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ABSTRACT: Dissipative self-assembly plays a vital role in fabricating intelligent and transient materials. The selection and design of
the molecular structure is critical, and the introduction of valuable stimuli-responsive motifs into building blocks would bring about a
novel perspective on the fuel driven nonequilibrium assemblies. For redox-responsive surfactants, novel methods of catalytic
oxidation are very important for their activation/deactivation process through designing fuel input/energy dissipation. As an enzyme
with a fast catalytic rate, Fe-based coordination polymers (Fe-CPs) are found to be highly effective oxidase-like enzymes to induce a
reversible switch of a ferrocene-based surfactant over a wide range of temperatures and pH. This builds a bridge between the CPs
materials and surfactants. Furthermore, glucose oxidase can also induce a switchable transition of a ferrocene-based surfactant. The
GOZX-catalyzed, glucose-fueled transient surfactant assemblies have been fabricated for many cycles, which has a successful
application in a time-controlled and autonomous DNA capture and release process. The intelligent use of enzymes including CPs
and GOX in ferrocene-based surfactants will pave the way for the oxidation of redox surfactants, which extends the application of
stable or transient ferrocenyl self-assemblies.

1. INTRODUCTION fabricate vesicles through forming dynamic imine bonds

Dissipative self-assembly is ubiquitous in nature, where it gives between an amine-containing lysosphingomyelin and long-

rise to complex structures and functions such as programming chain aldehydes. The reversibility of the imine is utilized to

controllability, self-adaptability, self-healing capability, and fabricate vesicles that is responsive to external stimuli.” It can
energy dependence. Simulating this energy-driven dissipative be seen that the selection and design of the molecular structure
self-assembly in which a forward reaction activates the building is the critical point and the introduction of valuable stimuli-
blocks for self-assembly and a concurrent backward reaction responsive motifs into surfactants would bring about a novel
brings the system back to the basal nonassembled state has perspective on the fuel driven nonequilibrium assemblies.

attracted much attention. Elegant strategies to access non- Surfactants containing the redox active group of ferrocenyl
equilibrium artificial synthetic systems have utilized molecules groups have attracted great attention in the field of biophysical

including peptides,' nucleic acid,” nanoparticles,” polymers,”
and amphiphiles.” Particularly, surfactants are other amphi-
philes participating in micelle or vesicle fabrication. The
hydrophilic/hydrophobic structure endows surfactants with -
self-assembled capability, and the ways to integrate fuels into Received: Feb_mary 22, 2024
systems become the key for dissipative self-assembly. For Revised:  April 25, 2024
instance, Zn(II)-TACN (1,4,7-thiazacyclonane) with hydro- AccePted: April 26, 2024
phobic saturated carbon chains could form temporal vesicle- Published: May 21, 2024
like aggregates exploiting an ATP-fueled dissipative self-

assembly process.” A double alkyl chain surfactant could

research.”” By controlling the redox state of ferrocene, it is
possible to change the charge and hydrophobicity of the
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Figure 1. (A) Redox process of FTMBr with oxidizing and reducing agents. (B) Schematic illustration of GOX-catalyzed, glucose-fueled transient

FTMBr micelles for controlled capture and release of DNA molecules.

surfactants, leading to a transition of the self-assembled
structure.'’ Reductive ferrocenyl surfactants have the ability
of self-assembling into various aggregates like micelles, vesicles
and gels, while the oxidative surfactant would return to the
single surfactant. Therefore, the integration of the ferrocenyl
surfactant and diversity of fuel is a particularly important step
in the construction of high energy and nonequilibrium redox-
responsive assemblies. Dissipative self-assembly is dynamically
controlled. In order to achieve the temporal assemblies, the
challenge is to find a subtle balance of activation—deactivation
rates, where a fast activation step and a slower deactivation
step are both needed. In other words, the choice of oxidizing
agents and reductive agents is the key for the dissipative self-
assembly of the ferrocenyl surfactant. Strategies to achieve
redox control include adding chemically oxidizing agents such
as H,0, K,Cr,0, and NaClO,.'"" Of these systems, the
oxidizing process is fast and highly effective, which might not
be suitable for constructing temporal redox assemblies which
contain a fast reduction process (fast activation) and a slow
oxidizing process (slow deactivation). Elegant strategies to
fabricate the temporal artificial systems have utilized energy
including enzyme-coupled programmed reactions,'> which
could bring inspiration for forming transient redox assemblies.
It is reported that the temporal polymeric hydrogels achieved
programmable gel dissociation by a p-glucose/glucose oxidase
(GOX) enzymatic reaction, which ensures well-controlled acid
generation.”” Different from p-glucose, the GOX-catalyzed
oxidation of f-p-glucose to gluconolactone and the concom-
itant reduction of molecular oxygen to H,O, is a powerful tool
to construct temporal supramolecular polymerization.'”
Inspired by this, the ferrocenyl surfactant can also be adjusted
by GOX-catalyzed oxidation (slow deactivation) combined
with a fast reducing process (fast activation), leading to a time-
programmable aggregate transition.

GOX could provide a slow oxidation process; however, the
dissipative self-assembly of the ferrocenyl surfactant in a
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complex system should also consider other circumstances such
as a fast oxidation process (fast activation), temperature, and
pH. Considering the different activation/deactivation pro-
cesses through designing fuel input/energy dissipation, the
redox-responsive surfactants undergoing an enzyme-catalyzed
process is required, which is because the dissipative self-
assembly could be adjusted by different kinds of enzymes that
could tune the assembly and disassembly rate. For nano-
enzymes,'*™'” many nanomaterials possessing excellent
enzyme-like activities have been demonstrated, including
noble-metal nanoparticles (NPs) and coordination polymers
(CPs)."*** In particular, the application of CPs in enzyme
mimicry has attracted great attention in recent years due to
their abundant surfaces and channels and the presence of metal
nodes providing possible catalytic active sites.””~>’ For
example, Zhang’s group achieved ultrasensitive detection of
glucose by loading Pt NPs onto Fe-CPs to construct a hybrid
nanozyme with high peroxidase-like properties.”® Lin’s group
investigated the feasibility of modulating the catalytic efficiency
of artificial nanozymes by disrupting the equilibrium state of
CPs and distorting the lattice.”” Sun’s group synthesized novel
CPs with multiple enzyme-like activities.”” Wang’s group
investigated Ce-BPyDC CPs with peroxidase and oxidase
activities for colorimetric biosensing.31 However, CPs materials
applied as an oxidizing agent for ferrocenyl surfactants are still
in their infancy; the previously reported redox agents mainly
focused on the common oxidizing agents such as sodium
perchlorate,32 potassium dichromate, > sodium chlorate,**
sodium iodate, O,, and so on. We believe that the catalytic
oxidation of ferrocenyl surfactants through CPs would play a
vital role in constructing redox-responsive materials.

In this study, we not only investigated the redox of the (11-
ferrocenylundecyl) trimethylammonium bromide (FTMBr)
using traditional O,, H,0,, ascorbic acid, and Na,S,0;, but
also studied enzymes including GOX and Fe-CPs (Figure 1A).
Surprisingly, Fe-CPs process high enzyme activities for the
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Figure 2. (A) UV absorption spectra and the corresponding photographs of FTMBr and ox-FTMBr with Fe-CPs-catalyzed oxidation. (B) Time-
dependent absorbance changes at 628 nm for FTMBr with Fe-CPs. (C) Pictures of FTMBr showing the redox cycles. (D) Time-dependent
absorbance at 628 nm of FTMBr (pH-4) and FTMBr with Fe-CPs. (E) Photographs of Fe-CPs aqueous solution at different times [0 min, (left)
and 6 min (right)]. (F) Photographs of FTMBr with Fe-CPs (right) or without Fe-CPs (left; incubation time, 6 min).

FTMBr oxidizing process. Moreover, Fe-CPs, as an oxidase-
like enzyme, exhibits a promising catalytic activity in the pH
range from 3 to 9 and the oxidase-like activity of Fe-CPs is also
resistant to temperature, demonstrating that Fe-CPs have good
stability. It is particularly important for the catalyst to maintain
stability under different reaction conditions, because the
integrity of the structure will greatly affect the catalytic activity
of the catalyst.”> Enzyme-coupled programmed reactions are
an elegant strategy to construct temporal systems. Investigating
the catalytic conditions and rates is a subject worth studying
for temporal ferrocenyl assemblies. However, it is regrettable
that the catalytic rate of Fe-CPs is not satisfied with the slow
deactivation in dissipative self-assembly and Fe-CPs can still
not replace the role of GOX. Even so, we believe the catalytic
oxidation of the ferrocenyl surfactants through CPs will play a
vital role in constructing redox-responsive materials. Even-
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tually, we choose another enzyme of GOX to fabricate a GOX-
catalyzed, glucose-fueled transient transition between hydro-
phobic FTMBr and hydrophilic oxidizing FTMBr (ox-
FTMBr), combined with a faster-reducing agent of Na:S,0;.
The micelles of the ferrocenyl surfactant with ?ositive charges
can serve as a tool to capture DNA molecules.”® Once FTMBr
was oxidized by glucose/GOX, leading to a hydrophilic
enhancement for the surfactant, and a disassembly process of
the FTMBr micelle into single ox-FTMBr was observed. Thus,
glucose-fueled dissipative self-assembly of FTMBr could work
as an eflicient tool to realize a time-programmable capture and
release of DNA (Figure 1B).

2. RESULT AND DISCUSSION

2.1. Cationic “Redox-Switchable” Ferrocenyl Surfac-
tants of FTMBr. 1t is reported that a ferrocene salt was made

https://doi.org/10.1021/acsomega.4c01715
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Scheme 1. Schematic Hlustration of Glucose-Fueled Transient Cycle of FTMBr and Ox-FTMBr by Na,S,0; and Glucose
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by the acid—base reaction of fatty acid and dimethylamino-
methyl ferrocene, accompanied by the formation of a self-
supporting gel. An oxidizing Fe(ClO,); helped in the
dissipation of energy by converting dimethylaminomethyl
ferrocene to oxidized waste and the gel transferred to sol.”’
Considering the different activation/deactivation processes
through designing fuel input/energy dissipation in dissipative
self-assembly, we synthesized the FTMBr, which has a better
reversible regulation of the charge and hydrophobicity
containing ferrocenyl groups, leading to a transition of the
self-assembled structure. As shown in Figure SIB in the
Supporting Information, the redox-responsive FTMBr was
prepared as previously described through the four-step
procedure.”® The 'H NMR result proved the successful
synthesis of FTMBr (Figure S1C). The mass spectra of
FTMBr (Figure S1D) also confirmed this result. As shown in
Figure S1A, the electron gain and loss of FTMBr lay the
foundation for redox reactions.””~* This switchable process
can be realized by redox stimuli as oxidizing/reducing agents
or electrochemical methods. The method of carrying out
simple and convenient catalytic oxidation of ferrocene plays an
important role in the development of the redox properties of
ferrocene. Figure S2A shows that the ox-FTMBr has a green
color with a 628 nm UV characteristic absorption peak, while
reductive FTMBr is yellow with an absorption peak at 437 nm
in the presence of ascorbic acid. To test the oxidation capacity
of H,0,, the effects of pH, temperature, H,O, concentrations,
and time were investigated (Figure S3A—D), and the optimal
reaction conditions were pH-6, room temperature, 2 M, and 10
min. Besides, the reducing capacity of ascorbic acid was
evaluated at varying ascorbic acid concentrations and temper-
atures (Figures S4 and S5) and the optimal reaction conditions
were 0.3 g and room temperature. As shown in Figure S6, the
higher the concentration of H,0,, the faster the oxidation rate
of FTMBr with a higher absorbance at 628 nm. What's more,
the absorbance of ox-FTMBr at 628 nm gradually decreased
with ascorbic acid (Figure S2B), indicates that ox-FTMBr was
successfully reduced to FTMBr.

2.2. Fe-CPs Served as a Novel Oxidase-like Enzyme
for FTMBr Oxidation. The Fe-CPs were synthesized via a
one-pot hydrothermal method. Furthermore, as shown in
Figure S7C, FT-IR analysis was applied to prove the successful
fabrication of Fe-CPs. Clearly, the characteristic peak at 1220

cm™! represented the stretch vibration of C—N, and the
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characteristic peak at 1652 cm™" indicated the bond of C=N.
Compared with organic linkers, the peak of C=N significantly
shifted to lower frequency in the spectra, indicating the
involvement of azomethine nitrogen in the chelation to Fe
0 Fe-CPs have the catalytic activities of glucose-like
oxidases and oxidases by using a chromogenic substrate
(Figure S7A,B); therefore, Fe-CPs were added into the FTMBr
system to investigate the oxidation ability of Fe-CPs. As shown
in Figure 2A, a strong absorption peak at 628 nm can be
observed, indicating the presence of ox-FTMBr by oxidation
catalyzed from Fe-CPs. It is evident from Figure 2A that the
sample solution changes from yellow to green when ox-FTMBr
appears. Figure 2B shows the UV—vis spectra of FTMBr at 628
nm recorded from 0, 5, 15, 25, 35, 45, 55, and 60 min,
indicating that Fe-CPs have oxidase-like activity. Inspired by
the reversible oxidation—reduction properties of FTMBr, we
found that a cyclic transition from FTMBr to ox-FTMBr can
be achieved by the circular addition of Fe-CPs and (Figures 2C
and S8). As shown in Figure S9A, there were no significant
absorbance changes can be observed from pH 3 to 9; in other
words, the high catalytic activity of Fe-CPs was almost
unaffected by pH. Figure S9B indicates that Fe-CPs also had
high oxidase-like activity in the range of 20—60 °C. These
results further demonstrate the excellent properties of Fe-CPs
as oxidase-like enzymes.

FTMBr can be readily oxidized to blue paramagnetic
ferrocenium in acidic solutions. Furthermore, the iron ions
could be affected under various acid—base conditions, which
may disturb the color changes of the FTMBr solution.
Therefore, the effect of the pH on Fe-CPs/FTMBr catalytic
systems is further discussed. Before adding Fe-CPs, the pH of
the FTMBr solution was 6.6, but it changed to pH 3.62 after
Fe-CPs addition. To exclude the production of ox-FTMBr in
the acidic condition, the FTMBr solution was tuned to pH
below 4; subsequently, the UV spectrum was recorded with
different times (Figure S10). As shown in Figures 2D and
S10A—C, when the FTMBr solution is at pH 3.44, the FTMBr
solution still showed a yellow color and the reduction peak at
437 nm, indicating that FTMBr still remains in a reduction
state. Furthermore, in the presence of Fe-CPs, the absorption
peak intensity at 628 nm can be monitored and these
phenomena further verified that the oxidation of FTMBr was
independent of the acidic condition. In addition, the thermal
and chemical stability of CPs is a vital factor in determining its

ions.
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Figure 3. (A) UV spectra of FTMBr oxidized by GOX at different times (min). (B) Dependence of the absorbance changes at 628 nm on
increasing time with different GOX concentrations (0.15, 0.3, and 0.6 g/L). Reaction conditions: glucose (30 mM). (C) Time-dependent
absorbance changes at 628 nm with different glucose concentrations (30, 60, and 90 mM). Reaction conditions: GOX (0.6 g/L). (D) Time-
dependent absorbance changes at 628 nm using different concentrations of Na,$,0; (2, 4, 8, 16, and 24 mM). (E) Time-dependent absorbance
changes at 628 nm of GOX-catalyzed, glucose-fueled cycle of nonequilibrium FTMBr and ox-FTMBr. The UV—vis spectra of the nonequilibrium
FTMBr and ox-FTMBr in the range of 70—100 (E1), 0—30 (E2), and 30—60 min (E3). (F) Photographs of the nonequilibrium FTMBr and ox-
FTMBr. All the samples include FTMBr (2 mM); GOX (0.21 g/L); glucose (90 mM); and Na,$,0; (6 mM).

structural integrity, which ultimately leads to its properties
being affected. Furthermore, photographs of Fe-CPs in
ultrapure water at different times were taken to investigate
the stability of Fe-CPs in aqueous solution. As shown in Figure
2E, no significant changes were observed after 6 min,
suggesting that the green solution was not due to Fe-CPs.
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oxidase-like catalytic activity of Fe-CPs.

By contrast, Fe-CPs were added to the FTMBr solution and
incubated for 6 min (Figure 2F). Obvious green color can be
observed indicating the generation of ox-FTMBr from catalytic

oxidation rather than the effect of Fe-CPs, indicating the high
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2.3. Transient FTMBr Mediated by Redox Regulation.
Since ferrocene is known to acutely respond to changes in the
redox environment, to achieve the transient formation of
compartments, the challenge is to find a subtle balance of
reduction—oxidation rates.”” Fe-CPs synthesized in this work
are oxidase-like enzymes that could exhibit a promising
catalytic oxidation of the FTMBr . As shown in Figure S11,
the catalytic oxidation rates of CPs are much higher than that
of GOX. Obviously, this result leads to a conclusion that Fe-
CPs are not suitable in temporal ferrocenyl assemblies, and Fe-
CPs can still not replace the role of GOX. The faster oxidation
in the presence of Fe-CPs is not satisfied with a slow oxidation
step in an energy dissipation process. Interestingly, the
enzymatic coupling provides multiple cues, including the
concentrations of glucose oxidase and glucose, which can be
modulated to control the kinetics of oxidation appropriately.
As shown in Scheme 1, for the fast reduction step, a strong
reducing agent of Na,S5,0; was used as chemical fuel
(activator) to achieve the transition of ox-FTMBr to FTMBr.
For the slow oxidation step, we used an enzymatic oxidation
pathway by GOX as a delayed deactivator. Glucose, which was
a reaction substrate of GOX, along with oxygen was catalyzed
by GOX; it then generated a strong oxidizing agent, hydrogen
peroxide.'” We recorded the conversion rate of FTMBr to ox-
FTMBr by recording the absorbance at 628 nm by using a
UV-—vis spectrometer. A gradual increase in the absorbance of
628 nm was observed with an increasing GOX (Figure S12A—
C).

The time effected on the catalyzed oxidation of FTMBr with
GOX also was investigated. Figure 3A displays that the
oxidation peak of FTMBr at 628 nm was gradually enhanced
with time. As shown in Figure 3B,C, the higher concentration
of GOX or glucose leads to a higher absorbance intensity at
628 nm as well as a faster oxidation rate for the FTMBr, which
indicates that the amount of ox-FTMBr gradually increases
with time. Furthermore, a yellow coloration appeared with a
new absorption at 437 nm in the presence of corresponding to
the production of FTMBr. As expected, the absorbance at 628
nm of ox-FTMBr decreased rapidly at a low concentration of
Na,$,03, as shown in Figure 3D. However, with a higher
concentration of of 8—24 mM, the absorbance at 628 nm
showed a sharp rise, accompanied by obvious turbidity of
solution (Figure 3D). The oxidation of ferrocene to
ferrocenium results in an enhanced hydrophilicity for
FTMBr. In contrast, the reduction and lost electron of
ferrocenium to ferrocene results in a hydrophobicity change for
FTMBr.'" This is the fundamental reason for the turbidity of
the reducing FTMBr solution as well as a higher absorbance in
its UV—vis spectra. By observing the absorption spectra of the
reaction between various Na,S,0; and ox-FTMBr, we can
intuitively understand the conversion from ox-FTMBr to
FTMBEr, that is, the absorbance intensity of the oxidation peak
is weakened, and the absorbance intensity of the reduction
peak is enhanced (Figure S13).

To construct a transient redox FTMBr, a faster reducing
agent of and a slower GOX catalyzed, the glucose-fueled
process is needed in dissipative self-assembly. As shown in
Figure 3E, the ox-FTMBr was mixed with , GOX, and the time-
dependent absorption changes at 628 nm of ox-FTMBr were
monitored by using a UV—vis spectrometer. First, due to the
faster reduction of the reduction of ox-FTMBr into FTMBr
was depicted by the decrease in absorbance at 628 nm. As
shown in Figure 3E (green region) and E3, upon addition of ,

the UV—vis baseline of ox-FTMBr sharply increased within 30
min and reached a maximum absorbance at 750 nm (Figure
S14), while the absorbance peak at 628 nm disappeared during
this time. The rapidly turbid solution results from an increasing
hydrophobicity for ferrocene. This result is in accord with the
production of transient FTMBr after adding in Figure 3D.
Then, the UV—vis baseline continued to decrease within 30—
60 min. as shown in Figure 3E (blue region) and E3 and
Figure S14. This is owing to the catalytic oxidation of glucose
by GOX playing a predominance, and the transient FTMBr
returned to ox-FTMBr. With time, the turbidity of solution
greatly reduced (Figure S14); especially, the absorbance peak
at 628 nm weakened gradually, as shown in Figure 3E (yellow
region) and E1, due to the decreased turbidity. The variation
tendency is a dynamic balance of fast reduction (activation)
and slow oxidation (deactivation), accompanying complex
optical changes including turbidity and color. We make
attempts to visualize the transient cycle, as shown in Figure
3F and 3E, before the addition of glucose, GOX, and Na,S,0;,
a clear green solution with an absorption intensity at 628 nm
can be observed. In the redox cycle processes, the oxidation of
FTMBEr relies on the concentrations of glucose and GOX, and
the reduction rate becomes extremely high when the
concentration of is high. As shown in Figure 3F, we can
observe that the color of the original ox-FTMBr solution
autonomously changed from clear green (0 s) to clear yellow
(1 s) and to turbid yellow (within 30 min) gradually;
subsequently, it retransferred into turbid green at 35 min.
The FTMBr went through the oxidation state to the reduction
state and then to the oxidation state, and the whole redox
lifetime was about 100 min, as shown in Figure 3E.
Importantly, the lifetime is time-controlled by the competing
rates of Na,S,0; reduction and GOX catalytic oxidation.
2.4, DNA is Captured and Released by Redox-
Dissipative FTMBr. The fast reduction and slow GOX
catalytic oxidation bring about an automatic redox switch
accompanying the optical change for FTMBr. More
importantly, this coupling solution set a controllable lifetime
for a transition between the hydrophilic ferrocenium and
hydrophobic ferrocene in the surfactant. For reducing FTMBr,
the hydrophobicity interaction coming from ferrocenyl tail
chain could bond single surfactant into micelles with a critical
micelle concentration of 0.1 mM.*” The FTMBr micelles with
positive charges can serve as a tool to capture DNA
molecules.’® The electrostatic interactions are the main driving
force for DNA/surfactant self-assemblies; the hydrophobic
interaction of surfactants has a synergistic effect on the self-
assembly process.”® Therefore, the factors affecting the
electrostatic and hydrophobic interactions can regulate the
self-assembly process of DNA and surfactant. However, once
FTMBr was catalytically oxidized by glucose/GOX, FTMBr
gains one electron, leading to a hydrophilic enhancement for
the surfactant. At this time, there will occur a disassembly
process of FTMBr micelle into single ox-FTMBr. It is reported
that the molecules that can catch or condense DNA should
possess at least 3 positive charges.49 However, the single ox-
FTMBr has 2 positive charges, which is not enough to catch
DNA molecules. Inspired by this, glucose-fueled dissipative
self-assembly of FTMBr could work as an efficient tool to
realize the time-programmable capture and release of DNA.
The change in the charge ratio of the surfactant and DNA
has an important effect on the electrostatic interaction between
them. The phase separation region usually appears in the phase

https://doi.org/10.1021/acsomega.4c01715
ACS Omega 2024, 9, 23772-23781


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01715/suppl_file/ao4c01715_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01715/suppl_file/ao4c01715_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01715/suppl_file/ao4c01715_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01715/suppl_file/ao4c01715_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01715/suppl_file/ao4c01715_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01715/suppl_file/ao4c01715_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01715/suppl_file/ao4c01715_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01715/suppl_file/ao4c01715_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

60

A B]()O— o
°
S 409 o 140
° ° T
: