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Abstract: The precise evaluation of a-glucosidase (a-Glu) activity is important for
diabetes-related diagnosis and drug screening. However, conventional nanozyme-
based a-Glu assays rely on multienzyme cascade systems involving glucose oxidase
(GOx), which increase assay complexity and introduce instability associated with
hydrogen peroxide (H,O>). Herein, a GOx-free cascade colorimetric platform based
on an atomically dispersed cobalt nanozyme (Co-NC) was established for o-Glu
activity detection and inhibitor evaluation. The Co-NC catalyst exhibited intrinsic
oxidase-like activity and directly activated dissolved oxygen to trigger the oxidative
coupling of hydroquinone (HQ) with 4-aminoantipyrine (4-AAP). By coupling the
a-Glu-mediated hydrolysis of a-Arbutin with the Co-NC-mediated chromogenic
reaction, the enzymatic event was converted into a measurable optical response at
507 nm without the involvement of GOx and the unstable intermediate H,O,. The
biosensor achieved sensitive quantification of a-Glu with a limit of detection of
0.19 mU/mL and satisfactory performance in serum samples. In addition, the
method was successfully applied to the evaluation of three commercial o-Glu
inhibitors. The proposed Co-NC-based cascade strategy provides a practical and
reliable tool for a-Glu monitoring and the proof-of-concept evaluation of
representative a-Glu inhibitors.

Keywords: cobalt single-atom nanozyme; oxidase mimic; o-glucosidase;
hydroquinone; cascade colorimetric assay; inhibitor evaluation

1. Introduction

a-Glucosidase (a-Glu), a membrane-bound enzyme mainly located in the epithelial cells of the small
intestine, plays an important role in carbohydrate metabolism by hydrolyzing the terminal hydrolysis of dietary
carbohydrates into absorbable monosaccharides [1,2]. Abnormally elevated a-Glu activity is closely associated
with metabolic disorders, particularly type 2 diabetes mellitus, and a-Glu inhibition is an effective strategy for
controlling postprandial hyperglycemia [3,4]. Therefore, the determination of a-Glu activity and evaluation of a-
Glu inhibitors (AGIs) are important for diabetes management and drug discovery [5—7]. In addition, a-Glu activity
has been reported to correlate positively with sperm density and motility [8]. These highlight the need for accurate
determination of a-Glu activity and efficient screening of its inhibitors. Although conventional analytical methods,
including electrochemical analysis [2], high-performance liquid chromatography [9], and surface-enhanced
Raman spectroscopy [8], generally provide good sensitivity, their reliance on costly instrumentation and/or
laborious sample preparation may limit their application in rapid and cost-effective analysis.
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To overcome these limitations, optical sensing methods have attracted considerable attention because of their
operational simplicity and rapid response [3,10—14]. Among them, nanozyme-based optical assays are particularly
attractive due to their signal amplification capability, good stability, and relatively low cost [15—17]. Nanozymes
are nanomaterials with enzyme-like catalytic activity, whose catalytic properties can be rationally tailored through
structural and compositional engineering [18-21]. Coupling enzymatic recognition with nanozyme-mediated
catalysis further enables the conversion of enzymatic events into measurable optical signals, providing a useful
basis for cascade sensing [22]. Current nanozyme-based a-Glu assays mainly follow two routes using substrates
such as 2-O-o-D-glucopyranosyl-L-ascorbic acid (AAG), a-Arbutin, or maltose. In the first route, enzymatic
hydrolysis products, including ascorbic acid (AA) [10,23,24] and hydroquinone (HQ) [11,25,26], act as reductants
to bleach chromogenic products or inhibit nanozyme activity. However, this turn-off sensing mode usually suffers
from relatively high background signals. The second route relies on a multienzyme cascade composed of a-Glu,
glucose oxidase (GOx), and peroxidase-like nanozymes [12,27,28]. Such systems involve multiple natural
enzymes and hydrogen peroxide (H,0O,)-dependent signal generation, which can increase operational complexity
and compromise assay robustness [29]. Therefore, it is highly desirable to develop a GOx-free sensing strategy
that directly couples a-Glu-mediated hydrolysis with oxidase-mimicking catalysis.

Among various nanozymes, cobalt-based nanozymes are of particular interest because they possess intrinsic
oxidase-like activity and can directly activate dissolved oxygen for substrate oxidation [30,31]. This feature makes
them well suited for constructing cascade systems without the participation of auxiliary oxidases. In particular,
cobalt single-atom nanozymes have emerged as a promising subclass owing to their nearly complete metal atom
utilization and well-defined coordination structures [32—34]. In these materials, the isolated cobalt centers are
anchored within a nitrogen-coordinated carbon framework, giving rise to uniform catalytic sites and tunable
electronic environments. Such structural characteristics enable effective substrate activation, efficient electron
transfer, and good catalytic stability.

Based on the above considerations, a GOx-free cascade colorimetric platform was designed for a-Glu activity
detection by directly integrating substrate hydrolysis with oxidase-like nanozyme catalysis. In this system, a-Glu
selectively catalyzed the hydrolysis of a-Arbutin to generate HQ, which then participated in the Co-NC-catalyzed
oxidative coupling reaction with 4-aminoantipyrine (4-AAP) to generate a pink optical signal. Distinct from
conventional multienzyme cascade assays, this design avoided the use of GOx and the dependence on H,O,, which
simplified the assay procedure and improves analytical robustness. Based on this design, the proposed platform
was expected to provide a useful approach for a-Glu determination and AGIs evaluation.

2. Materials and Methods
2.1. Materials and Reagents

Co(NO3),'6H,0, Zn(NOs),-6H,0, 2-methylimidazole (2-MeIM), HQ, phenol, 4-AAP, catalase (CAT),
superoxide dismutase (SOD), bovine serum albumin (BSA), Trypsin, urate oxidase (UAO), glutathione reductase
(GR), NaCl, KCl, CaCl, and Na,SO, were obtained from Sigma-Aldrich (St. Louis, MO, USA). a-Glu, fetal bovine
serum and a-Arbutin were purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).
3,3%,5,5’-tetramethylbenzidine (TMB), 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonic acid ammonium salt)
(ABTS), o-phenylenediamine (OPD), isopropanol (IPA), tryptophan (Try), MgCl,-6H,O, acarbose, voglibose,
miglitol, Pepsin, Lysozyme, and Pancreatin were obtained from Shanghai Aladdin Bio-Chem Technology Co.,
Ltd. (Shanghai, China). Dimethyl pyridine N-oxide (DMPO) was purchased from Bide Pharmatech Co., Ltd.
(Shanghai, China). 2,2,6,6-tetramethylpiperidinyl-1-oxide (TEMP) was obtained from Macklin Biochemical
Technology Co., Ltd. (Shanghai, China). Na,COs was purchased from Shanghai Hushi Chemical Co., Ltd.
(Shanghai, China).

2.2. Material Characterization

Transmission electron microscopy (TEM) images were acquired on a JEM-2100 Plus electron microscope
(JEOL, Tokyo, Japan). High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) images were obtained on an FEI Themis Z microscope equipped with a probe corrector and a
monochromator at 200 kV. Aberration-corrected high-angle annular dark-field scanning transmission electron
microscopy (AC HAADF-STEM) image was taken by a JEM-ARM200F spherical aberration-corrected
transmission electron microscope from Nippon Electron Co. (Tokyo, Japan). Powder X-ray diffraction (XRD)
patterns were collected using an Ultima IV diffractometer (Rigaku, Japan). X-ray photoelectron spectroscopy
(XPS) measurements were conducted on an ESCALAB 250X spectrometer (Thermo, Waltham, MA, USA). UV-
vis absorption spectra were recorded on an UV-8000 spectrophotometer (Shanghai, China). Electron paramagnetic
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resonance (EPR) spectra were measured on a Bruker ESR5000 spectrometer (Ettlingen, Baden-Wiirttemberg,
Germany, Germany). Fourier transform infrared spectroscopy (FT-IR) spectra were recorded on a Nicolet iS50
spectrometer (Thermofisher Scientific, Waltham, MA, USA).

2.3. Synthesis of Co-NC

Typically, Zn(NO3),6H>0 (3.80 g) and Co(NOs),-6H>0 (1.13 g) were dispersed in 40 mL of methanol and
ultrasonicated for 10 min to obtain a homogeneous purple solution. Separately, 2-MeIM (1.314 g) was dissolved
in 20 mL of methanol under sonication for 10 min. The resulting 2-MeIM solution was then quickly added to the
metal precursor solution, followed by stirring at room temperature for 24 h. The precipitate was collected by
centrifugation, washed several times with methanol, and vacuum-dried overnight at 60 °C to yield Co@ZIF-8.
Subsequently, the obtained precursor was pyrolyzed at 900 °C for 3 h under a flowing nitrogen atmosphere with a
heating rate of 5 °C-min""' to produce Co-NC. For comparison, NC was prepared under the same conditions, except
that Co(NOs),'6H,0 was omitted.

2.4. Oxidase-Like Activity of Co-NC

To evaluate the oxidase-like activity of Co-NC, 10 uL of Co-NC aqueous dispersion (0.2 mg/mL), 40 pL of
TMB solution (10 mM), and 950 pL of acetate buffer (0.2 M, pH 4.0) were mixed in a 1.5 mL centrifuge tube.
After incubation at 40 °C for 10 min, the UV-vis absorption spectra were recorded.

Steady-state kinetic analysis for TMB oxidation was performed at room temperature using different TMB
concentrations. The obtained data were fitted to the Michaelis-Menten equation to determine the apparent kinetic
parameters, including K, and Ve [35]:

Vinax [S]

VK, 18] M

where V is the initial reaction velocity, [S] is the substrate concentration, K,, is the Michaelis constant, and V. is
maximal reaction velocity.

2.5. EPR Experiment

For the detection of hydroxyl radicals (*OH), 100 puL of Co-NC aqueous dispersion (0.1 mg/mL) was added
to 800 pL of acetate buffer (0.2 M, pH 4.0), followed by the addition of 100 uL. of DMPO (500 mM). After
incubation for 10 min, the resulting solution was extracted by a quartz capillary tube and placed in a glass tube for
EPR measurement. The detection of superoxide radicals (O,™) was carried out in the same manner, except that
methanol was used instead of the aqueous medium. For singlet oxygen ('O2) detection, TEMP was used as the
spin-trapping agent in an aqueous system.

2.6. Colorimetric Detection of HQ

Typically, 100 uL of HQ solution at different concentrations was added to a mixture containing 830 uL of
acetate buffer (0.2 M, pH 4.0), 10 pL of Co-NC aqueous dispersion (0.2 mg/mL), and 60 pL of 4-AAP solution
(10 mM). After incubation at 35 °C for 30 min, the UV-vis absorption spectra were recorded.

2.7. Colorimetric Detection of a-Glu

Typically, 100 pL of a-Glu solution with different activities was pre-incubated with 35 pL of a-Arbutin (10
mM) and 20 pL of PBS buffer (0.2 M, pH 7.4) at 37 °C for 30 min to allow enzymatic hydrolysis. Then, 775 puL
of acetate buffer (0.2 M, pH 4.0), 10 pL of Co-NC dispersion (0.2 mg/mL), and 60 pL of 4-AAP solution (10 mM)
were added to initiate the colorimetric reaction. After a further incubation at 37 °C for 30 min, the UV-vis
absorption spectra were recorded.

2.8. a-Glu Inhibition Study

AGI evaluation was carried out using the same procedure as that for the a-Glu assay, except that a-Glu was
pre-incubated with different concentrations of acarbose, voglibose, or miglitol at 37 °C for 15 min before the
addition of a-Arbutin.
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3. Results and Discussion
3.1. Synthesis and Characterization of Co-NC

The synthesis route of Co-NC is illustrated in Figure la. Co-NC was obtained through pyrolysis of the
Co@ZIF-8 precursor, and its morphology was first examined by TEM. As shown in Figures 1b and S1, Co-NC
largely retained the rhombic dodecahedral morphology inherited from the precursor, with an average particle size
of about 200 nm. Figure S2 further shows that both pristine ZIF-8 and Co@ZIF-8 displayed well-defined
polyhedral structures, indicating that cobalt incorporation did not noticeably affect the formation of the ZIF
framework. In contrast, the Co-free control underwent partial structural collapse after pyrolysis (Figure S3). High-
resolution TEM (HRTEM) image showed no discernible metal nanoparticles, nanoclusters, or lattice fringes
associated with cobalt species, indicating the absence of crystalline cobalt aggregates and the amorphous nature
of the carbon matrix (Figure 1c). AC HAADF-STEM further reveals numerous bright dots uniformly dispersed over
the carbon framework, which are attributed to isolated cobalt atoms (Figure 1d). In addition, EDS elemental mapping
illustrates the homogeneous distribution of Co, C, and N elements throughout the entire particle (Figure le).

d

Pyrolysis NN

 \
R

Figure 1. (a) Schematic illustration of the synthesis procedure for Co-NC. (b) TEM, (¢) HRTEM, and (d) AC
HAADF-STEM images of Co-NC. (e) HAADF-STEM image and corresponding EDS elemental maps of Co-NC.

The crystalline structures of NC and Co-NC were examined by XRD. As shown in Figure 2a, both samples
exhibit two broad diffraction peaks at approximately 24.2° and 42.4°, which correspond to the (002) and (101)
planes of partially graphitized carbon, respectively [33,36]. Notably, the Co-NC pattern presents no diffraction
peaks related to metallic Co or cobalt oxides [37]. This suggests that cobalt species are highly dispersed without
forming crystalline aggregates, a finding consistent with the HRTEM results. In addition, FT-IR spectroscopy was
used to analyze the surface functional groups. The FT-IR spectra of both materials (Figure 2b) exhibit a broad
band at approximately 3456 cm™! assigned to the O-H stretching vibration, as well as peaks at 1617 and 1382 cm™
originating from C=0 and N-H vibrations, respectively [38]. The existence of these hydrophilic groups likely
facilitates the water dispersibility of the catalysts.
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Figure 2. (a) XRD patterns of NC and Co-NC. (b) FT-IR spectra of NC and Co-NC. (¢) XPS survey spectrum of
Co-NC. XPS spectra of (d) Co 2p, (e) N 1s and (f) C 1s for Co-NC.

XPS was further employed to analyze the surface elemental composition and chemical states of Co-NC. The
survey spectrum (Figure 2¢) confirms the presence of Co (779.77 eV), N (397.48 ¢V), C (283.87 e¢V), and O
(531.33 eV), indicating that these elements constitute the main framework of the material. In the high-resolution
Co 2p spectrum (Figure 2d), the peaks located at 779.24 and 795.01 eV are assigned to Co 2p3» and Co 2pip,
respectively, together with their satellite peaks [36], suggesting that cobalt mainly exists in Co?" state. The high-
resolution N 1s spectrum (Figure 2¢) can be deconvoluted into components attributed to pyridinic N (397.21 eV),
Co-N (397.8 eV), pyrrolic N (399.72 eV), and graphitic N (403.23 eV) [39]. Among these species, the Co-N
component provides direct evidence for the coordination of single Co atoms with the N-doped carbon matrix,
forming the active Co-Nx moieties. In addition, the C 1s spectrum (Figure 2f) can be resolved into three peaks
associated with C=C/C—C (283.78 eV), C=N/C-N (284.90 e¢V), and C=0/C-O (287.45 eV) species.

3.2. Oxidase-Like Activity of Co-NC

The intrinsic oxidase-like activity of the Co-NC was first evaluated using three chromogenic substrates,
namely TMB, OPD, and ABTS. Upon the addition of Co-NC, the originally colorless TMB, OPD, and ABTS
solutions changed to blue, yellow, and green, with characteristic absorption peaks at 652, 450, and 415 nm,
respectively (Figure 3a). These observations indicate that Co-NC was capable of catalyzing the oxidation of
multiple substrates. The reaction conditions were then optimized. As depicted in Figure S4, the activity of Co-NC
showed a typical bell-shaped dependence on both pH and temperature, with the maximum response observed at
pH 4.0 and 40 °C. In addition, time-dependent absorbance measurements recorded at different catalyst
concentrations showed that increasing the Co-NC dosage accelerated the reaction rate (Figure S5), indicating a
concentration-dependent catalytic behavior.

To identify the active centers, pristine NC was used as a control. Compared with Co-NC, NC exhibited
negligible catalytic activity toward TMB oxidation (Figure S6), indicating that the oxidase-like activity mainly
originated from the atomically dispersed Co sites. This result was further supported by the KSCN poisoning
experiment. As shown in Figure 3b, the oxidation of TMB was markedly suppressed after the addition of KSCN,
confirming the essential role of Co-N, sites. Unlike peroxidase mimics, oxidase-like catalysts relied on dissolved
oxygen as the electron acceptor. As illustrated in Figure 3c, bubbling oxygen promoted the catalytic oxidation of
TMB, whereas nitrogen purging significantly inhibited the reaction, indicating that dissolved O, participated
directly in the catalytic process. Oxidase-like nanozymes generally activate O, to generate intermediate reactive
oxygen species (ROS) during catalysis [40,41]. To clarify the reactive intermediates involved in this system, EPR
spectroscopy was employed. As shown in Figure 3d, a characteristic 1:1:1:1 quartet assigned to DMPO-O," adduct
was observed [40]. In contrast, no detectable signals corresponding to DMPO-+OH or TEMP-'0, adducts were
observed (Figure 3e,f). In addition, the peroxidase-based assay in Figure S7 demonstrated that no H,O, was
produced during catalysis. To further confirm the reactive species, scavenger experiments were performed using
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CAT, IPA, Try, and SOD as scavengers for H;O,, *OH, 'O, and O, [42]. As shown in Figure 3g, only the addition
of SOD led to an obvious decrease in absorbance, indicating that O, was the predominant reactive species. Based
on these results, the oxidase-like activity of Co-NC can be attributed to the adsorption and activation of dissolved
O, on isolated Co-N sites, which generates O>"~ and thereby drives substrate oxidation (Figure 3h).
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Figure 3. (a) The UV-vis absorption spectra of TMB, OPD and ABTS solutions after incubation with Co-NC. (b)
Effect of KSCN on the Co-NC-catalyzed oxidation of TMB. (¢) Absorbance and absorption spectra of Co-NC +
TMB solutions under different gas-saturated conditions. EPR spectra of (d) DMPO-O:"", (¢) DMPO-*OH, and (f)
TEMP-'02 adducts. (g) Absorbance of Co-NC + TMB solutions in the presence of different scavengers. (h)
Diagram of the catalytic mechanism. (i) Michaelis—Menten kinetics of the catalytic oxidation of TMB by Co-NC.

The steady-state kinetic behavior of Co-NC toward TMB oxidation was investigated as well. As shown in
Figure 31, the catalytic reaction followed typical Michaelis-Menten kinetics, and the corresponding Lineweaver-
Burk plot exhibited good linearity (Figure S8). The K,, and V... values were calculated to be 0.234 mM and
9.83 x 107 Ms™!, respectively, indicating a favorable affinity for TMB and efficient catalytic activity (Table S1).

3.3. Reaction between HQ and 4-AAP for Light-On Detection of HQ

Based on the intrinsic oxidase-like activity of Co-NC, a “turn-on” colorimetric sensing platform was
constructed through the oxidative coupling of HQ with 4-AAP. This design was inspired by the well-established
oxidative coupling chemistry between phenolic compounds and 4-AAP [43], however, the reactivity of HQ toward
4-AAP under the present nanozyme-catalyzed conditions was experimentally investigated in this work. As
depicted in Figure 4a, dissolved oxygen is activated on the Co-N, sites to oxidize HQ into 1,4-benzoquinone,
which subsequently couples with 4-AAP to form a pink quinone-imine product. To verify the feasibility of this
design, a series of control experiments was performed. As presented in Figure 4b, the presence of HQ or 4-AAP
alone in the Co-NC system produced no obvious absorption response. The mixture of HQ and 4-AAP without Co-
NC also showed negligible absorbance. By contrast, the simultaneous addition of HQ and 4-AAP to the Co-NC
system produced a pink solution with a distinct absorption peak at 507 nm. These observations confirmed the
occurrence of the Co-NC-catalyzed oxidative coupling reaction.
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Figure 4. (a) Schematic illustration of the Co-NC-catalyzed reaction between HQ and 4-AAP. (b) UV-vis
absorption spectra of the Co-NC system in the presence of HQ, 4-AAP, or HQ + 4-AAP. Effect of (¢) pH, (d)
temperature, (e) incubation time, and (f) 4-AAP concentration on the Co-NC-catalyzed reaction between HQ and
4-AAP. (g) UV-vis absorption spectra of the Co-NC + 4-AAP system in the presence of different concentrations
of HQ. (h) Change in absorbance at 507 nm as a function of HQ concentration. (i,j) Linear ranges for HQ detection.

To achieve high sensitivity and reliable analytical performance, the sensing conditions were systematically
optimized, as shown in Figure 4c—f. The system retained high catalytic activity over a pH range of 2.8-4.8,
preserving more than 88% of the maximum response. The activity increased with temperature and then decreased,
reaching a maximum at 50 °C while remaining above 80% between 30 and 55 °C. The reaction reached equilibrium
within 30 min. In addition, the absorbance increased initially and then declined with increasing 4-AAP
concentration, with an optimum value at 0.6 mM. Based on these results, pH 4.0, 0.6 mM 4-AAP, and a reaction
time of 30 min were selected for the HQ sensing assay. Considering the need to match the enzymatic hydrolysis
conditions in the cascade system, 37 °C was chosen as the operating temperature in the subsequent experiments.

Under the optimized conditions, the analytical performance of the sensing system for HQ detection was
evaluated. As displayed in Figure 4g, the absorbance at 507 nm increased with increasing HQ concentration. The
curve in Figure 4h showed good linear relationships between absorbance and HQ concentration over two
concentration ranges (Figure 4i,j), namely 0—100 pM (R? = 0.991) and 100—400 uM (R? = 0.994). Based on the
36/S criterion, where 6 is the standard deviation of blank signal and S is the slope of the calibration curve, the limit
of detection (LOD) for HQ was calculated to be 0.26 uM. Compared with recently reported HQ assays (Table S2),
the present system adopts a turn-on colorimetric mode with low background interference, and its LOD is
comparable to or lower than that of several reported methods. These results indicated that the proposed method
provided sensitive and reliable detection of HQ.

Besides sensitivity, selectivity is also essential for practical application. Therefore, the selectivity of the Co-NC-
based cascade platform was examined in the presence of potential interferents, including a structural analog (phenol)
and common inorganic ions, such as, Na*, K*, Ca?*, Zn*", Mg?*, CI, SO4*", NOs™ and COs%". In contrast to HQ, the
addition of phenol or these inorganic ions caused only negligible changes in absorbance at 507 nm. The absence of
obvious interference, particularly from the structural analog phenol, indicated that the oxidative coupling reaction
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between HQ and 4-AAP proceeded with high specificity under the present assay conditions. These results
demonstrated that the proposed method possessed reliable selectivity for HQ detection in complex matrices.

3.4. Detection of a-Glu Activity Based on Cascade Reactions

Based on the response of the system to HQ, an enzyme-nanozyme cascade colorimetric platform was
established for a-Glu activity detection without the involvement of unstable H»O, or additional enzymes. The
sensing principle is illustrated in Figure 5a. In this cascade process, a-Glu specifically hydrolyzes a-Arbutin to
produce HQ and glucose, and the generated HQ subsequently underwent Co-NC-catalyzed oxidative coupling
with 4-AAP. As a result, the enzymatic hydrolysis event was converted into a measurable optical signal at 507 nm.

To examine the validity of this cascade strategy, the absorption spectra of different reaction mixtures were
recorded (Figure 5b). Control systems containing Co-NC + 4-AAP with either a-Arbutin or a-Glu alone showed
negligible absorbance at 507 nm. This result indicates that Co-NC did not directly generate a detectable signal in
the absence of enzymatically produced HQ, thereby maintaining a low analytical background. By contrast, when
a-Arbutin was pre-incubated with a-Glu before being introduced into the sensing system, a distinct absorption
peak appeared at 507 nm, accompanied by a visible pink color. These observations confirm the successful
execution of the tandem reaction, in which o-Glu-mediated hydrolysis was effectively coupled with the Co-NC-
catalyzed oxidation process.
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Figure 5. (a) Schematic illustration of the sensing mechanism for a-Glu activity assay based on the enzyme-
nanozyme cascade reaction. (b) UV-vis absorption spectra of Co-NC + 4-AAP solutions in the presence of a-
Arbutin, a-Glu, or a-Arbutin + a-Glu. (¢) Change in absorbance at 507 nm as a function of a-Glu activity. (d,e)
Linear ranges for a-Glu activity detection. (f) UV-vis absorption spectra of the Co-NC + 4-AAP + a-Arbutin system
in the presence of different a-Glu activities. Absorbance changes induced by various proteins/enzymes in the (g)

absence and (h) presence of a-Glu.

Before quantitative analysis, the conditions for the initial enzymatic hydrolysis step were optimized. The effects
of hydrolysis time and the initial a-Arbutin concentration on the final absorbance were examined. As shown in Figure
S10, the absorbance increased with incubation time and reached a plateau after 30 min, suggesting that the hydrolysis
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reaction was essentially complete. In addition, an a-Arbutin concentration of 0.35 mM was selected as the optimal
condition, as it provided sufficient substrate while avoiding significant background interference (Figure S11).

The analytical performance of the cascade platform was then evaluated under the optimized conditions. As
shown in Figure 5c, the absorbance at 507 nm increased with increasing a-Glu activity. Consistent with this trend,
the UV-vis absorption spectra in Figure 5f showed a gradual enhancement of the characteristic absorption signal
as the 0-Glu activity increased. The corresponding calibration plots (Figure 5d,e) exhibited two linear ranges of
1-80 mU/mL (R? = 0.999) and 80-250 mU/mL (R? = 0.994). The LOD was calculated to be 0.19 mU/mL.
Compared to most of recently reported optical methods for a-Glu detection, this strategy demonstrates comparable
or superior sensitivity (Table S3).

Selectivity is another important parameter for evaluating the reliability of the proposed biosensor. Therefore,
the specificity of the proposed assay was evaluated by replacing a-Glu with several potentially interfering proteins
and enzymes, including BSA, pancreatin, pepsin, lysozyme, trypsin, UAO, and GR. As shown in Figure 5g, the
individual addition of these non-target species caused only negligible changes in the optical signal compared with blank
group. Moreover, when these interferents were co-incubated with a-Glu, the system still exhibited a distinct response to
the target analyte (Figure 5h). This anti-interference behavior is attributed to the specific recognition and hydrolysis of
a-Arbutin by a-Glu, which enables accurate determination of a-Glu even in complex biological matrices.

To assess the practical applicability of the sensing platform, a-Glu activity was determined in serum samples
using the standard addition method. As summarized in Table S4, the assay afforded recoveries ranging from 97.1%
to 104.7%, with relative standard deviations (RSDs) of 1.3%—5.6%. These results indicate that the proposed
method provided satisfactory accuracy and reproducibility for a-Glu determination in serum samples.

AGIs are oral antidiabetic drugs that reduce postprandial hyperglycemia by suppressing a-Glu catalyzed
glucose production [44]. In addition, some AGIs have shown antiviral activity against pathogens such as HIV [45].
To assess the applicability of the proposed cascade platform for inhibitor screening, three widely used commercial
drugs, acarbose, miglitol, and voglibose, were selected as model compounds. Upon binding to the active site of a-
Glu, these inhibitors suppressed the hydrolysis of a-Arbutin, thereby reducing HQ generation and weakening the
downstream Co-NC-catalyzed chromogenic reaction. Consequently, the absorption at 507 nm decreased in a
concentration-dependent manner with increasing concentrations of acarbose (Figure 6a), miglitol (Figure 6b), and
voglibose (Figure 6¢). The corresponding dose-response curves are shown in Figure 6d—f, from which the half-
maximal inhibitory concentrations (ICs) of acarbose, miglitol, and voglibose were determined to be 5.2 uM, 0.85
puM and 0.31 pM, respectively. These results provide a proof-of-concept demonstration that the proposed platform
can be used to evaluate the inhibitory effects of representative commercial AGIs. Further validation using
structurally diverse compound libraries and high-throughput assay formats will be required before its application
as a comprehensive drug-screening platform.
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Figure 6. UV-vis absorption spectra of the a-Glu assay in the presence of different concentrations of (a) acarbose,
(b) miglitol and (c¢) voglibose. The change of absorbance at 507 nm with the concentrations of (d) acarbose,
(e) miglitol and (f) voglibose.
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4. Conclusions

In summary, a Co-NC-based cascade colorimetric platform was developed for the determination of a-Glu
activity and the screening of AGIs. By coupling the specific a-Glu-mediated hydrolysis of a-Arbutin with the Co-
NC-catalyzed oxidative coupling of HQ and 4-AAP, the proposed system translates the enzymatic cleavage into a
measurable pink optical signal. Unlike conventional three-enzyme cascade systems, this strategy does not rely on
GOx or other auxiliary natural enzymes, which simplifies the assay design and avoids the instability associated
with enzyme-coupled H,O, generation. As a result, the platform enables the sensitive quantification of a-Glu with
a detection limit of 0.19 mU/mL and maintains reliable analytical performance in serum samples, with recoveries
of 97.1-104.7%. In addition, the system was successfully applied to the proof-of-concept evaluation of three
representative commercial AGIs. These results indicate that the Co-NC-based cascade strategy is a practical tool
for a-Glu-related biosensing and preliminary inhibitor evaluation.
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