared
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freshly. 6.0 mL of sample was added to the left side cell and 6.5 mL was added to the right side
cell, then stirred at 260 rpm with a 4 mm > 10 mm stir bar using a stirrer (SUNNE®, SN-MS-
3D). Meanwhile, A syringe pump was used to supply a continuous flow of the fuel EDC with
injection rate at 0.01 mmol h™%, 0.02 mmol H ™%, 0.04 mmol h%, and 0.06 mmol h* to the right
side cell, respectively.

4. Kinetic Model

The kinetic model was used to predict the evolution of compounds involved in the chemical
reaction network over time.? The model was described in detail below. The rate constants we used in
this work were given in Tables S2 and S3.

1. Description of the kinetic model

A kinetic model was written in Python that described each reaction involved in the chemical
reaction network. The model was used to fit the obtained *H NMR data that described the evolution
of the concentrations of precursor (TMC10COOH), product (TMC10COQ),0), fuel (EDC), and waste
(EDU) over time.

The system was analyzed using the following model:

ko
E—U €Y)
kq
Ac+E —1 2
ki
I[+Ac — An+U 3)
kie
[—>Ac+U 4)
k2
An — 2Ac (5)

where Ac is the TMC10COOH, E is the EDC, 1 is an activated carboxylic acid intermediate, An is the
(TMC10CO)20, and U is the EDU. Reaction (1) corresponds to the direct hydrolysis of EDC to EDU.
Reaction (2) shows the activation reaction of the precursor with EDC to form the intermediate
molecule. Reaction (3) is the intramolecular anhydride formation reaction. Reaction (4) depicts the
direct hydrolysis of the intermediate molecule. Reaction (5) shows the hydrolysis of the anhydride to
the initial precursor.

The mechanism translates into the following set of differential equations:
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T = ~halEl[AC] — k" M[Ac] + k{[1] + 2k, [An] (6)
alAnl _ | jean n1c] — ky[An] @

dt

% = +k1 [El[Ac] — k{" [1][Ac] — k{[1] (8)

d|E

% = —k; [E][Ac] — kolE] ©)

%I;] = +kA°[1] + kA" [1][Ac] + ko [E] (10)

If we assume a steady-state in [I], we obtain instead:

d[A kiK[E][Ac]  ki[E][Ac]?
_EitC] = —k, [E][Ac] + 2k, [An] + }“E [][[\C]C 1_ 11([+] [[ Az]] (11)
d[An] k, [E][Ac)?
i = tir [Aq ~ KelAn] (12)
T halEllAC ko] (13)
) = i EllAc + ko ] s

Where K = ki*/ ki" (i.e., direct hydrolysis of the intermediate vs anhydride formation). The k and K
are explicitly fit as parameters, as are the initial concentrations of EDC ([E]o) and acid ([Ac]o). The
other starting concentrations ([An]o, [I]o, [U]o) are assumed to be 0. The yield of anhydride can be
calculated by:

[An]
0.5 [AC] 0

Yield = (15)

2. Kinetic diffused phase separation system model

A kinetic diffused phase separation system model was written in Python that described the
evolution of the concentrations of TMC1cCOOH, (TMC10,CO).0, EDC, and EDU over time in both
sides cell. In this experiment, the chemical fuel EDC was continuously injected into the right side
cell.
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d[Ac] _ DS([Ac] —[Ac])

dt - le (16)
d[Ac, k{K|[E]|Ac,
[ d; I_ —ky[E][Ac,] + 2k, ([An®)] + [An™]) + %icf]]
ki[E][Ac,]* DS([Ac] — [Ac,])
K+ [Ac,] + Vx a7
% = —ky[E][Ac,] — ko[E] + v (18)
% = +k;[E][Ac,] + ko[E] (19)
d[An®] 0 ,  [An®] > [And)]
= { ky[E][Ac,]? (20)
dt % —ko[An®],  [An®] < [An)]
2
d[An®)] _ —k}([i] [[2(;]] ~ k(A1 + [AnP),  [AnP] = [AnG]
dt "

0 ., [An®] < [And]

Where Ac; is the precursor of the right side cell, Ac; is the precursor of the left side cell, An® is the
anhydride in solution in free state, An® is the anhydride in assemblies, An% s the critical
concentration of (TMC10C0O)20 when the coassemblies start to form, E is the EDC, v is the injection
rate, D is diffusion coefficient, S is diffusion area, x is the thickness of membrane. V; is the volume
of the solution in the right side cell, V) is the volume of the solution in the left side cell. To simplify
the theoretical model, we assumed that the anhydride production on the right side cell could not
diffuse to the left in the whole process.
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5. Supporting Figures and Tables
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Figure S1. (a) The reaction route. (b) Time-dependent *H NMR spectra of precursor (20 mM) fueled
with EDC (40 mM, 2.0 equiv.) in MES buffer solution (pD 5.5, 200 mM). The highlighted regions
represent the protons related to compounds shown in Figure Sla: yellow (precursor), orange
(product), green (EDC), and blue (EDU). (i) 0 min; (ii) 10 min; (iii) 20 min; (iv) 40 min; (v) 60 min;
(vi) 100 min; (vii) 160 min.
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Figure S2. Kinetic traces of TMC1,,COOH (20 mM) with EDC (20 mM, 1.0 equiv.). The dots

represent the data obtained by H NMR. The solid lines represent the calculated data using the

kinetic model.
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Figure S3. Kinetic traces of TMC1COOH (20 mM) with EDC (40 mM, 2.0 equiv.). The dots

represent the data obtained by 'H NMR. The solid lines represent the calculated data using the
kinetic model.
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Figure S4. Kinetic traces of TMC1,,COOH (20 mM) with EDC (60 mM, 3.0 equiv.). The dots

represent the data obtained by H NMR. The solid lines represent the calculated data using the
kinetic model.
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Figure S5. Simulated behaviors of the precursor (8.0 mM) system with EDC addition at a frequency
of once (16.0 mM*1). (a) EDC concentration vs time, (b) precursor concentration vs time, (c) EDU
concentration vs time and (d) anhydride yield vs time.
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Figure S6. Simulated behaviors of the precursor (8.0 mM) system with EDC addition at a frequency
of twice (8.0 mM*2). (a) EDC concentration vs time, (b) precursor concentration vs time, (c) EDU
concentration vs time and (d) anhydride yield vs time.
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Figure S7. Simulated behaviors of the precursor (8.0 mM) system with EDC addition at a frequency

of five times (3.2 mM*5). (a) EDC concentration vs time, (b) precursor concentration vs time, (c)
EDU concentration vs time and (d) anhydride yield vs time.
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Figure S8. Simulated behaviors of the precursor (8.0 mM) system with EDC addition at a frequency

of ten times (1.6 mM*10). (a) EDC concentration vs time, (b) precursor concentration vs time, (c)
EDU concentration vs time and (d) anhydride yield vs time.
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Figure S9. Simulated behaviors of the precursor (8.0 mM) system with EDC addition in a
continuous manner. (a) EDC concentration vs time, (b) precursor concentration vs time, (c) EDU
concentration vs time and (d) anhydride yield vs time.
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Figure S10. Simulated behaviors of the 8.0 mM precursor in 6.5 mL solution with EDC at an
injection rate of 0.02 mmol h ! (red curve), 0.04 mmol h™ (green curve) and 0.08 mmol h™* (blue
curve), respectively. (a) EDC concentration vs time, (b) precursor concentration vs time, (¢c) EDU
concentration vs time and (d) anhydride yield vs time.
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Figure S11. (a—d) Optical, AFM, SEM and TEM micrographs of the coassemblies, respectively. (e—h)
Bright-field micrographs of the solution containing precursor (8.0 mM) and AO7 (0.038 mM) after
the addition of EDC (16.0 mM, 2.0 equiv.) at different periods.
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Figure S12. Time-dependent absorption spectra of AO7 in filtrates after removing the assembled
AO7 through filtration.
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Figure S13. 2D color contours of the absorbance of the entire gel at different periods after injection
of EDC (10 uL, 6.3 M) in blank space. Changes in absorbance at 484 nm.
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Figure S15. Simulated behaviors of the right side cell during the continuous injection of EDC into
the solution of 8.0 mM precursor. (a) EDC concentration vs time, (b) precursor concentration vs time.
Right side cell (orange curve) and left side cell (cyan curve), (¢) EDU concentration vs time and (d)
the amount of anhydride vs time.

S13



Table S1. Total concentration of AO7 in two cells at different times.

] ) Concentration (mM)
Time (min) - 5 -
Left side cell Right side cell

0 0.038 0.038
180 0.034 0.038
360 0.029 0.040
540 0.027 0.043
720 0.027 0.043

Table S2. k values extracted from the fits to the kinetic models are summarized in Figures S2-S4.
The parameters are the means of twice replicates and the average parameters are the means of three
different concentrations.

ko20: 3 k1 K ko
EDC ] ) )
[min] [mMM™1 min™!] [mM] [min7Y]
20 mM 8.1x10™* 0.7 <1072 2.4 x10? 1.2 x1072
40 mM 8.1 x 107 0.7 <1072 2.1 x10? 1.1 <1072
60 mM 8.1 x10™* 0.8 x107? 2.2 102 1.1 x1072
Average 8.1 x10™ 0.7 x10°2 2.2 x10? 1.1 <1072

Table S3. Relevant parameters in the model of kinetic diffuse phase separation systems.

D 2.3 x 10° m? min!
X 1.8 x 10*m

S 1.3 x 104 m?

\ 6.0 x 103 L

\' 6.5 x 10°L

v ([EDC]=2 M) 1.0 x 10 mM min?
An® 24 x 10 mM
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