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ABSTRACT

Volatile alkaline gases (VAGs) emitted from various sources, such as the food or
chemical industry, pose potential harm to the natural environment and human health.
Therefore, the development of a real-time, rapid, and cost-effective detection method
is crucial. In this study, the enzyme-like catalytic types and activities of four different
metal-based single-atom enzymes (Ga, Cu, Mn, and Zn SAzymes) were selected and
evaluated. Among them, Ga SAzyme exhibited the most promising catalytic
properties. Furthermore, the multienzyme catalytic properties of Ga SAzyme were
utilized for the detection of ammonia, and it was found that its peroxidase-like (POD-
like) activity showed a strong affinity for ammonia (K, = 0.05 mM). This detection
strategy demonstrated high sensitivity, with a limit of detection (LOD) of 3.0 mM in
the linear range of 0.01 - 0.05 M and 7.0 mM in the linear range of 0.075 - 0.25 M.
Additionally, the method was characterized by fast response time (15 s) and low cost
($0.035 per sample). The proposed method holds great potential for the detection of
VAGs from various sources in the future.
Keywords: Single-atom nanozymes; Multienzyme-like; Nano-sensing detection;

Volatile alkaline gas



1. Introduction

Volatile alkaline gases (VAGs) have potential harm to the environment and
human health. They can be generated through various processes, such as meat
spoilagel!-3], chemical usagel* ], and waste disposall®l. Failing to promptly monitor
VAGs can result in significant food resource waste and may also lead to respiratory
issues, central nervous system disorders, and cancer-related diseases!”- 81,
Spectroscopic techniques!®), chromatographic techniques!'?), and chemical sensing
technologies!!!'-'4l have been utilized for VAGs detection. However, these
technologies also have drawbacks, including high costs, complicated operations, and
poor stability. Therefore, it is necessary to develop an affordable, rapid, and portable
method to detect VAGs. This approach would not only enable real-time monitoring of
food spoilage during storge but also assist in detecting harmful VAGs in the
environment, thereby ensuring food quality and safety while protecting human health.
Ammonia, as a kind of operable and easily available volatile alkaline gas, is a reliable
and representative for this work.

Single-atom nanozymes (SAzymes) are a type of nanozymes that utilize separate
metal atoms as their active centers. They exhibit catalytic activities similar to natural
enzymes, and it was reported that they can mimic the catalytic activity of peroxidase
(POD-like)!"3], oxidase (OXD-like)!'®l, catalase (CAT-like)!'7), superoxide dismutase
(SOD-like)['8], glutathione peroxidase (GP,-like)!'], and phosphatase (PPA-like)!?%],
SAzymes have been used in various fields because of their efficient multienzyme
mimetic catalytic properties, strong stability, and tolerance to harsh experimental
conditions!?!- 22, They have been utilized for the detection of pesticide residues!?*],
heavy metal ions[?¥], biological toxins!?’!, organic pollutants(?¢], microorganisms[?7],
and volatile organic compounds!?8]. However, metal species and coordination
structure of SAzymes significantly affect their enzyme-like catalytic properties!!¢- 2%
301, Consequently, further research is necessary to explore the rational selection and
effective application of S Azyems with high enzyme-like catalytic properties.

In this study, the multienzyme-like catalytic activities of four types of SAzymes

(Ga, Cu, Mn, and Zn) were systematically verified by examining their POD-, OXD-,
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CAT-, SOD-, GP4-, and PPA-like catalytic activities. And the Ga SAzyme exhibits
the best multienzyme-like catalytic properties and shows a preliminary response to
ammonia. It observed that ammonia had the most significant impact on the POD-like
activity of Ga SAzyme. Further, a rapid, sensitive, low-cost, and portable method for
detecting ammonia have been developed. This method shows the prospect of practical
applications in various fields that may generate VAGs. This study not only enhances
the validation strategies for the multienzyme-like catalytic properties of SAzymes but
also broadens their practical applications in the fields of rapid food detection and

environmental monitoring (Scheme 1).
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Scheme 1. Single-atom Ga nanozyme exhibits a stronger affinity for ammonia (K., =
0.05 mM) compared to TMB (K, = 0.07 mM). And a sensitive (LOD is 3.0 mM in the linear
range of 0.01 - 0.05 M), rapid (15 s), and cost-effective ($0.035 per sample) detection method
is developed for volatile alkaline gases.
2. Material and methods
2.1. Materials

Gallium nitrate anhydrous (Ga(NOs),, analytical grade, 98%), copper nitrate
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anhydrous (Cu(NOs),, analytical grade, 98%), manganese (II) chloride tetrahydrate
(MnCl,-4H,0, analytical grade, 98%), cupric chloride (CuCl,, analytical grade, 98%),
2-methylimidazole (analytical grade, 98%), phosphonitrilic chloride trimer (analytical
grade, 98%), bis(4-hydroxyphenyl) sulfone (analytical grade, 98%), bis(4-
aminophenyl) ether (analytical grade, 98%) were purchased from Alfa Aesar. Zinc
nitrate hexahydrate (Zn(NOs;),-6H,0, analytical grade, 98%) was purchased from Bei
Jing tongguang fine chemicals. Cyanuric chloride (analytical grade, 98%) was
purchased from Tokyo Chemical Industry. Methanol (analytical grade) and N,N-
dimethylformamide (analytical grade) were purchased from Sinopharm Chemical.
Triethylamine (analytical grade) was purchased from Acros Organics. 3,3',5,5'-
Tetramethylbenzidine (TMB, analytical grade, 98%), 2,2'-azino-bis-(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS, analytical grade, 98%), o-
phenylenediamine (OPD, analytical grade, 98%), 10-Acetyl-3,7-
dihydroxyphenoxazine (ADHP, analytical grade, 98%), dimethylamine,
trimethylamine, and sodium hydrosulfide were purchased from Shanghai McLean
Biochemical Technology Co., Ltd. Sodium acetate (NaHAc, analytical grade, 98%),
and absolute ethanol (C,HsOH, analytical grade, 98%) were purchased from Shanghai
Yuanye Biotechnology Co., Ltd. Glacial acetic acid (HAc, analytical grade, 98%) and
horse radish peroxidase (analytical grade, 98%) were purchased from Beijing Hedder
Technology Co. Ltd. Superoxide dismutase assay kit (analytical grade, 98%),
glutathione peroxidase assay kit, and alkaline phosphatase assay kit were purchased
from Shanghai Beyotime Biotechnology Technology Co., Ltd. Singlet oxygen ('O,)
assay kit (BBoxiProbe8, green fluorescence, BB-47055, analytical grade, 98%),
hydroxyl radical (*OH) assay kit (BBoxiProbe®028, red fluorescence, BB-46067,
analytical grade, 98%), superoxide anion (O,*) assay kit (BBoxiProbe®076, green
fluorescence, BB-460622, analytical grade, 98%) were purchased from Shanghai
Bestbio Biotechnology Co., Ltd.
2.2. Synthesis of single-atom nanozymes

To prepare Ga, Cu, Mn, and Zn SAzymes, 0.594 g of Zn(NOs3),-6H,0 and 37 mg

of gallium / copper / manganese / zinc acetylacetonate (IIT) were dissolved in 10 mL
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of methanol and sonicated to prepare solution A. Solution B was obtained by
dissolving 0.656 g of 2-methylimidazole in 10 mL of methanol. Solution B was mixed
with solution A and stirred for 3 mins. Furthermore, the mixed solution was
transferred to a 50 mL Teflon reactor and heated at 120°C for 4 h in a constant
temperature oven. The orange precipitate was collected by centrifugation, washed
twice with methanol until the supernatant appeared colourless and transparent and
then dried at 80°C. The Ga, Cu, Mn, and Zn SAzymes were produced by calcining the
orange precipitate above at 950°C for 3 h under flowing nitrogen gas with a heating
rate of 5°C min-![231.32],
2.3. Characterization of single-atom nanozymes

Transmission electron microscope (TEM) images of catalysts were collected
with a FEI-Talos F200S TEM. High-angle annular dark-field scanning TEM
(HAADF-STEM) images were recorded by a JEOL JEM-2100 F with an electron
acceleration energy of 200 kV, which was equipped with a probe spherical aberration
corrector. X-ray powder diffraction (XRD) spectra were obtained by using a Rigaku
RU-200b x-ray diffractometer equipped with Cu Ka radiation (A = 1.5406 A). X-ray
photoelectron spectroscopy (XPS) data were collected with ULVAC PHI Quantera.
Inductively coupled plasma mass spectrometry (ICP-MS) data were collected with
Agilent-7700.
2.4. Preparation of single-atom nanozymes solution

The Ga, Cu, Mn, and Zn SAzymes were each dissolved in ethanol and subjected
to ultrasonic treatment. The concentration of each SAzyme stock solution was 70 pM.
2.5. Validation of enzyme-like catalytic activity

The POD-, OXD-, CAT-, SOD-, GP,-, and PPA-like catalytic activities of Ga,
Cu, Mn, and Zn SAzyme were verified, respectively. The detailed verification
strategies are described in the supplementary information.
2.6. Optimization of enzyme-like reaction conditions

The absorbance values of Ga, Cu, Mn, and Zn SAzymes, as well as natural
enzymes were recorded, at various pH values (pH 2, 4, 6, 8, and 12) and temperature

values (-18, 4, 25, 35, 45, 55, 65, and 75°C), respectively.
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2.7. Calculation of enzyme-like catalytic activity parameters

Under the optimal reaction conditions, the parameters for POD-, OXD-, and
CAT-like catalytic activity can be calculated using the following procedures. The
absorbance values were recorded at 10 s intervals over 400 seconds for different
concentrations of TMB (0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, and 25.6
mM), H,0, (0.0313, 0.0625, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1, and 1.125
M), and SAzymes (0.9, 1.8, 2.7, 3.6, 4.5, 5.4, 6.3, 7.2, and 8.1 uM). The data was
analyzed using the Michaelis-Menten equation to determine the values of the
Michaelis constant (K},,), maximal reaction velocity (vi.y), catalytic constant (K,),
and specific activity (SA) parameters. The SA is defined as the enzyme-like activity
in units per umol of metal atom (Ga, Cu, Mn, and Zn).
2.8. Validation the species and contents of intermediate

Reactive oxygen species (e.g., *OH, '0,, and O,*") are products of catalytic
reactions associated with enzyme-like activities. They were specifically identified and
stained using confocal microscopy and quantitative analysis values were calculated by
electron paramagnetic resonance (EPR) after 10 min. The confocal microscopy
experiments were carried out according to the operational instructions of the hydroxyl
radical assay kit, singlet oxygen assay kit, and superoxide anion assay kit. In addition
to this, the specific recognition fluorescent probes for *OH, '0,, and O,* were 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-Tetramethyl-1-piperidinyloxy
(TEMP).
2.9. Application the optimal single-atom nanozyme for ammonia response

Ammonia was added to the optimal catalytic reaction system with POD-, OXD-,
CAT-, and SOD-like activities. The visible colors and absorbance values of the four
systems were observed and recorded using a UV-vis instrument. Based on the above
results, the multienzyme-like activities with the greatest difference in absorbance
values were determined. A sensitivity experiment was conducted within the ammonia
concentration range of 0.01 to 0.25 M.
3. Results and discussion

3.1. Characterization of Ga, Cu, Mn, and Zn SAzymes
6
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Fig. 1. Morphology characterization of Ga, Cu, Mn, and Zn SAzymes. (a-h) TEM images of Ga,
Cu, Mn, and Zn SAzymes with the size of 100 nm and 20 nm, respectively. (i-1) AC-HAADEF-
STEM images of Ga, Cu, Mn, and Zn SAzymes. (m-p) High-resolution AC-HAADF-STEM
images of the photo in (i-1), (The red circles highlight single Ga, Cu, Mn, and Zn atoms). (q-t)
XPS spectra of Ga, Cu, Mn, and Zn SAzymes.

According to previous research!? 31321 Ga, Cu, Mn, and Zn SAzymes were
synthesized using the method of polymer encapsulation. Mn SAzyme preserved the
pristine polyhedral structure of zinc-imidazole frameworks (ZIF-8) as observed
through transmission electron microscopy (TEM), while Ga, Cu, and Zn SAzymes

exhibited an amorphous morphology with abundant micropores (Fig. 1a-h).
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Additionally, aberration-corrected high-angle annular dark-field scanning
transmission electron microscopic (AC-HAADF-STEM) images demonstrated that
individual Ga, Cu, Mn, and Zn metal atoms were sparsely dispersed in the
nanostructure (Fig. 1i-p). For energy-dispersive Energy dispersive spectrometer
(EDS) analysis, single metal atoms and the elements C, N, and O are uniformly
distributed throughout the entire nanostructure (Fig. S1). X-ray photoelectron
spectroscopy (XPS) identified the presence of major elements (Fig. 1g-t) and nitrogen
species such as pyridinic, graphitic, and pyrrolic N, while carbon species were
primarily composed of C=0, graphitic C, and C-OH (Fig. S2-6). X-ray diffraction
(XRD) spectra showed the absence of metal nanoparticles (Fig. S7). The metal
loading of Ga, Cu, Mn, and Zn SAzymes determined by ICP-MS was 3.33 wt%, 3.36
wt%, 3.25 wt%, and 3.43 wt%, respectively.

3.2. Enzyme-like catalytic properties of Ga, Cu, Mn, and Zn SAzymes
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Fig. 2. The POD-, OXD-, CAT-, and SOD-like catalytic properties of Ga, Cu, Mn, and Zn

SAzymes. (a) Catalytic reaction equation of POD-like and OXD-like. (b) Reaction-time curves of

the POD-like reaction catalyzed by 3.5 uM Ga, Cu, Mn, Zn SAzymes, and natural enzyme, with

the substrate concentration of TMB and H,0, at 2.0 mM and 0.5 M, respectively. (c) The

corresponding reaction-time curve of the first 60 s in (b). (d) Quantification of specific POD-like

catalytic activities and (e) stability analysis. (f) The UV-vis absorption spectra comparison for the

OXD-like catalytic activities. (g) Reaction-time curves of the OXD-like reaction catalyzed by 3.5

uM Ga, Cu, Mn, Zn SAzymes, and natural enzyme, with the substrate concentration of TMB at

2.0 mM. (h) Quantification of specific OXD-like catalytic activities and (i) stability analysis. (j)

Catalytic reaction equation of CAT-like. (k) Photos show the catalytically generated O,. (1)
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Reaction-time curves of the CAT-like reaction catalyzed by 3.5 uM Ga, Cu, Mn, Zn SAzymes,
and natural enzyme, with the substrate concentration of H,O; at 0.5 M. (m) Quantification of
specific CAT-like catalytic activities and (n) stability analysis. (o) Catalytic reaction equation of
SOD-like. (p) The UV-vis absorption spectra comparison for the SOD-like catalytic activities. (q)
Concentration-dependent inhibition rates of Ga, Cu, Mn, Zn SAzymes, and natural enzyme
calculated by the NBT colorimetric reaction for SOD-like activities. (r) Quantification of specific
SOD-like catalytic activities and stability analysis.

The enzyme-like catalytic properties of Ga, Cu, Mn, and Zn SAzymes were
investigated in our research. All four types of SAzymes exhibit POD-like catalytic
activity in the presence of H,O,, resulting in the oxidation of color-developing
substrates such as TMB, ABTS, and OPD, as well as fluorescent substrates including
OPD and ADHP (Fig. 2a). Among all the oxidation substrates, TMB exhibited the
most pronounced color development and stability and was chosen for further
experiments. During the reaction time of 0-400 s, the absorbance values at 652 nm
was recorded every 10 s. It was observed that Ga SAzyme exhibited superior catalytic
properties (Fig. 2b). In the catalytic system within the first 60 s, there was a strong
correlation between the catalytic rate of the four types of SAzymes and reaction time
(Fig. 2¢). The SA value of Ga (35.34 U/mg) was higher than that of Cu (25.20 U/mg),
Mn (13.43 U/mg), Zn SAzymes (10.43 U/mg), and the natural enzyme (5.37 U/mg)
(Fig. 2d). Additionally, all of them demonstrated high stability (Fig. 2e). Furthermore,
the four types of SAzymes were found to catalyze the oxidation of TMB and induced
color development even in the absence of H,O,. They exhibited specific absorption
peaks at 652 nm, indicating that all four types of SAzymes possess OXD-like catalytic
properties (Fig. 2f). Among them, Ga SAzyme displayed stronger OXD-like catalytic
properties (Fig. 2f, g). The SA value of Ga (26.80 U/mg) was higher than that of Zn
(17.07 U/mg), Mn (10.40 U/mg), Cu SAzymes (9.23 U/mg), and natural enzyme (5.90
U/mg) (Fig. 2h), and all had high stability (Fig. 21).

The Ga, Cu, Mn, and Zn SAzymes, as well as natural enzyme showed CAT-like
activity and catalyzed the decomposition of H,O, into H,O and O, bubbles (Fig. 21,

k). During the reaction time from 0 to 400 s, the absorbance values at 240 nm were
10



recorded every 10 s. It was observed that the SA value of Cu (31.47 U/mg) in H,0,
degradation was higher than that of Ga (27.63 U/mg), Zn (11.57 U/mg), and Mn
SAzymes (8.67 U/mg), and all were higher than that of natural enzyme (2.69 U/mg)
(Fig. 21, m). The four types of SAzymes exhibited high stability (Fig. 2n). Scanning
the UV-vis absorption spectrum from 400 to 900 nm revealed a distinct absorption
peak around 560 nm, which preliminarily confirmed that the four types of SAzymes
exhibited SOD-like catalytic activity (Fig. 20, p). The inhibitory rate was investigated
under different amounts of SAzymes additives, and it was found that Ga (17.63 U/mg)
mimicked the SOD-like catalytic activity more effectively than Mn (17.10 U/mg), Zn
(8.53 U/mg), and Cu SAzymes (5.47 U/mg). They were also stronger than the natural
enzyme (4.47 U/mg) (Fig. 2q, r, S8). The four types of SAzymes were more stable
than the natural enzyme (Fig. 2s). However, none of the four types of SAzymes
exhibited GPy-like (Fig. S9) and PPA-like catalytic activity (Fig. S10).

Furthermore, the four types of SAzymes exhibited optimal reaction pH values
and temperature values similar to those of natural enzymes for POD-like and OXD-
like activities, which were 4 and 35°C, respectively (Fig. S11, 12). For CAT-like and
SOD-like catalytic activities, the optimal reaction pH value and temperature value
were 12 and 35°C, respectively (Fig. S13, 14). Then, under the optimal conditions, the
enzyme-like activity parameters values (e.g., SA, K, Vimax, Kcat, and Ky / Kiy) were
calculated, the results showed that Ga SAzymes exhibited superior catalytic properties
compared to others (Fig. S15-18, Table S1-S2).

3.3. Density functional theory (DFT) calculations

11
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Fig. 3. Proposed catalytic reaction pathways for enzyme-like activities of Ga, Cu, Mn, and Zn
SAzymes. (a) POD-like processes with Ga, Cu, Mn, and Zn SAzymes. (b) OXD-like process, (c)
CAT-like process, and (d) SOD-like processes with Ga SAzyme (Illustration is the chemical
structure formula of each stage).

The differences in the catalytic properties of four single-atom nanozymes were
explored with the same synthesis method and comparable metal loading. To explore
the underlying reaction mechanism and provide support for the high POD-like
catalytic efficiency, a range of intermediate / transition states of Ga, Cu, Mn, and Zn
SAzymes attached to various chemical units using density functional theory (DFT).
The simulated catalytic pathways are summarized in Fig. 3a. Previous theoretical
studies33 34 have identified the hydroxyl-adsorbed structure as a key intermediate,
and the adsorption energy of hydroxyl (E,q, OH) can serve as a descriptor for the
catalytic property of POD-like SAzymes. The POD activity window, as defined by
E,4, OH was -3.5 to -1.6 eV. The DFT calculated E,4, OH suggests that the Ga site is
more favorable than the other three single-atom sites, as its E 45, OH (-3.43 eV) falls
within a closer range of values compared to the other three (-2.73 eV, -2.39 eV, and -
2.08 eV) for Cu, Mn, and Zn SAzymes, respectively (Table S2). These results indicate
that the presence of Ga sites can significantly enhance the POD-like activity, which is

consistent with our previous research results (Fig. 2d). Compared to the POD-like
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processes, the simulated OXD-, CAT-, and SOD-like processes are generally less
complex, as shown in Fig. 3b-d. The high OXD-, CAT-, and SOD-like catalytic
activities of Ga SAzyme were quantitatively calculated to be 26.80 U/mol, 27.63
U/mol, and 17.63 U/mol (Fig. 2), respectively. And these activities can be attributed
to the low energy barriers predicted by DFT simulations (Table S3).

3.4. Validation of the species and contents of intermediate

(a) Blank Ga SAzyme Cu SAzyme Mn SAzyme Zn SAzyme Natural enzyme
*OH

(b) Ga SAzyme (c) Ga SAzyme (d) Ga SAzyme
18, 13, 16
17 A i5
g 14
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Zn SAzyme 9 Cu SAzyme Zn SAzyme Cu SAzyme Zn SAzyme /l Cu SAzyme
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Fig. 4. Comparison of redox intermediate types and contents. (a) Capture of specific intermediates
(confocal photography). Quantitative content comparison of (b) *OH, (¢) 'O,, and (d) O,* for Ga,
Cu, Mn, and Zn SAzymes.

In the process of redox reactions, the generation of intermediates (e.g., *OH, '0,,
and O,*°) are accompanied. By selectively capturing and quantifying the types and
amounts of intermediates produced by Ga, Cu, Mn, and Zn SAzymes, we can
indirectly compare their enzyme-like catalytic activities. The results are depicted in
Fig. 4a. Compared with natural enzymes, all four SAzymes exhibited the generation
of three reactive oxygen intermediates within 10 min. Moreover, Ga SAzyme

produced higher levels of *OH and 'O, during the catalytic reaction process, which
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can be attributed to the electron transfer rate at the gallium surfacel®> 331, Qualitative
and quantitative analysis of the intermediate contents in each system were further
conducted using EPR. The analysis revealed that all four types of SAzymes produced
higher levels of intermediate contents at 10 min (Fig. S19). It is evident that Ga
SAzyme demonstrates stronger enzyme-like catalytic activity compared to the other
three SAzymes (Fig. 4b-d), which are consistent with the above research findings
(Fig. 2).

3.5. Application the optimal single-atom nanozyme for ammonia response
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Fig. 5. Effect of ammonia on enzyme-like catalytic performance of Ga SAzyme. (a) Changes
in absorbance of systems with and without ammonia. Reaction-time curves of (b) POD-like and
(c) SOD-like reaction catalyzed by 3.5 uM Ga SAzyme at an ammonia concentration of 10 ppm.
(d) Comparison of the absorbance of POD-like and SOD-like catalytic activities of Ga SAzyme at
different pH values. Affinity of (¢) POD-like and (f) SOD-like activity of Ga SAzyme to
ammonia. (g) Sensitivity response of POD-like catalytic activity of Ga SAzyme to ammonia.
Linear regression curve between ammonia concentration and absorbance value at 652 nm in the

linear range of (h) 0.01 - 0.05 M and (i) 0.075 - 0.25 M. LOD = 3o / k (The o value denotes the
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standard error of the results from 20 blank sample determinations, and the k value is the slope of
the linear fit equation)

We further explored the response performance of Ga SAzyme towards ammonia.
The 10 pL. of 10 ppm ammonia was added to four types of enzyme-like catalytic
systems of Ga SAzyme (e.g., POD-, OXD-, CAT-, and SOD-like). It was found that
ammonia had a significant impact on the POD-like and SOD-like catalytic activities
of Ga SAzyme (Fig. 5a, S20). Over time, the decrease in POD-like catalytic activity
caused by ammonia was more significant than the increase in SOD-like catalytic
activity (Fig. 5b, c, Fig. S21). Furthermore, under different pH values catalytic
conditions, the POD-like catalytic activity showed the most significant variation as
the pH value increased (Fig. 5d). Additionally, the affinity of the POD-like system for
ammonia (K, = 0.05 mM) was found to be stronger than that of the SOD-like system
(K =0.12 mM), and TMB (K;;, = 0.07 mM) (Fig. Se, f). In our study, these results
indicate that the POD-like catalytic activity of Ga SAzyme is most sensitive to
changes in pH value. Based on this, the sensitivity of the POD-like catalytic activity
of Ga SAzyme was utilized for the detection of VAGs, specifically ammonia (Fig. 5g-
1). Within the linear range of 0.01 - 0.05 M, the limit of detection (LOD) for ammonia
was 3.0 mM. In the linear range of 0.075 - 0.25 M, the LOD was 7.0 mM. Compared
to previous research results (Table S4), the LOD of Ga SAzyme for VAGs is lower,
which makes it very promising for future practical detection applications. I In
addition, similar results were obtained after seven repetitions under the same
experimental operating conditions, indicating that the Ga SAzyme sensor has good
reproducibility (Fig. S22a). Meanwhile, the Ga SAzyme sensor also showed good
response performance to other VAGs (e.g., dimethylamine and trimethylamine), but
did not show any signal change in response to non-VAGs (e.g., N,, CO,, H,0, O,, and
H,S). This shows that the Ga SAzyme sensor has good selectivity for total VAGs in
the presence of interfering substances (Fig. S22b).
4. Conclusion and prospect

The type of metal atom in SAzymes plays a crucial role in their catalytic activity.

This study systematically analyzed the multienzyme-like types and catalytic activities
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of four different metal species (Ga, Cu, Mn, and Zn SAzyme). It was found that all
four types of SAzyme exhibited POD-, OXD-, CAT-, and SOD-like catalytic
activities. A comprehensive comparison revealed that Ga SAzyme demonstrated
superior enzyme-like catalytic properties, which can be attributed to its high electron
transfer efficiency on the surface. Further, the impact of VAGs, specifically ammonia,
on the multienzyme-like catalytic properties of Ga SAzyme was investigated. The
presence of ammonia significantly impacted the POD-like and SOD-like catalytic
activities, with the POD-like system showing a stronger affinity for ammonia (K, =
0.05 mM) compared to the SOD-like system (K, = 0.12 mM). It can be used Ga
SAzyme to achieve a highly sensitive detection to ammonia, and the entire process
does not require complicated procedures, expensive reagents, and equipment. The
LOD is 3.0 mM within the linear range of 0.01 - 0.05 M, and the LOD is 7.0 mM in
the linear range of 0.075 - 0.25 M. The response time is approximately 15 s and the
cost is approximately $0.035 per sample (Table S6). Compared to previous research,
the VAGs detection method developed in this study offers lower detection limits,
faster response times, and reduced costs. It is expected to be used for detecting VAGs
in the fields of food and environmental monitoring in the future.
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Highlights

® A computational and screening approach offered for evaluating enzyme-like
catalytic properties of SAzymes.

® The POD-like activity of Ga SAzyme is most sensitive by changes in pH values
than others.

® A stronger affinity for ammonia (K, = 0.05 mM) compared to TMB (K, = 0.07
mM) of Ga SAzyme.

® A sensitive (LOD is 3.0 mM), rapid (15 s), and cost-effective ($0.035 per sample)

method was developed for VAGs detection.
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