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Abstract

:

Herein, the impact of the chemical stability of RedOx mediator ferricyanide, K3[Fe(CN)6] (FC), a type of buffer solution used for bioreceptor preparation, gel composition (carboxymethylcellulose, CMC, Aerosile, AS, and alginate, ALG) on the long term stability of glucose test-strips and their analytical performance was examined. By simple addition of ALG to the functional gel aiming to improve its viscosity, we managed to enhance the sensitivity of conventional CMC-containing amperometric glucose test-strips from 3.3 µA/mM to 3.9 µA/mM and extend their shelf life from 8 months to 1.7 years. Moreover, during the course of investigations, it was revealed that the activity of enzyme in dependence with the used buffer did not linearly correlate with its activity in a dried functional layer, and the entire long-term electrochemical signal of glucose test-strips was determined by RedOx mediator FC chemical stability. The most stable and sensitive test-strips were obtained by the screen-printing approach from a gel containing 24 mg/mL GOx prepared in citrate buffer with pH 6, 200 mg/mL of FC and 10 mg/mL of CMC supplemented with 25 mg/mL of ALG.
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1. Introduction


A wide spectrum of amperometric glucose biosensors with different designs and analytical merit was introduced during the last three decades [1,2,3]. However, most of them are very complex in design and may contain from 3 to 10 functional compounds [4]. Taking into account different solubility of individual active substances used for formation of sensing layers, their different mixing ratio and concentrations, it is highly unlikely that all of these glucose biosensors can be standardized and commercialized in the future. Moreover, the use of nanomaterials (electrocatalytic layer) of various nature produced by numerous and complex approaches to retain functional sensing layers on the electrode surface (viz. encapsulation in porous templates, electrochemical immobilization, drop coating, layer by layer, etc.) [5,6,7,8] only complicates the issue. Thus, nano-effects are hard to control and, therefore, glucose biosensors based on these materials are not present on the market. In fact, only biosensors and glucose test-strips of the first (1st) and second (2nd) generations are available today.



The 2nd generation of the test-strips based on stable RedOx couples of ferrocene and its derivatives, ferricyanide, quinones, transition metal complexes, phenothiazine, phenoxazine and synthetic azo dyes have been proposed [9,10,11,12,13]. Apart from enhanced electron transfer exchange, the requirements for RedOx mediators can be summarized as follows: low RedOx potential; high reversibility of the electron transfer; fast RedOx reaction with a cofactor in the presence of dissolved oxygen; steric compatibility with enzymatic RedOx center; and absence of the inhibitory impact on bioreceptors. The listed requirements affect not only the direct functioning of glucose test-strips, but also costs, toxicity to humans, and environmental aspects of their production [14].



Another important functional component of the 2nd generation of glucose test-strips is a polymeric matrix used to enhance their physical and electrochemical properties [15]. The usage of gel matrices allows one to: (i) diminish the structural transformations during drying, (ii) achieve more uniform distribution of individual components in the functional sensing layer, (iii) enhance electrochemical response and (iv) affect the long term stability of glucose test-strips. As examples of successful polymeric matrix implementation, silica gel, polyvinylimidazole, polyaniline, carboxymethylcellulose, poly-L-lysine, etc. [16,17,18,19,20,21,22,23] can be mentioned. Recently, a biocompatible alginate matrix was also employed in the development of miniaturized amperometric electrodes [24].



However, regardless of the matrix type, the long term stability of the functional layer during shelf time of electrodes is an actual issue discussed in many works [19,21,25,26]. A direct comparison of the results for various gel matrices to find the best composition of the functional sensing layer which could guarantee its stability appears to be almost impossible due to different test conditions and used buffer systems. We believe this is because the current trend in glucose biosensors development relies on the principle “if it works it is good and novel electrode designs are very welcome”. In this pursuit of glucose biosensor research, the question related to optimization of already existing and integrated production strategies remains unsolved. In contrast to research laboratories in academia, industrial laboratories dealing with biosensors and glucose test-strips often do not need yet another biosensor design. However, by looking more closely at the composition and design of conventional biosensors and through analysis, comparison and systematization of basic parameters affecting the response of existing commercialized test-strips, it would be much simpler to achieve their advanced analytical characteristics (viz. sensitivity) than to develop and validate new ones.



Hitherto, to the best of our knowledge, only a few attempts have been made to study the impact of external parameters (humidity, temperature) during the preparation route of conventional amperometric glucose biosensors and test-strips on their performance [27,28,29]. At the same time, insufficient storage stability and degradation of individual components in the functional sensing layer will affect the entire response of the electrodes. Taking into account the minimum required storage time of 1–1.5 years [30] for amperometric test-strips under ambient conditions, the analysis of both factors, viz. (i) electrochemical response stability during this period and (ii) an impact of layer composition on storage time, appears to be important.



Herein, we show how, by maintaining the constant design and tuning the buffer type and nature of the gel filler agent, that it is possible to alter the analytical performance, stability and shelf life of 2nd generation amperometric glucose test-strips.




2. Materials and Methods


Glucose oxidase (GOx) from Aspergillus niger (EC 1.1.3.4), ≥200 KU, Sorachim SA, Swiss, carboxymethyl cellulose sodium salt (CMC), extra pure (LobaChemie Pvt. Ltd., Mumbai, India), alginic acid sodium salt (ALG) (powder, Sigma Aldrich, Burlington, MA, USA), Aerosil 380 (AS) (MCM Master, Russia), K3[Fe(CN)6], ≥99% (Acros organics, Moscow, Russia), 1,10-Phenanthroline-5,6-dione, 98% (Acros organics, St. Petersburg, Russia) were used for preparation of the functional gel layer. KCl, >98%, NaCl, >98%, KH2PO4, >98%, citric acid, >98%, NaOH, >98%, CaCl2, NaHCO3, >96%, and acetic acid, >98% used for buffer solution preparation were received from Chimmed (Moscow, Russia). D-Glucose, extra pure (DiaM, Moscow, Russia) was employed for preparation of test solutions in modeled synthetic plasma.



The synthetic plasma solution containing 0.18 g/L KH2PO4, 1.5 g/L NaHCO3, 0.25 g/L KCl, 5.65 g/L NaCl, 0.28 g/L CaCl2 was validated via titration with NaHCO3 to achieve pH 7.4 at 36 °C.



Two-electrode miniaturized systems printed on an inert polyethylene terephthalate polymer (screen-printed electrodes, SPE, ELTA Ltd., Zelenograd, Russia) with a graphite indicator (working) and counter electrodes (graphite paste Gwent C2130814D2, Sun Chemical, UK) were used for electrochemical experiments. The SPE dimensions are shown in Supplementary Materials Figure S1a.



2.1. Formation of the Functional Sensing Layer


Test-strips were produced by a screen-printing technique [19]. Briefly, 50–200 mg/mL of FC, 2–24 mg/mL of GOx solution in phosphate buffer and 10–20 mg/mL of CMC were mixed in different ratios in a mixer TR-300 (HT Machinery, Ota, Japan). In accordance with the declared specification, the activity of GOx in buffered solutions could be varied from 500 (for 2 mg/mL) to 6000 (for 24 mg/mL) Units/mL. The functional gel/paste was immobilized on the surface of SPE utilizing a stencil based on titanium foil with thicknesses of 25, 60 and 100 µm and an open area of 2.3 m × 4.2 m. The thickness of the formed functional layer dependent on the used stencil was measured on a PS50 Profilometer (NANOVEA, Ink., Irvine, CA, USA).



To be applied for screen-printing deposition, the viscosity of a gel should be high enough (i.e., about 1000 cps or more) to avoid the spreading effect. To achieve the required value and avoid bubble formation in highly concentrated CMC solutions, the gel composition was modified as follows: an aliquot of GOx dissolved in phosphate buffer was mixed with an aliquot of ferricyanide (FC). Afterwards, CMC with sodium alginate (ALG) or Aerosil 380 (AS) used as filler agents were preliminarily ground and mixed with the mixture of enzyme and FC. The functional sensing layers formed on SPE by screen printing were dried in a thermostat at 25 °C for 3 h. The obtained glucose test-strips were stored at room temperature in zip-lock bags. The viscosity of the formed gels was measured on a viscosimeter (SV-10A, A&D, Tokyo, Japan). The viscosity of conventional CMC/FC/GOx gels was 900 cps versus 5500 cps and 1100 cps found for CMC/FC/GOx/ALG and CMC/FC/GOx/AS, respectively. The typical view and dimensions of functional layers are presented in Figure S1b–d, ESI.



The same preparation procedure for gels was repeated in case of acetate and citrate buffer usage. The composition of buffers is summarized in Table S1, ESI.



We also examined how a capillary cap influences the preparation of test-strips. The experiments conducted for the test-strips with and without usage of capillary caps showed a negligible effect from their usage. Hence, to simplify the preparation stage of test-strips, the capillary caps were excluded from further experiments.




2.2. Thermal Stress-Test Applied to Study Electrochemical Stability of the Functional Layer during Storage of Glucose Test-Strips


To model “accelerated aging” for glucose test-strips, a specialized stress-test on a Binder cooling incubator (Binder KT53, Binder GmbH, Tuttlingen, Germany) was carried out. The experiment was performed in thermostatic conditions at 55 °C for 1 month (30 days). This approach allowed us to increase the rates of physical changes and chemical degradation within the functional sensing layer. The results of this test would help to predict the long-term stability of the conventional and modified glucose test-strips during their storage. Notably, in accordance with the Arrhenius equation (used for accelerated storage tests based on ISO 23640:2015 (in vitro diagnostic medical devices—evaluation of stability of in vitro diagnostic reagents) the storage of test-strips at 55 °C for 1 month corresponded to their storage at 20 °C for 24 months or 15 months at 25 °C.



To conduct this model experiment, freshly prepared test-strips were placed in a thermostat. Every 2 days, 3–5 strips from the same batch were tested, and their electrochemical response at 36 °C in 2, 5 and 30 mM glucose solutions dissolved in the synthetic plasma (pH 7.4) was evaluated.




2.3. Electrochemical Measurements


Electrochemical measurements were carried out on an Autolab PGSTAT 101 (Metrohm-Autolab, Utrecht, The Netherlands) in amperometric mode at the applied stationary voltage of 0.3 V. The analytical signal/current was recorded at 5 s after the start of measurements. All measurements were repeated at least in triplicate. For electrochemical tests, 5 µL of glucose solution was spotted onto SPE surface modified by functional sensing layer/gel, and the polarization procedure was started immediately.




2.4. UV-Vis Measurements


UV-visible measurements of FC-containing solutions were carried out on a spectrophotometer Lightwave II (Biochrom Ltd., Cambridge, UK) utilizing conventional spectroscopic quartz cuvettes (Hellma GmbH & Co. KG, Müllheim, Germany) with the optical length of 0.1 mm and 10 mm.




2.5. Laser Desorption Ionization Mass Spectrometry (LDI-MS)


LDI-MS studies from the surface of SPE modified by functional sensing gels were carried out on a Bruker Esquire 3000+ESI-ion trap MS (Bruker Daltonics, Bremen, Germany) equipped with atmospheric pressure AP-MALDI ion source and Nd: YAG solid-state laser (355 nm). Data acquisition was conducted by a Bruker esquire control utilizing 5.3 version of the software. To verify the layer homogeneity of the functional gels, total ion chromatograms (TICs) and mass spectra were recorded in positive detection mode in the range of m/z 100–1000. To compare the degree of homogeneity between the conventional gels and gels modified by filler agents (AS or ALG), full-scan TICs (all ions) were recorded from the surface of SPE covered by corresponding functional layers via screen printing approach. Laser was set in a spiral mode and laser power was maintained on the same level during the study regardless of the gel composition. TICs from SPEs covered by conventional and modified gels were recorded for 5 min to make a possible difference in their chemical profiles more pronounced. The appearance of spikes on TICs at certain time scales can refer to a high concentration of compounds of functional gel ionized at this point of the layer. Minimizing the amount of spikes on TICs as well as a decrease in the difference between maximal and minimal MS signal intensities obtained from the profile indicates improvements in layer homogeneity.




2.6. Oxygen Minisensor Studies


To verify the enzyme activity in different buffer systems, an OXR430 retractable needle-type fiber-optic oxygen minisensor (Pyro Science GmbH, Aachen, Germany) was used. The response of the optical minisensor was recorded in the oxygen consumption mode (µmol/L) based on the following sequences:


Glucose + GOx/FAD → GOx/FADH2 + Glucolactane



(1)






GOx/FADH2 + O2 → GOx/FAD + H2O2



(2)







The activity (units/mL, U/mL) of GOx in solutions was evaluated according to [31].





3. Results


3.1. Tuning of Analytical Performance of Glucose Test-Strips by Type of Filler Agent at a Constant Ratio of Enzyme and Mediator


In the first set of experiments, the analytical performance of glucose tests-strips with conventional gel composition in dependence with GOx and FC amounts was compared. As expected, the increase in FC and GOx concentrations in the gel significantly affected the sensitivity and linear dynamic range (LDR) during glucose detection (Table 1). Thus, increasing the GOx concentration from 2 mg/mL to 24 mg/mL and FC content from 50 mg/mL to 200 mg/mL allowed us to extend the LDR at least two-fold. In addition, as a result of GOx and FC deficits at the level of glucose concentration between 20–40 mM, a high deviation from linearity was observed in several compositions of the functional layers (ESI, Figure S2). In particular, the low content of GOx and FC in the gel led to an S-type curve shape (see ESI, Figure S2c).



The addition of filler agents used to modify gel viscosity, i.e., ALG in the amount of 15–25 mg/mL or AS in the concentration of 50–75 mg/mL (see Section 2.1 for the details concerning gel preparation) also impacted LDR and glucose sensitivity (Table 1). Thus, the use of AS in the gel led to a decrease in LDR during glucose detection. In this case, no improvement in sensitivity of the test-strips was observed. At the same time, at a constant amount of ALG or AS, a variation between FC and GOx ratio allowed us to enhance the sensitivity of glucose test-strips and LDR. Moreover, at a constant ratio of FC and GOx (200:9), the addition of ALG to the gel only in the amount of 15–25 mg/mL led to positive alteration of LDR and enhancement of glucose sensitivity regardless of CMC content (see Table 1).



The optimal analytical characteristics of glucose test-strips were achieved with the following gels: 10 mg/mL CMC, 25 mg/mL ALG, 200 mg/mL FC, and 24 mg/mL GOx. The observed positive effect can be explained by impact of the filler agents on retained water molecules in the dried functional gel on the one side and improved distribution of the components in the layer on the other side. The impact of water retained in the enzyme can correlate with its biocatalytic activity and determine the environmental stability of the sensing layer [32,33]. The impact of ALG on the distribution of chemical compounds in the functional layer was verified by LDI-MS studies (Figure S3). The chemical profile of the gel obtained by addition of ALG (modified gel) was superior in terms of homogeneity as compared to the conventional CMC/FC/GOx analogue.



It should be mentioned that the electrochemical response of glucose test strips depends not only on the composition of the functional layer, but also on its geometric parameters, i.e., the thickness. At the same time, the thickness of the sensing layer depends on the foil thickness used for screen-printing (see Section 2.2). Figure S4 shows that the thickness of the sensing layer at the constant design and ratio of the used functional components significantly affects the sensitivity of glucose test-strips. Better sensitivity was recorded for the gel with the layer thickness of 8 ± 1 µm obtained by the use of 60 µm foil. In the case of thinner stencil usage (25 µm), the sensitivity to glucose was lower, more likely due to low content of reagents. Loss of sensitivity in thicker films (stencil 100 µm) could be explained by mass transfer limitations.



Next, at the film thickness of 8 ± 1 µm and constant ratio of CMC (10 mg/mL), ALG (25 mg/mL) or AS (50 mg/mL) and FC (200 mg/mL), the impact of GOx content in such modified gels on current responses was systemized. From Figure 1a,b, it is seen that in the presence of additional filler agents, the increase in GOx from 9 to 24 mg/mL did not significantly impact the LDR of glucose test-strips, while their sensitivity increased noticeably (about 20% from 9 to 24 mg/mL) with increased GOx concentration. Moreover, at the minimal GOx concentration and constant film thickness, the ratio of mediator and CMC by the use of ALG or AS supplement, it was possible to achieve a good analytical merit for the modified glucose test-strips (Figure 1c). An estimation of the accuracy of glucose detection by test-strips with 10CMC/25ALG/200FC/24GOx layer (as a case study) was conducted in accordance with ISO 15197:2013 protocol (“In vitro diagnostic test systems-Requirements for blood-glucose monitoring systems for self-testing in managing diabetes mellitus”). At low glucose concentrations (<5.5 mM), the standard deviation did not exceed the level of ±0.5 mM. At high glucose concentrations (≥5.5 mM), the variation coefficient was not above 11%. Hence, it may be concluded that the obtained glucose test-strips modified by ALG demonstrated improved accuracy.



It should be highlighted that the employment of ALG as a filler agent was superior as compared to AS. From the literature, it is known that AS keeps water mostly on the surface [34] via surface adsorption of water molecules from the gel. In contrast, ALG can absorb water on its functional groups in the entire volume due to the formation of multiple hydrogen bonds [35]. Therefore, the observed effect in the case of ALG vs. AS could only be explained in terms of different water content in the modified gels.




3.2. Impact of Buffer Type on Electrochemical Response of Amperometric Glucose Test-Strips and Their Storage Time


Interactions occurring in the multiple buffered solutions between components of sensing gel can significantly impact the efficiency of enzymatic reaction as well all electrochemical properties of the synthesized glucose test-strips. For example, GOx has been reported to be active across a wide range of pH (4–8.5) regardless of the used buffer solution [36]. The optimal pH supports the desirable active conformational state of GOx in solution. However, the activity of enzyme in solution and in the gel after drying of the functional layer (at the maintained constant pH in solution) can be very different. Thus, the activity of 250 KU of GOx in solution was the highest in acetate (13.25 ± 1.23 U/mL) as compared to phosphate (5.38 ± 0.98 U/mL) and citrate (6.8 ± 1.25 U/mL) buffers (Figure 2a). In contrast, the highest sensitivity to glucose test-strips with the dried sensing layer was obtained with the gel prepared in citrate buffer (Figure 2b,c).



The observed difference in enzyme activity could be explained in terms of different interaction rates between oxygen and reduced cofactor FAD/FADH2 of GOx in solution (see Reactions (1) and (2) and the same reactions in the presence of RedOx mediator in the gels [37]):


GOx/FADH2 + M(ox) → M(red) + GOx/FAD + 2H+



(3)






Electrode surface: M(red) → M(ox) + e−



(4)







Thus, the rates of Reactions (1) and (2) (see Experimental part) are probably higher in solution than the rates of the same reactions in the gels if Reactions (3) and (4) take place.



The change of buffer solution can impact not only GOx activity but also influence different water retention properties in the modified sensing gels, i.e., different swelling of CMC in the presence of ALG or AS. Comparison of Figure 2b,c indicates that the gels with AS used as a filler agent were more sensitive to the change of buffer system.



At the high glucose concentration, the use of PPBI buffer with pH 7.4 and AcB with pH 5.5 led to a significant current decrease, especially for AS containing gels. The reason for this effect could be RedOx mediator (FC) degradation in the mixed multiple solution used for the sensing gel preparation (see the next section).



In the next step, the alteration of the entire electrochemical response in terms of both enzymatic-driven (GOx) and mediator-associated (FC) degradation of the test-strips prepared in the different buffer solutions was tested. After 1 day of stress-testing, the sensitivity of all glucose test-strips decreased independently of their composition. For the conventional test-strips without usage of any filler agents, i.e., 20CMC/200FC/24GOx, the degradation of sensitivity reached 25% after 10 days of the stress test at 55 °C (corresponding to approx. 240 days of storage at 20 °C) and reached 36% by the 30th day (≥700 days of storage) (Table 2). The reasons for such an extensive degradation were the multidirectional changes in the current responses occurring across the whole range of glucose concentrations; thus, at the low glucose concentration, the current increased, and at the high concentration, it decreased. In contrast, for the ALG-based test-strips containing 24 mg/mL GOx in CitB, pH 6.0 (10CMC/25ALG/200FC/24GOx), after the initial diminution of sensitivity of 20% within the consequent 28 days (corresponding to approx. 620 days of storage at 20 °C), the sensitivity was practically the same, i.e., 3.1 ± 0.2 µA/mM, with a current variation of only 7.7%. The diminution of GOx content in the layer or replacement of citrate buffer by PPBI at pH 7.4 did not change this tendency for the ALG-based gels. The reason for the deviation from linearity seen at the high glucose concentration for the ALG-containing gels was the diminution of current response (Figure 3a,b). At the same time, the degree of degradation in the sensitivity of the AS-containing test-strips as well as deviation from linearity were much higher, and the current diminution occurred already for an analytically significant level of glucose, i.e., 0–5 mM (Figure 3c,d). Moreover, for the AS-containing gels, the degree of degradation strongly depended on the buffer type. In citrate buffer, the degree of degradation in sensitivity for the gels based on AS with 24 mg/mL GOx was about 30%, and 55% for the gels with 12 mg/mL of GOx. In PPBI at pH 7.4, the diminution in sensitivity reached the level of ~80% (Table 2).



Remarkably, in acetate buffer at pH 5.5 (where GOx was the most active in solution), AS-based test-strips fully lost their sensitivity across a wide glucose concentration range (0–30 mM) after the first two days of their storage (data not shown).



The current degradation occurring during the stress test discussed above could be a result of two processes: (I) the mediator loss/change and/or (II) protein activity lost, i.e., due to water loss. It should be mentioned that the loss of enzyme activity in the majority leads to complete and fast signal degradation (loss of activity happens immediately after heating) across the whole concentration range, or to the gradual decrease in electrochemical response [38,39].



To verify the separate roles of process (I) and (II) in the dependencies shown in Figure 3 and to show the impact of the biochemical reaction caused by change in enzyme activity at the high glucose concentration level, apart from a parallel mediator degradation of the electrochemical response, next, GOx was deactivated by heating of test-strips at 120 °C for 30 s. In this case, the loss of sensitivity during the consequent stress-test was visible across the whole tested concentration range (ESI, Figure S5). In other words, the degradation of enzyme (process II) was responsible for the lost in sensitivity of the glucose test-strips. The comparison of results shown in Figure 3 and Figure S5 indicates that the reason for the current degradation at high glucose concentration during heating at 55 °C (corresponding to 24 months at 20 °C) most likely was caused by instability of the RedOx (process I) mediator (i.e., FC) rather than by degradation of the bioreceptor (GOx).



To sum up, the use of citrate buffer and ALG as a filler agent allowed us to achieve the linear dependency of current especially at the high glucose concentration. Moreover, the data obtained during the stress-test for the ALG-based test-strips indicated their slower degradation as compared to the conventional glucose test-strips. AS-containing test-strips did not provide such a high stabilization effect.




3.3. Impact of Mediator Chemical Stability on Electrochemical Response of Glucose Test-Strips


As shown above (see Section 3.2), the reason for signal degradation at the high glucose concentration level was more likely related to instability of the RedOx mediator. It should be mentioned that the current degradation during accelerated aging tests could not be explained only by the change in water content in the gels, but more likely happened due to altered chemical stability of all components in the functional sensing layer.



Figure 4a shows how UV-irradiation impacted degradation of the electrochemical signal of glucose test-strips. The current responses obtained from the test-strips with the fresh gel and gel kept for 2 h in dark were almost the same. At the same time, the current responses recorded from the test-strips with the gel treated for 2 h by UV irradiation (at 19 W) increased 20% across the whole glucose concentration range as compared to the intact untreated gel. Simultaneously, the basic line of the test-strips after controlled heating became practically 3 times higher. That means that UV light triggered a number of unpredictable chemical reactions in the sensing layer/gel. This trend became more pronounced with the increase in reagent concentration and reaction temperature [40] and could be attributed either to alteration of the bioreceptor distribution in multiple layers caused by different location of its RedOx center to the electrode, or to change in its conformational state. Alternatively, unpredictable physical-chemical transformations could occur in the mediator layer.



Notably, the replacement of 2 mg/mL of RedOx mediator FC in the fresh 10CMC/25ALG/200FC/24GOX (CitB) gel by only 2 mg/mL of ferrocyanide led to a pronounced current decrease (Figure 4b). This experiment illustrates how the degradation of RedOx mediator in the functional sensing layer can immediately affect the overall system response. In this regard, the stability of the RedOx mediator in the sensing gels is a crucial point.



The ferricyanide (FC) was reported to be an unstable complex in acidic solutions, particularly under UV irradiation [41]. FC degradation with a formation of FeIII[FeIII(CN)6] or Fe4[Fe(CN)6]3 species (i.e., Prussian blue, PB) can occur readily in solution. At the same time, the formation and accumulation in the sensing layer of FeIII[FeIII(CN)6] can induce the oxidation of organic compounds (enzyme, ALG, CMC) originally present in the gel. Another mechanism triggering the degradation of FC can be associated with complexation of Fe(III) ions with citrate or acetate ions, followed by multi-stage hydrolysis of the formed salts. Under heating and UV irradiation, Fe(III) in iron citrate might be reduced to Fe(II) with the oxidation of the carboxylic group [42,43]:


2Fe3+ + R2-C(OH)-COO− → 2Fe2+ + R2-C = O + H+ + CO2



(5)




where -R corresponds to -CH2COO−.



This reaction facilitates the decomposition of FC with the formation of iron citrate complex [44]. Fe(II) can also react with ferricyanide, resulting in the appearance of Prussian blue. Moreover, Prussian white and Prussian green [45] might also be created during chemical reactions in the gels induced by heating. In contrast, in buffer solutions with low acidity (phosphate buffer), the formation of iron (III) hydroxides and oxides facilitated by heating can be expected.



All mentioned processes will lead to a leaching of water-soluble mediator from the functional sensing layer/gel. Thus, after heating at 55 °C of gels prepared by screen-printing technique, brown coloration of the gels was observed. The color of the FC solution (as an individual component) in various buffer systems changed to brown after several days of storage at 55 °C in dark. Although UV-vis spectrums of the fresh 200 mg/mL FC solutions were typical regardless of the used buffer (Figure 5a), after 4 days of storage at 55 °C, the appearance of a new peak at ~500–600 nm indicating the formation of as-product compound was observed (Figure 5b). This effect was even more pronounced in the case of AcB buffer. In accordance with data reported in [46], this absorbance corresponds to the iron oxide colloids/nanoparticles or Fe(II) complexes [47].



Remarkably, all of these data were obtained for pure FC solutions. The presence of organic components will only accelerate the color changes in the gel caused by chemical instability of FC and multiple interactions. Thus, the degradation of FC in the 10CMC/20ALG/200FC/9GOx gel prepared in CitB was also confirmed by LDI-MS studies. The formation of Fe(H2O)2+ species in mass spectra was detected at m/z 164 for the fresh FC-based gel (see Figure 6a). At the same time, FC in the intact form at m/z 165.9 corresponding to [M/2+2H]2+ and its [M+Na]+ adduct at m/z 352 were seen in the spectrum. More importantly, the repeatable clusters of 18 Da were observed in spectra, highlighting the retained water molecules in the fresh gel based on CMC and ALG fillers.



However, after storage of glucose test-strips modified by this gel under UV light, a new peak corresponding to Fe[Fe(CN)6]Fe+ was recorded (Figure 6b). This fact confirms that the degradation of FC in CitB more likely occurs in accordance with the complexation route of Fe(III), see Reaction (5). Hence, the degradation of current responses recorded at 55 °C and described in Section 3.2 (Figure 3) can be a result of the same process. The transfer of FC into alternative iron-based complexes (i.e., Fe(II)) is also responsible for the opposite trend, viz. current increase under controlled UV irradiation for 2 h seen in Figure 3a (line 3). In other words, the observed short-term positive effect in sensitivity in this case was not caused by biochemical transformations in accordance with Reactions (1)–(3), but more likely was a result of RedOx mediator chemical alteration (see Reaction (4)).



Notably, the degradation route of FC in PPBI differed from its degradation in CitB (Figure S6). Thus, no Fe[Fe(CN)6]Fe+ corresponding species were recorded in mass spectra for FC in PPBI. However, the appearance of the same new peak in UV-Vis spectra at ~500–550 nm (Figure 5) in PPBI buffer, similar to that observed in AcB and CitB, allows us to assume the formation of FexOy in this solution had the same absorbance as Fe(II) ions [47].



To verify the exclusive impact of RedOx mediator chemical stability on the entire electrochemical signal, FC in the design of glucose test-strips was replaced by water-insoluble mediator 1,10-phenanthroline-5,6-dione, PD. To this end, 10 mg/mL of CMC, 25 mg/mL of ALG, and 25 mg/mL or 24 mg/mL of GOx in CitB at pH 6 were mixed with 25 mg/mL of PD. The dependencies of current responses obtained from the gels prepared in CitB and AcB buffers on glucose concentration in the modelled plasma solutions are shown in Figure 7a. Despite the excellent chemical stability of PD (Figure 7b) for 600 days regardless of glucose concentration, these modified test-strips showed much worse sensitivity (by an order of magnitude) as compared to the conventional glucose test-strips based on FC, see Figure 4 for comparison. It is also interesting, that the replacement of citrate buffer by acetate buffer, pH 5.5 for the gels with PD used as a redox-agent led to visible saturation of current responses at the high concentrations of glucose (curve 2 in Figure 7a). This trend was in line with results obtained for FC-based test-strips in dependence with buffer type, Figure 2b,c.



This experiment highlights the importance of both RedOx mediator nature and its chemical stability to the entire electrochemical signal of glucose test-strips at the constant nature and amount of enzyme and filler agent (CMC+ALG). In other words, the initial degradation of RedOx mediator will trigger the diminution of sensitivity of glucose test-strips.



To summarize, the use of FC allows one to achieve high sensitivity of glucose test-strips; however, its instability in most conventional buffers and intensive degradation significantly limits its overall analytical merit. The stabilization of both RedOx mediator FC and bioreceptor component (GOx) can be managed by addition of ALG into the sensing gel. This procedure allows one to stabilize the electrochemical response and prolong the shelf life of glucose test-strips stored at 20 °C up to 642 days.





4. Conclusions


In this study, the analytical performance of glucose test-strips with the functional layer composed of carboxymethylcellulose (CMC), ferricyanide (FC) as a RedOx mediator, and glucose oxidase prepared by screen-printing methodology was systemized under ambient and stress conditions at 55 °C. The permanent degradation in sensitivity of test-strips during storage for 30 days at 55 °C (corresponding to ≥700 days at 20 °C) was recorded regardless of RedOx mediator and enzyme content. However, the addition of sodium alginate (ALG) used as a filler agent to modify the viscosity of the functional gels allowed us to stabilize the electroanalytical signal of glucose test-strips by at least 1.8 times and improve their sensitivity from 3.3 to 3.9 µA/mM.



Furthermore, the impact of buffer type used for the functional gel preparation on glucose test-strips sensitivity was investigated. Unexpectedly, the use of acetate buffer with pH 5.5 where GOx was the most active in solution did not provide the highest sensitivity of glucose test-strips after drying of the functional sensing layer. The highest sensitivity and signal stability were achieved in citrate buffer. During the investigations, it was revealed that the type of buffer affects the intensity and degradation pathways of RedOx FC mediator.



The knowledge obtained on factors impacting the analytical performance of conventional glucose test-strips will facilitate optimization of their production and storage strategies in the future.
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Figure 1. (a,b) Calibration curves obtained from SPE modified by 10CMC/25ALG/200FC (a) and 10CMC/50AS/200FC (b) gels with GOx concentration of 1–9 mg/mL, 2–12 mg/mL, 3–24 mg/mL. (c) Sensitivity of glucose test-strips based on ALG (1) and AS (2) gels in comparison with the conventional gel based on CMC (3) evaluated in LDR 0–40 mM. Note: Glucose solutions were prepared in the synthetic plasma at 36 °C and pH 7.4. 
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Figure 2. (a)—The response of the optical oxygen microsensor expressed as the number of moles (µmol/L) of the dissolved oxygen present in 100 mM glucose solution and 100 µL of 0.1 mg/mL GOx; (b,c)—calibration curves obtained from 10CMC/25ALG/200FC/24GOx (b) and 10CMC/50AS/200FC/24GOx (c) test-strips in different buffer solutions. Note: 1—citrate buffer (CitB, pH = 6); 2—phosphate buffer (PPBI, pH = 7.1); 3—acetate buffer (AcB, pH = 5.5). 
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Figure 3. Results of current degradation during storage of selected glucose test strips with various compositions of the functional layer at 55 °C: (a)—10CMC/25ALG/200FC/24GOx in CitB pH 6.0, (b)—10CMC/25ALG/200FC/24GOx in PPBI pH 7.4, (c)—10CMC/50AS/200FC/24GOx in CitB pH 6.0, (d)—10CMC/50AS/200FC/24GOx in PPBI pH 7.4. 
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Figure 4. Calibration curves obtained from glucose test-strips modified by (a) fresh 10CMC/25ALG/200FC/12GOx gel in citrate buffer, pH 6 (1), the same gel after 2 h of storage in dark (2) and after 2 h of controlled UV irradiation at 19 W (3); (b) fresh 10CMC/25ALG/200FC/24GOx gel in citrate buffer, pH 6 (1), and the gel with the same content of bioorganic compounds (10CMC/25ALG/24GOx) but different ratio and nature of RedOx mediator, i.e., 198 mg/mL of ferricyanide (FC) and 2 mg/mL of ferrocyanide (2). 
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Figure 5. (a) UV-vis spectra of 200 mg/mL of as-prepared individual FC in various buffer solutions. (b) UV-vis spectra of 200 mg/mL of FC after heating of buffer solutions at 55 °C for 4 days (modeling of storage at 20 °C for 96 days). Note: 1—citrate buffer, pH 6, 2—phosphate buffer, pH 7.4, 3—acetate buffer, pH 5.5. 
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Figure 6. LDI-MS spectra obtained from glucose test-strips modified by as-prepared 10CMC/200FC/20ALG/9GOx gel in CitB (a) and after its storage for 3 days in the light access (b). 






Figure 6. LDI-MS spectra obtained from glucose test-strips modified by as-prepared 10CMC/200FC/20ALG/9GOx gel in CitB (a) and after its storage for 3 days in the light access (b).



[image: Chemosensors 10 00298 g006]







[image: Chemosensors 10 00298 g007 550] 





Figure 7. (a)—Calibration curves obtained from glucose test-strips modified by 10 mg/mL of CMC, 25 mg/mL of ALG, 25 mg/mL of PD and 1 mg/mL of GOx in CitB, pH 6 (1) and in AcB, pH 5.5 (2) (b)—Storage stability of test-strips with 10CMC/25ALG/25PD/24GOx in CitB, pH 6. 
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Table 1. Comparison of analytical merit of glucose test strips in dependence on the gel composition used for the functional layer preparation in 0.1 M citrate buffer, pH 6.
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Sample

	
CMC a,

mg/mL

	
Additional Filler

Agent,

mg/mL

	
FC b,

mg/mL

	
Gox c,

mg/mL

	
LDR d,

R2

	
Sensitivity,

µA mM−1

	
Intercept,

µA






	
No additional filler agent was used




	
20CMC/50FC/2GOx

	
20

	
-

	
50

	
2

	
0.6–20,

0.9866

	
0.08

	
0.47




	
20CMC/50FC/9GOx

	
20

	
-

	
50

	
9

	
0.6–10,

0.9892

	
1.46

	
3.31




	
20CMC/200FC/12GOx

	
20

	
-

	
200

	
12

	
2–20,

0.9979

	
3.71

	
−2.66




	
20CMC/200FC/24GOx

	
20

	
-

	
200

	
24

	
0–40,

0.9787

	
3.29

	
0.01




	
Sodium alginate




	
10CMC/15ALG/200FC/2GOx

	
10

	
15

	
200

	
2

	
2–30,

0.9953

	
2.42

	
0.06




	
10CMC/15ALG/200FC/9GOx

	
10

	
15

	
200

	
9

	
0.6–30,

0.9980

	
3.13

	
2.70




	
10CMC/25ALG/200FC/9GOx

	
10

	
25

	
200

	
9

	
0–40,

0.9779

	
3.14

	
6.94




	
10CMC/25ALG/100FC/4GOx

	
10

	
25

	
100

	
4

	
0–40,

0.9717

	
1.70

	
1.04




	
10CMC/25ALG/200FC/12GOx

	
10

	
25

	
200

	
12

	
0–40,

0.9854

	
3.21

	
2.02




	
10CMC/25ALG/200FC/24GOx

	
10

	
25

	
200

	
24

	
0–30,

0.9967

	
3.91

	
7.08




	
Aerosil 380




	
20CMC/75AS/100FC/9GOx

	
20

	
75

	
100

	
9

	
2–30

0.9889

	
1.75

	
−0.78




	
20CMC/75AS/150FC/9GOx

	
20

	
75

	
150

	
9

	
2–20

0.9904

	
2.09

	
1.53




	
10CMC/50AS/150FC/9GOx

	
10

	
50

	
150

	
9

	
0–20,

0.9712

	
1.89

	
3.25




	
10CMC/50AS/200FC/9GOx

	
10

	
50

	
200

	
9

	
0–40,

0.9879

	
2.82

	
2.55




	
10CMC/50AS/200FC/12GOx

	
10

	
50

	
200

	
12

	
0–30,

0.9895

	
3.09

	
2.69




	
10CMC/50AS/200FC/24GOx

	
10

	
50

	
200

	
24

	
0–30,

0.9587

	
3.38

	
−0.68








a—carboxymethylcellulose; b—ferricyanide; c—glucose oxidase; d—linear dynamic range (LDR) and regression coefficient (R2).
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Table 2. The degradation of sensitivity of glucose test-strips during stress-test at 55 °C.
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Sample

	
Buffer System

	
Sensitivity, µA mM−1 *

	
Degradation

Degree, %




	
Fresh Test-Strips

	
Test-Strips

after Stress-Test






	
20CMC/200FC/24GOx

	
CitB, pH 6.0

	
3.3

	
2.1 ± 0.4 **

	
36




	
10CMC/25ALG/200FC/24GOx

	
CitB, pH 6.0

	
3.9

	
3.1 ± 0.2

	
20




	
PPBI, 7.4

	
3.5

	
2.9 ± 0.2

	
17




	
10CMC/25ALG/200FC/12GOx

	
CitB, pH 6.0

	
3.2

	
2.6 ± 0.2

	
19




	
10CMC/50AS/200FC/24GOx

	
CitB, pH 6.0

	
3.4

	
2.2 ± 0.1

	
31




	
PPBI, 7.4

	
2.7

	
0.6 ± 0.1

	
79




	
10CMC/50AS/200FC/12GOx

	
CitB, pH 6.0

	
3.1

	
1.4 ± 0.2

	
55








* Sensitivity was evaluated in the range of 0–30 mM; ** Permanent decrease in sensitivity during the whole storage period (30 days at 55 °C).
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