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Abstract

A single stimulus leading to multiple responses is an essential function of many
biological enzymatic reaction networks, which enable complex life activities. Owing to
the lack of allosteric regulation of natural enzymes, it is challenging to duplicate a
similar network using non-living chemicals. Herein, we report a nanozymatic cascade
reaction network that demonstrates multiple responses of different modes and
intensities upon a single H>O» stimulus based on a single-atom nanozyme (Co-N-CNTs).
Taking the two-electron cascade oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB) as
an example, the endogenous product H2O2 competitively inhibited substrates in the first
one-electron oxidation at the Co-Ny active site on Co-N-CNTs, while accelerated the
second one-electron oxidation under a micellar nanozyme. Using such a nanozymatic
network, the feedback and feedforward regulation of product transformation were
further applied to microfluidic flow reactors as a cell mimic. Owing to the unique
varieties of response in intensities and modes, the proposed cell mimic demonstrated
highly selective recognition and linear perception of H>O> against over 20 interferences
in a wide range of concentrations (0.01-100 mM), reminiscent of a primordial life-like

process in mutable and harsh conditions.
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Introduction

The creation and evolution of life are one of the most important scientific questions.
Simulating a true evolutionary process as well as a primordial life-like process, and
then answering one of the most intriguing and fascinating questions of humankind, has
been the research topic of scientists’ passion. As Lehn envisioned more than a decade
ago,! possible answers to these challenging questions come from chemistry, in
particular "systems chemistry", a field that aims to mimic the functional behavior of
living systems using reaction networks. Considerable effort has already been made in
this direction. Purified biochemical components are used as building blocks to form
chemical reaction networks triggered by auxiliary chemical or physical stimuli, leading
to complex and programmed reaction pathways. These chemical reaction networks
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reveal dissipative network,”? adaptation, signaling network,® switching,’

1213 “and oscillators.!* The further development of

feedback,”!! communication,
chemical reaction networks suffers, however, from fundamental limitations of natural
matter such as nucleic acids and enzymes in the scalability for implementing batch
experiments or large-scale production, which impedes their broad applications.
Moreover, according to the theory of chemical evolution, under the conditions of the
primitive earth, inorganics are the origin of evolution.'>'® Therefore, there is an urgent
need to fill the gap in the field of reaction networks based on nonbiological matters.
As the basis of enzymatic reaction networks, cascade reaction systems play a crucial
role in mediating biological processes such as signal transduction and amplification,
and metabolic and catabolic reactions. Owing to their low cost, ease of obtaining, and

high stability against biodegradation and denaturation,'”!"

nanomaterials with enzyme-
like activity (termed nanozymes) have drawn increasing attention in various fields, such
as biosensors, immunoassays, and cancer therapeutics.?’>* Along this line, nanozyme-
based cascade systems have already been reported for signal amplification and selective
biosensing.?>?® However, to engineer more advanced behaviors, such as metabolic
regulation and signal transduction, it is necessary to use a single stimulus to trigger
diverse responses for a cascade system. For example, in the muscle, glycogen
phosphorylase is inhibited by the metabolites glucose and glucose-6-phosphate (G6P);
however, glycogen synthase is activated by glucose and G6P. Similarly, insulin acts on

glucose metabolism through activation of glycogen synthase and inhibition of

phosphorylase kinase and phosphorylase a.2” The reaction characteristics are finally



manifested as the flexibility and tunability of the reaction network. Nonetheless, it is
challenging to achieve such a metabolic response using nanozymes because of the lack
of allosteric regulatory functions as enzymes. Interestingly, considering the intrinsic
characteristics of nanozymes, their regulatory ability may be alternatively obtained in
kinetics by the competition of different substrates at the same active site. Despite
numerous unprecedented successes of nanozymes in biological catalysis and medical

applications,”®33

nanozyme-based reaction networks have not yet been explored.

Here, we report a cascade nanozymatic network based on Co-N-doped carbon
nanotubes (Co-N-CNTs) with active sites competing with different substrates. H>O», an
important short-lived product in biochemical processes, was devised as the endogenous
productofa3, 3’, 5, 5’-tetramethylbenzidine (TMB) oxidation cascade via two-electron
transfer. It was found that H>O» competitively inhibited the first one-electron oxidation
of TMB at the active site Co-N4 of Co-N-CNTs nanozymes but accelerated the second
one-electron oxidation driven by a micellar nanozyme. The cascade reaction network
with diverse responses to a single stimulus was further incorporated into a microfluidic
flow reactor as a simplified artificial cell. Interestingly, highly selective recognition and

linear perception to H>O2 over a wide range of concentrations were successfully

achieved using the proposed cell mimic.

Results and discussion
Synthesis and Characterization of Co-N-CNTSs.

The atomically dispersed metal centers of single-atom nanozymes made it easy to
distinguish the actual active sites and search for the source of enzyme-like activity.*
3439 Given the interaction of a single atom with a ligand, single-atom Co-N-CNTs were
prepared by two-step pyrolysis, in which the product of the first reaction was used as
the catalyst for the second chemical vapor deposition (Figure S1).**** As shown in
Figure la and S1 (inset), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images indicated that Co-N-CNTs consisted of nanotubes
with multiple interlaced walls. High-resolution TEM images were obtained to ascertain
the detailed texture of the Co-N-CNTs (Figure 1b), depicting the (002) graphitic
striations. Consistently, the (002) peak at 20 = 25.9° was observed in the XRD pattern

(Figure S2). High-angle annular dark-field scanning transmission electron microscopy

(HAADF-STEM) revealed the state of the metal center in the Co-N—CNTs. As shown
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in Figure 1c, single Co atoms, highlighted by yellow circles were dispersed across the
entire nanotube. Meanwhile, the fact that the single Co atom surrounded by the N atoms

). % X-ray

was observed using the electron energy loss spectrum (Figure Ic, inset
photoelectron spectroscopy (XPS) analysis of Co-N-CNTs suggested that the valence
state of Co was between +2 and +3 (see Figure S3 and Supporting Information for more
details). The content of Co ions in Co-N-CNTs measured by inductively coupled
plasma-mass spectrometry (ICP-MS) was approximately 2.5 wt%. These results
suggest that co-N-CNTs with a single-atom cobalt dispersion were successfully

synthesized by secondary pyrolytic chemical vapor deposition.
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Figure 1. Structural characterization of the Co-N-CNTs nanozyme. (a) TEM and
(b) high-resolution TEM images of Co-N-CNTs. (c) Aberration-corrected HAADF-
STEM image. Inset: EEL spectrum. (d) XANES spectra at the Co K-edge of Co-N-
CNTs and reference samples. Inset: first-order derivative of the normalized XANES
spectra. (e) FT k’-weighted EXAFS spectra of Co-N-CNTs and the reference samples
of Co foil, CoO, C0203, C0304, and CoPc. (f) Experimental FT-EXAFS spectrum and
the fitting curve of Co-N-CNTs.

To further confirm the electronic structure and coordination environment of Co-N-
CNTs at the atomic level, X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) analysis were performed. The absorption edge
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position of Co-N-CNTs was located between that of CoO and Co3O4 (Figure 1d),
suggesting that a single Co atom carries a positive charge, and the valence state of Co
was between +2 and +3. The Fourier transform (FT) k’-weighted EXAFS spectra in
Figure le illustrated that, compared with the reference CoPc, Co-N-CNTs exhibited
only a prominent peak located at ~1.4 A, which was mainly attributed to the Co—N first
coordination shell rather than the Co-Co bond (2.2 A). This result was complementary
to the HAADF-STEM images, confirming that the Co species in the Co-N-CNTs were
atomically dispersed. The quantitative coordination configuration of the Co atom was
obtained by EXAFS fitting (Figure 1f, Table S1). The bond length was 1.86 A and the
coordination number of Co was approximately 4. The above structural analysis
determined that the isolated Co atoms were atomically dispersed in a carbon matrix and

coordinated by four N atoms.

Competitive inhibition at the active site Co-N4 of Co-N-CNTs.

In kinetics, the activation energy of the intermediates formed on the active site of the
catalyst determines the preferred reaction pathway on the catalyst. In the field of
nanozyme research, oxidoreductase reactions are widely studied as the most common
type of enzymatic reactions. H2O: plays an important role as a substrate for oxidation
reactions and sometimes as an intermediate product of redox reactions. H,O; is an
important short-lived product of biochemical processes that is essential for the normal
activities of living organisms. Therefore, to regulate the reaction kinetics, in addition to
02, the basic substrate of oxidoreductase, H>O> was selected as an important
competitive substrate to investigate the enzyme-like activity of Co-N-CNTs.

The oxidase-like catalytic activity of Co-N-CNTs was first investigated using
molecular O> and standard 3,3’,5,5’-tetramethylbenzidine (TMB) as substrates. As
shown in Figure 2a, a typical one-electron oxidized product of TMB (i.e., TMBox1) was
observed (see the detailed reaction equation in Figure S4a). At the same time, the
control experiments verified that O participated in the oxidation of TMB (Figure S5).
In addition to the oxidase-like catalytic activity, the catalase-like catalytic activity of
Co-N-CNTs was experimentally confirmed by comparative experiments. As shown in
Figure 2c, the addition of Co-N-CNTs significantly increased the O> production rate
(red line) compared to that of the blank sample without catalysis (black line). Detailed
kinetic studies demonstrated that the oxidase (Table S2) and catalase-like (Table S3)



activities of Co-N-CNTs were comparable to those of previous nanozymes, indicating
the outstanding enzyme-mimicking activity of Co-N-CNTs (Figure 2b, d). Notably, for
catalase-like activity, Co-N-CNTs showed a lower Km and a higher Vmax than other
reported catalase-like nanozymes, indicative of an excellent affinity and catalytic
activity for H>O; (Table S3). In addition, Co-N-CNTs also demonstrated high stability

in cycling tests and long-term storage (see further discussion in Figure S6).
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Figure 2. Competitive inhibition at the active site Co-N4 of Co-N-CNTs. (a) UV-vis
absorption spectra of TMB (0.05 mM) after catalyzed by Co-N-CNTs (0.05 mg mL ")
in Oz-saturated 0.1 M HAc-NaAc buffer solution. (b) Michaelis-Menten curves for the
oxidase-like activity of Co-N-CNTs (50 ug/mL) with different concentrations of TMB
in air-saturated HAc-NaAc (0.1 M, pH 3.5) solution. (c) Catalytic Oz generation by Co-
N-CNTs (0.05 mgmL™) in H,0> (100 mM). (d) Michaelis-Menten curves for the
catalase-like activity of Co-N-CNTs (50 pg/mL) with different concentrations of H,O»
in HAc-NaAc (0.1 M, pH 3.5). (e) UV-vis absorption spectra of the oxidized product
of TMB catalyzed by Co-N-CNTs before and after SCN  poisoning. (f) O yield by
decomposition of H>O; catalyzed by Co-N-CNTs before and after SCN  poisoning. (g)
Influence of TMB on the decomposition of H2O2 (100 mM) catalyzed by Co-N-CNTs.
(h) Influence of H>O> on oxidation of TMB (0.5 mM) catalyzed by Co-N-CNTs. (i)

Scheme of active sites Co-N4 competed by different substrates.



More interestingly, it was found that Co-N-CNTs could not oxidize TMB using H>O»;
instead, the oxidation of TMB was inhibited by H>O> (Figure S4b). This is distinctive
from the well-known Fe-N-C single-atom nanozyme that has both peroxidase and
oxidase-like activities.?" %’ In essence, this competition phenomenon was supposed
to be closely related to the catalytic active site. To further understand the origin of the
catalytic activity of Co-N-CNTs, the thiocyanate ion (SCN ) was used as a poison
probe to investigate the active sites of single-atom Co-N-CNTs.*- It was found that
both oxidase and catalase-like activities of Co-N-CNTs were irreversibly inhibited by
59% and 47%, respectively, after SCN  poisoning (Figure 2e, f), indicating that the
single-atom Co sites (Co-N4) of Co-N-CNTs served as both oxidase- and catalase-like
active sites. Therefore, a competitive reaction between H>O, and O (TMB) occurred
at the Co-Njy active site. In addition, the O, formation rate remained almost the same
with and without TMB, whereas the catalytic oxidation rate of TMB by Co-N-CNTs
decreased upon the addition of H>O> (Figure 2g and h). In biology, this phenomenon is
known as competitive inhibition. H2O; and O> (TMB) competed for the same binding
site—the active site (Co-Ns)—of the nanozyme (Figure 2i), which hindered the
combination of Oz (TMB) and the nanozyme, resulting in the reduction of the oxidase-
like catalytic reaction rate of the nanozyme. In addition, H2O> was detected during the
oxidation of TMB by Co-N-CNTs (Figure S4c), which indicated that the reduction
product of Oz also included H20:. As an intrinsic factor, the intermediate product H>O>
would, in turn, compete with TMB and reduce the velocity of the oxidase-like reaction,
thus becoming a foundation for constructing the nanozyme network with an intrinsic
feedback feature (vide infra).

To explore the kinetics of the TMB oxidation reaction catalyzed by Co-N-CNTs,
Lineweaver-Burk plots were constructed (Figure S7a, b). The two groups of lines
displayed characteristic intersecting lines, suggesting that the catalytic reaction
underwent a symbolic sequence Bi-Bi mechanism.’!">* It was supposed that both O
and TMB were bound to Co-N-CNTs to form a ternary intermediate complex. To
identify the above kinetic mechanism, electron spin resonance (ESR) spectra were
obtained to monitor the possible intermediate reactive oxygen species (ROS) in TMB-
involved redox reactions (Figure S7c). No signal was observed for any ROS-trapping
agent adduct during the expression of oxidase-like activity by the Co-N-CNTs

nanozyme. Furthermore, SOD and isopropyl alcohol (IPA) were selected as scavengers



for monitoring superoxide and hydroxyl radicals. As shown in Figure S7d, the addition
of a trapping agent also had no significant effect on the oxidation of TMB by Co-N-
CNTs. This indicated that the oxidase-like activity of Co-N-CNTs was not derived from
the generation of free radicals, which conformed to the sequence Bi-Bi mechanism. To
gain insights into the catalase-mimicking activities of Co-N-CNTs, electron spin
resonance (ESR) and optical trapping experiments were performed to detect possible
intermediate ROS (see more discussion in Figure S7e, f). It was found that there was
no detectable free radical generation during the catalase-like reaction by the Co-N-

CNTs nanozyme.

Density functional theory studies of competitive inhibition at the active site Co-Na.

DFT calculations were conducted to gain further insight into the underlying
mechanisms of the oxidase- and catalase-mimicking activities of Co-N-CNTs, in which
the Co-N4 patches were considered as the active centers. We aimed to solve two
problems using DFT calculations: one was the chemical change process behind
enzyme-mimicking activity, and the other was the competitive mechanism of oxidase-
and catalase-mimicking catalytic processes. The proposed mechanisms and calculated
energy profiles are shown in Fig. 3.

For the oxidase-mimicking activity, two possible mechanisms for the four- and two-
electron O; reductions were investigated, and the results are shown in Figure 3a and 3b,
respectively. From the calculated potential energy surface, it can be seen that whether
in the 4-electron or the 2-electron process, the oxidation of the first TMB by OO* was
easy, accompanied by significant energy release of —2.05 eV (2 to 3 in Figure 3a and 8
to 9 in Figure 3b). And then, the O on the outside of the OOH*, rather than the O on
the adsorption end, preferred to capture reductive H form TMB, because there was only
an energy increase of 0.04 eV from intl12 to intl3, while it was necessary to overcome
2.79 eV from int22 to int23. The energy raises of the oxidation of TMB by O* and OH*
were 1.51 and 0.04 eV, respectively. The above results indicated that the four-electron
catalytic cycle was more thermodynamically favorable than the two-electron process at
room temperature because its maximum energy rise (1.51 eV) was less than that of the
two-electron process (2.79 eV). Nonetheless, considering the observation of H>O» in

experiments with a molar ratio of 1:1 to the TMBox1 product (see Figure S4 and more



discussion in SI), the oxidation of TMB by O via the 2-electron pathway also occurred

significantly, presumably owing to favorable kinetics.
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Co-N-CNTs. Two possible catalytic mechanisms, corresponding to the heterolytic (c)
and homolytic (d) cleavage of H>O», for the catalase-mimicking activity of the of Co-
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For catalase-mimicking activity, two possible mechanisms regarding the heterolytic
and homolytic cleavage of H>O, were investigated, and the results are shown in Figure
3¢ and 3d, respectively. The difference between these two mechanisms lies in the
decomposition mode of H>O». The step from int31 to int32 was the heterolytic cleavage
of the O-O bond, while that from int41 to int42 was the homogeneous cleavage of the
0-0 bond. From the energy point of view, heterolytic cleavage was more advantageous
with an energy decrease of —0.66 eV, while the homogeneous cleavage was
accompanied with an energy increase of 0.41 eV energy. Moreover, for these two
mechanisms, the highest energy-rising step was the desorption of O, and the energy
increase was only 0.55 eV. This indicated that the Co-N-CNTs had superior catalase-
mimicking activity compared to the oxidase-mimicking activity, as the highest energy
increase for the latter was 1.51 or 2.79 eV. In this regard, DFT calculations indicated
that Co-N-CNTs had both oxidase- and catalase-mimicking activities. For oxidase-
mimicking activity, the 4-electron reduction of Oz was thermodynamically more
favorable than the 2-electron reduction pathway. However, considering the results of
the experiment, both pathways were equally likely to occur (see Figure S4 and further
discussion in the SI). Reminiscent of the oxygen reduction reaction at electrocatalysts,
the kinetics of a combination of 4- and 2-electron pathways is common.>® For catalase-
mimicking activity, both heterolytic and homolytic cleavage of the O-O bond of H20:
might occur, and the former was more advantageous.

More importantly, the selectivity of catalase-mimicking activity was higher than that
of oxidase-mimicking activity. In other words, when H>O> and O» were present
simultaneously, the Co-N-CNTs were preferentially catalyzed by H>O; instead of O,.
These results agreed well with the experimental observations. Therefore, a unique
competition for the same active site was created between different substrates, catalyzed
by the different enzyme-like activities of Co-N-CNTs. At Co-Ny, the reaction of O>
(TMB) was competed not only by exogenous H2O> but also by endogenous H:Oo,
which provided an opportunity to construct a nanozyme reaction network with intrinsic

feedback properties.

Nanozymatic reaction networks using Co-N-CNTs.
The metabolic regulation evolved by organisms to adapt to environmental changes

mainly depends on the regulation of enzyme activity. As discussed above, the well-
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defined structure and excellent enzyme-like activity of the single-atom Co-N-CNTs
nanozyme provided a good basis for the realization of a biomimetic metabolism
network. Although the activity cannot be modulated allosterically like the enzyme, Co-
N-CNTs with competitive inhibition at the active site Co-N4 would alternatively
provide flexible solutions to build complicated chemical reaction networks, meanwhile
overcome the fundamental limitations of natural matter in terms of scalability for
implementing batch experiments or large-scale production. Thus, a metabolic reaction
network based on Co-N-CNTs was proposed.

As the basis of chemical reaction networks, enzyme cascade reactions play an
important role in signal transduction and amplification, as well as in metabolic and
catalytic pathways. In contrast to other enzymatic substrates, such as o-
phenylenediamine (OPD) and 2, 2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTs), the oxidation of TMB is not a one-step reaction but a two-step cascade.’
Therefore, the stepwise oxidation of TMB was chosen as the model for the cascade
reaction network. As mentioned above, the oxidation of TMB by the Co-N-CNT
nanozyme resulted in a one-electron oxidation product, TMBox1. It is well known that
this cascade requires the synergistic action of multiple catalysts. Therefore, to achieve
a cascade of reactions, it is necessary to search for catalysts capable of oxidizing
TMBox1 to TMBox2 (Figure 4a).

Indeed, because of the reducing nature of TMB, it is challenging to achieve TMBox1
reoxidation in the presence of TMB (the substrate of the first-step reaction). However,
micellar nanozymes have catalytic mechanisms that are different from those of previous
oxidoreductases, providing an interesting candidate to construct a cascade reaction of
TMB oxidation.> In brief, similar to enzymes and cell membranes, micelles also consist
of hydrophilic and hydrophobic portions, and thus could self-assemble into
nanoreactors in water to accelerate reactions.’®>’ Among them, anionic micellar
nanozymes prefer to generate positively charged products due to electrostatic
interactions. Therefore, based on the positive electrical properties of TMBox2,’%, an SDS
micelle nanozyme consisting of a common anionic surfactant was chosen to construct
the cascade reaction (Figure 4a and Figure S8a). To monitor the transition of the
reaction product, the time-dependent absorbances at 652 nm (TMBox1) and 450 nm
(TMBox2) were collected. As shown in Figure 4b, TMB (0.5 mM) was oxidized by Co-
N-CNTs (0.05 mg/mL) to lose an electron and obtain TMBox1, which was accompanied
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by an increase in absorbance at 652 nm. Upon reaching a reaction time of 300 s, the
second step of cascade transformation was induced by the addition of SDS micellar
nanozymes (10 mM). The absorbance of TMBox2 (450 nm) increased sharply, whereas
the absorbance of TMBox1 (652 nm) decreased (Figure 4b). Therefore, the SDS micellar
nanozyme catalyzed the oxidation of TMBox1 into TMBox2 (see further discussion in
Figure S8b, c). Notably, the hydrophobic TMB was supposed to be encapsulated in the
hydrophobic chamber of the micelle nanozyme, which eliminates the potential
interference to TMBox2 generation.” In this sense, the cascade reaction could be

constructed by using Co-N-CNTs nanozyme (E1) and SDS micelle nanozyme (E»), as

summarized in Figure 4a.

(a)

External
T™MB
! T™MB TMB,¢ TMB,,;

stimulus
\z%/\ Y N
sFETA S % &

0@
] Nanozyme 1 L | Nanozyme 2 .
= TVB /&ﬂnw«"*ﬁ / - TMBoyy ——— TMB,,
LS
= g ' -

Cascade reaction network

(b) TMB 8 TMB,,—=— TMB,,, (€) 120 120
Feedback ———
. S S
Y3 3
N > 100 1 k100 >
8 % =
0 o o
IN = =
& = =
. BN
1% 88
% <
% @
<€
80 80

blank 0.5mMH,0, blank 05mMH,0,
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Cascade reactions form the basis of sophisticated metabolic reactions in organisms.
Among them, the diverse responses of individual enzymes in the cascade to stimuli
ensure the flexibility of cellular metabolic activities. In the cascade reaction involving
a series of signal transmissions in the cell, there must be two positive and negative
complementary feedback mechanisms for precise control. For example, gluco-6-
phosphate has a positive feedforward effect on glycogen synthesis and a negative
feedback effect on hexokinase.?’” As aforementioned, both theoretical calculations and
experiments show that a competitive reaction occurs between the substrate H>O, and
O2 (TMB), which was the basis for achieving more advanced nanozyme reaction
network. Notably, H>O> (an important short-lived product in biochemical processes)
was detected as an intermediate metabolite in the catalytic oxidation of TMB by Co-N-
CNTs (Figure S6b), which made H20: an intrinsic regulator of the nanozyme reaction
network (Figure 4a). In addition, Co-N-CNTs exhibited a more catalase-like reaction in
the presence of both H,O> and O, (TMB), whereas the performance of the oxide-like
reaction was inhibited (Figure 3g, h). This suggested that H,O> had a competitive
inhibitory effect on the O, (TMB) reaction at the Co-Njy active site, which was the key
to realizing feedback in the nanozyme reaction network. Therefore, as shown in Figure
4c (left) and Figure S9a, the addition of H»O; significantly reduced the catalytic
oxidation of TMB to TMBox1 by Co-N-CNTs.

In fact, the intermediate metabolite H>O», a common oxidant, also has an accelerating
effect on the re-oxidation reaction of TMBox1, which provides the possibility of
feedforward regulation. As shown in Figure 4c (right) and Figure S9b, the yield and
generation rate of TMBox2 increased with the increase in H2O2 concentration (see
mechanism in another work®). The results showed that H>O, promoted the rate and
efficiency of the second re-oxidation step. In contrast to the inhibition of TMBox1
production, H>O», as an oxidation species, showed a positive feedforward effect on
TMBox2 production, promoting cascaded reaction catalysis. All these results
collaboratively showed that the intermediate metabolite H>O; had a feedback inhibition
effect in the first step of the reaction and a distinct feedforward activation effect in the
second step of the reaction of the proposed nanozymatic reaction network (Figure 4a).
Moreover, the degrees of feedback inhibition and feedforward activation at the same

concentration of H>O> were also different. This interesting single stimulus enabled
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different metabolic pathways to communicate and was a prerequisite for a metabolic
response network to have a self-regulation function. This demonstrated the feasibility
of using nanozymes as basic units to replace natural matter in the design of chemical
reaction networks. This finding greatly expands the potential applications of lifelike
materials and provides new options and possibilities for designing complicated living

systems.

Nanozymatic network-based cell mimics enabling highly selective and linear
response to H202

Based on the above analysis, a cascade nanozymatic network with diverse responses
to a single stimulus was successfully constructed. A further important step toward
engineering biomimetic systems is to confine the reactions in an “artificial cell”.®® In
general, enzymes are separated in the cell by endomembrane systems to prevent
unwanted interference between enzymatic reactions. There is also a flow of substances
between different organelles for metabolism and signaling. Therefore, separation of
enzyme-like reactions in a single device is of great significance for constructing
practical chemical reaction networks. Microfluidic chip technology provides an
opportunity to achieve in vitro separation and assembly of enzyme-like reactions
(Figure 5a).%° The control sample, Co and N-doped carbon nanoparticles (Co-N-CNPs)
were synthesized according to a previous reference.®! An interesting geometric effect
on the stability and activity of Co and N-doped carbon was observed when deposited
in microfluidic chips, that is, nanotubular ones were superior to nanoparticular ones. It
was supposed that for effective immobilization, each nanoparticle should contact the
channels of microfluidic chips; in contrast, the crosslinked nanotube networks would
inherently work better, even with fewer contact points. Accordingly, the active sites on
the nanotubes would be more exposed, leading to higher activity. As shown in Figure
5b, the tubular characteristics of Co-N-CNTs favored the assembly and fixation in the
chamber of the microfluidic chips compared to their particulate counterparts. Such
advantages of Co-N-CNTs are crucial for the successful development of artificial
organelles using microfluidic chips as a simplified model for long-term operation. The
composition of the product was determined by sampling the outflow at regular intervals
using an online UV-vis spectrometer. Precise control of the cascade reaction was

achieved by altering the injected factors at entrances 2 and 3 in the microfluidic chip
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(Figure 5c and S10). As mentioned earlier, evolution supposes that life may somehow
come from some type of non-living matter millions of years ago. The successful
implementation of the proposed cell mimics demonstrated the possibility of a flexible

response process for the initial life evolution.
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Figure 5. Co-N-CNTs based network in microfluidics as cell mimics and diverse
response to H20:. (a) Scheme of the microfluidic device. (b) Stability evaluation of
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Conditions of injection: Entrance 1: TMB (0.5 mM); Entrance 2: closed; Entrance 3:
closed. (¢) Cascade-reaction module cycles in microfluidics. Conditions of injection:
Entrance 1: TMB (0.5 mM); Entrance 2: closed; Entrance 3: buffer and micellar
nanozyme were injected alternately. (d) Calibration curves of H»O: in the (left)
feedback and (right) feedforward response. (e) Selective response to H>O». Other
interferents were g adrenaline, ascorbic acid, dopamine, glutathione, citric acid, uric
acid, cysteine, histidine, leucine, alanine, valine, serine, glycine, proline, glucose,
cytochrome C, Zn*", Mn?*, Cu**, Mg?’, Fe**, and NO,". AY; (AY>) is the change in the

TMBox1 (TMBox2) yield with and without external stimuli.

Notably, although more and more advanced, yet functional chemical reaction
networks are being constructed, the question of practicality, and the suggestion of
feasible uses of such systems beyond basic science, are still open. The concentration of
H>O:> in different environments varies greatly, typically ranging from micromolar (in
vivo conditions, foodstuff, and drinking water) to tens of millimolar (hazardous wastes
and bleaching environment).®?®* Therefore, the selective and rapid response of H2O;
over a wide range is an essential feature for cell mimics. By the feedback and
feedforward response of Co-N-CNTs-derived network, a highly selective colorimetric
response to H2O2 with a wide range, particularly at high concentration, was developed.
Owing to the stimulus response of different intensities, the linear response to HO» at
various concentrations was realized under the feedback (0.01 mM-1.6 mM) and
feedforward (1 mM-100 mM) responses (Figure 5d, see Figure S11 and more details in
SI). Compared with previous studies quantitatively responsive to H2O (Table S4), the
proposed cell mimics demonstrated a wider linear response range, which was
particularly important for a primordial life-like process in mutable and harsh conditions.
Owing to the multiple responses of variable intensities for the network to stimulus, the
colorimetric response to H>O> in concentrations from micromoles to tens of millimoles
per liter was realized.

Notably, living systems and conventional sensing methods often require receptors
that are highly specific to the target (such as a lock and key) for recognition.
Interestingly, the unique response characteristics of each step in the reaction network to

H>0, enable a highly selective response from other interfering molecules without any
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natural biological recognition units (e.g., nucleic acids, enzymes, and antibody/antigen).
As shown in Figure 5Se, the decrease in TMBox1 production and the increase in TMBox2
production were due to the addition of H2O», making H>O> (the second quadrant)
clearly different from other interferents, including biological reducing small molecules,
amino acids, and metal ions. Therefore, without biological components, a cascade
nanozymatic reaction network with diverse responses provides an effective way to
specifically recognize small molecules. Such a mode that merely uses nonbiological
chemicals to achieve substance-specific responses would be one possibility for initial
life evolution. Moreover, beyond basic science, nanozymatic reaction networks would
also be attractive for building highly selective biosensors with high stability and low

cost for practical applications.

Conclusion

In summary, we report a cascade nanozymatic network based on Co-N-CNTs. Under
a single stimulus, that is, using H>O> (an important short-lived product in biochemical
processes), distinctive feedback and feedforward responses of different intensities were
observed for the proposed cascade reactions of two-electron TMB oxidation. The
competition between different substrates, that is, H> O and O, at the same Co-Ny active
site played a crucial role in successful cascade network construction. Co-N-CNTs-
derived network was further incorporated into a microfluidic flow reactor as a
simplified artificial cell. Owing to the unique responses of variable intensities and
modes, the proposed cell mimics exhibited highly selective recognition and linear
perception to H2O2 over a wide range of concentrations. The proposed nanozymatic
network fills a gap in the reaction networks using non-living chemicals. This
demonstrates the possibility of initial life evolution and opens a scalable pathway for
chemical reaction networks to solve practical application problems beyond basic
science. It is worth noting that as a proof of concept, the widely discussed
oxidoreductase-like activity was used in the present research, although there is still a
long way to synthesize versatile nanozymes in the future for more prominent chemical

reaction networks.
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