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Abstract

:

Featured Application


A functional membrane was proposed to maintain a wide linear detection range, increase the sensitivity of the glucose sensor and reduce the difficulty of continuous glucose monitoring systems (CGMS) development. This CGMS system includes a glucose sensor, a data collector and a health management platform that can help people with diabetes maintaining euglycemia at an affordable cost in the future.




Abstract


This study aims to develop an oxygen regeneration layer sandwiched between multiple porous polyurethanes (PU) to improve the performance of implantable glucose sensors. Sensors were prepared by coating electrodes with platinum nanoparticles, Nafion, glucose oxidase and sandwich hierarchically porous membrane with an oxygen supplement function (SHPM-OS). The SHPM-OS consisted of a hierarchically porous structure synthesized by polyethylene glycol and PU and a catalase (Cat) layer that was coated between hierarchical membranes and used to balance the sensitivity and linearity of glucose sensors, as well as reduce the influence of oxygen deficiency during monitoring. Compared with the sensitivity and linearity of traditional non-porous (NO-P) sensors (35.95 nA/mM, 0.9987, respectively) and single porous (SGL-P) sensors (45.3 nA /mM, 0.9610, respectively), the sensitivity and linearity of the SHPM-OS sensor was 98.45 nA/mM and 0.9989, respectively, which was more sensitive with higher linearity. The sensor showed a response speed of five seconds and a relative sensitivity of 90% in the first 10 days and remained 78% on day 20. This sensor coated with SHPM-OS achieved rapid responses to changes of glucose concentration while maintaining high linearity for long monitoring times. Thus, it may reduce the difficulty of back-end hardware module development and assist with effective glucose self-management for people with diabetes.
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1. Introduction


Diabetes mellitus [1] is one of the pandemics characterized by chronic hyperglycemia [2], which seriously threatens human physical and mental health and quality of life. Since no cure has been developed for this disease, maintaining euglycemia through diet, exercise and pharmacological management is a way to prevent diabetic complications [3,4,5]. Currently, continuous glucose monitoring systems (CGMS) are increasingly popular, since they can reflect fluctuation of blood glucose (BG), easily perceive asymptomatic hypoglycemia and relieve the pain of sticking fingers frequently for people with diabetes [2,6,7].



The minimally invasive implantable glucose sensor is a key module that affects the performance of CGMS [8]. The sensitivity, biocompatibility, stability and linear measuring range of the implantable sensors are important to the entire system [5]. Glucose oxidase (GOD) can be easily prepared, and has strong specificity to glucose, high activity and stability, which is widely applied in amperometric glucose sensor [9]. GOD catalyzes glucose into the gluconic acid and hydrogen peroxide (H2O2). Then the H2O2 undergoes an electrochemical reaction on the electrode, generating a response current. The reaction equations are displayed below:


  glucose +  O 2  +  H 2  O    →  G O D     g l u c o n i c   a c i d +  H 2   O 2  ,  



(1)






   H 2   O 2     →  + 0.65 v   2  H +  +  O  2     + 2  e −   



(2)







According to the chemical equation, the performance of such glucose sensors is limited by several interdependent aspects, including electrolysis of various endogenous and exogenous substances; deficient of oxygen at high glucose concentration; inflammation and sensor fibrosis caused by foreign body reaction; miniaturization of sensor system.



Minimizing the size of a device can result in less skin damage and reduce the extent of foreign body reaction. However, miniaturization of sensors has several issues, such as small sensing area, structural change of GOD and acceleration of the enzyme deactivation by direct immobilization, which make it difficult to continuously monitor BG fluctuations [10]. Some studies have optimized the efficiency of electron transfer by increasing the number of active sites and the catalytic ability of immobilized enzyme on sensor surface [11,12,13,14]. One of the most promising methods is to modify the surface of bare electrodes by metal nanomaterials with high superficial area, excellent biocompatibility and catalytic properties [13,14,15,16]. It has been confirmed that the electrical and catalytic properties of electrodes can be restructured by changing the surface morphology of nanoparticles through controlling different depositional conditions, like potential, reaction time and formulation of electrolyte [10,17].



Due to the higher concentration of glucose than oxygen in the interstitial fluid, the response and intensity of sensors is dependent on the oxygen saturation concentration rather than glucose concentration. Glucose sensors modified by metal nanomaterials show obviously higher oxygen consumption than classical sensors [6,12]. This modification also aggravates oxygen deficiency and further narrows down the linear monitoring range of CGMS [9,17]. Decreasing the glucose concentration and replenishing oxygen are also adopted to enlarge linear sensing range of implantable glucose sensors. Synthetic polymer membranes, such as PU, Nafion, polytetrafluoroethylene, polyethylene glycol (PEG), hydrogels and poly-L-lactic acid, have been confirmed to expand detection range and increase biocompatibility of glucose sensors [18,19,20]. Studies have shown that Nafion and hydrogel have the advantages of enhancing hydration, reducing immune cell adsorption and fibrosis, but also show defects such as more prone to expansion or mineralization [21,22,23,24,25,26]. Therefore, only PU and its modified polymers have been widely used as commercially restriction membranes for glucose transmission with improved linearity [27,28]. In addition, the excellent biocompatibility of PU can also optimize the stability of implantable sensors. However, PU provides a diffusion barrier to glucose and limits the outer diffusion rate of H2O2, which is correlated to sensor sensitivity [29]. Due to the strong turnover rate of Cat to H2O2, using Cat on ampere electrode can eliminate the accumulation of H2O2 in GOD and replenish oxygen, thereby ameliorating oxygen deficiency and ensuring the sufficient sensitivity to glucose [30,31,32]. However, immobilization of Cat on the same sensing plane restricts glucose reacting dose, and decreases GOD quantity [33]. Therefore, both of the two ways succeed at the cost of sensitivity decreasing. The decline of the signal-to-noise ratio also increases the difficulty of signal acquisition in following hardware circuit, and hinders the promotion and low-cost mass production of CGMS [5].



Single membrane is not enough to meet the multiple requirements of implantable glucose sensors [17,18]. Herein, the aim of this study is to introduce a novel simple method for preparing an implantable glucose sensor with high sensitivity, wide linear measurement range and good stability. SHPM-OS membrane consisting of PU, PEG and Cat sensing layer was designed. The modification of electrode surface would enlarge sensing area and improve sensor selectivity. The porous inner PU of SHPM-OS would accelerate the diffusion rate of oxygen and H2O2, thus improving response time. Cat immobilization in sandwich layer could convert H2O2 to oxygen, which would attenuate oxygen deficiency during glucose monitoring, and also prevent the accumulation of H2O2 around the glucose electrode. The porous inner and outer PU composited hierarchical structure would balance the sensitivity and linearity of glucose sensors. Moreover, directly depositing SHPM-OS membrane at room temperature would be helpful to maintain the high enzyme activity. The SHPM-OS and the AiTi health management platform (developed by our group) can form CGMS system, thus helping more users to achieve the effective glucose self-management.




2. Materials and Methods


2.1. Preparation of the Glucose Biosensor


The bare electrode was first polished with metallographic sandpapers and alumina powder to remove the oxide film, and then immersed in anhydrous ethanol and distilled water successively for ultrasonic cleaning. The electrode was then electrochemically cleaned in 1-M H2SO4 solution at a scan rate of 50 mV/s until the background current turned stable. The deposition of platinum nanoparticles was carried out in electrolyte solution composed of 2.5 mM H2PtCl6 and 0.5 M HCl at −0.18 V (vs. Ag/AgCl) for 300 s. The permselective inner film on platinum layer was prepared by dip-coating with 5% Nafion solution. The electrode was then kept in drying oven at 180 °C for 3 min.



After the temperature of the electrode was restored to the room temperature, the enzyme immobilization was achieved by incubating with a mixture (10 uL) of GOD (3 mg/mL), Bovine serum albumin (BSA, 10 mg/mL) and glutaraldehyde (GA, 2%) solution at a volume ratio of 5:5:1. The sensor was dried at room temperature for 2 h, followed by at least 2 h of immersion in phosphate buffer solution (PBS) in order to remove the unbound enzyme.



In order to prepare SHPM-OS structure, the 5% PU (w/v) and 4% PEG (w/v) were mixed at different ratios to prepare porous film with different pore sizes. PU/PEG mixtures were marked as the porous inner film and outer film based on the ratio of PEG. The porous inner film was constructed by slowly passing the electrode through a wire loop with film solution and dried for at least 2 h. The Cat enzyme layer was prepared by dipped coating the electrode using a composite solution of Cat, BSA and GA at a volume ratio of 5:5:1. The porous outer film was constructed with the same method as the porous inner film. The electrode was eventually soaked in 0.1 M PBS for at least 72 h to remove the solvents.




2.2. Glucose Sensor Performance Test


The three-electrode system was composed of the glucose sensor, Ag/AgCl and platinum electrode (working electrode, reference electrode and counter electrode). The sensors included the NO-P sensor only coated with PU membrane, SGL-P sensor coated with unilaminar PU/PEG film and SHPM-OS sensor. The evaluation was carried out by chronoamperometry of electrochemical workstation (CHI760E, Shanghai Chenhua Instruments Limited, China) at a potential of +0.65 V (vs. Ag/AgCl). At room temperature, the glucose titration experiments were performed in a 50 mL PBS solution, which was constantly and gently stirred. After background current was stabilized, high concentration of glucose (2.5 M) was dropwise added into PBS so that the glucose concentration in measurement solution was enhanced by 2 mM for each step until the final concentration reached 20 mM. The added amount of 2.5-M glucose solution for each step was calculated according to the solution dilution formula to ensure the stepwise increase of 2 mM. The response step curves of the sensors were obtained. The current corresponding to analyte concentration was measured at steady state (the plateau of step curve) and then the sensitivity and linearity of sensors were obtained by using multiple linear fitting between response current and glucose concentration.



To evaluate the stability of the SHPM-OS sensor, sensitivities were measured twice per week in PBS with the concentration of glucose in the range of 0–20 mM. The response speed of the glucose sensor was evaluated by adding the high concentration of glucose (2.5 M), which rapidly increased the glucose concentration to 10 mM in 50 mL PBS. Anti-interference experiment was performed by in sequence adding 4 mM glucose, 0.48 mM uric acid (UA), 0.11 mM ascorbic acid (AA), 0.17 mM acetamidophenol (AP) and 2 mM glucose [18,27]. And the selectivity of glucose biosensor against interference was evaluated by the relative rate of current change, which was defined as the ratio of the present current to the initial current. The surface morphology images of the glucose sensor were characterized by the field emission scanning electron microscope (SEM, ZEISS MERLIN Compact, Carl Zeiss AG, Germany), and the size of pores on porous membrane were measured by ImageJ (National Institutes of Health). After each test, the sensor was cleaned and stored in a 0.01-M PBS solution. The storage solution was changed twice a week. The sensitivity change of the sensor with storage time was also tested.





3. Results


3.1. Principle and Design of the Glucose Sensor


The glucose sensor electrode was made by a stainless-steel acupuncture needle with a diameter of 0.3 mm (Figure 1a). Platinum nanoparticles were deposited on the needle to enhance electrical conductivity of electrode, catalyze H2O2 and enlarge the sensor surface area. Nafion permselective inner film was decorated on platinum layer to increase the quantity and activity of immobilized enzyme as well as to avoid the interference.



According to Figure 1b and chemical Equations (1) and (2), accumulation of H2O2 during the reaction leads to an inaccurate result and a narrow detection linear range. Hence, the SHPM-OS membrane was introduced. Porous inner PU with larger holes supported the Cat immobilization and accelerated the diffusion of H2O2 and oxygen. As shown in reaction (3), Cat in the sandwich layer decomposes H2O2 to replenish oxygen required for reaction real timely. Porous outer PU with smaller holes adjusted the concentration of glucose spreading to enzyme layer, which improved the sensitivity and linearity of the glucose sensor.


   H 2   O 2     →  C a t   2  H +  +  O  2     + 2  e −   



(3)








3.2. Morphology of the New Sensor Electrode


The surface morphology of the new sensor electrode was evaluated by scanning electron microscope. As shown in Figure 2a, the size of the large pores on porous PU inner membrane was approximately (6.01 ± 0.925) μm. However, the size of the large pores on porous PU outer film was smaller with a diameter of (2.51 ± 0.638) um (Figure 2b).




3.3. Linearity and Sensitivity of the Glucose Sensor


In order to evaluate and compare the performance of different sensors (the NO-P sensor, the SGL-P sensor and the SHPM-OS sensor), we performed chronoamperometry. Our results showed that the curve of the NO-P sensor was at the lowest position when the glucose concentration increased from 0 to 20 mM; the response current changed from 140 nA to 859 nA with the sensitivity of 35.95 nA/mM (Figure 3a), which is consistent with the sensors proposed before [10]. As the pore distribution on the PU surface expands, the limiting intensity of glucose transfer decreases. The current values of the SGL-P sensor increased from 200 nA to 1106.45 nA at the same glucose range and the corresponding sensitivity was 45.3 nA /mM, which was greater than the NO-P sensor (Figure 3a). However, when the glucose concentration was higher than 10 mM, the sensitivity of SGL-P rapidly decreased, and the R2 coefficient value decreased to 0.9610, which was lower than NO-P the (0.9987, Figure 3b). Compared to the NO-P and SGL-P sensors, the response value of the SHPM-OS sensor increased from 309 nA to 2278.32 nA with a higher sensitivity and linearity (98.45 nA/mM and 0.9989, respectively, Figure 3a). Although the current intensity was slightly smaller than the SGL-P sensor under low glucose concentration (0 to 10 mM), the sensitivity remained stable while the current values still increased gradually under high glucose concentration due to the constant replenishment of the oxygen.




3.4. Response Time of the Glucose Sensor


The time response curves of the SHPM-OS sensor were measured by rapidly increasing the glucose concentration. The response time of the SHPM-OS sensor decreased to 5s (Figure 4a), which is consistent with the sensor designed previously [34]. The selectivity of the SHPM-OS sensor against interference was evaluated by adding UA, AA and AP. As shown in Figure 4b, the relative rates of UA, AA and AP were 6%, 3% and 3%, respectively, which were small and negligible. The results demonstrate that the SHPM-OS sensor has high selectivity.




3.5. Long Time Stability of the Glucose Sensor


To evaluate the stability, the SHPM-OS sensor was further tested using glucose titration at intervals. As shown in Figure 5a, when the glucose concentration increased from 0 to 20 mM, all of the response curves showed obvious ladder shape and great linearity. The relative sensitivity was defined as the ratio of the present sensitivity to the initial sensitivity obtained at the beginning. The relative sensitivity of the SHPM-OS sensor remained at least 90% in the first 10 days (Figure 5b). Although the response slightly decreased after that, the relative sensitivity remained at approximately 78% of the original sensitivity on day 20 (Figure 5b), which is similar to the published data [10,17,20]. The results demonstrate that the SHPM-OS sensor could remain stabilization for a long time.





4. Discussion


To date, the biggest challenge of the implantable glucose sensors is how to improve the sensitivity while maintain good linearity, biocompatibility and lifetime [5,35]. There are several ways to solve this problem, including maximizing sensing surface of the electrode; reducing the negative effects of oxygen deficiency; balancing high sensitivity and wide linear detection range; increasing the signal to noise ratio; and, maintaining the stability of the sensor for a long time.



Generally, gold [11], platinum [36,37] and platinum–iridium [38,39] are often used as conventional glucose electrode bases, where GOD could be directly immobilized. However, these metals have poor hardness and have to be implanted through an auxiliary device, which makes it inconvenient for diabetic diagnosis. So some researches indicated that high hardness stainless-steel electrode optimized by metal nanoparticles can effectively expand sensing area, accelerate electron transfer [10,40] and be directly implanted by hand, improving the detection ability of immobilized GOD and minimizing the injury to body [41]. Moreover, the particles, such as size and density, could be easily adjusted by controlling reaction conditions. As a result, the sensing area is enlarged, the number of immobilized enzyme and active sites is increased and the electrical catalysis performance of electrode is optimized.



As indicated in previous studies, the ratio of glucose to oxygen was more than 100 in interstitial fluid, causing an oxygen deficiency during monitor and a narrow linear detection range [17,27,30]. The sensor modified by nanoparticles would aggravate oxygen deficiency [17]. It has been demonstrated that biocompatible films can regulate the ratio of oxygen-glucose concentration in the reaction process [10]. Moreover, influences of sensor coatings on glucose transmission depend on the thickness, uniformity of pores distribution, surface morphology and other factors. Currently, a variety of natural, semi-synthetic and synthetic materials, such as chitosan, PEG and polyvinyl acetate, have been applied to modify outer films to optimize the biocompatibility and monitoring performance of implantable glucose sensors [8]. Specially, PEG is a strong hydrophilic amphoteric ion and is a promising modification material for sensor coating. The PEG segments gather on the membrane surface and absorb a large mass of water, generating a lot of pores on the surface after adequate hydration and drying [18]. Hence, in this study, compared to the NO-P curve, the large size of pores on surface of the SGL-P sensor allowed more glucose to reach electrode, obtaining stronger response current at low concentration. However, the response current became unstable with the increase of glucose concentration. The linearity of sensor was also poor, probably due to the insufficient oxygen. Enhancing restriction of material transfer is an attractive membrane modification method to improve linearity of the glucose sensor, which however could decrease the sensitivity. For example, when the PVDF-Nafion glucose sensor was covered by nanoparticles with great restrictive effect, R2 increased from 0.776 to 0.9988, but the signal intensity decreased by 29% at the highest glucose concentration [17]. In previous studies, a PU/epoxy-enhanced (E-PU) membrane with smooth surface without holes was designed [27,42], which had a stronger effect on glucose restriction. When the concentration of epoxy reached 40%, the PU/E-PU could block over 70% glucose with a sensitivity of 63 nA/mM [27]. Particularly, the maximum linear detection range could expand to 40 mM with the increase of epoxy concentration, but the sensitivity decreased to 6 nA/mM [42].



As indicated in previous studies, the ratio of glucose to oxygen was more than 100 in interstitial fluid, causing an oxygen deficiency during monitor and a narrow linear detection range [17,27,30]. The sensor modified by nanoparticles would aggravate oxygen deficiency [17]. It has been demonstrated that biocompatible films can regulate the ratio of oxygen-glucose concentration in the reaction process [10]. Moreover, influences of sensor coatings on glucose transmission depend on the thickness, uniformity of pores distribution, surface morphology and other factors. Currently, a variety of natural, semi-synthetic and synthetic materials, such as chitosan, PEG and polyvinyl acetate, have been applied to modify outer films to optimize the biocompatibility and monitoring performance of implantable glucose sensors [8]. Specially, PEG is a strong hydrophilic amphoteric ion and is a promising modification material for sensor coating. The PEG segments gather on the membrane surface and absorb a large mass of water, generating a lot of pores on the surface after adequate hydration and drying [18]. Hence, in this study, compared to the NO-P curve, the large size of pores on surface of the SGL-P sensor allowed more glucose to reach electrode, obtaining stronger response current at low concentration. However, the response current became unstable with the increase of glucose concentration. The linearity of sensor was also poor, probably due to the insufficient oxygen. Enhancing restriction of material transfer is an attractive membrane modification method to improve linearity of the glucose sensor, which however could decrease the sensitivity. For example, when the PVDF-Nafion glucose sensor was covered by nanoparticles with great restrictive effect, R2 increased from 0.776 to 0.9988, but the signal intensity decreased by 29% at the highest glucose concentration [17]. In previous studies, a PU/epoxy-enhanced (E-PU) membrane with smooth surface without holes was designed [27,42], which had a stronger effect on glucose restriction. When the concentration of epoxy reached 40%, the PU/E-PU could block over 70% glucose with a sensitivity of 63 nA/mM [27]. Particularly, the maximum linear detection range could expand to 40 mM with the increase of epoxy concentration, but the sensitivity decreased to 6 nA/mM [42].



Although the linear detection range could be enhanced by restricting glucose transmission [33], there are still difficulties to collect effective signal and to produce the sensors at low cost. Moreover, the successive accumulation of H2O2 in the reaction would result in electrode poisoning and the leakage would stimulate surrounding tissue [5,29,33]. An oxygen regeneration system prepared by immobilizing both GOD and Cat on sensing surface was proposed by Lucisano and Takashi et al. [30,31]. H2O2 can be rapidly decomposed, which generates oxygen when Cat is sufficient; the influence of oxygen deficiency can be partly relieved because the oxygen demand is halved. However, the sensing area of typical sensor electrode is limited, leading to the insufficient immobilized GOD when Cat is deposited on the same surface. Thus, the sensor sensitivity and lifetime need to be optimized [43]. Vaddiraju and Croce et al. [29,41] proposed an oxygen regeneration system, which immobilized GOD and Cat on different layers through layer-by-layer assembly approach and improved the sensitivity to 70 nA/mM. However, the function of signal outer membrane was simple, and it is difficult to obtain the optimal oxygen-glucose transport ratio. The SHPM-OS film proposed in this study provided a great strategy, which adjusted the morphology and distribution of pores with changed PEG concentration on different layers. Particularly, the pores of the porous PU inner film with a high proportion of PEG were large in diameter and clearly visible, which can enhance driving force for glucose and oxygen diffusion inward [41,44] and the speed of analyzing glucose change [45], thus shortening the response time of the glucose sensor. On the contrary, the pores of the porous PU outer membrane with less PEG were small and restricted glucose transmission, maintaining the high linearity of sensors. The response current had a linear change in the range of 0–20-mM glucose concentration (R2 was 0.9989). The comparison of different amperometric sensors for the glucose determination was shown in Table 1. The SHPM-OS sensor exhibited similar linear range as the other sensors in Table 1. However, it could continuously release oxygen from sandwich layer and thus, its sensitivity was increased by three times. However, compared with other commercial sensors, the linear range of SHPM-OS (0–20-mM) was relatively narrow. Thus, it is necessary to combine SHPM-OS with the AiTi health management platform (developed by our group) in the future, which would send an early warning to users, family members or private doctors when BG concentration exceeds 20 mM.



Since the sensitivity of the sensor will inevitably be reduced, CGMS needs to be manually and algorithmically calibrated at regular intervals to maintain the accuracy of the monitoring. The SHPM-OS sensor in this study maintained stable sensitivity within 20 days, which could relieve the pain of people with diabetes caused by finger-sticking. Moreover, a typical amperometric glucose sensor has to experience complicated immobilization procedure and degradation of enzyme, oxygen limitation and fibrosis [5,50]. Improving the loading enzyme capacity of the electrode [51,52,53,54], optimizing the immobilization methods [55] and enhancing enzyme activity [32,46] of GOD can slow down the degradation rate of the enzyme. The anti-inflammatory effect of nitric oxide and dexamethasone can increase the compatibility of tissue–sensor interface and improve the sensor lifetime [56,57,58,59], but the duration of anti-inflammatory medication is affected by the pore size of membrane. Hence, a coat with anti-inflammatory function can be added to SHPM-OS membrane structure in the future to reduce biofouling-related problems and the speed of electrode fibrosis [18]. The adjustment of the combination of hierarchically porous layers to prepare another novel implantable glucose sensor can be then developed, which may optimize biocompatibility and monitoring lifetime while maintain the existing sensitivity and linearity.




5. Conclusions


In conclusion, the proposed SHPM-OS implantable glucose sensor in this study has greater effects on enhancing the sensitivity while maintaining excellent linear detection range and stability. This SHPM-OS membrane replenishes sufficient oxygen by sandwich Cat layer and regulates the glucose–oxygen transport ratio by the hierarchical porous structure, which increases its sensitivity from 35.95 nA/mM to 98.45 nA/mM. Meanwhile, other performances, such as linearity, response time, selectivity and stability, are still good enough to monitor glucose change. Hence, this combination of hierarchical porous films and oxygen regeneration system is beneficial to the development of back-end monitoring hardware module and the dynamic BG monitoring system.
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Figure 1. Schematic diagram of the SHPM-OS glucose sensor. (a) functional layers of glucose electrode. The needle is modified by Pt nanoparticles, Nafion, GOD and SHPM-OS membranes, which consists of porous inner PU with large-sized pores, Cat and porous outer PU with small-sized pores. (b) schematic diagram of electrochemical reaction and element transfer on different layers. Glucose transmission was regulated by both outer and inner membranes and then glucose reacts in the GOD layer to produce electrons and H2O2, which was catalyzed by Cat to replenish the oxygen. 
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Figure 2. SEM images of hierarchically porous PU membranes covered on the SHPM-OS glucose sensor. (a) SEM image of porous inner PU with the large-sized pores (6.01 ± 0.925) μm. (b) SEM image of porous outer PU with the small-sized pores (2.51 ± 0.638) μm. 
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Figure 3. Performance comparison of NO-P, SGL-P and SHPM-OS sensors. The line in red is the response of the SHPM-OS sensor; the others are the SGL-P (blue) and NO-P sensor (black), respectively. (a) current response of three sensors versus glucose concentration. (b) linear fitting curves of three sensors. The fitting equation is displayed next to the corresponding line. 
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Figure 4. Response speed and anti-interference results of the SHPM-OS sensor. (a) current-time response of the SHPM-OS sensor to single high concentration (10 mM) injection of glucose into stirring phosphate buffer solution (PBS). (b) SHPM-OS sensor response to sequential glucose and common interferences. Concentrations of the additions in the measuring PBS include 4 mM glucose, 0.48-mM UA, 0.11-mM AA, 0.17-mM AP and 2-mM glucose. 
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Figure 5. Stability of the relative sensitivity of the SHPM-OS sensor. (a) comparison of the amperometric response results of the SHPM-OS sensors versus glucose concentration at different intervals. (b) histogram of relative sensitivity of the SHPM-OS sensors restored in PBS. 
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Table 1. Comparison of different amperometric sensors for the glucose determination.
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	Sensor Structure
	Linear Range mM
	Correlation Coefficient R2
	Reference





	Pt/Cu-NFs/Nafion/GOD/PU
	0–20
	0.99
	[10]



	Pt/PANI/GOD/PU/E-PU
	0–20
	0.9996
	[27]



	Pt-Ir/Pt/GOD
	0–21
	0.9986
	[28]



	Au/Pt-Nps/PANI/GOD/PU/PLGA
	0–14
	0.998
	[46]



	SUS/Pt/PANI/GOD/PVDF/Nafion
	0–20
	0.9988
	[17]



	GCE/Au-ZnO/GOD
	1–20
	
	[47]



	Pt-Ir/Nafion/GOD/PU/

PDMS/Heparin
	0–22.4
	0.98
	[48]



	AuMN/pTCA-GOx/

Nafion
	0.05–20
	0.99
	[49]



	SUS/Pt-Nps/Nafion/

GOD/SHPM-OS
	0–20
	0.9988
	This study
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