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Experiments

Chemicals. Sodium dodecyl sulfate (SDS) was purchased from Energy Chemical.
Cobalt (II) chloride hexahydrate (CoClz-6H20), ethanol, hydrogen peroxide (H202,
30%), acetic acid (HAc), sodium acetate trihydrate (NaAc-3H20), and dimethyl
sulfoxide (DMSO) were purchased from Sinopharm Chemical Reagent Co., Ltd.
(China). 1-butyl-3-methylimidazolium bromide, TMB, sodium dodecyl benzene
sulfonate (SDBS), cetyltrimethylammonium bromide (CTAB), Tween 20, and ascorbic
acid (AA) were purchased from Aladdin Chemistry Co., Ltd. (China). Dicyandiamide
(DCDA, 99%), and peroxidase (HRP, from horseradish, >250 units/mg) were purchased
from Sigma-Aldrich (USA). Unless otherwise specified, all other chemicals were of
analytical grade and used without further purification. Ultrapure water (18.2 MCQ cm)
was obtained from a Direct-Q 3 UV pure water purification system (Millipore, USA).
Characterization. The morphology of Co-N-CNTs was characterized by using
scanning electron microscopy (SEM) on a FEI Inspect F50 (FEI, USA). The
transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (TEM) images were obtained from a Tecnai G2 F30 (FEI, USA) at an
accelerating voltage of 300 kV. Aberration-corrected scanning transmission electron
microscopy (STEM) images were investigated by Themis Z (FEI, USA) at 200 kV
equipped with a Gatan Enfina electron energy loss spectrometer. X-Ray diffraction
(XRD) patterns were performed on an Ultima IV (Rigaku, Japan). The absorbance of
the samples was measured by a Cary 100 UV-vis (Agilent, Singapore). The generated
oxygen was measured by an oxygen electrode on JPSJ-605 (Leici, China). The pH value
of solutions was measured by pH meter (PHS-3C, Leici, China).

Oxidase-like activity of Co-N-CNTs nanozyme. TMB (50 mM, 10 pL) and Co-N-
CNTs (5 mg/mL, 10 pL) were mixed in 1 mL of 0.1 M HAc-NaAc buffer solution (pH
3.5, the optimal pH obtained by experiments) with incubation for 3 min in a 1.5 mL
centrifuge tube. Then the absorbance of the blue product at 652 nm was recorded via
UV-vis spectroscopy. For the response of H>O», identical conditions except that the
buffer solution contained various concentrations of H>O> (0.1 mM, 1 mM, 10 mM, and

100 mM) were used.

To obtain the steady-state kinetic parameters of Co-N-CNTs, the reaction was carried

out in a HAc-NaAc buffer solution (pH 3.5) with TMB (10, 20, 40, 50, 60, 80, 100, 150
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and 200 mM) as reaction substrates. The activity of Co-N-CNTs for catalyzing the
oxidation of TMB was assessed by monitoring the time dependent absorbance (at 652
nm for the TMBox1) change via the kinetic mode using a Cary 100 UV-vis spectrometer
(Agilent, Singapore). According to the Lambert-Beer law, the concentration change

rate of TMBox1 Was calculated based on the following formula (1) and (2):
4
=1 1)

()

where A is the absorbance of TMBox1 at 652 nm, C is the concentration of TMBox:
that is calculated by the Lambert-Beer law, V is initial reaction velocity, 44/4t is the
initial rate of change in absorbance at 652 nm s2, ¢ is the molar absorption coefficient
of TMB (g652 nm = 39,000 M™% cm™), and | is the path length of light traveling in the
cuvette (I = 0.1 cm).

The kinetics constants Vmax and Km were calculated by fitting the reaction velocity

values and the substrate concentrations to the Michaelis-Menten equation (3) as follows:

_ Vmaxx[s]
e Ku+[S] 3)

where Vmax IS the maximal reaction rate that is observed at saturated substrate

concentration, [S] is the concentration of the substrate and Ky is the Michaelis constant.

The catalytic constant (kca) were calculated using the following equation (4)*:

Vmax
keat = 7 (4)

where Keat IS the rate constant defining the maximum number of substrate molecules

converted to product per unit of time. [E] is the nanozyme concentration (M).

Catalase-like activity of Co-N-CNTs nanozyme. H>O, (10 M, 50 pL) and Co-N-
CNTs (5 mg/mL, 50 pL) were mixed in 5 mL of 0.1 M HAc-NaAc buffer solution (pH
3.5) with stirring at room temperature and the dissolved oxygen concentration (mg/L)
was recorded at different time. The influence of TMB addition on the catalase-like
activity of Co-N-CNTs was carried out under identical conditions, except that the
reaction solution contained TMB (50 mM, 50 pL).

Calculation Details. The generalized gradient approximation with the Perdew—Burke—
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Ernzerhof functional with vdW corrections estimated in the DFT-D3BJ form?** was
used for all geometry optimizations and energy calculations. An energy cut-off of 500
eV and Gaussian smearing of 0.05 eV were utilized. The Hubbard U correction with U
defined as U.fr was set as 3.42 for Co to treat the strong on-site Coulomb interaction of
the localized d electrons.’ For all calculations, the (3 x 3 x 1) Monkhorst—Pack meshes
were used for the k-point samplings®. The convergence thresholds for the electronic
structure and forces were set to be 10 eV and 0.02 eV A™!, respectively. All
calculations were performed using the VASP package with projector-augmented wave
pseudopotential.’”®

Cascade reaction. Firstly, the substrate TMBox1 was prepared by oxidation of TMB.
Briefly, 6 mL of acetate buffers solution (0.1 M, pH 3.5) of TMB (0.5 mM) and Co-N-
CNTs catalyst (0.05 mg/mL) were mixed in a reaction vessel. The oxidation was carried
out under the air-saturated condition for about 15 min. After filtration, Co-N-CNTs in
the solution were removed. The absorption of TMBox1 (652 nm) was measured by UV-
vis absorption spectra and the concentration of TMBox1 was determined using the
Lambert-Beer law. Then, this solution was divided into equal parts and different
concentrations of SDS (0 - 20 mM) were added into each solution. After incubation for
3 min, the absorption of TMBox1 (652 nm) and TMB (285 nm) was measured by UV-
vis absorption.

Reaction in microfluidic devices. Co-N-CNTs were immobilized on the
poly(dimethylsiloxane) (PDMS) wall of the first chamber and sealed with glass slide.
The reaction in the microfluidic device was conducted in identical conditions to the
aforementioned procedures. The product of all the following experiments was collected
three times in succession.

Cascade reaction in microfluidic devices. As shown in Figure 4a, the HAc/NaAc
solution (0.1 M, pH 3.5) containing TMB (0.5 mM) was pumped (10 pL/min) into the
microfluidic chamber from the Entrance 1. Meanwhile, Entrance 2 remained closed.
When the TMB solution flowed into the first reaction chamber, TMB oxidation reaction
occurred on Co-N-CNTs, resulting in TMBoxi1. To realize the cascade reaction, the SDS
micelle (10 mM) was pumped (10 pL/min) from Entrance 3. After reaction in the
second chamber (without Co-N-CNTs), the reactive solution was spilled from the outlet

and collected. The absorption of TMBoyx2 (450 nm) and TMB,x1 (652 nm) was detected



through UV-vis absorption spectra (Figure 5b).

H20: response in microfluidics as cell mimics.

Linear response to H>O: under feedback mode. As shown in Figure S12a, the
HAc/NaAc solution (0.1 M, pH 3.5) containing TMB (0.5 mM) was pumped (10
puL/min) into the first chamber from Entrance 1. Meanwhile, the HAc/NaAc solution
(0.1 M, pH 3.5) containing different concentrations of H>O> was pumped (10 pL/min)
into the first chamber from Entrance 2 and mixed with the TMB solution at the crossing
point. During this experiment, Entrance 3 remained closed. When the mixed solution
flowed into the first reaction chamber, the oxidation of TMB with different degrees
occurred on Co-N-CNTs (about 0.4 mg/chamber). The reactive solution was spilled
from the outlet and collected. The absorption of TMBox1 was detected through UV-vis
absorption spectra (Figure S12b).

Linear response to H>O: response under feedforward mode. As shown in Figure S12c,
the HAc/NaAc solution (0.1 M, pH 3.5) containing TMB (0.5 mM) was pumped (10
puL/min) into the microfluidic chamber from the Entrance 1. Meanwhile, Entrance 2
remained closed. When the TMB solution flowed into the first reaction chamber, TMB
oxidation reaction occurred on Co-N-CNTs, resulting in TMBoxi1. Then, SDS micelle
(10 mM) with different concentration H>O2 was pumped (10 pL/min) from Entrance 3.
After reaction in the second chamber (without Co-N-CNTs), the reactive solution was
spilled from the outlet and collected. The absorption of TMBox2 (450 nm) and TMBox1
(652 nm) was detected through UV-vis absorption spectra (Figure S12d).



Synthesis

Synthesis of Co-N-CNTs. Co-N-CNTs were prepared by a high-temperature pyrolysis,
followed by using a chemical vapor deposition-like method (Figure S1). First of all, 1-
butyl-3-methylimidazolium bromide (10.96 g) and CoCl>-6H20 (11.89 g) were first
stirred together in anhydrous ethanol (120 mL) at RT for 10.5 h. The product was
distilled to remove ethanol solvent in a rotary evaporator and washed with an ample
amount of anhydrous ether. After drying at 80 °C overnight under vacuum, Co-N-C
precursor ([BMIM]CoBrCls) was obtained. Secondly, to get Co-N-C, the precursor (1
g) was pyrolyzed at 800 °C in N2 with a ramp rate of 10 °C/min. Finally, the Co-N-C
powder (105 mg) was heat-treated again with DCDA (1.51 g) at 750 °C in N>
atmosphere. The product was leached in concentrated hydrochloric acid (25 mL) at RT
for 9 h and washed with an ample amount of deionized (DI) water. The final product

(Co-N-CNTs, 156 mg) was obtained by drying at 80 °C in a vacuum oven overnight.



Pyrolysis
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Figure S1. General procedures for synthesizing Co-N-CNTs.



Characterization and properties of Co-N-CNTs

Co-N-CNTs
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Figure S2. X-ray powder diffraction pattern of Co-N-CNTs.

In the XRD pattern, there were two peaks at about 26 and 44 degrees, which
correspond to the (002) and (100) crystal planes of graphite structure, respectively,

indicating the generation of graphitization structure in Co-N-CNTs.



Figure S3. SEM image and the corresponding element mapping images of Co-N-CNTs.
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Figure S4. High-resolution Co 2p (a) and N 1s (b) XPS spectra.

To reveal the electronic structure of Co-N-CNTs, X-ray photoelectron spectroscopy

(XPS) was performed. The high-resolution Co 2p XPS spectrum (Figure S4a) showed

two peaks at a binding energy of 780.3 and 796.7 eV, corresponding to the 2p3» and

2p112 levels, respectively. The binding energy of Co 2p3» was higher than that of Co°

(778.8 eV) and Co>" (779.6 eV), but lower than that of Co?" (781.1 eV),'%!! suggesting

the valence state of Co was between +2 and +3. The high-resolution N 1s spectrum of

Co-N-CNTs (Figure S4b) can be deconvoluted into four peaks, assigned to pyridinic-

(398.5 eV), pyrrolic- (400.1 eV), graphitic- (401.3 eV), and oxidized- (402.3 eV) N

species.!>!* The quantitative calculation revealed that the atomic ratios of N in Co-N-

CNTs (3.16 at%) were higher than that in the Co-N-C precursor catalyst (0.99 at%).



Table S1. Best-fitted EXAFS results of different samples.*

Sample Shell CN R 6> AEo R-factor
A @AY (eV)

Co foil Co-Co 12 2.5 0.006 6.6 0.001

CoPc Co-N 4 1.89  0.002 23 0.03

Co-N-CNTs  Co-N 4 1.86  0.008 -11.5 0.04

8CN is the coordination number for the absorber-back scatterer pair, R is the average
absorberback scatterer distance, 6 is the Debye-Waller factor, and AEy is the inner

potential correction. R-factor is goodness of fit.
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Figure S5. (a) Reaction scheme of oxidation of TMB.!'* (b) UV-vis absorption spectra
of TMB catalyzed by Co-N-CNTs in presence of different concentrations of H>O». ()
UV-vis spectra of P1 solution after incubation with or without HRP (0.01 mg/mL) (P1
refers to the product solution of TMB oxidation by Co-N-CNTs).

As shown in Figure S5b, the absorbance intensity at 652 nm (TMBox) was found to
be inversely proportional to the concentration of H>O; by chromogenic assay. This
confirmed that the addition of H>O> was not favorable to the color development reaction
of TMB oxidation catalyzed by Co-N-CNTs. It indicated that the competition rather
than co-catalysis occurred between the substrate H>O> and O2 (TMB).

The reduction products of O were studied by TMB-HRP chromatography. The
oxidation reaction of TMB was performed in acetate buffer solution containing 0.05
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mg/ml Co-N-CNTs. The oxidation tests were undertaken under an air-saturated
condition and incubated for 10 min. After filtration, Co-N-CNTs of the reaction solution
were removed (the supernatant going to be reactant solution referred to as P1). The UV-
vis plot of P; was shown in Figure S5c. The oxidation of TMB catalyzed by Co-N-

CNTs nanozyme was known to have the following two possibilities:

0, + 4TMB — 2H,0 + 4TMB,,, (1)
0, + 2TMB - H,0, + 2TMB (2)
The TMB,x1 of the solution P; were calculated by using the Lambert—Beer law:
A
“=a

Where A is the absorbance of TMBoxi at 652 nm, C is the concentration of TMBx that
is calculated by the Lambert—Beer law, ¢ is the molar absorption coefficient of TMB
(€652 nm = 39,000 M~ ' cm™"), and [ is the path length of light traveling in the cuvette (/
= 0.1 cm). After the calculation, the sum of TMB.xi concentrations produced by
Equations 1 and 2 was 0.04 mM

Next, the amount of H>0O2 was determined by adding HRP to the P; solution and the

reaction equation is as follows:

H,0, + 2TMB — 2H,0 + 2TMB,,, 3)
HRP (10 pL, 2 mg/ml) was added into the obtained P solution. After the reaction was

complete, the absorbance of solution was tested by UV-vis spectrometer. As shown in
Figure S5c, the UV-vis plot of the reaction solution P with the addition of HRP showed
a significant increase in the absorption peak at 652 nm compared to the control sample,
indicating that H>O> was generated during the catalytic oxidation of TMB by Co-N-
CNTs with Oa. The concentration of TMBox1 catalyzed by HRP (H202) was 0.02 mM
calculated from the difference with P;. The stoichiometric ratio of H>O2 and TMBoxi
was 1:2 according to Equations 3. Therefore, the concentration of H>O» was 0.01 mM.
Similarly, combining the above information, it can be obtained that the reaction amount
of TMB in Equations 1 and 2 is 0.02 mM. The results showed that the possibility of
oxygen reduction through four-electron or two-electron pathways was equal during the

oxidation activity of Co-N-CNTs.
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Figure S6. Role of O2 in the catalytic oxidation of TMB by Co-N-CNTs. (a) UV-vis
spectra of Co-N-CNTs-TMB system in O, air, and N> saturated solutions. (b) The
dissolved oxygen concentration of solution on the oxidation of TMB (0.5 mM)

catalyzed by Co-N-CNTs.

To probe the role of Oz in the catalytic oxidation of TMB by Co-N-CNTs, the control
experiments were conducted in O, air, and N> saturated solutions. A distinct difference
value was observed at 652 nm in the UV-vis absorption (Figure S6a), verifying that O
played a role in the oxidation of TMB. As shown in Figure S6b, the dissolved oxygen
concentration was significantly decreased with the catalysis of Co-N-CNTs, verifying

that O takes part in this reaction to oxidize TMB.



Table S2. Comparison of Michaelis-Menton constants (Km) and maximum reaction
rates (Vmax) of reported oxidase-like nanozymes.

Nanozymes KM (mM) Vimax (UM-s7) Ref.
Fe-N-C-400 0.27 0.34 15
Fe-N-C-850 0.23 0.13 15
Pdi2 nanocage 0.24 0.07 16
Fe-N-C SAzymes 1.81 0.601 %1073 17
FeCoZn-TAC/SNC 0.459 0.223 18
Co-N-CNTs 0.15 0.25 This work

Table S3. Comparison of Michaelis-Menton constants (Ky) and maximum reaction
rates (Vmax) of reported catalase-like nanozymes.

Nanozymes Km (mM) Vimax (MM-s7) Ref.
Fe-SANzyme 18.80 9.32 <107 19
Catalase 52.14 1.27 %10 19
Pt-Ft 420.60 0.84 20
Au-Si-ACD 117.00 1.18 x10* 21
CN 393.30 2.48%103 22

Co-N-CNTs 11.00 1.31 This work
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Figure S7. Stability study of the catalyst. Catalytic activity of the Co-N-CNTs
nanozymes relative to (a) storage time and (b) cycle numbers. (¢) X-ray powder
diffraction patterns of the original Co-N-CNTs (top), after long-term storage
(middle)and after seven catalytic cycles (bottom). SEM (d) and TEM (e) images of Co-
N-CNTs after the catalytic oxidation of TMB and H2Ox.

To evaluate the stability of the Co-N-CNTs nanozymes, the long-term stability and
reusability were investigated. The Co-N-CNTs nanozyme was kept at room temperature
and the catalytic activity was measured over one year period to investigate the long-
term stability (Figure S7a). The Co-N-CNTs nanozyme exhibited only a slight decrease
in catalytic activity after two years, thus indicating that the Co-N-CNTs nanozyme was
easy to store and show excellent long-term stability. As can be seen in Figure S7c
(middle), the powder X-ray diffraction (XRD) patterns also showed that the graphite
structure of Co-N-CNTs after long-term storage did not change significantly compared
with the initial catalyst. In addition, the Co-N-CNTs nanozyme was collected by
centrifugation after each reaction, washed twice with water, and redispersed into water
for reuse. The oxidase-mimicking activity of each cycle was measured (Figure S7b).
The catalytic activity of the nanozyme remained at over 90 % after seven cycles, with

only a slight decrease observed, which may be ascribed to the loss of nanocomposites

18



during centrifugation. The hypothesis was verified by the result that the XRD of the
catalyst after cyclic catalysis did not change significantly compared with the original
Co-N-CNTs (Figure S7c, bottom). The catalytic stability was also analyzed in
microfluidic chips. It was found that Co-N-CNTs still had good catalytic performance
after several hours of continuous circulating operation (Figure 5b). The SEM and TEM
were employed to evaluate the physical stability of Co-N-CNTs. As shown in Figure
S7d and e, the microstructure of Co-N-CNTs did not change significantly after the
catalytic oxidation of TMB and H>O. According to the above investigations, the Co-N-
CNTs nanozyme had excellent structural stability and the long-term durable

performance for biocatalysis.



Exploration of catalytic mechanism.
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Figure S8. Mechanism studies of oxidase- and catalase-like activity. The Lineweaver—
Burk plots for various concentrations of (a) TMB and (b) O.. Study on the competition
between oxidase-like and catalase-like properties. (c) ESR spectra of the spin adduct of
the hydroxyl radical, superoxide radical, and singlet oxygen generated during the
activation of O2 by Co-N-CNTs in 0.1 M HAc-NaAc (pH 3.5). (d) The activity changes
of oxidation of TMB by Co-N-CNTs after adding SOD (1500 U/ml) and isopropanol
(IPA, 0.1 mM) as scavengers to remove the potential superoxide and hydroxyl radicals,
respectively. (e) ESR spectra of the spin adduct of the hydroxyl radical, superoxide
radical, and singlet oxygen generated during the activation of HoO> by Co-N-CNTs in
0.1 M HAc-NaAc (pH 3.5). (f) The activity changes of decomposition of H,O> by Co-
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N-CNTs after adding SOD (1500 U/ml) and isopropanol (IPA, 0.1 mM) as scavengers
to remove the potential superoxide and hydroxyl radicals, respectively.

To gain insights of catalase-like activities for Co-N-CNTs, the electron spin
resonance (ESR) spectra was carried out to monitor the possible intermediate reactive
oxygen species (ROS). It could be seen Figure S8e that there were no signals for any
ROS-trapping agent adducts during the expression of catalase-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 S8f,
the addition of trapping agent also had no significant effect on the decomposition of
H>02 by Co-N-CNTs. The results indicated that there was no detectable free radical

generation during the catalase-like reaction by the Co-N-CNTs nanozyme.
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Nanozymatic reaction networks using Co-N-CNTs.
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Figure S9. (a) SDS micelle-catalyzed cascade reaction process. (b) UV-vis absorption
spectra of the TMBox1 (652 nm) and TMBox2 (450 nm) in the presence of SDS at
different concentrations. Inset: The colour changes of P1 solution with the increase of
SDS concentration. (c) Effects of the concentration of SDS on the oxidation of TMBox1
to TMBox2 in Py solution. (d) Time-dependent UV-vis absorption of TMBox1 (652 nm)
and TMBox2 (450 nm) after SDS (10 mM) was applied to the P; solution.

To confirm the role of SDS micelles on the catalysis process, the influence of
different concentrations of SDS on catalytic reaction was studied. As shown in Figures
S9b and ¢, when the concentration of SDS was much less than critical micelle
concentration (CMC), the surfactant exhibited no obvious catalytic effect on the
oxidation of TMBoxi. However, when the critical micelle concentration (ca. > 8 mM)
reached, a catalytic effect was prominently observed, making TMBox1 further be
oxidized to TMBox2, indicating that the catalytic effect was attributable to micelle
formation. In order to eliminate the stimulus of continuous oxidation by Co-N-CNTs,

the catalyst was removed from the reaction solution. The filtrated supernatant was
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denoted as Pi. The change of substance concentration in the reaction system after
adding SDS micelles was monitored by time-dependent UV-vis spectroscopy. It was
found that the absorbance of TMBox2 (450 nm) increased in a few seconds, accompanied
by a decrease in TMBox1 (652 nm, Figure S9d). It suggested that this cascade reaction
was successfully constructed by Co-N-CNTs (E1) and SDS micelles (E»).
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Nanozymatic network-based cell mimics enabling highly selective and

wide-range linear response to H2O>
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Top panel: Configuration of the microfluidic device.
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Table S4. Comparison of colorimetric method in response to H>O» using different

materials in the literatures.

Methods materials Linear range Ref.
Colorimetry Co304@p-CDNPs 0.3-3.0 uM 2
Colorimetry FeS nanosheets 5-150 uM 24
Colorimetry ~ Coo.sNig sFe2O4 nanoparticles 0.5-20 uM 25
Colorimetry Pd-LNT NPs 3-107 uM 26
Colorimetry NS-CQDs 0.02-0.1 mM 27

10-1600 uM
Colorimetry nanozymatic network This work
1-100 mM

Notably, to date, many techniques can be quantitatively responsive to H2Oo,
including the electrochemical, fluorescence, and colorimetric methods.?**° Among
them, colorimetric techniques are easier to implement in practical applications,*!~*? but
suffer from narrow response range.’® 3> This was due to the fact that colorimetry is
usually achieved by catalytic reactions. However, at high hydrogen peroxide
concentrations, nearly all catalysts are inactivated by a pathway called “suicide-
peroxide inactivation”.>*3° Therefore, although many works in detecting ultra-low
concentration of H>O> have been reported, the highly selective and linear response to
H>O> at high concentrations in a variety of practical environments is a challenge.
Thanks to the multiple response of variable intensities for the network to stimulus, the
colorimetric response to H>O> in concentration from micromoles to tens of millimoles
per liter was realized. Compared with previous works quantitatively responsive to H20-
(Table S4), the proposed cell mimics demonstrated a wider range of linear response

range.
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