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ABSTRACT: Recent years, incorporation of multiple enzymes into matrix is considered as promising candidates for
constructing highly sensitive glucose-responsive systems. However, the stochastic nature of traditional multi-enzyme
immobilization techniques makes it challenging to precisely control the spatial arrangement of enzyme molecules.
Here, a new hierarchical shell-shell (HSS) multi-enzyme structure was constructed using interfacial growth method
and colloidal hydrated zinc sulphate to be used as a soft template (Cyt C@HSS@GOx). In this process, glutathione
(GSH) hybrid ZIF-67 was used as the guest MOF and hollow ZIF-8 as the host MOF. The resultant Cyt
C@HSS@GOx exhibited high activity by separating cytochrome C (Cyt C) and glucose oxidase (GOx) in two
independent compartments. This method can accurately locate the spatial position of multiple enzymes, weaken
enzyme-to-enzyme inhibition, and enhance the channeling effect of substrates, thus improving the catalytic
performance of multiple enzymes. The resulting Cyt C@HSS@GOx showed 230% higher activity than free enzymes,
and maintained good stability under extreme pH and temperature conditions. Furthermore, Cyt C@HSS@GOx
demonstrated 71.25% retention of its initial activity following seven cycles, providing good reusability. Particularly,
Cyt C@HSS@GOx has been demonstrated to possess a glucose detection limit as low as 0.38 umol/L, with a reaction
time of only three minutes. This strategy provides a rapid and accurate glucose detection method.
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1. Introduction

Glucose is a monosaccharide that is distributed extensively throughout nature and is one of the nutrients
necessary for the body's energy metabolism and life support [1]. Nevertheless, abnormal glucose levels within
the body have been demonstrated to be a contributing factor to the development of a range of diseases,
including but not limited to cardiovascular lesions, myocardial infarction, sudden cerebral death and diabetes.
Among these diseases, diabetes has become a public problem that seriously threatens the lives and health of

human beings [2]. Generally, many foods contain glucose such as fruits, beverages, bread, and dairy products.

*Corresponding author Received 21 March 2025
jdcui@tust.edu.cn Received in revised from 11 May 2025
Accepted 28 July 2025



L.X. Zhao et al. / Food Science and Human Wellness 16 (2027)

For patients with diabetes or those who need to control blood sugar, the intake of these high glucose foods
should be minimized. Consequently, glucose testing is imperative to ensure the safety and nutritional value of
food products [3].

In past few years, a variety of glucose detection methods have been established, including
electrochemical methods [4, 5], fluorescence methods [6] and photothermal methods [7]. However, these
methods need a series of complex pre-processing procedures, time-consuming detection processes, and the
utilization of costly instruments. In comparison with alternative analytical techniques employed for detection,
enzymatic assays offer distinct advantages in terms of simplicity, practicality and high sensitivity. The
majority of enzymatic assays for glucose concentration rely on the catalysis of glucose oxidase, forming
gluconic acid and hydrogen peroxide from glucose and oxygen. The amount of hydrogen peroxide produced
can be derived from the catalysis of the color development reaction of hydrogen peroxide oxidation of various
substrates by peroxidase. Consequently, the presence of hydrogen peroxide and glucose can be detected
through the utilization of enzymatic methods. However, the inherent instability of free enzymes, such as high
sensitivity to extreme temperature and pH, as well as low tolerance to most organic solvents, which will limit
the specific application of the enzyme system in practice [8, 9]. Enzyme immobilization technology, in which
the enzyme molecule is immobilized on a carrier material while maintaining its spatial structural integrity, is
an effective method to improve the free enzyme that cannot be recovered and has poor stability.

The majority of traditional multi-enzyme co-immobilized materials have been observed to immobilize
multi-enzyme on a single carrier in a disordered manner. However, the use of traditional co-immobilization
methods in the evolution of multi-enzyme systems has been shown to present a number of significant
challenges such as the absence of an effective modulation mode for the cascade reaction, the random
positioning of enzymes and the potential for interference with the cascade reaction due to mutual contact
between enzymes. It is therefore evident that the effective structuring of multi-enzyme biocatalysts and
optimization of spatial assembly are essential to promote the synergistic effect of multi-enzyme; in order to
meet the increasingly complex demands of biocatalysts and chemical synthesis [10]. The
compartmentalization strategy involves the segregation of each enzyme into a discrete compartment, which
can be isolated to avoid the potential disruption to enzyme activity from the harsh external environment and
the phenomenon of mutual inhibition between enzyme molecules [11, 12]. For instance, Zhang [ 13] developed
and constructed a hierarchical yolk-shell@-shell nanoreactor, using mesoporous yolk-shell nanostructures to
achieve the spatial localization of metal nanoparticles and enzymes, thereby facilitating mass transfer between
the yolk and shell. The spatial separation of the Pd nanoparticles and CALB was achieved through the
placement of the nanoparticles at different locations. Separate immobilization of Pd and CALB resulted in
higher catalytic efficiency compared to mixed catalysts. Liu [14] constructed a colloidal multi-enzyme system
for the first time using a Pickering emulsion with a SiO:-stabilized W/O template, in which hydrophilic GOx
was encapsulated in the inner cavity of an aqueous environment, and hydrophobic CALB was immobilized on

the SiO: shell by adsorption. Obviously, compartmentalization represents a more accessible and effective
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enhancement strategy than the construction of complex and uncontrollable substrate channels, especially in
the context of spatially distributed multi-enzyme compartmentalization [15].

The purpose of this work was to develop a compartmentalized multi-enzyme immobilization in
hierarchical shell-shell structure for glucose detection. The approach entailed the immobilization of
cytochrome C (Cyt C) and glucose oxidase (GOx) as model enzymes within a layered shell-shell
metal-organic framework (MOF) carrier. We employed an interfacial growth method by using GSH hybrid
zeolitic imidazolate framework-67 (GZIF-67) as the guest MOF and the host MOF for the study is hollow
zeolitic imidazolate framework-8 (HZIF-8). Cyt C encapsulated in HZIF-8 (Cyt C@HZIF-8) and GOx
encapsulated in GZIF-67 (GZIF-67@GO0x), GOx@GZIF-67 grows on the surface of Cyt C@HZIF-8 to form
Cyt C@HZIF-8@GZIF-67@GOx (Cyt CwHG@GOX). Subsequently, the GZIF-67 template was removed
after the addition of shells to the surface of Cyt C@HG@GOX, resulting in the formation of a hierarchical
shell-shell multi-enzyme structure (Cyt C@HSS@GOx). Moreover, the Cyt C@HSS@GOx structure
demonstrated the capacity to facilitate dual enzyme cascade reaction in one procedure. As a result, the Cyt
C@HSS@GOx exhibited superior performance for glucose detection. The detection limit was 0.38 umol/L,
with a reaction time of only three minutes. The present method has superior detection practicability in

comparison to non- compartmentalized dual enzyme immobilization (Cyt CGOx@HZIF-8).

2. Experiments
2.1 Materials

Zinc sulfate heptahydrate (99%, ZnSOs4-7H20), 2-Methylimidazole (98%, 2-Melm), Cobalt nitrate
hexahydrate (99%, Co(NO3)2:6H20), 2,2 -azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (98%, ABTYS),
Glutathione (GSH), Polyvinylpyrrolidone (PVP), 3-Aminopropyltriethoxysilane (APTES), Pluronic F-127,
Tetraethoxysilane (TEOS) were purchased from Aladdin (Shanghai, China). Cytochrome C (95%, BR, horse
heart, Cyt C), Glucose oxidase (BR, 50 ku, GOx), Fluorescein isothiocynate (95%, FITC) and Rhodamine B
(70%, RhB) were obtained from yuanye bio-technology (Shanghai, China). D-Glucose (99.8%),
Gradehydrogen peroxide (30%, H202), Dimethyl sulfoxide (DMSO), Methanol anhydrous were purchased

from solarbio science & technology (Beijing, China). All the other chemicals were of analytical.
2.2 The preparation of Cyt C@HZIF-8 and Cyt CGOx@HZIF-8

HZIF-8 was synthesized by the method of Feng et al [16]. For Cyt C@HZIF-8, The experimental
conditions were comparable to those of HZIF-8, with the exception of the additional Cyt C (0.6 mg/mL). For
Cyt CGOx@HZIF-8, the experimental conditions were comparable to those of HZIF-8, with the exception of
the additional Cyt C (0.6 mg/mL) and GOx (0.8 mg/mL).

2.3 The preparation of Cyt C@HG@GOx

GZIF-67 was synthesized by the method of Shen et al [17]. Add the above Cyt C@HZIF-8 to 2 ml of

GOx solution, followed by GSH and PVP, and finally the addition of 2 mL of Co(NO3)2-6H20 solution and 2

mL of 2-Melm solution, the next step is to allow the mixture to stand at room temperature for 4 h. This is then
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followed by the process of centrifugation and washing with water, in order to obtain the desired product Cyt
C@HG@GOx.

2.4. The preparation of Cyt C@HSS@GOx
Add 2 mL of water to the prepared Cyt C@HG@GOx, followed by 10 pL. of APTES and stir for 1 h at

room temperature. After centrifugation, 2 mL of water was added to the centrifugation product, then Pluronic
F-127 and TEOS were added and stirred for 30 minutes. The product was finally centrifuged and washed with
water. Subsequently, the GZIF-67 template was allowed to place for 30 minutes in phosphate buffer and
washed with water to obtain the final shell-shell mulyi-enzyme structure Cyt C@HSS@GOx.

2.5 Enzymatic activity assay

For Cyt C, the reaction system consisted of 700 uL. (10 mmol/L, pH 8.0) Tris-HCI, 100 pL. (10 mmol/L)
H202, 100 pL (5.64 mmol/L) ABTS, and 100 pL (0.6 mg/mL protein) Cyt C or immobilized Cyt C. The
concentration of oxidized ABTS was calculated by measuring the increase in absorbance of the reaction at 415
nm for two minutes. Cyt C activity was defined as the amount of enzyme required to oxidize 1 umol/L ABTS
per minute as 1 U. For the glucose detection, the cascade reaction of GOx and Cyt C is initiated by the
oxidation of glucose by GOXx, resulting in the generation of hydrogen peroxide. Subsequently, the oxidation of
ABTS to the chromophore ABTS" is catalyzed by Cyt C, leading to the observed change in color. Standard
curves are plotted using different concentrations of glucose standards in this assay system. The glucose
content is then determined by calculating the extinction coefficient value and entering it into the standard
curve. The reaction system consisted of 800 uL (10 mmol/L, pH 8.0) of GO/Tris-HCI, 100 mL (5.64 mmol/L)
of ABTS, and 100 mL of immobilized Cyt C/ GOx. The reaction was carried out using the same method as for
the Cyt C. The detection limit was calculated by carrying out for 3 minutes at room temperature.

detection limit (LOD)=3c/S (1)

where S is the linear slope and o is the standard deviation of 11 blank sample test values.

To verify the practicability of the biosensor, we randomly detected glucose concentration in three kinds

of common foods: glucose cube, glucose oral solution and Cola.
2.6 Measurement of kinetic parameters

Kinetic parameters were determined by examining the initial reaction rate at different glucose
concentrations. Enzyme activity was determined at glucose concentrations of 5-300 pmol/L. All kinetic
parameters were calculated using the Michaelis-Menten equation. The kinetic parameters of Cyt C, GOx and

immobilized Cyt C and GOx were determined using Equation 2;
Ve[ S]
T, +s) @
where Vmax is the maximum reaction rate and Vo is the initial catalytic rate. Km is the MichealisMenten

constant and [S] is the initial substrate concentration.

2.7 Synthesis of RhB or FITC labeled proteins
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For RhB-Cyt C or FITC-GOx, 1.3 mg RhB or FITC was dissolved in 0.5 mL dimethyl sulfoxide and 2
mg Cyt C or 1.5 mg GOx was dissolved in 2.5 mL carbonate buffer (10 mmol/L, pH 9.8). The mixture was
stirred for 3 hours and dialyzed with carbonate buffer (10 mmol/L, pH 9.8) for 2 days until residual RhB or

FITC was removed, and finally the labelled enzyme solution was immobilized and visualized by CLSM.
2.8 Characterization of Cyt C@HZIF-8, Cyt C@HG@GOx and Cyt CaHSS@GOx

Scanning electron microscopy (SEM) was performed on a FEI-Apreo manufactured in the Czech
Republic, USA, at 2 kV. Transmission electron microscopy (TEM) images and energy dispersive spectrum
(EDS) analyses were performed on a Talos G2 200X at 200 kV. Laser scanning confocal microscopy (CLSM)
was used to detect fluorescence using an Olympus FV1000 model. FTIR spectra were recorded using a
NICO-LET IS50 instrument against a KBr background. N2 adsorption-desorption analyses were performed at
300 °C using a Brunauer-Emmett-Taylor (BET, AUTOSORB IQ).

3. Results and discussion

3. 1 Synthesis and characterization of immobilized enzymes

The uncomplicated self-assembly procedure of the immobilized multi enzyme is depicted in Fig. 1.
Firstly, Cyt C was immobilized within the interior of HZIF-8 by the embedding method to form Cyt
C@HZIF-8. SEM images showed that Cyt C@HZIF-8 exhibited a 0.5 um spherical morphology (Fig. 2a).
TEM images demonstrated that it possessed a core-shell structure (Fig. 2b). The results indicated that the
ZnS04-7H:0 colloid has undergone dissolution when the Cyt C@HZIF-8 was converted to the aqueous phase,
resulting in a hollow-type structure. Subsequently, Cyt C@HG@GOx was synthesized by employing the
interfacial growth method to facilitate the growth of GZIF-67 on the surface of HZIF-8, with GOx embedded
in GZIF-67 [18, 19]. SEM images revealed the formation of an additional layer of spheres on the outer layer of
the Cyt C@HZIF-8, identified as GZIF-67 (Fig. 2c and d). Subsequently, a hierarchical of silica shell was
deposited on the outer layer of Cyt C@HG@GOx, and the template GZIF-67 was removed, resulting in the

formation of a hierarchical shell-shell multi-enzyme structure (Cyt C@HSS@GOx) (Fig. 2e and f) [20].
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Fig. 2 SEM and TEM images of (a, b) Cyt C@HZIF-8; (c, d) Cyt C@HG@GOXx; (e, f) Cyt C@HSS@GOx.

To verify the successful immobilization of Cyt C and GOx on Cyt C@HSS@GOx, EDS analysis was
employed, the results of which are presented in Fig. 3. The existence of C, N, Zn and S elements in Cyt
C@HZIF-8 provides evidence that ZIF-8 has been formed. Furthermore, Cyt C is an iron-containing enzyme,
with an iron atom situated within its active site [21]. The existence of the Fe element was clearly observed in
Cyt C@HZIF-8, which proves the existence of the Cyt C molecule in HZIF-8. The presence of the Co element
in Cyt C@HG@GOx provides evidence that GZIF-67 has grown on the surface of HZIF-8 (Fig. 3a). The
disappear of the Co element in Cyt C@HSS@GOx and the presence of the Si element provided evidence that
silica shells have formed and that the template GZIF-67 has been successfully removed (Fig. 3b). The CLSM
results are presented in Fig. S1. Cyt C@HSS@GOx, which contains Cyt C, exhibited fluorescence (RhB
labelling) (Fig. 4a), while Cyt C@HSS@GOx, which contains GOx, displays green fluorescence (FITC
labelling) (Fig. 4b). The Cyt C@HSS@GOx complex exhibits fluorescence in two superimposed colors (Fig.
4c). These findings suggest that RhB-Cyt C and FITC-GOx co-exist in Cyt C@HSS@GOXx, thereby indicating

the formation of a multi-enzyme system.
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Fig. 3 (a) EDS mapping of elemental distributions of Cyt C@HG@GOXx; (b) EDS mapping of elemental distributions of Cyt

C@HSS@GOx.
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The peak at 1650 cm-1 observed in Cyt C and GOx samples belongs to the amide I band. However, the
characteristic peak at 1650 cm-1 was not observed in Cyt C@HZIF-8, Cyt C@HG@GOx and Cyt
C@HSS@GOx. (Fig. 4a), suggesting that Cyt C and GOx were not present on the surface of the HSS but
encapsulated within the carrier [22]. The peaks at 421, 752, 1310 and 1420 cm™ are due to Zn-N and Co-N
stretching as well as imidazole ring stretching vibrations, suggesting the successful formation of ZIF-8 and
ZIF-67 [23]. The peak at 1247 cm’! for the Si-O functional group provides evidence that the formation of silica
shells has been successfully achieved. The N2 adsorption/desorption isotherms demonstrate that both HSS and
Cyt C@HSS@GOx exhibit type IV isotherms at high relative pressures with notable hysteresis loops,
indicative of the existence of mesopores (Fig. 4b). Following the calculation of the pore size via the DFT
method (Fig. 4c and d), it was observed that the primary distribution of the HSS and Cyt C@HSS@GOx
nanochannels was situated at 10 nm. Following the immobilization of the enzyme, an increase in surface area
and volume was observed. Since HSS is a porous material, the pore structure of the carrier provided additional
surface area and space for the enzyme. This leads to an increase in overall specific surface area and pore
volume [24]. The average pore size analysis showed that the average pore size of HSS is 9.05 nm, which was
slightly greater than that of Cyt C@HSS@GOX, since the enzyme molecules are embedded in the carrier, and
the porous material itself has a wide pore size distribution, during immobilization, it is the smaller pore sizes
that are occupied by enzyme molecules, whereas the larger pore sizes are relatively less likely to be affected.
This is because the specific surface area and pore volume increase due to the porous nature of the carrier.
However, it has been demonstrated that the interaction between the enzyme molecules and the porous
structure results in a narrowing of the pore channels and a decrease in the average pore size [25] (Table S1).
Consequently, the existence of mesopores of Cyt C@HSS@GOx is able to establish superior contact with the

substrate during the catalytic reaction.
3.2 Catalytic performance of Cyt C@HSS@GOx

Firstly, effects of enzyme concentration on the multi-enzyme immobilization preparation were
optimized, and it was found that the enzyme activity reached its maximum value, approximately 230%, with
Cyt C additions of 0.6 mg/mL and GOx of 0.4 mg/mL (Fig. 5a and 5b). To demonstrate the advantages of the
Cyt C@HSS@GOx segregated immobilization approach, a comparison study of the enzyme activities of the
was conducted between the free enzymes and the various stages of the synthesis process (Fig. 5c¢). The
removal of the templates resulted in a notable enhancement in enzyme activity, as evidenced by a 2.3-fold
increase in Cyt C@HSS@GOx and a 1.3-fold increase in Cyt C@HG@GOx compared to the free enzymes.
Meanwhile, the immobilization efficiency of Cyt C@HG@GOx was found to be 90.5%, which was slightly
lower than that of Cyt C@HSS@GOx (92.1%) (Table 1). A reduction in the immobilization efficiency may be
attributable to the leakage of enzyme during template removal. Nevertheless, the expression activity of Cyt
C@HSS@GOx remained about 1.3 times higher than Cyt C@HG@GOx. This suggests that the removal of
the template resulted in an increase in enzyme activity, which caused the enzyme to become free within the

cavity and in closer contact with the substrate, and reduces mass transfer resistance [26]. The higher enzyme
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activity was found in Cyt C@HG@GOx and Cyt C@HSS@GOx may be due to the fact that fixation of Cyt
C@HZIF-8 induces a conformational change in Cyt C [27, 28]. The active center of Cyt C contains a heme
iron (Fe) ion, typically in the form of Fe(Il). In certain conditions, Fe(III) can undergo reduction to Fe(Il),
thus facilitating electron transfer between the enzyme and the substrate. This results in a substantial alteration
to the catalytic activity of the enzyme[29]. As a result, the enzyme activity after the cascade of Cyt C and GOx
is also higher than that of the free enzyme. Furthermore, a comparison was conducted between the
compartmentalized immobilized enzyme of this study and the conventional randomly immobilized dual
enzyme (Fig. 5d), including the immobilization of Cyt C and GOx as a catalytic system in HZIF-8, as well as
the immobilization of HZIF-8 and GZIF-67. It was determined that the Cyt C@HSS@GOx exhibited higher
activity than several other conventional randomly immobilized dual enzyme. This is due to the fact that it

allows the enzyme and enzyme molecules to reduce their mutual inhibition through the use of a segregation
approach [30].
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Table 1 Immobilization efficiency and activity recovery of Cyt C@HG@GOx and Cyt C@HSS@GOx

Sample Immobilization efficiency(%) Enzyme activity recovery(%)
Cyt C@HG@GOx 90.5% 178.94%
Cyt C@HSS@GOx 92.1% 232.35%

Furthermore, by fitting the non-linear curve of immobilized enzyme versus glucose concentration, the
following kinetic parameters can be obtained. Although both Cyt C@HG@GOx and Cyt C@HSS@GOx have
higher Km values than free Cyt C, Cyt C@HSS@GOx has a Km value 1.16 times lower than Cyt
C@HG@GOx (Table 2). This suggests that Cyt C@HSS@GOx has a considerably stronger affinity for the
substrate than Cyt C@HG@GOx. The increased in the affinity of Cyt C@HSS@GOx for the substrate can be
attributed to its hollow shell-layer structure, which not only improves the mass transfer, but also improves the
contact between the enzyme and the substrate [31]. It was observed that the Vmax and Kcat values of Cyt
C@HG@GOx and Cyt C@HSS@GOx were higher than those of free Cyt C. The increase in Vmax and Kcat
can be attributed to the interaction between Cyt C and imidazole in the ZIF-8, which improves the catalytic

activity of Cyt C [32].

Table 2 Kinetic parameters for free enzymes, Cyt C@HG@GOx and Cyt C@HSS@GOx

Sample Km (mmol/L) Vimax (t/min) Kcat (min")
Free enzymes 6.95 0.0115 0.0071
Cyt C@HG@GOx 9.75 0.0191 0.0118
Cyt C@HSS@GOx 8.34 0.0295 0.0182

3.3 Substrate channeling effect

In general, the substrate channel has a decisive influence on the efficacy of the cascade catalytic system
and can affect the efficiency of the final cascade reaction. To more clearly illustrate the superior substrate
channeling effect of Cyt C@HSS@GOx, we conducted a comparative analysis of the absorbance values of
free enzyme, Cyt C@HG@GOx and Cyt C@HSS@GOx at varying substrate concentrations and different
reaction times (Fig. 6a and 6b). The findings revealed that the absorbance value of Cyt C@HSS@GOx was
consistently higher than that of Cyt C@HG@GOx and free enzyme, and the trend of increasing light
absorption values is higher. Consequently, the reaction rate was found to be considerably faster for Cyt
C@HSS@GOx [33]. Transient time 7 is the time at which the intermediate product H2O2 reaches steady state,
which is the phase in an enzyme cascade system before the steady state rate is reached. Therefore, 1(s) can be
obtained from the fitted linear relationship between the amount of final product and the reaction time at t
intersecting the abscissa time as the H202 yield plateaus. Rapid delivery of H202 shortens the time to reach
steady state, resulting in a smaller t [34, 35]. Cyt C@HSS@GOx also has a low t (Fig. 6b). The results
indicated that the co-immobilized system allows for the free movement of Cyt C and GOx within the cavity,
facilitating a more rapid transfer of H.O: molecules produced by GOx to the active site of Cyt C. This
enhanced substrate channeling is attributed to the improved contact between the active sites of Cyt C and GOx
[36]. In contrast, following the exchange of the immobilization order of the two enzymes, a significant
decrease in enzyme activity was noticed (Fig. 5¢). In the presence of immobilized GOx in the outer shell and

immobilized Cyt C in the inner shell, the initial reaction of GOx with glucose results in producing gluconic
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acid and H:0-, at this stage, the intermediate product is located in the outer shell, it then continues to diffuse
inwards to the inner shell, where it reacts with Cyt C to color ABTS (Fig. 5e). At this point, the reaction
pathway is from the outside to the inside. GOx is localized in the outer layer, which facilitates its proximity to
the substrate and enhances its catalytic efficiency [37]; When Cyt C is immobilized in the outer shell and GOx
is immobilized in the inner shell, the external glucose first reacts with the internal GOx to produce H20.. The
internal H>O: then diffuses outward to react with Cyt C, which lengthens the reaction pathway and reduces the
speed of color development, resulting in a lower absorption value at the same time; The mixing and
immobilization of Cyt C and GOx results in the prolonged accumulation of the intermediate product H2O-.

This, in turn, inhibits the initial step of the reaction, thereby decreasing the reaction rate [38].
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Fig. 6 Free enzymes, Cyt C@HG@GOx and Cyt C@HSS@GOx Changes in absorbance values for different substrate
concentrations (a); reaction time (b); (c) Changes in absorbance values of Free enzymes, Cyt C@HG@GOx and Cyt
C@HSS@GOx with reaction time after CAT addition; (d) Changes in absorbance values of free enzymes, Cyt C@HG@GOx
and Cyt C@HSS@GOx at different CAT concentrations.

To further verify the substrate channeling effect, CAT was introduced as a competitor to Cyt C. The
reaction was carried out in the existence of free CAT. Since the intermediate H2O. competes with CAT in the
second stage of the reaction, the presence of CAT leads to a reduction in the catalytic rate of the two-enzyme
cascade; Consequently, varying concentrations of CAT were introduced into free Cyt C and GOx, as well as
into the immobilized enzyme Cyt C@HSS@GOx, The enzyme activities of free cytosolic C and GOx as well
as the immobilized enzyme Cyt C@HSS@GOx decreased progressively with increasing concentrations of
added CAT. This was attributed to the ability of CAT to inhibit the production of the reaction products
catalyzed by the second step of enzyme Cyt C. Furthermore, the increase in CAT concentration resulted in

enhanced inhibition (Fig. 6¢). Moreover, a slight reduction in the yield of end products was noted in the
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compartmentalized co-immobilized system relative to the free system, across a range of reaction times and at
a constant enzyme concentration (Fig. 6d). The Cyt C@HSS@GOx exhibited a smaller value of t than the
other two, indicating a greater substrate channeling effect and consequently a more rapid targeted transfer and
conversion of the intermediate. The assignment effectively isolates the enzymes in their respective
compartments, thereby allowing efficient substrate channeling and minimizing interference from competing
reactions [39]. In conclusion, Cyt C@HSS@GOx exhibits a reduced mass transfer resistance to the substrate,
this facilitates increased attachment between substrate and enzyme. The hollow structure allows the enzyme to

reach a fixed but not rigid state, which is conducive to enhancing enzyme activity [40, 41].

3.4 Stability and reusability

The stability and reusability of Cyt C@HSS@GOx were evaluated. The immobilized enzyme
demonstrated superior stability compared to the free enzyme under extreme pH and temperature. The
experimental findings demonstrate that Cyt C@HSS@GOx maintains approximately 60% of its relative
activity under acid-base conditions, while the free enzymes exhibited a retention of less than 50% (Fig. 7a),
following treatment at 60°C for 100 minutes, it was observed that Cyt C@HSS@GOx retained over 70% of its
initial activity, but free enzymes decreased to less than 50% (Fig. 7b), after 40 days of storage, Cyt
C@HSS@GOx activity declined to about 60%, with free enzymes at just under 40% (Fig. 7d). Furthermore,
after seven repetitions, Cyt C@HSS@GOx retained 71.25% of its initial activity (Fig. 7c), indicating excellent
reusability. This is attributed to the fact that during in situ embedding, the enzyme is typically confined to the
mesoporous lumen of the matrix, which limits the extent of structural alterations to the external environment
[42].
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Fig. 7 Free enzymes and Cyt C@HSS@GOx (a) pH stability; (b) temperature stability at 80°C; (c) reusability of Cyt
C@HSS@GOX; (d) Free enzymes and Cyt C@HSS@GOxX storage stability; (e) detection of glucose concentrations of 5-300
umol/L; (f) selectivity of Cyt C@HSS@GOx for 50 umol/L glucose compared to 5 mmol/L sucrose, lactose, galactose,
mannose, fructose and xylan.

3.5 Glucose detection

In order to demonstrate the validity of the multi-enzyme immobilization, the effectiveness of the Cyt
C@HSS@GOx for glucose detection was determined by colorimetric method [43]. The results showed that
Cyt C@HSS@GOx was able to detect glucose concentration and showed a linear relationship with glucose
concentration in the range of 5 to 300 umol/L (Fig. 7e). The detection limit of Cyt C@HSS@GOx was
determined with a reaction time of approximately three minutes and a detection limit of 0.38 pmol/L. Table 3
lists a comparison of Cyt C@HSS@GOx with several previously reported biocatalysts for the detection of
glucose. It was found that Cyt C@HSS@GOx exhibited superior glucose detection capability compared to
previous reports. Additionally, The selectivity and immunity of Cyt C@HSS@GOx was assessed by
measuring the absorbance values of Cyt C@HSS@GOx in the presence of different interferents including
sucrose, lactose, galactose, mannose, fructose and xylan (A415). The concentration of glucose was found to be
50 umol/L, while several other compounds were detected at a concentration of 5 mmol/L. Nevertheless, no
notable signal was discerned, despite the presence of sucrose, lactose, galactose, mannose, fructose and xylan
at concentrations up to 10-folds higher than that of glucose (Fig. 7f). The results demonstrate that Cyt
C@HSS@GOx exhibits a specific response to glucose.

Table 3 Comparison of this work with previous reports for the detection of glucose

Catalyst LOD (umol/L) Reaction time (min) Ref

Cyt C@HZIF-8/GOx 0.8 10 [16]

mMOFs/GOxHRP 0.54 3 [44]

CHIT/CAR 5 60 [45]

ZnO/SiNWs 12 20 [46]

HAZNMs 50 20 [47]
CytC@HSS@GOx 0.38 3 This work

To verify the practicability of our biosensor, the Cyt C@HSS@GOx was applied in real samples for
glucose detection. As shown in Table S2, the experiment utilized a glucose cube containing 4 g of glucose
dissolved in 100 mL water (40 g/L), a 0.5% glucose oral solution (5 g/L), and Cola with a glucose

concentration of 31.2 g/l by HPLC detection. A comparison was made between the actual glucose
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concentration of the samples and the biosensor method, free enzymes, Cyt CGOx@HZIF-8 and Cyt
C@HSS@GOx. It was found that the difference between the detected content and the actual glucose content
was not significant, which indicated that this method could be used for glucose detection. However, the Cyt
CGOx@HZIF-8 was unable to detect glucose, thereby confirming that the compartmentalized immobilized
enzyme Cyt C@HSS@GOx exhibited superior sensitivity for glucose detection.

4. Conclusion

In summary, a spatially localized dual enzyme biosensor with layered shell-shell structure for glucose
detection was developed. The dual enzyme exists in a free-like state in space, which enhances the channeling
effect of the substrate. Moreover, the low-resistance mass transfer pathway facilitates directional transfer
between enzymes, thereby enhancing catalytic activity. As a result, a substantial enhancement in catalytic
efficiency, stability, and reusability has been observed in comparison to conventional randomly immobilized
multi enzymes without no free-like state. Particularly, the spatially localized dual enzyme biosensor with
layered shell-shell structure exhibited a low detection limit and high selectivity for glucose. Consequently, an
efficient and stable multi-enzyme catalyst was designed by the strategy of immobilizing the multi-enzyme
partition in a layered shell-shell structure for cascade catalysis, which is expected to have applications in

biosensing and biocatalysis.
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