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Abstract: Living systems can perceive and respond to environmental stimuli through
multiple reaction pathways. Mimicking such adaptability from nature is highly
envisioned in artificial intelligent chemical devices. However, the inconsistency of
reaction conditions hampers the effective coupling of hybridized system with multiple
reaction pathways. Herein, we reported a CusaCeNs single-atom catalyst with multiple
oxygen-oriented reaction pathways that emerged as an intriguing way to address the
challenges of conditions inconsistency. CusaCsNg¢ could not only drive primary
substrate oxidation with Cu-bound oxygen as intermediates but also undertake a second
gain reaction under light stimuli, involving intermediates of free reactive oxygen
species (ROS) under the same conditions. Notably, CusaCsNg demonstrated remarkable
primary activity and a superb gain of up to 3.6 times under light stimuli. It was
significantly higher by a factor of 80% than that under acknowledged temperature
inducement with an increase of 30 °C from room temperature. As a proof-of-concept
application, under light stimuli of different intensities, CusaCsNs was successfully
applied to a single glucose sensor with adjustable sensitivity (5x10¢ - 6x10 M) and
limit of detection (1.20-195.02 uM) precisely response to a diverse range of

concentrations in vitro.
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Introduction

Establishment of indispensable adaptability plays a crucial role for living systems upon
the wide variety of environmental stimuli. For instance, under normal conditions,
thyroid hormones are primarily responsible for regulation of metabolism at basal level
in human. Nonetheless, when we suddenly expose to the severe cold stimuli, the
sympathetic nervous system would release high concentration of norepinephrine'. It
significantly accelerates metabolism as the second pathway, which produce more heat
to compensate cold. It features a primary activity in the normal state and a large gain in
exceptional circumstances?. For the same reason, mimicking such adaptability from
nature is highly envisioned in artificial intelligent devices, such as robots®, brain-
machine interface®, and internet of things’, to perceive freely between weak and strong
signals, but remains a grand challenge. From a chemical point of view, construction of
signal transduction units using stimuli-responsive catalysts with multiple reaction
pathways would be a potential way to realize the basic activity and the gain effect.
However, inconsistency of reaction conditions hampers the effective coupling of

hybridized system®.

As a polymeric semiconductor, carbon nitride has been intensively explored not only
as a metal-free photocatalyst” 8 but also as a solid ligand to anchor single metal atom’,
owing to its engineerable conjugated repetitive units, rich lone pair electrons in skeleton,
and high physicochemical stability. For example, carbon nitrides of different

)10-13

topological structures (e.g., C3N4, C3N2, CsN> and CoN and metal dopants (e.g., K

and Cu)'* 1 were developed for a wide range of photoredox reactions (e.g., clean water

)16-18 22-24

and sanitation and oxidase!??!/peroxidase-like**>** activities. It is worth noting that
reactive oxygen-related intermediates participated the oxidation processes in both of
these two types of reactions at similar conditions except for light stimuli.>>® As such,
we reason that exploration of carbon nitrides with multiple oxygen-oriented reaction
pathways would offer an intriguing way to address the forementioned challenges of

conditions inconsistency in mimicking the adaptability from nature; however, to our



knowledge, it has been rarely reported yet.

Herein, we reported a copper single atom catalyst based on a highly conjugated carbon
nitride (CusaCe¢Ne) in mimicking adaptability from nature. CusaCsNs could not only
drove a basic substrate oxidation with Cu-bound oxygen as intermediates, but also
undertake a second gain reaction under light stimuli, involving intermediates of free
reactive oxygen species (ROS) under the same conditions. Interestingly, copper single
atom participated these two reactions pathway but essentially as different roles, so
synergistically did the CsNg framework with a strengthened D-n-A charge transfer. As
a result, CusaCsN¢ demonstrated conspicuous basic activity and a superb gain up to 3.6
times under light stimuli. It was significantly higher by a factor of 80% than that under
acknowledged temperature inducement with an increase of 30 °C from room
temperature, the maximum limit for most live that has ever endured. In a proof-of-
concept application, under light stimuli of different intensity, CusaCe¢N¢ was
successfully applied to a single glucose sensor with adaptable sensitivity and limit of

detection, precisely response to a diverse range of concentrations in vitro.
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Fig. 1 Preparation and molecular structure of CusaC¢Ns. (a) Brief synthesis procedures for

CusaCeNe. (b) FT-IR spectra of CusaCsNg, CNpy and traditional g-C3Na. Solid-state (¢) '*C and (d)

"H NMR spectra of CusaCeNe. () C 1s XPS spectra of CusaCsNe. (f) Normalized XRD patterns of

CusaCeNp, CNmw and traditional g-C3Na. (g) LDI-TOF mass spectrum of CusaCe¢Ne. (h) Proposed

condensation processes and molecular structure for CusaCsNe.

Results and Discussion

Synthesis and molecular structure of CusaCesNs

As illustrated in Fig. 1a, copper acetate, which was selected as the Cu source, was first



complexed with dicyandiamide (DCDA) at 60 °C for 3 h to produce a reddish brown
DCDA-Cu complex in ethylene glycol (EG). Then, a microwave-assisted
condensation'® using EG as the solvent was utilized for synthesizing the pale-yellow
intermediate, donated as Cu-CNint., with a yield of 85%. Thanks to the pre-coordinated
Cu-DCDA complex in EG, the possible formation of metal or metallic oxide in Cu-
CNint. was avoided. As seen in Fig. S1, the X-ray diffraction (XRD) pattern of Cu-CNip.
showed the only peak at 26.7°, assigning to an interlayer stacking. In contrast, the
microwave-assisted polymerization of blue Cu** and DCDA mixture resulted in the
product with additional XRD peaks for CuO, indicating the significance of pre-
complexation in maintain the single atom state. The final product, CusaCsNs, was
obtained by further thermal polymerization at 550 °C. As control, CNmw were also
fabricated by the same microwave-assisted polymerization of DCDA in EG without

copper and subsequent thermal condensation.

It was worth noting that CusaCsNg was black, while the conventional g-C3N4 and CNmw
was yellow. The combustion elemental analysis in Table S1 showed a transformation
of molar C/N value from Cu-CNixt. of 0.73 to CusaCsNe of 0.95, approximate to 1. The
FTIR spectrum was carried out to provide chemical structures of the new type of carbon
nitride (Fig. 1b). It was observed that CusaC¢Ns showed strong vibration peaks around
800 and 1200-1700 cm ™, assigning to the typical triazine rings (CN heterocycles). A
characteristic peak around 2900 cm ™!, which was ascribed to the C-H stretching?’, was
also observed. Those results implied CusaCsN¢ have a triazine core and non-cyclization

linkers of -N=CH-.

The solid-state NMR provided further insights into the nature of the building blocks of
CusaCsNe. Two kinds of 13C NMR signals were exhibited in the Fig. 1¢, the conjugated
triazine rings of CusaCsNg can be confirmed by the existence of carbon atoms in the
triazine units, with a peak around 163 (1) ppm. Moreover, the '*C signal for the second
carbon atoms, which were indirectly connected to the triazine ring, was observed at
adjacent chemical shifts at about 156 (2) ppm. Those two types carbon atoms were

agreement with the FTIR spectrum of triazine rings and non-cyclization groups of -
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N=CH-. Meanwhile, the '"H magic angle spinning (MAS) NMR spectrum was also
employed to gain local environment of H atom. As shown in Fig. 1d, the 'H NMR
spectrum of CusaCsNg exhibited a main characteristic peak around 8.3 ppm?°, ascribing
to the -N=CH- group. Notably, this chemical shift of '"H NMR spectrum was often
assigned to aromatic carbon environment, indicating the existence of the triazine ring

and the second conjugated carbon atom.

The high-resolution X-ray photoelectron spectroscopy (XPS) in Fig. 1e provided
additional bonding information. The Cls XPS spectra exhibited two main peaks at
284.6 eV (C1) and 286.8 eV (C2), which were attributed to C-C peak and C species in
triazine rings (C—N=C), respectively.’! Interestingly, the carbon peak (ca. 284.6 eV) in
g-C3N4 and CNyw was assigned to random adventitious carbon, meanwhile the C-(N)3
moved to high binding energy at 288.1 eV (Fig. S2). Those results demonstrated the
non-cyclization group of -N=CH- was coupled, forming the -N=CH-CH=N- moieties
in thermal polymerization process, in which the conjugated =CH-CH= linkage would

promote the electron transfer in the C¢Ng framework.

The crystalline texture of CusaC¢Ng was explored by XRD spectroscopy (Fig. 1f). As
control samples, the XRD patterns of g-C3N4 and CNmw were also measured. The g-
C3N4 and CNmw showed two characteristic peaks at 13.4° and 27.6°, corresponding to
an in-plane structural packing motif (100) and an interlayer stacking reflection (002),
respectively. While for CusaCeNe, the diffraction peak at ca. 26.0° (002) was broadened
and down-shifted, indicating a slightly enlarged interlayer spacing, which further
supported the insertion of Cu atoms between CsNs layers; meanwhile, the (100) peak

is virtually invisible, suggesting a weakened crystallinity.

In order to verify the precise molecular structure of CusaCsNs, the matrix-free laser
desorption/ionization time-of-flight (LDI-TOF) mass spectra were measured. The m/z
peaks were resulted from the ablation products of the repetitive C¢Ne units in CusaCgNe.
Fig. 1g illustrated a series of m/z peaks including [M +H'] of 127.11 assigning to
C3NeHe (M, melamine, calc.: 126), m/z [M + H"] of 139.15 attributable to C4aN¢Hg (M2,



calc.: 138), and m/z [M + H'] of 242.15 attributable to CoNoH7 (M3, calc.: 241). Other
m/z peaks, analyzed in Fig. S3, also supported the ablation unit’s information.
Therefore, all these structural explorations demonstrated the CusaCsNs featured a
repetitive basic triazine core and a -N=CH--CH=N- linkers. The possible condensation

processes and molecular structure of CusaC¢Ng were proposed in Fig. 1h.
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Fig. 2 Morphologies and Synchrotron XAFS measurements of CusaC¢Ns. (a) HAADF-TEM
image of CusaCsNe. (b) Cu k-edge XANES profiles of Cu foil, Cu20, CuO, CusaCsNg and CuPc.
(c) Cu k-edge EXAFS spectra in R-space of CusaC¢Ns, CuPc, and Cu foil samples. (d) EXAFS

fitting curve for CusaCsNs in R-space.
Cu single-atom structure of CusaCsNe

The scanning electron microscopy (SEM) images in Fig. S4a showed the disordered

and porous structure of CusaCesNs, distinguishing from a blocky structure of g-C3N4
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and CNnw (Fig. S4b and ¢). The high-resolution TEM images in Fig. S5 showed the
CusaCeNs exhibited an ultrathin nanosheet-like morphology and no obvious Cu/CuO
nanoparticles were observed on the surface of CsNs framework, which were agreement
with the XRD results. The large-area high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image (Fig. 2a) confirmed that Cu
existed as single atoms and emerged as abundant isolated bright spots which were
uniformly dispersed on the CsNg matrix highlighted by a red circle. The high Cu content
in CusaCe¢N¢ was quantitatively measured by inductively coupled plasma mass
spectrometer (ICP-MS) to be ~2.36 wt %. The corresponding STEM-EDS elemental
mapping images exhibit that C, N, O and Cu species are atomically and homogeneously

dispersed across the whole C¢Ng nanosheet (Fig. S6).

To further investigate chemical state and local coordination environment of Cu species
in CusaCsNpg, X-ray absorption fine structure (XAFS) measurements of the Cu K-edge
were performed. As control samples, the XAFS patterns of Cu foil, Cu2O, CuO and
CuPC were also measured. From the normalized Cu K-edge X-ray absorption near edge
structure (XANES) spectra (Fig. 2b), the absorption edge of CusaCsNs was located
between those for Cu,0 and CuOQ, indicating that the coexistence of Cu® (which acted
as a predominant oxidation state)*? and Cu?" carried a partial positive charge between
0 and +2. Meanwhile, the related FT k*>-weighted EXAFS spectrum in R space for
CusaCsNg was also measured (Fig. 2¢). The presence of characteristic peak located at
1.51 A indicated the first coordination shell of Cu-N. Furthermore, there was no
obvious metallic Cu-Cu interaction at around 2.2 A, demonstrating that Cu atoms were
atomically dispersed in the CusaCsNs matrix. This result was further corresponding
with the HAADF-STEM images. To further explore the atomic coordination of Cu, the
related FT k>-weighted EXAFS fitting in R-spaces (Fig. 2d) was performed to reveal
the detailed structural information. The fitting analysis result (Table S2) showed that
the average Cu-N coordination number in the first coordination shell was 2.0 and the
Cu-N bond length was 1.93 A, indicating one Cu atom was coordinated by two N atoms

forming a Cu-N> moiety.


https://pubs.acs.org/doi/10.1021/jacs.0c09599#fig2
https://pubs.acs.org/doi/10.1021/jacs.0c09599#fig2
https://pubs.acs.org/doi/10.1021/jacs.0c09599#fig2
https://pubs.acs.org/doi/10.1021/jacs.0c09599#fig2

The existence of the Cu-N chemical bonding information was also verified by the N1s
and Cu2p XPS spectra. As shown in Fig. S7, the N1s peak could be deconvoluted into
four peaks, in which the dominant N species around 398.0 eV was mainly ascribed to
the formation of pyridinic nitrogen (C=N-C) in triazine rings; The peak at 399.7 eV
and 400.7 eV were corresponding to pyrrolic N and graphitic N. Interestingly, a new
bond at 398.7 eV was observed, demonstrating the formation of a Cu-N bond, which
was also in agreement with the EXAFS spectrum in R space measurements (Fig. 2c¢).
The Cu 2p spectrum (Fig. S8) exhibited two main peaks with binding energy at 932.9
and 952.9 eV, which were assigned to Cu 2p*? and Cu 2p'”?, respectively. Furthermore,
the weak satellite peak was recorded at 944.8 eV, indicating the presence of Cu** species

in CusaCeNs. The spectrum for Cu 2p*?

could be deconvoluted into two peaks at 932.6
and 934.8 eV, corresponding to Cu'* and Cu?*, respectively.>> ** This result further
proved the coexistence of Cu* and Cu** in CusaCeNs, consisting with the XANES

spectroscopy (Fig. 2b).
Basic catalytic activity and Gain effect of CusaCsNe

The specific transition Cu-N coordination filled into C¢Ng framework and endowed it
a peroxidase-like catalytic activity, which was evaluated by catalytic oxidation of 2, 2'-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) in the presence of H>O»
(Fig. 3a and Fig. S9). Meanwhile, the catalytic activity of CusaCsNs was optimized
according to various Cu contents (Fig. S10). In order to realize the gain effect, the
acknowledged temperature inducement was firstly explored. As shown in Fig. 3b and
S11, the peroxidase-like activity of CusaCe¢Ne showed elevated velocity with the serious
of temperatures. It was observed that when the temperature increased from room
temperature (25 °C) to as high as 55 °C, the catalytic activity only reached 2 times of

the original one.

Owing to the m-conjugated hybridization of energy levels along polymer linker and =-
stacking between linkers, CusaCsNg¢ demonstrated a narrow optical gap (1.30 eV, Fig.

S12). It had a wide absorbance in ultraviolet-visible-near-infrared regions (Fig. S13),



differing from most polymeric carbon nitrides. Thus, CusaCsNg was able to effectively
utilize lower excitation energy of light to enhance photocatalytic activity. Interestingly,
when irradiated by a household white LED lamp (400-900 nm, 50 mW/cm?, Fig. S14),
the color of ABTS,x turned into dark green, indicating a considerable enhancement in
the peroxidase-like activity of CusaCsNs. Fig. 3¢ shows the UV-vis absorbance of
ABTS after catalytic oxidation in the presence of H2O> measured under different
reaction conditions. The quantitative absorbance of ABTSox (Fig. 3¢) at 417 nm under
light irradiance (0.72) was 3.6 times of that in the dark (0.20). This result was equivalent
of an improved total peroxidase-like rate constant of 3.4 times (Fig. S15). A series of
control experiments, including examination of oxidase-like activity of CusaCsNs, direct
photocatalytic oxidation of ABTS and decomposition of H>O», were also undertaken,
which excluded the potential interferences for the profound gain of peroxidase-like
activity (Fig. S16). Moreover, as an intrinsic advantage, the photocatalytic processes
by CusaCesNg could been facilely modulated via tuning the irradiation power density

(Fig. S17).

The intrinsic enhancement mechanism of peroxidase-like activity of CusaCeNg under
light stimuli was further investigated. In the first set of experiments, to exclude
photothermal effect, the temperature of the reactor after irradiation using the LED lamp
was measured. It was found that the irradiation for 10 min made the temperature only
improve 3 °C (Fig. S18), while the practical reaction in this study only took 3 minutes,
indicating an even smaller temperature fluctuation. The enhancement of peroxidase-
like activity under such minor increase of temperature was further measured (Fig. S19

and S20), confirming the photothermal-induced gain effect here was marginal.
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Fig. 3 Gain effect evaluation by the standard ABTS catalytic oxidation. (a) Equation and photos
of standard ABTS catalytic oxidation. (b) Absorbance of ABTS.x catalyzed by CusaCeNg under
different temperature. (c) Absorbance of ABTS catalyzed by CusaCeNe, g-C3Na, CNpy, Cu?*-g-

C3N4, Cu-N-C and Cu-N-C/CNp,y with and without light stimuli.

In contrast to CusaCsNe, the basic catalytic activity of the control g-CsN4 and CNmw
was negligible (Fig. 3¢). Under light stimuli, the catalytic activities of them were
enhanced, indicative of typical photocatalysts, but still much lower than that of
CusaCeNe. In order to further understand the excellent basic activity and gain effect of
CusaCeNs, two well-known copper-containing nanozymes, i.e., Cu**-g-C3N4 and Cu-
N-C with the similar Cu-N coordination with were also preprepared. Interestingly,
although a higher basic activity of Cu?*-g-C3N4 and Cu-N-C were observed (Fig. 3c¢),
none of them demonstrated the similar large gain effect like CusaCsNg under light
stimuli, indicating the second reaction pathway was not effectively opened. For the
former, although charge separation would occur in C3Ns framework under light
irradiation, Cu ions quenched it as the recombination sites. For the latter, the graphitic
carbon framework had an intrinsic poor charge separation ability. Those results
indicated that most conventional catalysts were only applicable to effectively drive a
single enzyme-like or photocatalytic reaction, because of inconsistency of requirements

for basic and gain reactions. It was supposed that the unique conjugated linkers (-
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N=CH-CH=N-) not only elongated the distance of D-A to reduce recombination at Cu
sites but also simultaneously compensated the charge transfer between D-A in

CusaCsNe, leading to synergistic two-pathway catalytic reaction.

As more controls, two highly efficient enzyme-like catalyst and photocatalyst, namely
Cu-N-C and CNpw, were mixed into a nanocomposite (Cu-N-C/CNmw, Fig. S21 and
22). As shown in Fig. 3¢, Cu-N-C/CNnyw indeed realized a gain effect under light stimuli,
however, which reached only approximately one third of that by CusaCesNe. A series of
characterizations, including electrochemical impedance spectra (EIS, Fig. S23),
photoluminescent spectra (PL, Fig. S24) and photoelectrochemical measurements
(PEC, Fig. S25) of g-C3Ns, Cu-N-C/CNmw and CusaCsNe demonstrated the faster
velocity of intramolecular charge migration in C¢Ng matrix in comparison with that at

the interface of Cu-N-C and CNmw played the crucial role in the boosted gain effect.

Synergistic basic and gain reactions mechanism of CusaCsNe

To understand the basic and gain reaction mechanism of CusaCsNe in peroxidase-like
activity under light stimuli, the possible intermediate reactive species were first studied
using the scavenger trapping experiments. As illustrated in Fig. S26, both superoxide
dismutase (SOD) and isopropanol, corresponding to the superoxide (O ") and hydroxyl
radicals (-OH) scavengers, respectively, had negligible influences on the oxidation of
ABTS catalyzed by CusaCeNe, indicating no formation of these two radicals during the
activation of H>O,. Nevertheless, the catalytic activity was noteworthily restrained
when isopropanol was added into the same reaction solution under light stimuli (Fig.
S27), indicating that the redox of H>O generated the -OH as a major step in the
CusaCsNp catalyzed ABTS oxidation. Other radical probes (Fig. S28 and S29), such as
nitrotetrazolium blue chloride (NBT) and coumarin, and electron spin resonance (ESR)
spectra (Fig. 4a, b) also supported this speculation. For instance, there were no ESR
signal for any ROS-trapping agent adduct, reminiscent to the case catalyzed by HRP.

Interestingly, under light stimuli, the typical characteristic peak of DMPO--OH spin

12



adduct with the typical signal intensity of 1:2:2:1 was observed in Fig. 4b, indicating

the existence of -OH, in agreement with the scavenger trapping experiments in Fig. 4b.
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Fig. 4 Basic and gain reactions mechanism of CusaCsNs. ESR spectra of the spin adduct of -OH,
0,7, '0; generated during the activation of H,O, by CusaCeNg in 0.2 M HAc-NaAc (pH 5.0) under
the (a) basic and (b) gain reactions. (¢) EPR spectra of CusaC¢Np in air and after degassing at 200 °C
in vacuum for 12 h. (d) XPS spectra of dynamic changes of valence state of CusaCsNg under the
light on and off state. (e) Proposed mechanism for dual peroxidase-like and photocatalytic pathways

in mimicking the basic activity and the gain effect by using CusaCsNe.
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The solid-state ESR signal of CusaCsNs (Fig. 4¢) further demonstrated the probability
of the formation of Cu=0 species during the peroxidase-like reaction. Given Cu had a
much stronger ESR intensity in air than in degassed conditions at g of 2.08, it was
speculated that CusaCsNs might have a similar catalytic mechanism to HRP via a bound
ROS pathway.?® Meanwhile, in order to investigate the charge transfer as well as
chemical-bond evolution of CusaC¢Ns under light irradiation, the synchronous
illumination X-ray photoelectron spectroscopy (SI-XPS) technique®® was employed to
clarify the dynamic changes of Cu-N. As shown in Fig. 4d, the spectrum for Cu 2p*?
was deconvoluted into two peaks at 932.6 and 934.8 eV, which were assigned to Cu'*
and Cu®*, respectively. Interestingly, the percentage of Cu®" decreased from 52% in the
dark to 40% under light stimuli, meanwhile the percentage of Cu'" and Cu® increased
from 48% to 60%, supporting the acceptance of electrons for Cu atoms in the gain
reaction.’® Besides, as a significant Cu®" was still retained under light stimuli, the basic

reaction pathway should also be activated during the gain reaction performed, but the

latter was much more efficient.

Taking all these experimental evidences into consideration, the mechanism for the light-
gained peroxidase-like catalytic activity of CusaCsNg was proposed (Fig. 4e). Briefly,
in the basic reaction without light irradiation, H2O: firstly bound to the N-coordinated
metal site of Cu' in CusaCeNe to form the Cu'-superoxo species. Then, O-O cleavage
occurred to decompose the adsorbed H>O> into H>O upon the oxidation of Cu' to Cu"=0.
Next, the Cu'™=0 was reduced by the ABTS substrate owing to the affinity of ABTS on
Cu"=0 and the electron-donor ability of ABTS. In contrast, when the light was on, the
photocatalytic processes were activated, which provided a new pathway to enhance the
catalytic activity. The terminal mixed-valence Cu species emerged as collectors of the
photogenerated electrons, then these photoelectrons reduced Cu* to Cu’, subsequently.
After that, Cu® contributed to the in-situ decomposition of H>O> to produce -OH via
Fenton-like process.>’ Finally, H>O, oxidized Cu® to promote the formation of Cu®

species, completing the photocatalytic cycle and maintain the mixed valence states.

Those aforementioned results further demonstrated that CusaCsNe¢ not only had a
14



peroxidase-like Cu-N coordination active center but also owned an unusual donor-7m-
acceptor (D-n-A) structure (Fig. 1h), where the single Cu atom acted as electron
acceptors, the triazine rings emerged as electron donors (photovoltaic center), and the -
N=CH-CH=N- linkers offered n-conjugated charge transfer channels for D-A couples.
Those m-interconnected D-A couples played a crucial role in addressing inconsistency
of requirements for basic and gain reactions by not only reducing recombination
(control sample: Cu?*-g-C3N4) and promoting the charge separation (control sample:
Cu-N-C) but also accelerating intramolecular charge transfer (control sample: Cu-N-
C/CNmw). Those results indicated that CusaCe¢Ne had more intramolecular charge
transfer feature from the triazine rings unit to Cu atom than Cu**-g-C3N4 upon light

stimuli.

Adaptable sensing of H202 and Glucose

Improving the quality of life is an enduring topic in the modern society. For this, the
intelligent response of glucose has received increasing attention, as a powerful tool in
the field of human health. Recent years, many biosensing methods for detecting glucose
based on nanozymes have found broad utility due to its simplicity, sensitivity, and high
selectivity. Despite enormous advances, in vitro recording the narrow linear
concentration range of glucose cannot directly provide physiological information for
better comprehending dynamic fluctuation of glucose in brain.*® Intelligent response to
glucose with a random concentration range at a single sensing interface in vivo is highly

envisioned to understand the pathological process, but still facing great challenges.
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Fig. 5 (a) Principle of adaptable sensing of Glucose based on CusaCgNs, (b) Absorbance of ABTSx
catalyzed by CusaCsNg with different concentration of glucose in the presence of glucose oxidase

under light stimuli of tuned intensity.

As a proof of the concept, we proposed an intelligent response sensor for monitoring
the glucose in vitro (Fig. 5a). In principle, the accurate linearity can be used only if the
calibration function is linear’®) e.g., a low concentration range, in which, the v is
proportional to the first-order with glucose (Eq. in Fig. Sa inset and SI). But at high
concentration rage, the absorbance reached a plateau, leading to a narrow detection
range. Relating response with analyte concentrations at logarithmic scale primarily
considering linear fitting coefficient of determination (R?) is widely used, but is
questioned in uncertainness very recently*’. Developing adaptive sensitivity and linear
detection concentration range using the real kinetic equations is an ideal solution to

obtain a full-scale linear detection range. As shown in Fig. 5S¢, the sensor provided three
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orders of magnitude linear range with increase of irradiation power density. Concretely,
without light irradiance, glucose could be detected with a linear range at 8x10™ - 6x10°
3 M, while the linear range can be extended downward from 5x1073 - 1x107 M at 30
mW/cm? to 5x10° - 6x103 M at 50 mW/cm?. At the same manner, the limit of detection
(LOD) for glucose was tuned from 195.02 uM in the dark, to 15.07 uM and 1.20 uM
under irradiation at 30 and 50 mW/cm?, respectively. In this sense, owing to the high
adaptability of CusaCsNg along with the intrinsic outstanding temporal and spatial
resolution of light stimuli, this intelligent response sensor would supply a prospective
candidate for dynamic analysis for intelligent artificial devices, such as robots, brain-

machine interface, and internet-to-things in the future.

Conclusion

In summary, we proposed a CusaCsNps single atom catalyst with a highly conjugated
carbon nitride that addressed inconsistency of requirements for basic and gain reactions
in mimicking the adaptability from nature. All of structural explorations demonstrated
CusaCe¢Ns featured a repetitive basic triazine core and a -N=CH--CH=N- linkers,
endowing CusaCsNe with a peroxidase-like Cu-N coordination active center an unusual
donor-n-acceptor (D-n-A) structure. Accordingly, CusaCsNgs could not only drove a
basic substrate oxidation with Cu-bound oxygen as intermediates, but also undertake a
second gain reaction under light stimuli, involving intermediates of free reactive
oxygen species (ROS) under the same conditions. Interestingly, copper single atom
participated these two reactions pathway but essentially as different roles, so
synergistically did the CsNg framework with a strengthened D-n-A charge transfer. As
a result, CusaCsNg demonstrated conspicuous basic activity and a superb gain up to 3.6
times under light stimuli. It was significantly higher by a factor of 80% than that under
acknowledged temperature inducement with an increase of 30 °C from room
temperature. Meanwhile, under light stimuli of different intensity, CusaCsNs was

successfully applied in intelligent response of glucose with adaptable sensitivity and
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limit of detection precisely response to a diverse range of concentrations in vitro. We
expected the high adaptability of CusaCsNs along with the intrinsic outstanding
temporal and spatial resolution of light stimuli, would supply a prospective candidate
for dynamic analysis for intelligent artificial devices, such as robots, brain-machine

interface, and internet-to-things in the future.
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