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[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK5][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK33][bookmark: OLE_LINK34]ABSTRACT: spatially organized enzyme complexes in an efficient and specific manner for signal transduction and metabolic pathways play a vital role in biological processes. Inspired by natural protein self-assembly, herein, proteinosomes formed by enzyme-surfactant complexes based on an interfacial assembly strategy are developed and they exhibit significant enhanced activity via cascade reaction of glucose oxidase (GOX) and horseradish peroxidase (HRP) that are located in proximity. The proteinosomes not only exhibit significantly elevated stability and reusability compared to free GOX/HRP, but also possess a wide linear detection range and highly sensitive for glucose detection. Moreover, the proteinosomes can be immobilized in a test strip for easy and fast glucose detection.Due to their ultra-sensitive detection line, they can be used for non-invasive glucose detection. They can accurately assess glucose levels in saliva, yielding results highly congruent with those from commercially available assay kits. We further indicate the rapid capability of our system to detect glucose, as compared to commercial glucose kit. These finds demonstrate the potential of the test strip as a promising tool for daily glucose monitoring, and the facile approach presents an inventive solution for test strip development.
1. Introduction
Proteins, as the most diverse structural units in nature, are involved in almost all life activities in living organisms owing to their effective catalytic effect, and spatial and functional diversity [1-3]. Inspired by the structural harmony and functional beauty of natural protein self-assembly, researchers are designing and constructing protein assemblies with major advantages such as structural stability, biocompatibility, and biodegradability [4-8]. At present, protein assembly strategies have been enriched through the development of biological and chemical methods, and various emerging assembly strategies, typically including symmetric fusion [9-11], computer simulation [12-14], and supramolecular interactions [15-17], have been developed to construct highly ordered protein nanostructures such as protein cages, protein lines, protein rings, and protein spheres. However, the use of protein assembly to construct an enzyme cascade reaction system in a controlled manner for applications is rarely reported.
Glucose is one of the essential nutrients for metabolism, abnormal glucose levels can lead to endocrine and metabolic diseases, such as diabetes [18-20]. As a consequence, rapid and accurate detection of glucose is of great significance for the treatment of diabetes. Colorimetric technique has a broad application prospect for biosensing of glucose because of convenience, visibility, and low cost technical superiorities [21-23]. The detection of glucose is mainly realized by glucose oxidase catalyzing oxygen oxidation of glucose to produce hydrogen peroxide (H2O2). The produced H2O2 can oxidize 3,3,5,5-tetramethylbenzidine (TMB) which is catalyzed by peroxidase, generating a blue colored product. For example, Liu's group constructed a peroxidase-like nanozyme through the co-assembly of cyclodextrin derivatives mediated by the histidine-heme ratio, forming horseradish peroxidase (HRP)-like active sites on the surface of supramolecular amphiphilic nanotubes. Then a glucose sensing system was established through the combination of glucose oxidase (GOX) and nanozyme [24]. Zhu et al reported the immobilization of GOX by amidation coupling reaction using Fe-metal-organic framework (MOF) with remarkable peroxidase-like activity, ultra-high stability and high biocompatibility. Based on the excellent selectivity and catalytic activity of Fe-MOF-GOX, a cascade catalysis was carried out for the colorimetric detection of glucose [25]. Gao and coworkers designed enzyme-polymer conjugates based on polymerization-induced co-assembly strategy to form comicelles with tunable enhanced cascade activity by utilizing GOX and HRP cascade reactions [26]. However, these glucose detection systems either suffer from tedious operation procedures requiring two steps to detect glucose, or the materials requiring time-consuming synthesis.
Herein, we report novel proteinosomes embedded with GOX and HRP that exhibit high detection sensitivity, outstanding thermal and pH stability, which could be used for one-step glucose detection. The proteinosomes were synthesized via interfacial assembly of GOX and HRP at the interface of oil/water emulsion, as shown in Scheme 1. Protein (GOX and HRP) and cetyltrimethylammonium bromide (CTAB) were first placed into phosphate buffer solution, and protein/CTAB nanoconjugates were formed due to electrostatic interaction self-assembled at water/oil interface. Crosslinking using glutaraldehyde yield structure stable proteinosome. Notably, this approach offers a facial approach to fabricate protein assemblies without harsh conditions nor complicated modification processes [27]. The high load amount of GOX and HRP also endows the prepared proteinosome with highly sensitive for glucose detection.
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Scheme 1 Schematic diagram of the synthesis process and cascade reaction of proteinosomes based on GOX/HRP.
2. Materials and methods
2.1. Materials 
Glucose oxidase (GOX), horseradish peroxidase (HRP), cetyltrimethylammonium bromide (CTAB), 2-ethyl-1-hexanol, glutaraldehyde, 3, 3, 5, 5-tetramethylbenzidine (TMB), glucose, catalase (CAT) were purchased from Sigma-Aldrich. Sucrose, lactose, and arabinose were purchased from Alfa Aesar. Water used in this work was deionized water. 
2.2. Preparation of Proteinosomes
Proteinosomes were prepared by mixing GOX/HRP and CTAB with 2-ethyl-1-hexanol followed by stand for 4 h. GOX/HRP formed a complex with CTAB through electrostatic interactions, and then self-assembled at the oil-water interface based on an interfacial assembly strategy to form giant proteinosomes. The proteinosomes were cross-linked by the addition of glutaraldehyde, which chemically reacted with the available primary amine groups of GOX/HRP. After 4 h reaction, the proteinosomes were subjected to dialysis using a sequence of water/ethanol mixtures, including 50% ethanol for 2 h, 30% ethanol for 2 h, 10% ethanol for 2 h, and finally Milli-Q water for 8 h, to remove the 2-ethyl-1-hexanol and complete the phase transfer process. 
2.3.  Activity determination of proteinosomes and free GOX/HRP
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]The activities of enzyme were assessed utilizing 3, 3, 5, 5 -tetramethyl-benzidine (TMB). TMB can be oxidized by H2O2, resulting in the generation of a blue-colored product with a maximum absorption wavelength at 652 nm. 4 mM TMB and 50 mM glucose were added into proteinosomes and free GOX/HRP in phosphate buffer solution of pH 7.0 in which the HRP concentration was held at 1 μg/ml, respectively. The increase of absorbance at 652 nm was recorded for a minute at room temperature.
2.4.  Effect of catalase on cascade reaction
4 mM TMB, 50 mM glucose, and various concentrations of catalase (0 μM, 2 μM, 4 μM, 7 μM, 10 μM, 13 μM, 17 μM, 20 μM) were added into proteinosomes and free GOX/HRP in phosphate buffer solution of pH 7.0 in which the HRP concentration was held at 1 μg/ml and the molar ratio of GOX to HRP was 50:1. The increase of absorbance at 652 nm was recorded for a minute at room temperature.
2.5. Construction of glucose biosensing system
[bookmark: OLE_LINK7][bookmark: OLE_LINK14]The glucose biosensing system was developed by creating proteinosomes through the combination of GOX and HRP. The final biosensing system contained 4 mM TMB, 50 μM GOX, 1 μM HRP, and glucose with various concentrations. The glucose biosensing system was incubated at room temperature for 2 hours, and the absorbance was measured at 652 nm using a UV-Vis spectrophotometer to determine the linear detection range and the limit of detection (LOD). The LOD of the glucose biosensing system was calculated using the following formula:
LOD=
  K was the standard deviation for blank samples, σ was the calibration curve slope. Therefore, we calculated that the detection system had a lower detection limit (LOD=1.08 µM).
1.6. The test strip detection of glucose
At the same time, we applied this proteinosome to the test paper detection of glucose. The test strips were cut into square pieces of 5 x 5 mm2. TMB and proteinosomes solution were mixed and added dropwise to the test strip, then dried at room temperature. For glucose detection, glucose solution was applied onto the test strip. Subsequently, the results were captured using a digital camera, and the RGB images were converted into grayscale values for further analysis.
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Gray=R * 0.299+G * 0.587+B * 0.114 (R, G and B were the color values of red, green and blue of RGB images, respectively).
[bookmark: OLE_LINK19][bookmark: OLE_LINK21]Finally, the standard curve for glucose detection was generated by plotting the relationship between gray values and glucose concentrations, allowing determination of the linear range and detection range.
3. Results and discussion
3.1.  Preparation and characterization of dual-enzymes assembled proteinosomes
The proteinosomes were prepared in the phosphate buffer solution with a pH value of 7.0, in which the protein mixture of GOX and HRP was negatively charged. The zeta potential of nanoconjugate formed by positively charged CTAB and negatively charged protein mixture was determined to be +23 mV, indicating CTAB was inserted into protein (Fig. 1a). Next, scanning electron microscope (SEM) and transmission electron microscope (TEM) were utilized to observe the details of proteinosome structure after the sample was dried under vacuum, Fig. 1b, c indicated a collapsed but intact architecture, suggesting the proteinosome shell consisted of flexible protein membrane, which was composed of GOX and HRP. Furthermore, the hollow architecture was clearly discernible in optical microscopy images (Fig. 1d). To further confirm that the proteinosomes were embedded with HRP/GOX, fluorescein isothiocyanate (FITC) and isothiocyanate rhodamine (RhB) were coupled to HRP/GOX, respectively. Red emission GOX and green emission HRP were well distributed on the fabricated proteinosomes, suggesting the successful load of GOX and HRP on proteinosomes (Fig. 1e, f). The size of proteinosomes can also be tuned by adjusting the concentration of GOX/HRP, and the average diameter can be controlled between 10 and 100 μm. Increasing the concentration of GOX/HRP building blocks from 0.4 mg/ml to 8.0 mg/ml resulted in a decrease in the mean size of proteinosomes (Fig. 2). This was because during the assembly process, there were favorable electrostatic interactions between GOX/HRP and CTAB, while unfavorable interactions occured between two negatively charged GOX/HRP molecules or two positively charged CTAB. As the GOX/HRP concentration increased, the repulsive forces between GOX/HRP intensified, leading to an increased coverage of GOX/HRP at the oil-water interface. This hindered the coalescence of emulsion droplets. As a result, the proteinosomes size decreased with increasing protein GOX/HRP concentration [28,29]. The circular dichroism (CD) spectra of GOX/HRP proteinosomes were very similar to those of GOX/HRP mixture, indicating that the secondary structure of protein was hardly affected and the enzymatic activity should be preserved after the formation of proteinosomes (Fig. S1). All of these results indicated that the proteinosomes were successfully prepared.
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Fig. 1. (a) Zeta potential of GOX/HRP, CTAB and proteinosomes. (b) Scanning electron microscope and (c) transmission electron microscope images showing continuous and flexible proteinosome membranes. (d-f) Fluorescence microscopy images of the proteinosomes, showing (d) bright field, (e) green, and (f) red fluorescence derived from labeled HRP-FITC and GOX-RhB, respectively.
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Fig. 2. Assemblies with different concentrations of GOX/HRP, 0.4 mg/ml, 0.8 mg/ml, 1.0 mg/ml, 2.0 mg/ml, 4.0 mg/ml, 8.0 mg/ml, respectively.
3.2. Stability of Proteinosomes
It was well known that the catalytic activity of enzyme models was closely related to pH and temperature. First, the effect between pH=2.0-8.0 on enzyme activity of the proteinosomes was studied. As shown in Fig. S2a, the optimal pH range was 4.0-7.0, indicating that they had excellent catalytic activity in a wide range of pH values. We also investigated the influence of temperature (from 4°C - 65°C) on enzyme activity, and the results showed that the catalytic ability of the enzymes was basically stable between 25°C- 45°C (Fig. S2b). The long term stability of proteinosomes constructed by double enzymes was further studied. The dual enzyme could maintain the morphological stability at the conditions of high temperature or storage for more than two weeks, without destroying the structure of its proteinosome (Fig. S3). In addition, the pH, thermal and storage stability of proteinosome assembly and free GOX/HRP were measured by analyzing relative activity at pH 3.0–8.0, 4–55 °C and 0–10 d (Fig. 3a, b, c). The enzyme activity results indicated that the activity of the assembly was more stable than that of free GOX/HRP, especially after long-term storage, as free GOX/HRP lost most of its activity. Therefore, the assembly exhibited outstanding performances such as temperature sensitivity, excellent pH, thermal and storage stability.
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Fig. 3. (a-c) Enzymatic activity of proteinosome assembly and free GOX&HRP at different pH (a), temperature (b), and time (c). (d) Absorption spectra of the solutions of (1) proteinosome + TMB + glucose, (2) proteinosome + TMB, (3) proteinosome + glucose. (e) Cascade activities of proteinosomes based on GOX and HRP at different GOX/HRP molar ratios. (f) Normalized cascade activity of proteinosomes assembly and free GOX/HRP after addition of different concentrations of CAT.
3.3 Enhanced Cascade Activity and Sensitivity in Proteinosomes
The immobilization and assembly of GOX and HRP in porteinosomes could make the enzyme complexes with enhanced cascade activity as the two complimentary enzymes could work in tandem to facilitate the reaction due to their proximity location. To illustrate this idea, TMB oxidation catalyzed by GOX/HRP based proteinosomes was utilized. TMB is a common standard substrate used to evaluate the catalytic activity of peroxidase, which can be oxidized by H2O2 to generate a blue product that exhibited the maximum absorption at 652 nm [30]. As seen from Fig. 3d, proteinosomes could greatly accelerate the oxidation reaction of TMB in the presence of glucose, resulting in a blue product. This was due to the existence of GOX in proteinosomes, glucose can generate H2O2 and react with TMB to generate blue products catalyzed by another enzyme HRP in proteinosomes. Enzyme cascade activity can also be progressively regulated by the ratio of GOX to HRP in proteinosomes. As revealed in Fig. 3e, the optimal ratio of GOX to HRP was 80:1, which yielded the maximum variation in enzyme activity. Moreover, catalase (CAT) was introduced into the cascade reaction to consume H2O2 in the solution and transfer H2O2 away from HRP, but the direct channel of H2O2 from GOX to HRP should not be affected (Fig. 3f). The addition of CAT to the free GOX/HRP mixture completely inhibited the oxidation of TMB, demonstrating that all H2O2 entered the solution and was accessible by CAT. Whereas, the addition of CAT to proteinosomes did not completely inhibit TMB oxidation, suggesting that adjacent channel can increase the cascade reaction in the presence of competing enzymes, which can be attributed to the fact that H2O2 produced by GOX can be rapidly consumed by neighboring HRP.
In addition, the absorbance at 652 nm during the catalytic oxidation of TMB, the reaction rate increased with increasing glucose concentration (Fig. S4). Fig. 4a, b were the standard curves of the glucose detection which exhibited the linear range of glucose of 0.005 ~ 0.2 mM, and a limit of detection (LOD) for glucose in this system of 1.08 µM. Furthermore, glucose concentration as low as 0.02 mM was visible to the naked eye. We also investigated the reproducibility of proteinosomes based on GOX/HRP by repeatedly catalyzing the oxidation reaction between TMB and H2O2. It indicated that the proteinosomes can be recycled at least 5 times (Fig. 4c). Compared to other sugar molecules such as sucrose, lactose, and arabinose, the system also revealed preeminent selectivity for glucose. Even though the concentration of these sugar molecules was twice that of glucose, their absorbance at 652 nm was not obvious, and the difference between the resulting colors can be clearly recognized with the naked eye (Fig. 4d). Therefore, it was considered that the sensor system had a high selectivity for glucose, which can be attributed to the specificity of GOX towards glucose. All these data above suggested that GOX/HRP-based proteinosomes exhibited enhanced enzymatic cascade activity.
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Fig. 4. (a) The standard curve obtained for glucose detection. (b) The linear range of glucose detection from 0.005 ~ 0.2 mM. (c) The reuse times of proteinosomes based on GOX/HRP. (d) Selective detection for glucose compared to other carbohydrates.
3.4. A paper based glucose test kit 
Since the proteinosome constructed had excellent storage stability, it was attempted to be applied to a paper analysis device for visual detection of glucose, which can be served as an indicator for the diagnosis of diabetes. The glucose was reacted with TMB test strip in the presence of GOX and HRP (Fig. 5a). In order to achieve high performance, the effects of the reaction conditions, the concentration and ratio of each component were investigated to improve the colorimetric visibility on the test strip. The effects of time and pH on the glucose detection method were compared. The results showed that a strong colorimetric signal can be produced under the conditions of 60 s and pH 7.0 (Fig. 5b, c). Next, the concentration of the enzyme was optimized, and GOX, HRP concentrations of 200 µg/mL and 2.5 µg/ml respectively, were employed for glucose detection, which was sufficient to generate visible and reproducible signals (Fig. 5d, e). Finally, the ratio of GOX and HRP was investigated for optimal assay conditions, and the strongest colorimetric change was observed when the ratio of GOX and HRP was 80 (Fig. 5f). In addition, proteinosomes for glucose detection not only had a low detection limit, but also had a super rapid detection speed, which was superior to the glucose biosensors reported so far (Fig. 5g). 
[bookmark: OLE_LINK6][bookmark: OLE_LINK22]Fig. S5 showed the digital image of the test strip when the glucose concentration decreased, and the color of the test strip decreased with the decrease of glucose concentration. The RGB images were then converted to grayscale values to make a glucose standard curve. The detection linear range of this glucose analysis test strip was 0.02~0.6 mM and 0.6~2.5 mM, respectively (Fig. S6). The blood glucose concentration range of healthy individuals is 3.9-6.9 mM, and the postprandial blood glucose of diabetics is above 11.1 mM. Hence, this test strip can be potentially suitable for the trace detection of glucose in serum.
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Fig. 5. (a) The illustration of detecting glucose with test strips based on proteinosomes constructed by GOX/HRP. (b-f) Optimization of glucose-responding test strip, optimization of time (b), pH (c), concentration of GOX (d), concentration of HRP (e), ratio of GOX/HRP (f). (g) Compared with the detection performance of the reported glucose biosensor.
3.5. Detection of glucose in saliva samples
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK23][bookmark: OLE_LINK24]Conventionally, blood-based invasive blood glucose testing brings unavoidable pain to patients. Non-invasive detection of biological fluids with low glucose content such as saliva and sweat is the future development direction [39,40]. As a biosensor with an ultra-low detection limit and super-fast detection speed, proteinosomes constructed based on GOX/HRP provide a meaningful way for the noninvasive detection of biological fluids. All these data above indicated that the proteinosomes constructed based on GOX/HRP had sensitivity, specificity and rapidity for glucose detection, which can be used for biomolecular detection and preparation of test strip analysis devices, and also demonstrated its potential application in biomedical and biological fields.
Table 1 Comparison of the proteinosomes test strip and commercial kit in the saliva sample.
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[bookmark: OLE_LINK28]   Subsequently, the actual performance of the proteinosmomes test strip was verified, which was used to detect glucose in human saliva samples (Fig. S6). Fig 5a illustrated the process of detecting glucose in saliva samples by proteinosomes test strip. As shown in Table 1, we gathered saliva samples and employed both the proteinosomes test strip and commercial glucose kit to measure glucose concentration. The proteinosomes test strip exhibited excellent concordance with the commercial glucose kit, demonstrating that its accuracy was comparable to that of the commercial kit. Furthermore, the proteinosomes test strip displayed a significantly wider glucose detection range (0 to 0.6 mM and 0.6 to 2.5 mM) than the commercial kit, which only covered the range from 0 to 0.8 mM (Fig. 5b, c). Importantly, the proteinosomes test strip exhibited a remarkably faster speed in detecting glucose compared to the commercial kit (Fig. 5d). Notably, at the 60 s, the glucose detection signal intensity of the proteinosomes test strip was 12 times greater than that of the commercial kit, highlighting the significant acceleration in glucose detection achieved by our system in comparison to the commercial kit. These results demonstrated the promising potential of this paper-based biosensor for commercial production, suggesting that it could be a valuable addition to the market of diagnostic and healthcare devices.
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Figure 5 (a) Schematic illustration of proteinosomes test strip for detecting saliva samples. Standard curves of proteinosomes test strip (b), and commercial kit (c). (d) Glucose detection speed of proteinosomes test strip and commercial kit.
4. Conclusions
[bookmark: OLE_LINK26][bookmark: OLE_LINK27]In summary, proteinosomes constructed by GOX/HRP based on the interface assembly strategy exhibited remarkably elevated pH, thermal , and storage stability and reusability as compared to free GOX/HRP. The increased stability and functionality of the proteinosomes can be attributed to the formation of a stable and compact structure. These improvements in stability and performance enabled the proteinosomes to maintain their enzymatic activity even under harsh conditions, such as high temperatures and extreme pH levels. On this basis, the glucose sensing system with wider linear range, lower detection limit and more rapid detection speed was established, and a glucose detection test strip was made. Furthermore, the proteinosomes test strip could deliver precise and convenient glucose detection without the need for invasiveness. Remarkably, the proteinosomes test strip displayed the following unique attributes: (1) Streamlined design with a highly integrated paper sensor, minimizing the complexity of synthesis and detection processes. This enhanced the overall convenience of glucose detection and opened up new possibilities for potential industrial applications. (2) The proteinosomes test strip demonstrated exceptional sensitivity and selectivity to glucose, ensuring accurate and reliable results. (3) Proteinosomes had the capacity to rapidly detect glucose in a significantly accelerated way when compared to a commercial glucose kit, and this highlights how the proteinosomes test strip hold promising potential for biomedical applications. In general, the simple and easy-to-use glucose detection test strip could greatly benefit individuals with diabetes by providing a convenient and affordable means of monitoring their blood glucose levels. Overall, this study presents a significant advancement in the field of glucose sensing and offers a novel approach to develop an ultra-rapid and ultra-sensitive material for glucose deterimination.
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