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Abstract

:

Glycated albumin (GA) has been previously introduced as a promising biomarker for glycemic monitoring in diabetes patients with thalassemia. In this study, a label-free graphene oxide (GO)-modified aptasensor was developed for the rapid detection of GA. The fabrication of the aptasensor was dependent on the covalent interaction of the amine-functionalized GA-specific aptamer with the carboxylic groups of GO. Square wave voltammetry (SWV) analysis was carried out for the measurement of GA-aptamer binding to their specific proteins. The peak current changes before and after incubation with GA protein were directly proportional to the concentration. The developed aptasensor exhibited a broad linearity (1–10,000 µg mL−1), a low detection limit (LOD) of 0.031 µg mL−1, and high selectivity for GA detection. In addition, the aptasensor was successfully applied to detect GA in both spiked and clinical serum samples. The comparison of the developed method with a commercial assay validated the reliability of the aptasensor for clinical application. Therefore, the newly developed aptasensor is a promising tool for GA measurements in diabetic patients with underlying thalassemia.
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1. Introduction


Diabetes mellitus (DM) is a chronic disease that is characterized by hyperglycemia. It has become a globally threatening disease that affected 463 million people (9.3%) in the age group of 18–99 years in 2019 and is predicted to affect 700 million (10.9%) in 2045 [1]. The laboratory tests that are currently used for the diagnosis of DM are fasting blood sugar (FBS), two-hour plasma glucose (2hG), and glycosylated hemoglobin (HbA1c) [2]. Among these, HbA1c has been recognized as the gold standard for glycemic control. HbA1c indicates glycemic control over one to two months because erythrocytes (RBCs) have a life span of approximately 120 days. However, underlying diseases that shorten the lifespan of RBCs, such as haemoglobinopathy, thalassemia, renal anemia, hemolytic anemia (HA), and liver cirrhosis, affect HbA1c measurement [3].



Glycated albumin (GA), one of the fructosamines, is produced by the nonenzymatic reaction of glucose and albumin and it is specific to albumin glycation rates. Unlike HbA1c, abnormal hemoglobin and impaired metabolism, such as anemia or variant hemoglobin, cannot affect GA levels. GA has a half-life of 14–21 days [4]. Therefore, GA indicates the glycemic status for the previous 2 weeks [5], which is an earlier detection of rapid changes in blood glucose compared to HbA1c [6]. Several methods are used for the measurement of GA levels, including boronate affinity chromatography, immunoassays (radioimmunoassay or enzyme-linked immunosorbent assays), high-performance liquid chromatography, ion-exchange chromatography, capillary electrophoresis [7], refractive index measurement [8], Raman spectroscopy [9], graphene-based aptasensors [10], field effect aptasensors [11], electrochemical aptasensors [12,13,14] and other electrophoretic techniques [15]. However, low sensitivity, the need for sophisticated instruments, expense and interference limits the utility of these methods for GA measurements. Therefore, the development of rapid, sensitive, and cost-effective biosensors is required.



Short, synthetic, single-stranded DNA or RNA oligonucleotides are known as aptamers. Aptamers have complex, three-dimensional structures and low molecular weight (6–40 kDa) [16]. The advantages of aptamers compromise their ability to be synthesized for mass production: little immunogenicity or toxicity, the capability of immobilization to various surfaces, high tolerance to temperature, ease of transport, greater consistency than antibodies, and alteration of the desired aptamer binding capacity to the target [17].



Among the biosensors for the detection of biomolecules, such as proteins, electrochemical-based aptamer biosensors have emerged as an ultrasensitive, rapid, and cost-effective approach [18,19]. Electrochemical biosensors transduce the biomolecular reaction into the electrochemical signal via the transducer and quantify the number of antigens in the sample. Label-free detection is proven to be simple, time saving and more applicable than label-based protocols. Different electrochemical biosensors depend on the types of applied signals and responses [20]. Graphene oxide (GO), an oxidized form of graphene, can exhibit a higher affinity in attaching biomolecules through amidic bonds. GO has been implied as a transducer in biosensing elements because of its broad surface area, electrical conductivity, high charge transfer, and capability to immobilize different biomolecules [21]. Graphene-based nanomaterials have been widely used in electrochemical sensors because they facilitate electron transfer reactions, thereby generating high signal sensitivity. Bunyarataphan et al. reported an electrochemical aptasensor with a low LOD (3 ng mL−1) [12]. The fabrication is based on the streptavidin (STR)-biotin aptamer reaction, which is simple yet has a prolonged processing time requiring overnight incubation of STR to firmly bind onto the electrode surface. Another study also reported a reduced-GO/gold nanoparticle aptamer-based electrochemical detection system for GA measurement with a LOD of 0.07 µg mL−1 [13]. However, it presents some drawbacks, such as the cost of fabrication and the application of glass carbon electrodes, which require cleaning and mechanical polishing prior to testing.



In our study, a graphene-based electrochemical aptasensor was developed for the high-sensitivity, effective, and rapid detection of GA. Screen-printed carbon electrodes (SPCEs) modified by GO were used as disposable biosensing sensor elements. The application of SPCEs makes our aptasensor fabrication cost-effective and easy to operate compared to conventional glass carbon electrodes. The aptasensor was constructed by the immobilization of aptamer onto GO-modified SPCEs by an amide bond, which is stronger than physical adsorption. Covalent binding between the NH2 aptamer and GO was achieved by simple modification requiring no additional nanomaterial or complicated GO carboxylation treatment. The binding of the target analyte (GA) to the aptamer was analyzed by a sensitive square wave voltammetry (SWV) technique. The sensitivity, specificity and reliability of the developed electrochemical aptasensor was evaluated for GA detection. To validate the aptasensor, the clinical samples from diabetes and non-diabetes were analyzed and compared with a commercial assay. This study indicates that the aptasensor we developed can be applied for the detection of GA levels for glycemic monitoring of DM.




2. Materials and Methods


2.1. Reagents and Materials


An amine modified GA binding aptamer with 23 nucleotide sequence of 5′-NH2-TGC GGT TGT AGT ACT CGT GGC CG–3′ designed in a previous study [10] was customized by Integrated DNA Technologies Pte. Ltd., Singapore. GO, GA, human serum albumin (HSA), N-hydroxysuccinimide (NHS), ethanolamine, and N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydro-chloride (EDC) were purchased from Sigma-Aldrich (Singapore). The screen-printed carbon electrodes with a three-electrode system were purchased from Quasense, Thailand. A commercial GA-ELISA assay kit (96 wells) was purchased from Abbexa (UK). Potassium ferricyanide ([Fe (CN)6]4–/3–, 5 mM) in phosphate-buffered saline (PBS) (1×, pH 7.4) was used as a redox indicator. PBS (1×, pH 7.4) was used for all washing steps. Tris-EDTA (TE) buffer (1×, pH 8.2) was used for reconstitution of the aptamer. The reagents were prepared in ultrapure deionized water.




2.2. Instruments


The electrochemical detection system consists of a transducer (the electrode sensor) and the detector. The disposable screen-printed electrode (30 × 12.5 mm) consists of a three-electrode system (a 3-mm working carbon electrode, a silver/silver chloride reference electrode, and a carbon counter electrode). All electrochemical measurements were performed on a PalmSens4 potentiostat (PalmSens BV, GA Houten, The Netherlands) using PS Trace 5.8 software. The characterization of GO was carried out by a Bruker TENSOR II ATR-FTIR spectrometer (Bruker, Bremen, Germany).




2.3. Functionalization of GO


The GO powder (0.1 g) was resuspended in 10 mL of 400 µM EDC/NHS. The solution was mixed by stirring for 4 h at room temperature and sonicated for 10 min. The EDC/NHS-activated graphene oxide suspension was centrifuged at 10,000 rpm for 25 min and washed with deionized water three times to remove excess EDC and NHS. The supernatant was discarded, and the remaining solid materials were dehydrated at 30 °C for 24 h. Solidified functionalized GO can be used to prepare working GO solutions. The activated GO (0.5 mg) was resuspended in water by stirring for 30 min followed by sonication for 10 min to obtain a homogeneous suspension.




2.4. Fabrication of the Electrochemical Aptasensor


Seven microliters of functionalized GO (0.5 mg mL−1) was deposited onto the working carbon electrode and evaporated for 15 min at 50 °C. The electrodes were washed thoroughly with PBS to remove excess GO. Then, 7 µL of GA binding aptamer (1 µM) was immobilized to the working electrode and stabilized for 30 min for complete binding between the amine-modified aptamer and carboxyl groups of the GO. The unbound aptamers were washed thoroughly with PBS (1×, pH 7.2). 0.1 M ethanolamine was used as a blocking reagent to reduce non-specific binding on the surface. After blocking for 15 min, the SPCEs were washed with PBS again. The layer-by-layer fabricated aptasensor was applied as a biosensor in our study.




2.5. Electrochemical Analysis


Different concentrations of GA were incubated with the prepared aptasensor for 40 min. After rinsing with PBS, 130 µL of 5 mM [Fe (CN)6]4–/3– was added until all the electrode surfaces had been immersed. The characterization of the aptasensor was performed by electrochemical impedance spectrometry (EIS) and cyclic voltammetry (CV). The electrochemical signal was measured by square wave voltammetry (SWV) using 5 mM [Fe (CN)6]4–/3– as a redox indicator. For the characterization of the fabrication process, CV and EIS analyses were carried out after each immobilization procedure. CV was applied with a potential of −0.5 V to 0.9 V at a scan rate of 100 mVs−1 using redox indicator. The impedance spectra were measured by using the frequency range (100 mHz to 100 kHz) using the open circuit potential (OCP). GA detection was carried out by more sensitive SWV analysis. The SWV measurements were performed by applying a potential range of −0.6 to 0.6 V with a step potential of 5 mV, amplitude of 2 mV, and frequency of 8 Hz. The flow diagram of the proposed electrochemical aptasensor is illustrated in Figure 1.




2.6. Clinical Sample Analysis


The clinical performance of the proposed biosensor was determined by testing with clinical serum sample. Clinical serum samples (10 diabetes and 20 non-diabetics serum samples) collected from Srinagarind Hospital, Khon Kaen province, Thailand, were performed for GA assay using the developed electrochemical aptasensor. The sample collecttion was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Centre for Ethics in Human Research, Khon Kaen University with the ethical approval number HE641192. After incubation with clinical samples, the electrochemical measurements were done as described in the previous section.




2.7. Statistical Analysis


A statistical analysis was performed by SPSS program, version 27.0 (SPSS Inc., Chicago, IL, USA). Differences between two groups was analyzed by using an independent two-sample t-test. Normality of data distribution was confirmed by Kolmogorov–Smirnova, Shapiro–Wilk tests and normal quantile plots. Correlation between the variations were evaluated by Pearson’s correlation coefficient and multivariate linear regression.





3. Results and Discussion


3.1. Characterization of the Electrochemical Aptasensor


The utilization of graphene in electrochemical biosensors is impactful because no chemical treatment is needed. A uniform distribution of graphene on the electrode surface was observed by depositing only a small volume of GO (7 µL) (Figure 1). A DNA aptamer was coated on the SPCE surface by physical adsorption, but various issues, such as the inefficient orientation of the attached aptamer, the uncontrollability over bonding strength, and strong binding of the aptamer for minimal physical adsorption [22] were challenges. In our experiments, GO was pre-treated with EDC/NHS to activate the carboxyl groups of GO. EDC is a cross-linker that was used to couple carboxyl groups to primary amines by forming an active ester intermediate that was substituted by nucleophilic attack from the primary amine. The intermediate product is prone to be hydrolyzed and reverted to the original molecule [23]. NHS ester was used to overcome this by forming a steady second intermediate before amination [24]. EDC crosslinking was carried out in a buffer devoid of carboxyl or primary amines. The coupling reaction requires over 20 min for efficient carboxylation [25]. In conventional GO-based electrochemical biosensors, activation of GO was carried out by incubating GO-modified electrodes in EDC/NHS solutions. However, the uniformity of carboxylation is difficult to achieve. In our study, the pre-treatment of GO with EDC/NHS resulted in uniform carboxylation and stable aptamer immobilization. Covalent bonding of carboxyl groups of GO to the amine-modified aptamer was achieved after activation. The covalent binding for the aptamer was more stable than a weak π–π interaction corresponding with physical adsorption [26].



The characterization of the electrochemical aptasensor was confirmed by CV and EIS using 5 mM [Fe (CN)6]4–/3–. Figure 2A represents the cyclic voltammograms of the bare SPCEs and GO-modified SPCEs. After modification of the SPCE surface with GO, both anodic (Ipa) and cathodic (Ipc) peak currents significantly increased. GO-modified SPCEs exhibited higher peak currents than bare SPCEs. The modification of SPCEs with GO provides a shift in the cathodic (Epc) and anodic (Epa) potentials, thus resulting in smaller peak-to-peak separation (∆Ep). The significant increase in the peak current can be attributed to the improved electrochemical activity with a higher charge transfer rate, which in turn leads to the improvement of the total electroactive area of GO/SPCEs. After aptamer immobilization, the redox peak current was decreased because of the large structure of the aptamer and the negative charge on the aptamer phosphate backbone. The peak was further reduced after target incubation due to a change in aptamer conformational structure after specific protein binding. The EIS spectra of the electrochemical sensor are illustrated in Figure 2B. The successful modification of the electrode surface was characterized by EIS data, which revealed the changes in charge transfer resistance (Rct) in each modification step. The simplified Randles circuit, which consists of a series of active electrolyte resistances Rs and double layer capacitances Cdl that are parallel to the charge transfer resistance Rct, was used for EIS fitting. The Nyquist spectrum for the bare SPCEs consists of a semicircle and a linear in high- and low-frequency regions. The diameter of the semicircle denotes the charge-transfer resistance Rct at the electrode [27]. The Rct values decreased after GO/SPCEs because the electron transfer rate was amplified upon modification with GO, which facilitated the redox process. The EIS data agrees with the cyclic voltammetry data (Figure 2A), thereby showing the successful modification of the SPCEs with GO. The charge transfer resistance was increased after aptamer immobilization. This might be due to the aptamer hindering the access of redox species to the transducer surface, thereby blocking electron transfer. The increase in Rct after aptamer immobilization indicates the successful immobilization of the aptamer on the electrode surface. The Rct was increased again after incubation with the target protein (GA). This is probably due to the binding of the protein to the aptamer complex hindering the electron transfer process.



The effect of the scan rate on the voltammetric behavior of GO/SPCEs was examined. The scan rate was increased from 10 to 300 mVs−1. A linear relationship was observed after plotting the square root of the scan rate vs. the anodic (Ipa) and cathodic (Ipc) peak currents (Figure S1A), with R2 values of 0.9992 and 0.9996, respectively (Figure S1B). This result suggested the characteristics of the corresponding thin-layer type voltammetry [28]. The plot between the logarithms of scan rates (v) and log Ipa and Ipc showed a linear relationship with slope values of 0.49 and 0.51, respectively. The resulting values were consistent with those for purely diffusion-controlled currents [29]. This in turn suggests that the modified SPCE surface was not fouled, and the electrochemical process was diffusion controlled.



FTIR characterization was carried out for the characterization of the functionalized GO. Figure 3 illustrates the FTIR spectra of the original GO and EDC/NHS-activated GO. The bands at 1271 and 1258 cm−1 represent the C–O stretching (ether) of the original GO and activated GO, respectively. The peaks at 1132 and 1101 cm−1 were attributed to C–O stretching (alcohol) of the original and activated GO. C–H bending (aromatic) functional groups were observed in the 1792 and 1674 cm−1 peak positions. The broad band at 2669 cm−1 was attributed to O–H stretching of both GO types. The absorption peaks were more intense for activated GO than for the original GO. These factors contribute to the characteristics of GO, as reported by previous studies [30,31,32,33]. New bands were introduced at 1639, 1545 and 578 cm−1, corresponding to N–H stretching and C–N stretching of activated GO. This proves that the chemical modification resulted in amine groups that reacted with NHS. FTIR spectra revealed that GO functionalization of the amine-modified aptamer was complete.




3.2. Optimization of the Electrochemical Aptasensor


During the development of the electrochemical aptasensor, both the concentration of GO and GO functionalization were optimized. Several conditions, including (1) measurement techniques, (2) concentration and incubation time for aptamer immobilization, (3) concentration and duration of blocking, and (4) the incubation time with the target solution, were optimized. The signal-to-noise ratio (SNR) was altered in CV because of the high background current (or noise) that masks the Faradaic current (signal) [34]. Among the voltammetric measurements, SWV enables faster analysis, lessens electrode surface fouling, and yields higher sensitivity, a lower detection limit, and greater discrimination of signal and background current [35]. Differential pulse voltammetry (DPV) offers advantages similar to those of SWV. EIS is useful for the characterization of surfaces, corrosion, batteries, and semiconductors. Faradic impedance spectrometry is used for biosensing of protein binding, such as antigen-antibody reactions [36,37]. Occasionally, non-specific impedance changes were observed in EIS and were unable to discriminate between specific and non-specific interactions [38]. Several other factors, such as repetitive measurements, electrode contamination, and additional voltammetric measurements, cause non-steady EIS signals [39]. According to its property of high sensitivity towards surface modification, EIS gave a false-positive reaction in our experiments. Certain concentrations of GA detected by three electrochemical techniques including. CV, DPV, and SWV were compared (Figure S2). SWV analysis was used for the detection of GA protein by our fabricated aptasensor.



3.2.1. Optimization of Aptamer Immobilization


Aptamer immobilization is critical for the development of electrochemical aptasensors. The secondary structure of the GA binding aptamer used in this study, which was predicted by the Mfold web server using 137 mM sodium (Na) and 1 mM magnesium (Mg) at both RT and 37 °C, is described in Figure S2. The GA aptamer formed a secondary structure with a large hairpin loop that plays a role in GA binding. It has a dissociation constant (KDa) of 5.78 µM [10]. The optimal folding temperature was predicted to be 37.3 °C. For the optimization of aptamer immobilization, different concentrations of aptamer (0.1 to 5 µM) were tested. Very low concentrations of aptamer (0.1 and 0.5 µM) could not provide an efficient electrochemical signal. Moreover, a high aptamer concentration, such as 5 µM, resulted in dense immobilization, leading to decreased sensitivity of the aptasensor. An aptamer concentration of 1 µM showed an appropriate signal and better sensitivity in the context of SWV current (Figure 4A). The reaction time for aptamer immobilization was optimized by ranging the incubation time from 15 to 60 min. The largest changes in SWV current were observed after 30 min of incubation for the detection of 10 µg mL−1 GA (Figure 4B). According to our SWV data, 30 min was used for immobilization of the aptamer. The shortened aptamer immobilization period facilitated the fabrication process and provided the great analytical performance of the aptasensor. TE buffer (1×, pH 8.2) was used to dilute the aptamer, and the experiments for aptamer immobilization were performed at room temperature.




3.2.2. Optimization of Blocking and Reaction Time


Normally, ethanolamine or 5% BSA is used to block the electrode. The use of BSA might interfere with our result. Therefore, ethanolamine was used as a blocking reagent in this study. Different concentrations of ethanolamine (0.5, 0.1, and 0.01 M) were screened for optimal concentrations. According to SWV results, using 0.1 M ethanolamine for blocking produced the largest current changes and most reproducible results (Figure 4C). Time required for blocking was also optimized. Blocking with 0.1 M ethanolamine for 15 min was enough to cover unbound aptamer on the sensor surface (Figure 4D). The incubation time for the target protein solution was optimized (data not shown). Incubation for less than 30 min was insufficient for aptamer and target binding. However, binding was achieved at 40 min with appropriate EIS and SWV signals.





3.3. Analytical Performance of the Electrochemical Aptasensor


The analytical performance of the aptasensor was determined by calibration with various concentrations of GA (from 1 to 10,000 µg mL−1) under the optimal conditions. During the electrochemical measurements, the immobilized aptamer exhibits a free and steady assembly on the electrode surface, yielding a relatively significant current. When incubating the aptasensor with GA molecules, the aptamer changed the conformation for target binding. The captured GA-aptamer complex on the sensor surface acted as a blocking layer, hindering the electron transfer reaction, and thereby reducing the peak current. The decreasing SWV peak current signal was observed corresponding to increasing concentration of GA (Figure 5A). Electrochemical measurements were carried out before and after target binding with the aptamer. The SWV peak current change after sample incubation was calculated as ∆I = I0 − I1, where ∆I refers to the current change, and I0 and I1 represent the current before and after incubation with the target protein, respectively. In our experiment, a decrease in the maximum peak current was observed after GA treatment, confirming the efficient binding of GA by the aptasensor. The standard curve was plotted against the peak current change (µA) with the logarithm of the GA concentration (see Figure 5B). The current change increased with increasing GA concentration. A linear relationship between the logarithm of GA concentration and the current change was observed (I = 0.0975ln (c) + 0.0654), with a correlation coefficient (R2) of 0.9899 for GA detection over a range of 1–10,000 µg mL−1. The limit of detection (LOD) of GA was calculated by the formula LOD = 3σ/S, where σ is the standard deviation of the average measurement of the lowest concentration of GA and S is the slope of the regression line. Therefore, the calculated LOD of the experiment is 0.031 µg mL−1, which is sensitive enough to detect GA concentrations comparable with those of previous studies (Table 1). The normal range of GA was 0.2–7 mg mL−1 based on the method used [40]. The developed aptasensor is not only sensitive but also exhibits a broad linearity range (from 1 µg mL−1 to 1 × 104 µg mL−1) in comparison with other studies (see Figure 6) Therefore, the developed aptasensor can confidently be applied for sensitive detection of both low and high GA levels in clinical samples not demanding 100-fold dilutions.




3.4. Specificity of the Electrochemical Aptasensor


Specificity testing is crucial for aptasensor fabrication, as non-specific interactions with other biomolecules would lead to a high background signal that diminishes the performance of the aptasensor. In our study, we tested the interference from proteins such as HSA (50 µg mL−1) as well as with other molecules such as glucose (250 mg dL−1), glycine (50 µg mL−1) and bilirubin (5 mg dL−1) and recommended drugs for drug interference testing in serum, including ampicillin (5 mg mL−1) [45] and folic acid (160 µg mL−1). The concentrations of drugs used were higher than their therapeutic levels in serum. The largest current change (0.183 ± 0.030 µA) was observed with 10 µg mL−1 GA protein. The cut-off for the detection of GA was 0.067 ± 0.001 µA. Meanwhile, small current changes were observed with HSA (0.048 ± 0.020 µA), folic acid (0.051 ± 0.030 µA), ampicillin (0.033 ± 0.010 µA) and bilirubin (0.067 ± 0.007 µA) indicating almost negligible interferences (Figure 6). There was no detectable signal with glucose or glycine, as there was no binding between the aptamer and these molecules (data not shown). The elimination of non-specific binding with HSA, the major limitation in most of the developed biosensors for GA detection [12,14] because of the very similar molecular structures of these two proteins, was solved in the proposed aptasensor. The interferences with high bilirubin levels were not detected in the assay. In contrast, the experimental results indicate that the developed aptasensor exhibit high specificity for the detection of GA.




3.5. Reproducibility and Stability of the Electrochemical Aptasensor


For reproducibility testing, all the experiments were repeated for 20 independent studies detecting three different concentrations of GA (10 mg mL−1, 1 mg mL−1 and 0 mg mL−1). The relative standard deviations (RSDs) obtained were 2.5%, 2.1% and 1.6%, respectively. The RSD is lower than the acceptable value (less than 10%) [46] and reported RSDs (6.5% and 9.88%) of other aptasensors [12,14]. This result indicates that the aptasensor can generate highly reproducible electrochemical signals. Moreover, consistency of aptamer immobilization on the electrode surface was observed. The simple layer-by-layer fabrication process enhances the reproducibility of the aptasensor.



The stability of the proposed aptasensor was investigated by using SWV current responses. The developed aptasensor was kept in the refrigerator at 4 °C and used for the determination of 500 µg mL−1 GA protein. After storage for 7, 15 and 30 days, the aptasensor retained 97%, 92% and 84% of its original response current, respectively (Figure 6B). The proposed aptasensor showed desirable stability towards GA detection. The stability was enhanced compared to that observed with another biosensor [14]. The improved stability and reproducibility of the aptasensor intensify the utility of the aptasensor.




3.6. Clinical Sample Analysis


The analytical performance of the fabricated electrochemical aptasensor was evaluated with respect to GA detection in clinical samples by using spiked normal human serum. Prior to performing analysis in spiked serum, the optimal dilution of serum was investigated. Serum was diluted from 1:1 to 1:1000 with PBS buffer (pH 7.4). Sigmoidal increasing current changes were observed with decreasing dilution from 1:1000 to undiluted serum (Figure S3). A 1:1000 dilution was chosen because there was little interference from other serum proteins. Different concentrations of GA protein were spiked into the diluted serum. The concentrations of spiked GA were 49.5 and 233 µg mL−1. The recovery rates were 98.7% and 92.2%, respectively (see Table 2), which were within the acceptable range. RSD values were 2.1% and 2.6%. The recover assay in complex samples renders the high selectivity of the aptasensor toward GA detection supporting the data provided in Section 3.4. The accuracy and selectivity of the aptasensor signified the utility and reliability of the aptasensor. Therefore, the developed aptasensor can be applied as a potential tool for GA detection in real clinical samples.



For the practicality of the aptasensor for diagnostic purposes, GA concentrations in all serum samples were determined using our developed aptasensor. The GA concentrations in diabetic sera were significantly higher than that in non-diabetic sera: the values ranged from 8.9–37.5 mg mL−1 and 2.1–11.4 mg mL−1 in diabetic and non-diabetic serum, respectively (Table 3). The data were shown to be normally distributed using normal quantile plots and excess kurtosis calculations. The data were analyzed by using an independent two-sample t-test, resulting in a statistically significant difference between the two groups at a 95% confidence interval (p < 0.001) (Figure 7). The normal GA concentrations reported by this study was comparable with reference values reported by the enzymatic method [40]. Moreover, the concentrations of GA detected in both diabetic and non-diabetic sera were significantly correlated with other glycemic markers such as HbA1c, fructosamines and fasting blood sugar (Table S1). In this study, a relatively low sample volume (7 µL) was needed thus reducing the burden of sample collection for clinical use. These results imply that the GA detected by the aptasensor was trustworthy and the proposed electrochemical aptasensor is promising for the analytical determination of GA levels for glycemic monitoring.




3.7. Within-Run and Between-Run Coefficients of Variations (CVs)


Serum samples with high and normal concentrations of GA were used to determine the between-run CV analysis by repeating the experiments on 10 different days. The calculated %CV for between-run assay were 1.9% and 6.5% corresponding to high and normal concentrations of GA. In within-run assay, the GA concentrations were measured in triplicate for 30 samples and the average %CV of the samples is 2.5%. The within-run and between-run coefficient of variations of this method is lower than the acceptable value of less than 10% [46].




3.8. Method Comparison with a Commercial ELISA Kit in Clinical Samples


The method developed was compared for the detection of GA in clinical samples using a commercially available ELISA kit. Three samples from non-DM population (samples 1–3) and two DM samples (sample 4,5) were tested with both aptasensor and ELISA assay. At the 95 % confident interval, the calculated values of student’s t-test (p = 0.05) and F-test were less than their tabulated values, implying that there was no noticeable difference between the performance of the two compared methods (Table 4). Therefore, the developed electrochemical aptasensor showed a satisfactory accuracy for GA detection in clinical utility.





4. Conclusions


In conclusion, a simple electrochemical aptasensor was developed for the sensitive and rapid detection of GA. The overall aptasensor fabrication process is relatively simple, excluding the necessity of nanomaterials other than GO, carboxylation treatment, chemical pre-treatment of SPCEs, prolonged incubation of aptamer and GO and the labelling of redox probes to aptamer, thereby making it possible to take advantage of other fabrication methods. The developed aptasensor, with a broad linearity over 1 to 10,000 µg mL−1 and a relatively low LOD (0.031 µg mL−1), offers several benefits, such as selectivity, reproducibility, stability, and affordability of the aptasensor as compared with the previously reported methods for GA detection. The analytical performance (recovery, within-run and between-run CV) of this method support the great quality of the aptasensor. In addition, the excellent application of the developed aptasensor in clinical samples has intensified its practicality as a potential device for GA measurements in the screening and monitoring of diabetes mellitus with or without thalassemia. Moreover, the validation of the method developed with a commercial ELISA method verified the reliability of the aptasensor with high accuracy. The method proposed in this study may also be applied for the development of an electrochemical aptasensor for the detection of other biomolecules.
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Figure 1. Schematic illustration of the proposed GO-based electrochemical aptasensor for GA protein detection. (a) Functionalization of GO; (b) drop-coating GO onto SPCEs; (c) immobilization of NH2 aptamer; (d) blocking with ethanolamine; (e) incubation with GA protein; (f) voltametric measurements using 5 mM [Fe (CN)6]4–/3– as a redox indicator. 
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Figure 2. (A) Cyclic voltammograms of Bare SPCEs, GO–SPCEs showing successful immobilization of each layer. (B) EIS spectra of Bare SPCEs, GO-SPCEs, aptamer/GO–SPCEs, and GA/aptamer/GO–SPCEs in 5 mM [Fe (CN)6]4–/3–. The inserted circuit graph in (B) is the EIS fitting model. 
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Figure 3. FTIR spectra of the original GO (blue), and EDC/NHS activated GO (red). 
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Figure 4. Optimization of (A) aptamer concentration, (B) immobilization time for aptamer, and (C) concentration of blocking solution, and (D) blocking time with 0.1 M ethanolamine. 
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Figure 5. (A) SWV response of aptamer/GO/SPCEs aptasensor after incubation with 1 µg mL−1 (purple), 10 µg mL−1 (blue), 100 µg mL−1 (red), 1 × 103 µg mL−1 (orange), and 1 × 104 µg mL−1 (green) of GA; (B) Calibration plot of the aptasensor showing the linear relationship between the logarithm of GA concentration 1–1 × 104 µg mL−1 and corresponding maximum current (∆I) from SWV. Mean current value of each concentration was plotted from three independent experiments. 
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Figure 6. (A) Specificity of electrochemical aptasensor to GA compared with other biomaterials HSA (50 µg mL−1), folic acid (160 µg mL−1), ampicillin (5mg mL−1) and bilirubin (5 mg dL−1). (B) Stability of the aptasensor after a storage at 4 °C for 0, 7, 15 and 30 days for detection of 1 mg mL−1 of GA. 
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Figure 7. Statistical comparison of GA concentration (mg mL−1) in DM and non-DM groups. The box plot shows statistically significant different GA levels between non-DM and DM groups (*** p < 0.001). 
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Table 1. Comparison of LOD from different biosensors for detection of glycated albumin.
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	No.
	Method
	Limit of Detection (LOD)
	Linear Response Range
	Reference





	1.
	Enzymatic assay-based electrochemiluminescence sensor
	6.6 µg mL−1
	6.6–660 µg mL−1
	[41]



	2.
	Graphene-based optical aptasensor
	50 µg mL−1
	0.05–3 mg mL−1
	[10]



	3.
	Electrochemical aptasensor
	0.003 µg mL−1
	0.002–16 mg mL−1
	[12]



	4.
	Optical aptasensor
	0.067 µg mL−1
	0.067–967 µg mL−1
	[42]



	5.
	Electrochemical aptasensor
	0.07 µg mL−1
	8–36 mg mL−1
	[13]



	6.
	Enzymatic assay-based sensor
	0.36 µg mL−1
	0–0.6 mg mL−1
	[40]



	7.
	Ramen spectroscopy-based sensor
	13.7 µM (0.9 mg mL−1)
	7–250 µM
	[9]



	8.
	Affinity chromatography-based immunoturbidimetric sensor
	0.81 mg mL−1
	ND
	[43]



	9.
	Immobilization-free electrochemical aptasensor
	8.7 ng mL−1
	0.01–50 µg mL−1
	[14]



	10.
	rGO-based aptasensor
	16.40 µg mL−1
	0–125 µg mL−1
	[44]



	11.
	GO-based electrochemical aptasensor
	0.031 µg mL−1
	0.001–10 mg mL−1
	This study
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Table 2. Recovery assay of GA protein in human serum by the developed aptasensor.
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	GA Concentration Spiked in Serum (µg mL−1)
	Measured Concentration (µg mL−1)
	Recovery (%)
	RSD (%) (n = 5)





	49.50
	48.90 ± 0.01
	98.7
	2.1



	233.00
	214.80 ± 0.02
	92.2
	2.6
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Table 3. Descriptive statistics table showing different concentrations of GA in diabetic and non-diabetic sera.
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GA (mg mL−1)

	




	

	
Mean

	
Std. Deviation

	
Std. Error

	
Min

	
Max






	
Diabetic (n = 10)

	
16.17

	
9.36

	
2.96

	
8.90

	
37.50




	
Non-diabetic (n = 20)

	
5.86

	
2.47

	
0.55

	
2.10

	
11.40
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Table 4. GA measurements obtained from three repeated analyses by proposed aptasensor and ELISA kit for five clinical serum samples.
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	Sample
	ELISA (mg mL −1)
	Aptasensor (mg mL −1)
	t-Test a
	F-Test b





	1
	1.60 ± 0.08
	2.10 ± 0.04
	0.10
	4.90



	2
	2.30 ± 0.02
	2.10 ± 0.05
	0.80
	0.80



	3
	8.70 ± 0.02
	8.50 ± 0.09
	0.40
	1.00



	4
	10.10 ± 0.04
	10.00 ± 0.06
	0.60
	0.25



	5
	36.90 ± 0.06
	37.50 ± 0.04
	0.12
	3.86







a Tabulated t-value for 4° of freedom at p-value of 0.05 is 2.78. b Tabulated F-value for 2.2° of freedom at p-value of 0.05 is 19.
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