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CHAPTER I 

INTRODUCTION 

 

1.1 Background and Rationale 

Diabetes, one of the most challenging health problems worldwide, has become 

the potentially devastating impacts on the quality of life and healthcare expenditures 

[1]. Accordingly, the intensive monitoring of glycaemic status is really needed to 

avoid the worsening diabetic complications. Traditionally, the glycated serum 

proteins, i.e., fructosamine, glycated albumin, and glycated haemoglobin (HbA1c) 

have become the predominant biomarkers for the assessment of glycaemic control. 

HbA1c, which corresponds to the 100 to 120-day lifespan of erythrocytes, is the 

standard for monitoring long-term glycaemic control in clinical practice, whereas 

fructosamine, which has a shorter half-life than HbA1c (1-3 weeks), along with 

glycated albumin, has been proposed as an alternative glycaemic index for the 

management of diabetes in kidney dialysis patients [2-4]. The American Diabetes 

Association (ADA) strongly recommends maintaining tight control over the level of 

HbA1c, with recommended values lower than 7%, and using HbA1c as a diagnostic 

criterion for diabetes [5]. However, HbA1c may be affected by shortened lifespan of 

red blood cells, iron deficiency anaemia, and the uraemic state. Although 

fructosamine is not altered by haemoglobin metabolism disorders, the protein 

turnover disorders directly affect the fructosamine levels. Regarding diabetes-

associated nephropathy cases, most patients have lower serum albumin concentrations 
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and higher urine albumin excretion. Therefore, routine measurement of both 

fructosamine and albumin to correct for variations in serum albumin concentration is 

recommended [6].  

Currently, clinical diagnosis and follow-up are performed in the hands of 

professionals. In such cases, if point-of-care (POC) instruments were available, 

patient inconvenience and an extra visit to the clinic could be possibly avoided. 

Numerous approaches have been employed to quantify fructosamine, including 

furosine/high pressure liquid chromatography (HPLC) [7, 8], affinity chromatography 

[9], electrochemical techniques [10], and colourimetric methods based on 

thiobarbituric acid (TBA) [11] and nitroblue tetrazolium chloride (NBT) dye [12-14]. 

However, most of these techniques require sophisticated instruments, extensive cost, 

and multiple operational steps, resulting in portability difficulties for meeting clinical 

demands. Consequently, developing a more selective, high sensitivity, trustworthy, 

and portable biosensor for the measurement of diabetic markers is highly desirable. 

For the application of simple telemedicine in remote areas, the use of the microfluidic 

paper-based analytical devices (µPADs) has emerged for clinical off-site diagnoses. 

During recent years, µPADs coupled with optical imaging for colourimetric detection 

provide an affordable point-of-care platform for analysis of biomarkers such as 

multiplexed transaminase assay for liver function testing [15, 16], metabolic 

biomarkers for glycaemic control [17, 18], urinalysis assays [19, 20], and 

simultaneous detection of glucose, uric acid and lactate [21]. Alternatively, other 

detection methods for assaying multiple biomarkers on a single µPAD have been 

demonstrated, including electrochemical [22-27], chemiluminescence [28], and 

electrochemiluminescence [29] techniques, most of which relied on ultrasensitive 
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immunodevices for multiplexed quantification of cancer biomarkers. Such a multi-

parameter point-of-care platform provides great opportunities for ubiquitous 

healthcare monitoring in remote areas [30, 31]. Hazardous waste that results from the 

use of µPAD-based bioanalytical devices can be easily disposed by incineration [32]. 

Therefore, if an albumin-corrected fructosamine assay based on µPADs were 

available, diabetic patients in low-resource settings could continuously monitor their 

glycaemic levels.  

Considering HbA1c detection, although available methods for HbA1c analysis 

have been developed using a wide range of techniques including mass spectrometry 

[33-35], ion-exchange chromatography [36], boronate affinity chromatography [37], 

isoelectric focusing [38], piezoelectric sensors [39-41], chemiluminescent probes 

[42], immunoanalytical approaches [43-47], amperometric detection [48-50], 

voltammetric measurement [51-53], potentiometric method [54], EIS sensing [55-57], 

surface plasmon resonance [58], and surface-enhanced resonance Raman 

spectroscopy [59], further improvements on diagnostic POCT system are still required 

for clinical assessment of glycaemic status in patients with diabetes. So far no 

previous report in the literature exists regarding the simultaneous detection of both 

total haemoglobin and HbA1c based on a single affinity sensing device. A technique 

for selective HbA1c biosensing by means of electrochemical impedance spectroscopy 

(EIS) has been reported to enable the determination of HbA1c concentrations with 

high sensitivity [56, 60, 61], where the principle of this technique depended primarily 

on a self-assembled monolayer (SAM) of thiophene-3-boronic acid (T3BA) on gold 

electrodes. However, the dynamic detection range has yet to match the physiological 

range of HbA1c in real blood samples. Thus, improvements of the sensing interface 
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are still needed to provide an acceptable linear range for the clinical assessment of 

HbA1c.  

Currently, EIS-based point-of-care diagnostic platforms for determining a 

panel of biomarkers have attracted great interest in clinical assessment of early 

disease detection. The biological reaction between each target and its molecular 

recognition element results in a unique binding frequency that is specific to each 

reaction. Thus, the differences in frequency signals from each reaction can be detected 

on a single platform due to its effective way of distinguishing binding frequencies 

from the others. According to this underlying principle, by immobilising recognition 

elements for different biomarkers on a sensor interface, each target molecule can be 

measured simultaneously by monitoring their optimal binding frequency, thereby 

making this platform suitable for assaying multiple markers in a single device. 

Electrochemical affinity sensors have considerable potential for developing portable 

analytical devices due to its sensitivity, low cost (e.g. no or minimal reagent needs), 

simplicity, and possibility to miniaturise [62]. For sensor applications, boronate-based 

ligands are now frequently used for the development of affinity sensing interfaces to 

capture glycosylated biomolecules, since the boronate groups are able to form 

reversible bonds with the cis-diol groups from glycated proteins under alkaline 

conditions [63]. This concept can be extended to the development of high-throughput 

and selective biosensor for distinguishing HbA1c from non-glycated haemoglobin 

(HbAo). Therefore, if electrochemical boronate-based approaches were on offer, it 

would be best suited for independent bedside HbA1c monitoring devices. 

Interdigitated electrode arrays (IDAs) have emerged as an interesting aspect of 

improving sensitivity due to its unique electrochemical properties. Individually 
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addressable microelectrode arrays offer great potential for multiple analyte sensing 

using different microelectrodes in the array, enabling the possibility of developing 

into a single multiplexed biomarker sensor. Due to these distinctive characteristics, 

the use of IDAs as an electrochemical platform is eminently suitable for biosensor 

applications. Considering a low-cost platform for immobilisation, the eggshell 

membranes (ESMs) consisting of highly cross-linked protein fibres and cavities have 

attracted much attention. ESM, a naturally occurring biological polymer, has the 

distinct property of an interconnected porous structure, making ESM a useful 

biomaterial to use as a template for surface modification. The amines and amides on 

its surface present positively charged functional groups, which in turn can be 

functionalised or modified [64]. Moreover, ESM is generally available, affordable, 

abundant, biocompatible, and environmentally benign. Regarding the sustainable 

utilisation of ESM, there have been no relevant data as yet on label-free biosensing 

with boronate-affinity applications.  

Herein, various novel analytical devices for measuring diabetic markers are 

proposed as trustworthy assays for glycaemic monitoring for clinical usage. Firstly, 

the colourimetric determination of fructosamine and serum albumin in whole blood 

samples could be performed simultaneously on µPADs, demonstrating considerable 

future potential for independent bedside glycaemic monitoring in diabetic individuals, 

particularly in resource-limited settings. Secondly, selective 3-aminophenylboronic 

acid (APBA)-modified ESM and APBA-modified IDAs were constructed as specific 

binding components of a device for label-free electrochemical impedance 

spectroscopy measurement of HbA1c. The APBA plays a prominent role in the 

selective binding of HbA1c via cis-diol interactions with a boronate-recognition 
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group. Lastly, to combine a multiplex biomarker assay with a selective low-cost 

platform, the three-dimensional paper-based electrochemical impedance device (3D-

PEID) and the multiplexed microfluidic system were fabricated for measuring 

multiple diabetic markers using a single platform in combination with a specific 

single-frequency impedance measurement. 

 

1.2 Research Objectives    

1. To develop µPADs for simultaneous detection of serum albumin and 

fructosamine from whole blood samples 

2. To construct a selective APBA-modified ESM for label-free electrochemical 

impedance measurement of HbA1c 

3. To develop a single multiplexed 3D-PEID for measuring multiple diabetic 

markers at a specific single-frequency value 

4. To demonstrate the applicability of APBA-modified IDAs chip for assaying 

HbA1c in patient-derived real blood samples 

5. To construct a multiplexed microfluidic platform for impedimetric assaying of 

both the total and glycated haemoglobin levels from two independent samples 

measured simultaneously using a unique single-frequency value 

 

1.3 Scope of the Study 

All the manuscripts presented in this dissertation report studies concerning the 

development of innovative and novel analytical devices for practical applications in 

medicinal diagnostics. As an alternative to the existing methods for glycaemic 



 9 

monitoring, the proposed affinity-based analytical devices provide a more 

economical, accurate, reproducible, and reliable assay for assessing the glycaemic 

levels in diabetic patients. Analytical performance characteristics of the proposed 

methods were also investigated, including linearity, detection limits, reproducibility, 

interferences, stability, selectivity, real sample analysis, and assay comparison. The 

proposed systems passed validation with patient-derived blood samples in comparison 

with a standard method accepted in clinical practice. Unless otherwise stated, the 

presented development and validation of the proposed affinity membrane-based and 

multiplexed microfluidic sensors for detection of diabetic markers can serve as a basis 

for further development of reliable point-of-care systems for glycemic control of 

diabetes patients.  

 

1.4 Significance/ Implications 

Up to date, the ongoing problem with the developed sensors for detection of 

diabetic markers is that the analytical performance of the devices has failed in terms 

of one or more key analytical parameters – limit of detection, range of linearity, assay 

reproducibility, interferences, storage stability, and validation using patient-derived 

real samples. In this study, the results show that the proposed affinity-based analytical 

devices meet the aforementioned analytical criteria. On virtue of the optimized 

construction of the affinity-based devices, the proposed sensor systems 

 have sufficient sensitivity to determine the concentration of serum 

albumin, fructosamine, HbA1c, and total haemoglobin levels in real 

blood samples. 
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 have a linear range covering clinically relevant serum albumin, 

frutosamine, HbA1c, and total haemoglobin concentrations covering 

both healthy and diabetic individuals. 

 provide good reproducibility for the assessment of serum albumin, 

fructosamine, HbA1c, and total haemoglobin levels. 

 are insensitive to the presence of interferences. 

 offer a long-term stability.  

 are validated to suit the clinical requirements for assessing the 

glycaemic levels in diabetic patients. 

The presented manuscripts dealing with innovative instrumental are of great 

interest to the fundamental knowledge in analytical science and demonstrate 

considerable advantages over existing methods. Indeed, the proposed analytical 

devices are particularly helpful for long-term glycaemic monitoring in diabetic 

individuals.  
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2.1 Abstract 

Background: A method for acquiring albumin-corrected fructosamine values from 

whole blood using a microfluidic paper-based analytical system that offers substantial 

improvement over previous methods is proposed. Results: The time required to 

quantify both serum albumin and fructosamine is shortened to 10 minutes with 

detection limits of 0.50 g dL
-1 

and
 
0.58 mM, respectively (S/N=3). The proposed 

system also exhibited good within-run and run-to-run reproducibility. The results of 

the interference study revealed that the acceptable recoveries ranged from 95.1%-

106.2%. The system was compared with currently used large-scale methods (n =15), 

and the results demonstrated good agreement among the techniques. Conclusion: The 

microfluidic paper-based system has the potential to continuously monitor glycaemic 

levels in low resource settings.  

Key Terms 

Diabetes mellitus: A group of disorders resulting from insulin deficiency and/or 

insulin resistance. 

Glycated serum proteins: Ketoamine formed during the non-enzymatic oxidation of 

serum proteins by excess circulating glucose.  

Fructosamine: A glycaemic index for monitoring glycaemic status over the 

preceding 1-3 weeks. 

Albumin-corrected fructosamine value: The fructosamine level that is corrected for 

variation in the serum albumin concentration. 

Microfluidic paper-based analytical device: A paper-based platform that contains 

barriers to the transport of small volumes of fluid to multiple sites of detection via 

capillary action. 
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2.2 Introduction 

Diabetes mellitus, an underlying cause of mortality and morbidity worldwide, 

is an increasing international health burden with pernicious effects on health-care 

costs and quality of life [65]. Additionally, the chronic glycosylation of serum 

proteins contributes substantially to secondary complications in diabetes, including 

arteriopathy, retinopathy, nephropathy, and neuropathy. In chronic kidney disease 

(CKD), approximately 44% of new end-stage renal disease (ESRD) cases have a 

primary diagnosis of diabetes [66]. In such cases, most patients have undergone renal 

replacement therapy by haemodialysis, peritoneal dialysis, or kidney transplant, all of 

which lead to increased health care expenditures [67]. To avoid unnecessary expense 

and suffering, the long-term blood glucose level of a diabetic patient should be 

monitored closely and should be regulated to levels found in healthy individuals. 

Intensive glycaemic control can reduce the risk of chronic complications, delay the 

progression of diabetic nephropathy, and decrease cardiovascular mortality [68, 69]. 

Glycated haemoglobin (HbA1c) and glycated serum proteins, such as 

fructosamine and glycated albumin, have become noteworthy markers for the 

assessment of glycaemic control, the effectiveness of therapy, and patient compliance. 

Traditionally, HbA1c is the standard for monitoring long-term glycaemic control in 

clinical practice. However, HbA1c may be an unreliable measure in kidney dialysis 

patients. This is because HbA1C may be affected by the shortened lifespan of red 

blood cells, iron deficiency anaemia, the uraemic state, an increased turnover of 

immature red cells due to frequent blood transfusions or the use of erythropoietin 

therapy. Additionally, HbA1C can be overestimated when the carbamylated 

haemoglobin in a patient with CKD interferes with the chromatography method, 
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which is based on charge-dependent assays [70]. Fructosamine, which has a shorter 

half-life than HbA1c (1-3 weeks), along with glycated albumin, has been proposed as 

an alternative glycaemic index for the management of diabetes in kidney dialysis 

patients [2-4]. Fructosamine originates from the spontaneous non-enzymatic glycation 

of serum proteins, particularly albumin, which is the most abundant protein in serum. 

Therefore, fructosamine is not altered by haemoglobin metabolism disorders. 

However, protein turnover disorders directly affect fructosamine levels. Therefore, the 

routine measurement of both fructosamine and albumin to correct for variations in the 

serum albumin concentration is recommended [6]. More recently, Mittan et al. 

reported that albumin-corrected fructosamine (AlbF) levels were more closely 

associated with morbidity than HbA1c in diabetic haemodialysis patients [8]. In 

general, the content of circulating serum albumin is relatively constant. However, in 

the diabetes-associated nephropathy cases, most patients have lower serum albumin 

concentrations and higher urine albumin excretion. Thus, the albumin-corrected 

fructosamine value can be a reliable marker for the monitoring of glycaemic levels. 

Fructosamine values corrected for serum albumin were also suggested to be justifiable 

in patients with stages 3 and 4 CKD, these patients have lower serum albumin 

concentrations and higher urine albumin excretion [71]. 

  Numerous approaches have been employed to quantify fructosamine, 

including furosine/high pressure liquid chromatography (HPLC) [7, 8], affinity 

chromatography [9], electrochemical techniques [10], and colourimetric methods 

based on thiobarbituric acid (TBA) [11] and nitroblue tetrazolium chloride (NBT) dye 

[12-14]. The furosine/HPLC and affinity chromatography procedures require 

expensive and sophisticated instruments; therefore, they are not available for routine 
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use in a clinical laboratory. Under alkaline conditions, fructosamine is converted to its 

eneaminol tautomer, which is a chemically active reducing substance that lends itself 

to the electrochemical determination of fructosamine in blood samples. Other 

reducing agents found in serum samples, such as uric acid and ascorbic acid, can be 

oxidised at a similar pH and voltage as fructosamine and interfere with assay 

performance. Similar to other colourimetric methods of detection, the TBA assay 

suffers from the major drawbacks of a long analysis time and the involvement of 

many steps. These steps include dialysis to remove interfering endogenous glucose, 

thus making the TBA assay a labour- and time-intensive procedure that is not suitable 

for clinical practice. NBT indicator dye has gained popularity in clinical laboratories 

due to its fast reaction time, reproducibility, low cost, and the ease of automation. 

Although it is quite reasonable to perform the NBT assay and obtain an accurate 

interpretation at clinical levels, the liquid waste produced is strongly alkaline and 

pollutes the environment. 

One approach to minimising the chemical waste produced by wet-chemistry 

methods is to implement dry-chemistry methods that utilise microfluidic paper-based 

analytical devices (µPADs) [72]. For the application of simple telemedicine in remote 

areas, the use of µPADs has emerged for clinical off-site diagnoses and for the 

performance of multiplexed measurements for various biochemical markers such as 

urinalysis assays [19, 73], liver function tests [15], tumour markers [22, 29], salivary 

nitrite [73, 74] uric acid [75], and the combination of glucose, lactate, and uric acid 

[21]. Such a multipliable point-of-care platform provides great opportunities for 

ubiquitous healthcare monitoring in remote areas [30, 31]. Additionally, the 

hazardous waste that results from the use of µPAD-based bioanalytical devices can be 
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easily disposed by incineration [32]. Therefore, if an albumin-corrected fructosamine 

assay based on µPADs were available, diabetic patients in low-resource settings could 

continuously monitor their glycaemic levels. As this can result in increased 

effectiveness in therapeutic regimens, the healthcare costs resulting from serious 

complications associated with hyperglycaemia can be reduced. A point-of-care testing 

(POCT) system, which is an enzymatic method used to determine glycated albumin 

levels, has been proposed. However, the POCT system requires a tremendous amount 

of enzyme (protease, ketoamine oxidase, and peroxidase) for a single reaction as well 

as a pre-analytical measurement step (blood separation) prior to the analysis [18]. 

In our study, colourimetric assays for the determination of both fructosamine 

and serum albumin in whole blood samples could be performed simultaneously in a 

single step on the proposed µPADs. To the best of our knowledge, the use of µPADs 

for the acquisition of albumin-corrected fructosamine values is reported for the first 

time. This process can be performed in a single step. For medical diagnosis, our 

system is something of a novelty. This is due to the precise and quantitative 

measurement of albumin-corrected fructosamine values within a clinically relevant 

range. Additionally, we also demonstrated a feasible solution to the problem of 

background colour due to real blood plasma, which can affect the measured colour 

intensities in paper-based analytical assays. The turnaround time required for assaying 

albumin-corrected fructosamine levels using the proposed PADs was shortened to 

10 minutes, making them useful for obtaining glycaemic levels near a patient’s 

bedside. This is particularly helpful when treating patients suffering from diabetic 

nephropathy. In other words, the availability of a trustworthy albumin-corrected 

fructosamine diagnostic assay on a µPAD provides a more economical, accurate, 
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reproducible, reliable, and rapid platform to monitor and assess diabetic treatments of 

glycaemic levels for clinical use. 

 

2.3 Experimental  

2.3.1 Chemicals and reagents 

The chemicals and materials used to prepare the paper-based microfluidic 

devices, including beeswax pellets, magnets, glass slides, and a custom-ordered iron 

mould, were readily available from local service providers. Blood separation paper 

(LF1) and Whatman No.1 filter paper were acquired from Whatman International Ltd. 

(Maidstone, England). A hot plate equipped with an electronic contact thermometer 

was manufactured by IKA
®
 (Wilmington, NC, USA). A compact digital camera, the 

Casio EX-S600 (10.1 megapixels, Tokyo, Japan), was used to record the results from 

the paper-based microfluidic devices.  

Analytical grade chemicals were used throughout this study. For the serum 

albumin and fructosamine assays, p-nitroblue tetrazolium chloride (NBT), 1-deoxy-1-

morpholino-D-fructose (DMF), uricase from Candida sp., haemoglobin, human serum 

albumin, -globulins, D-glucose, uric acid, L-ascorbic acid, poly(vinylpyrrolidone) 

(PVP), Triton
TM

 X-100, sodium azide, sodium chloride, potassium chloride, 

potassium carbonate, and potassium bicarbonate were acquired from Sigma (St. 

Louis, MO, USA). Brij® 35 (polyoxyethylene (23) lauryl ether detergent), succinic 

acid, and sodium hydroxide were obtained from Merck (Darmstadt, Germany). 

Bromcresol green sodium salt (BCG) was supplied by BDH chemicals (Poole, 

England) and bilirubin was purchased from Fluka (Buchs, Switzerland).  
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For method validation, commercial Cobas
®
 kits from Roche Diagnostics 

(Mannheim, Germany) were assayed using Roche automated clinical chemistry 

analysers to determine the serum albumin and fructosamine levels in the whole blood 

samples based on the standard methods for BCG and NBT, respectively. To measure 

fructosamine, an in-house wet chemistry method based on the method described by 

Kruse-Jarres et al. [76] was performedusing the NBT reagent and the uricase enzyme. 

In this way, a direct correlation between the DMF standard and the calibrator used in 

the commercial kit (glycated poly-L-lysine) was established. 

 

2.3.2 Fabrication of µPADs 

The custom-ordered iron mould and a detailed description of its dimensions 

are illustrated in Figure 1(A). It is comprised of a blood separation zone and four 

circular detection areas, which are used to obtain duplicates of each assay. The 

designed pattern of the proposed µPAD was fabricated in a relatively simple and low-

cost method using a wax-dipping process; this process can be performed in low-

resource settings in developing countries, as described in our previous works [77, 78]. 

In this study, the following two membranes were selected to prepare the µPAD: LF-1 

and Whatman No.1. Briefly, each membrane was cut to an equal size and overlapped 

on a glass slide with the permanent magnet underneath. The whole assembly was then 

overlaid with the custom-designed iron mould before being dipped into the melted 

wax. After being allowed to cool to room temperature, the membrane was peeled off 

the iron mould. A hydrophobic region was defined at the edge of membranes, which 

were then adhered to the backing card before use in the clinical analysis of serum 

albumin and fructosamine from whole blood samples. A drop (0.5 µL) of the working 
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BCG dye solution  (2.5X, pH 4.2), modified using the method described by Doumas 

et al. [79], and a drop of the NBT reagent (2.5 mM NBT, 0.5 U mL
-1

 of uricase, 100 

mM KCl, 2% Triton X-100, and 0.5% poly(vinylpyrrolidone), prepared in 0.1 M 

carbonate buffer at pH 10.3), were applied at each of two circular detection areas to 

quantify the amounts of serum albumin and fructosamine, respectively. As depicted in 

Figure 1(B), the reagent spots were subsequently allowed to dry at room temperature 

before the whole blood samples were dropped into the separation zone. 

 

(A) 
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(B) 

 

Figure 1. Schematic diagram of the proposed designed pattern illustrating (A) a 

detailed picture of its dimensions (mm) and (B) images of the device before and after 

the whole blood sample is dropped into the separation zone and upon the completion 

of the chemical reactions. 

 

2.3.3 Sample preparation 

Healthy volunteers and diabetes mellitus (DM) patients, as defined by the 

American Diabetes Association criteria [80], were enrolled in our study of their own 

volition. The individual participants provided written and informed consent before 

being enrolled in this study. Whole blood samples were drawn into vacuum blood 

collection tubes using K3EDTA as an anticoagulant. To prepare the samples, a 

standard addition technique was used to quantify the intensity measurement of the 

colourimetric reaction due to the natural colour and viscosity of the plasma. Various 

concentrations of serum albumin and DMF dissolved in physiological saline were 

spiked into the whole blood samples before the clinical analysis was performed. DMF 
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was selected as a calibrator because it has a reducing activity similar to physiological 

fructosamine. The NBT principle relies on the ability of ketoamines (fructosamines) 

to act as reducing agents in the alkaline solution. 

 

2.3.4 Determining albumin-corrected fructosamine levels with the proposed 

µPADs  

When the whole blood samples contacted the proposed device, white and red 

blood cells were trapped at the separation membrane. Plasma was able to flow 

through and reach the four testing detection zones, which contained the reagents (the 

BCG solution and the NBT indicator dye) used to assay the levels of serum albumin 

and fructosamine in duplicate. The measurement of albumin is based on its binding to 

the indicator dye BCG at pH 4.2 to form a blue coloured complex. The intensity of the 

blue colour is directly proportional to the concentration of albumin in the blood 

sample. The complete reaction of the serum albumin occurred immediately when the 

plasma and the BCG dye made contact. The paper-based microfluidic device was then 

transferred to a 37 C hot plate, to continuously monitor the fructosamine reaction in a 

series of 1-minute intervals. Fructosamines in alkaline solution form eneaminols that 

act as reducing agents on NBT, further reducing the dye to formazan. The rate of 

formazan formation is directly proportional to the fructosamine concentration. This 

rate is expressed as the DMF content; DMF is the synthetic ketoamine used as the 

primary standard. The colourimetric reaction in the detection zones was captured 

using a digital camera, and the grey intensity of each image was analysed using 

Adobe Photoshop software. The fructosamine values were corrected for the serum 
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albumin concentrations based on the following formula described by Lamb et al. [6]: 

Albumin-corrected fructosamine (AlbF) = (fructosamine (µM) x 100/albumin (gL 
-1

))  

 

2.4 Results and Discussion 

2.4.1 Optimal performance of the albumin and fructosamine assay 

2.4.1.1 Reaction time optimisation 

Approximately 45 µL of the spiked whole blood samples was deposited on the 

LF1 membrane (1.13 cm
2
) and the plasma flowed through the Whatman No.1 

membrane to reach the four circular detection zones within 3 to 4 minutes. In this 

experiment, the serum albumin-BCG and fructosamine-NBT dye complexes were 

continuously observed until the colour formation reached a constant signal. A digital 

camera was used to capture images at 1-minute intervals. The grey intensity of each 

digital image was measured using Adobe Photoshop software.  

The preliminary results revealed that the serum albumin-BCG reaction was 

immediately apparent within 3 to 4 minutes, at the time when the plasma gradually 

came into contact with the immobilised BCG dye at both of the circular detection 

zones. The piece of µPAD was then transferred to the hot plate to obtain careful 

observations of the chemical reaction of the fructosamine-NBT dye complex at 37°C. 

When assays were performed with two levels of serum albumin concentrations 

prepared using the standard addition technique (0.25 and 0.75 g dL
-1

), constant signals 

were observed 4 to 10 minutes after the spiked whole blood samples were dropped; 

these results are shown in Figure 2(A). Thus, the appropriate time for the albumin 

measurement was determined to be 4 minutes. 
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For the fructosamine reaction on the proposed µPAD, the magenta colour of 

the fructosamine-NBT complex continued to develop after the device was transferred 

to the 37 C hot plate.  Major changes in colour intensities occurred between 5 and 30 

minutes after the whole blood samples were dropped; these results are shown in 

Figure 2(B). When samples with the two spiked DMF concentrations (0.25 and 0.75 

mM) were assayed, the linear relationship between intensity and time was observed 

between 5 and 10 minutes. The sensitivity of the assay did not improve over longer 

periods of time. The change in intensity between 8 and 10 minutes was calculated and 

selected for use in further experiments. After an adequate elapsed time, an accurate 

fructosamine determination was accomplished by allowing the fructosamine contents 

in whole blood samples to interact with the NBT dye reagent.  

In brief, the use of the proposed µPAD requires a shorter turnaround time. 

Both the fructosamine and the serum albumin levels could be determined within 10 

minutes after the whole blood sample was dropped onto the proposed device. 

 

(A) 
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(B) 

 

Figure 2. Experimental results from reaction time optimisation for the albumin and 

fructosamine assay. The plot shows colour intensity versus time points from (A) the 

formation of the serum albumin-BCG complex when assaying the albumin 

concentrations; samples spiked with (●) 0.25 g dL
-1

 and () 0.75 g dL
-1

; (B) the 

formation of the fructosamine-NBT complex when assaying DMF concentrations; 

samplesspiked with (●) 0.25 mM and  () 0.75 mM.  

 

2.4.1.2 The effects of BCG and NBT concentrations 

To determine the distinctive characteristics of the proposed device, the 

indicator dye concentration was optimised to improve clinical performance. In 

general, the amount of indicator reagent should be sufficient to provide a detectable 

and differentiable colour transition by visualisation or instrument detection. The 

amount of indicator dye directly affected the colour intensity and the ability of the dye 

to interact with the analyte of interest. Accordingly, the effect of the chromogenic 
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indicator dye concentration (BCG and NBT) on assay sensitivity was investigated 

using various spiked concentrations of the serum albumin standards (0-1 g dL
-1

) and 

the DMF standards (0-1 mM). Each whole blood sample was prepared by spiking 

with stock solutions of serum albumin and DMF dissolved in physiological saline to 

desired final concentrations before the clinical analysis was performed on the 

proposed device in duplicate.  

The signal intensity in response to the BCG concentration could not be plotted 

linearly against the total serum albumin concentration (a combination of the unknown 

concentration of serum albumin in the sample and the standard serum albumin) at 

concentrations of 1X, 5X, and 10X of the working BCG solution due to 

indistinguishable colour intensities at each level of spiked serum albumin 

concentration. As demonstrated in Figure 3(A), the 1X working BCG solution barely 

provided sufficient sensitivity to differentiate between spiked serum albumin 

concentrations ranging from 0 to 1 g dL
-1

. When assaying spiked serum albumin 

concentrations greater than 0.5 g dL
-1

, changes in the intensity of the instantaneous 

colour development significantly decreased at 5X and 10X BCG concentrations due 

to the plateau effect. This plateau response implied that the saturation of the BCG 

indicator dye with serum albumin occurred at this concentration. A 2.5X BCG 

solution was preferable as the standard addition plot could be linear in the 

concentration range of 0-1 g dL
-1

 (data not shown). The intensity values increased in 

direct proportion to the increasing spiked serum albumin concentrations, up to 1 g dL
-

1
.  

For fructosamine measurements, the intensity responses for each spiked DMF 

sample were clearly distinguishable and varied linearly. Accordingly, a standard 
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addition graph could be plotted to compare various concentrations of the NBT 

indicator dye. The preliminary results demonstrated that the sensitivity of the 

fructosamine assay increased with increasing NBT concentration, as depicted in 

Figure 3(B). When assays were performed with 5 mM NBT, spiked DMF 

concentrations of 0.75 and 1 mM reached saturation and the assay signal did not 

improve. These results suggest that the use of NBT at this concentration allows for a 

narrow analysis range. As a consequence, an NBT concentration of 2.5 mM was 

selected for all subsequent experiments. This concentration allowed for the strongest 

sensitivity and provided an acceptable linear range. Compared with previous reports 

[81, 82], our proposed device was impregnated with a lower NBT concentration. 

Therefore, we are more closely aligned withthe concept of green chemistry as reagent 

consumption is markedly decreased.  

 

(A) 

 



 27 

(B) 

 

Figure 3. The effect of (A) working BCG concentrations on response signals when 

assaying samples  spiked with the following serum albumin concentrations: () 0 g 

dL
-1

, () 0.25 g dL
-1

, () 0.5 g dL
-1

, (●) 0.75 g dL
-1

, and () 1 g dL
-1

 albumin; and 

the influence of (B) the following NBT concentrations on assay sensitivity: () 0.5 

mM, () 1 mM, () 2.5 mM, and (●) 5 mM NBT. Each spiked concentration of 

serum albumin and DMF was assayed in duplicate, and the standard deviation of the 

assays is depicted as an error bar. 

 

2.4.2 Analytical characteristics 

2.4.2.1 Standard addition technique 

 The natural straw or pale yellow colour of blood plasma can interfere with the 

measured colour intensities in colourimetric assays. Thus, the standard addition 

technique was selected for our experiments. Vella et al. also discussed the problem of 
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background colour with red blood cells and blood plasma, suggesting that it would be 

better to generate calibration curves using known amounts of analytes in whole blood 

samples [15]. In general, the viscosity of plasma is almost twice that of water; plasma 

viscosity is also frequently elevated in diabetes patients [83]. Plasma viscosity is 

therefore likely to influence wicking time when samples are penetrating into the 

porosity of each membrane compared to standard solutions or artificial blood plasma. 

Additionally, our preliminary results revealed that serum albumin and DMF standard 

solutions arrive at the four detection zones within 1 to 2 minutes of the application of 

each solution to the separation membrane. These findings explain why discrepancies 

emerged between the results obtained from standard solutions and those from the 

spiked whole blood samples when µPADs were used for the assays. In regards to the 

complex matrix of biological fluids (i.e. whole blood samples), the standard addition 

method should be utilized by the addition of a small volume of standard solutions to 

the unknown samples. In this study, small volumes of serum albumin and DMF stock 

solutions dissolved in physiological saline were used to spiked whole blood samples 

to obtain several samples at each concentration. The volumes added were small 

enough that the matrix compositions of the whole blood samples, including the 

viscosity of plasma, were not disturbed.   

Under proper conditions, each reagent solution used in the albumin and 

fructosamine assay, i.e., a 2.5X working BCG dye solution (pH 4.2) and a NBT 

reagent solution with 2.5 mM NBT, 0.5 U mL
-1

 uricase, 100 mM KCl, 2% Triton X-

100, and 0.5% poly(vinylpyrolidone) in 0.1 M carbonate buffer (pH 10.3), was 

dropped onto the circular detection areas of the proposed device and allowed to air 

dry before  the spiked whole blood samples were applied. The poly(vinylpyrrolidone) 
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polymer was an optional ingredient that was incorporated into the indicator dye 

solution to improve colour uniformity, intensity and stability on the proposed µPADs. 

The instantaneous colour formation resulting from the serum albumin-BCG complex 

was completed after 4 minutes. The difference between the intensity of the blank 

BCG solution and that of the whole blood sample spiked with the serum albumin was 

calculated and plotted against the final concentration of the spiked serum albumin, as 

shown in Figure 4(A). The results revealed that the intensity response was linear up a 

spiked albumin concentration of 1 g dL
-1

, with a regression equation of y = 5.64x + 

25.22 (r
2
 = 0.996), that projects linearity up to 6 g dL

-1
 of albumin. The negative 

intercept on the x-axis corresponds to the amount of serum albumin in the whole 

blood sample multiplied by its dilution factor, thus resulting in an albumin 

concentration of 4.97 g dL
-1

.  

In fructosamine-NBT reaction, the difference in the intensities of the NBT 

blank solution and the whole blood sample spiked with the DMF was determined over 

successive two-minute intervals (with a total duration of 8 to 10 minutes); the results 

are presented in Figure 4(B). A linear relationships was observed when the spiked 

DMF concentrations was between 0 to 1 mM, with correlation coefficients of 0.978; 

the regression equation was y = 5.258x + 7.105, which extended the linearity to a 

fructosamine concentration of 4 mM (data not shown). The intercept on the x-axis 

corresponds with the fructosamine level, which appeared to be 1.50 mM. When 

calculating the intensities of the blank solutions in each assay, the detection limits for 

albumin and fructosamine were found to be 0.50 g dL
-1 

and
 
0.58 mM, respectively. 

These findings suggest that the proposed devices provided sufficient sensitivity to 

measure albumin and fructosamine concentrations in whole blood samples and 
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covered the clinically relevant range of serum albumin (3.5 - 5.5 g dL
-1

) and 

fructosamine (1.61 - 2.68 mM) [84]. However, each individual laboratory should 

determine the reference values in its own population. In comparison with the POCT 

system described by Yamaguchi et al., the proposed µPADs were slightly more 

sensitive; the µPADs also provided acceptable linear ranges for the assessment of 

serum albumin and fructosamine [18].   

Although the standard addition technique is a relatively sophisticated method 

of calibration, it can reduce errors in the measured colour intensities that results from 

the background colour of the plasma. The standard addition technique also provides a 

more accurate assessment of the total reaction time, which can be affected by plasma 

viscosity. To further improve upon background correction, a different µPAD design 

should be created that introduces an additional zone for the subtraction of plasma 

colour and for use as a negative control (serum blank); however, such a design relies 

heavily on the test principle of the analyte of interest. In our point of view, the full 

preparation of a 5-point standard addition assay as a reagent test kit would outweigh 

the potential benefits of portability and ease-of-use at the point of care that such a test 

could provide. The albumin-corrected fructosamine measurement takes only 15 

minutes if five µPADs are run in parallel with each other. For the sake of simplicity in 

field analysis, we investigated whether the two-point standard addition could be used 

in lieu of five-point assay. As shown in Table 1, results obtained from five-point and 

two-point standard addition spiked with 0.75 mM DMF or  1 g dL
-1

 albumin showed 

no statistical differences,  at the 95% confidence interval with p-value = 0.089 and 

0.424, respectively. Moreover, sample preparation and processing can be performed 
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in a single device. Such capabilities are worthwhile when used in telemedicine for 

quantitative off-site diagnosis. 

 

(A) 

 

(B) 
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Figure 4. The standard addition technique was used to determine the quantity of (A) 

serum albumin and (B) fructosamine contents using the proposed microfluidic paper-

based analytical devices.  

 

Table 1. Concentrations of fructosamine and serum albumin calculated from 5-point 

standard addition and 2-point standard addition. 

 

Sample 

No. 

Fructosamine (mM) Albumin (g dL
-1

) 

5-point 

standard 

addition 

2-point standard addition 

(spiked concentration, mM) 

5- point 

standard 

addition 

2-point standard addition 

(spiked concentration, g dL
-1

) 

0.25 0. 5 0.75* 1.0 0. 25 0. 5 0.75 1.0* 

1 1.50 2.24 2.09 1.51 1.63 4.38 7.38 4.63 4.50 4.62 

2 
1.39 1.52 1.54 1.32 1.45 4.82 3.73 4.77 4.61 4.69 

3 
2.11 2.19 2.22 1.93 2.19 4.66 3.31 4.40 4.37 4.49 

4 1.75 6.31 3.09 1.92 2.01 4.08 6.84 4.21 4.00 4.38 

5 
1.94 1.68 1.85 1.75 1.96 4.66 3.52 4.59 4.24 4.60 

6 
1.90 1.55 1.76 1.69 1.89 4.71 3.44 4.51 4.44 4.55 

7 
2.70 1.65 2.03 2.30 2.55 4.82 3.73 4.77 4.61 4.69 

8 
2.12 2.26 2.26 1.96 2.21 4.43 3.00 4.10 3.93 4.31 

9 1.69 4.16 2.27 1.79 1.89 4.72 3.46 4.53 4.45 4.56 

10 
2.18 2.58 2.43 2.05 2.31 4.78 3.61 4.67 4.55 4.64 

11 
3.02 2.42 2.47 2.87 2.93 4.27 3.06 3.91 3.81 4.20 

12 1.64 3.36 2.11 1.71 1.82 4.57 3.31 4.40 4.13 4.49 
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13 
1.46 1.98 1.95 1.45 1.58 4.26 3.04 3.89 3.80 4.18 

14 1.47 2.00 1.96 1.45 1.58 4.15 7.83 4.40 4.12 4.49 

15 
1.79 3.76 2.64 1.89 1.98 4.39 2.90 4.01 3.87 4.25 

 

* Indicates concentrations that showed no significance differences from 5-point 

standard addition based on paired t-test with 95% confidence interval (p = 0.05) 

 

2.4.2.2 Reproducibility 

To study the reproducibility of the proposed devices, whole blood samples 

were spiked with one of two concentrations of serum albumin standard solutions, 0.25 

and 1 g dL
-1

, and assayed for albumin content. The results revealed that the within-run 

reproducibility at 0.25 and 1 g dL
-1

 (n = 10) resulted in CVs of 2.43% and 2.19%, 

respectively. Furthermore, the run-to-run reproducibility at 0.25 and 1 g dL
-1

 was CVs 

of 4.26% and 3.98%, respectively; this was assessed on three consecutive days (n 

=30). The reproducibility of the fructosamine assay was investigated in parallel with 

the albumin assay. Within-run reproducibility was 2.23% and 2.08% CV, when 

assaying samples spiked with DMF concentrations of 0.25 mM  and 1  mM, 

respectively. The run-to-run reproducibility was CVs of 3.84% and 3.6% when 

assaying samples spiked with DMF concentrations of 0.25 mM  and 1  mM, 

respectively. These results clearly indicated that our proposed device provided good 

reproducibility for the assessment of serum albumin and fructosamine levels.  
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2.4.2.3 Interference study 

An interference study was conducted to assess the effectiveness of the 

proposed device in the determination of serum albumin and fructosamine contents in 

whole blood samples. Endogenous substances present in body fluids may interfere 

with the colourimetric measurement of serum albumin and fructosamine; these 

include haemoglobin and bilirubin, which frequently interfere with chromophoric 

assays.  Therefore, a known quantity of each interfering substance was spiked into the 

whole blood samples. The recovery percentage was assessed to determine how much 

the spiked signal increased or decreased from the initial response signals. The 

possible interference of ɣ-globulin in the albumin assay was also studied to evaluate 

the specificity of the proposed system. The tetrazolium salt dye suffers from a major 

drawback; other physiologically relevant active reducing agents are found in blood 

serum, including glucose, ascorbic acid, and uric acid, and these blood components 

cause nonspecific reductions in the colour indicator. Although we used uricase, an 

enzyme with oxidising activity in the reagent to decompose the uric acid and shorten 

the assay time, its interference effect was still carefully examined in parallel.  

As shown in Table 2, 200 mg dL
-1 

haemoglobin impacted both assays. The 

resulting sample recoveries were 142.8% and 136.2% for the serum albumin and 

fructosamine measurements, respectively. However, the measured recoveries dropped 

to the satisfactory levels of 106.2% and 103.8% when the amount of haemoglobin 

was decreased to 100 mg dL
-1

. Similarly, a bilirubin concentration of 1.5 mg dL
-1

 

generated reasonable recovery signals of 101.7% and 99.5% for both assays. The 

effect of another serum protein, ɣ-globulin, at a concentration of 2000 mg dL
-1

 on the 

performance of the proposed device was also evaluated; the recovery value of this 
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protein was 105.1%. Other reducing components such as glucose and ascorbic acid, 

which were capable of reducing the indicator dye, had acceptable recoveries between 

101.1% and 102.3%. With the expectation of eliminating the non-specifically 

reducing component uric acid, 0.5 U mL
-1

 of uricase enzyme was employed as an 

oxidising agent to remove interference. Uricase had a reasonable recovery level of 

95.1% when spiked at concentrations up to 10 mg dL
-1

. This result implied that the 

uricase enzyme was used at a concentration sufficient to prevent the non-specific 

reduction. 

 

Table 2. The influence of various tested substances on the determination of serum 

albumin and fructosamine contents by the proposed system. 

 

Added 

interferences 

Added concentration  

(mg dL
-1

) 

Albumin assay 

(%Recovery) 

Fructosamine assay 

(%Recovery) 

None - 100 100 

Haemoglobin 200 142.8 136.2 

 100 106.2 103.8 

Bilirubin 1.5 101.7 99.5 

ɣ-Globulin 2000 105.1 - 

Glucose 1000 - 101.1 

Ascorbic acid 5 - 102.3 

Uric acid 10 - 95.1 
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2.4.2.4 Assay comparison 

The serum albumin and fructosamine levels of 15 samples obtained from non-

diabetic and diabetic volunteers were analysed using our proposed system in parallel 

with the current large-scale method. To obtain albumin-corrected fructosamine 

values, the fructosamine levels were corrected and calculated using the formula 

previously described by Lamb et al. [6]. To calculate the close correlation between the 

DMF standard solution and the calibrator used in commercial kit, we also used an in-

house NBT reagent composition based on the same principle as the large-scale Roche 

automatic machine. The agreement and relation between the two approaches in the 

measurement of albumin-corrected fructosamine values were assessed using the 

Bland-Altman bias plot and the Passing-Bablok regression analysis, respectively. The 

results revealed a reliable relationship between the proposed microfluidic paper-based 

analytical system and the conventional method within two standard deviation limits (± 

1.96 SD). These results suggest that the two methods could be used interchangeably, 

as depicted in Figure 5(A). As shown in Figure 5(B), the results derived from our 

system and those obtained from the commercial kit were highly correlated, with a 

Passing-Bablok regression equation of y = 0.9680x – 31.4271, when the albumin-

corrected fructosamine value was assayed. Based on a 95% confidence interval, the 

values of the y-intercept (-31.4281) and the slope (0.9680) were trustworthy and 

covered a range of -69.6364 to 20.0344 and 0.8638 to 1.0361, respectively. In other 

words, these data demonstrate good agreement between these two methods and 

provide an alternative approach to monitoring albumin-corrected fructosamine level 

in whole blood samples such that the glycaemic status in each individual can be 

determined.  
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Nevertheless, Figure 5(A) and 5(B) suggest about 10% low bias of results 

obtained by our new assay. This low bias could cause by the differences in platform 

used in our new paper-based system. Unlike conventional batch methods, it is 

probable that small amount of proteins could be trapped in the channels of the paper 

used to fabricate our device resulting in a lower amount of target analytes reaching the 

detection zone. In comparison with the conventional methods for determination of 

serum albumin and fructosamine, the bias of our assay slightly exceeds the minimum 

allowable total error as recommended by Westguard [85]. This finding suggests that 

new reference intervals of both serum albumin and fructosamine should be further 

reviewed and investigated to obtain a desirable specification within acceptable bias 

value for albumin-corrected fructosamine levels. However, this level of bias should be 

acceptable for a point-of-care screening assay for serum glycaemic levels. 

 

(A) 
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(B) 

 

Figure 5. Comparison of the proposed microfluidic paper-based analytical device and 

the conventional method for albumin-corrected fructosamine measurement using (A) 

a Bland-Altman bias plot and (B) Passing-Bablok regression analysis. 

 

2.5 Conclusions 

As demonstrated here, the proposed µPADs provide considerable 

improvement in both simplicity and speed and exhibit sufficient sensitivity. The 

burden of the large, cumbersome machinery currently used in laboratories can also be 

avoided. In addition to being easy to perform, these µPADs devices provide accurate 

determinations at clinically significant levels. To confirm its non-specificity, the 

uricase enzyme was employed as part of the NBT reagent to suppress uric acid and to 

shorten times. Two-point measurements of changes in intensity over successive two-

minute intervals (with a total duration between 8 and 10 minutes) were used to 
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minimise fast-reacting interferences, resulting in a more accurate and reliable assay. 

To enhance the uniformity, intensity and stability of the colourimetric reaction on the 

µPADs, poly(vinylpyrrolidone) was the hydrophilic polymer of choice. Regarding the 

intensity measurement, we also demonstrated that the standard addition technique 

could be used to subtract background colour contributed by real blood plasma; this 

allows for ease-of-use at the point of care. When the proposed device was used, the 

corrected fructosamine values for serum albumin were acquired simultaneously. 

These results indicate that we have made great strides in providing a reliable marker 

for glycaemic control in diabetes associated with chronic kidney disease, particularly 

for dialysis patients. 
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3.1 Abstract 

We propose an alternative approach to long-term glycaemic monitoring that 

uses eggshell membranes (ESMs) as a new immobilising platform for the first time in 

the selective label-free electrochemical sensing of glycated haemoglobin (HbA1c), 

which is a vital clinical index of the glycaemic status in diabetic individuals. Due to 

the unique features of a novel 3-aminophenylboronic acid-modified ESM, selective 

binding was obtained via cis-diol interactions. Such a device provides clinical 

applicability as an affinity membrane-based biosensor for the identification of HbA1c 

over a clinically relevant range (2.3%-14%) with a detection limit of 0.19%. The 

proposed membrane-based biosensor also exhibited good reproducibility. When 

assaying normal and abnormal HbA1c levels, the within-run coefficients of variation 

were 1.68% and 1.83%, respectively, and the run-to-run coefficients of variation were 

1.97% and 2.02%, respectively, demonstrating that this method achieved the precise 

and selective measurement of HbA1c. Compared with a currently used commercial 

method (n =15), the results demonstrated excellent agreement between the techniques, 

demonstrating the clinical applicability of this sensor for monitoring glycaemic 

control. Additionally, the low cost of this sensing platform makes using the proposed 

membrane-based biosensor ideal for point-of-care diagnostics. 

 

Keywords: Glycated haemoglobin (HbA1c), diabetes mellitus, 3-aminophenyl 

boronic acid, eggshell membrane, membrane-based biosensor, selective label-free 

electrochemical detection. 
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3.2 Introduction 

The alarming increases in mortality and health care expenditures resulting 

from diabetes have brought about considerable efforts to make disease-related 

measurements outside clinical settings, especially at a patient’s bedside. High blood 

glucose contributes significantly towards many chronic complications, e.g., 

atherosclerosis, kidney failure, retinopathy, and cognitive degeneration [86, 87]. The 

frequent monitoring of glycaemic levels is of great importance for preventing the 

serious complications associated with diabetes and also for delaying the clinical 

progression of the disease. Traditionally, glycated haemoglobin (HbA1c) has been the 

predominant biomarker for the long-term assessment of glycaemic control in clinical 

practice. HbA1c is irreversibly formed by a slow, non-enzymatic glycation process at 

one or both of the N-terminal valine residues of the β-chains of haemoglobin over a 

long period of time, which corresponds to the average lifespan of erythrocytes in the 

preceding 2-3 months. The American Diabetes Association (ADA) strongly 

recommends maintaining tight control over the level of HbA1c, with recommended 

values lower than 7%, and using HbA1c as a diagnostic criterion for diabetes [5]. A 

quantitative measurement of HbA1c should be performed at least twice a year in 

patients with good glycaemic control and at least once every three months in 

individuals with poor glycaemic control [5]. 

 Currently, the quantitative analysis of HbA1c is performed with a variety of 

analytical techniques, including electrophoresis [88], ion-exchange chromatography 

[36], boronate affinity chromatography [89], mass spectrometry [33-35], 

immunoassays[43, 44, 90, 91], electrochemical detection [48, 50, 51, 92-94], 

piezoelectric sensors [39-41], chemiluminescence [42], surface plasmon resonance 
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[58], and surface-enhanced resonance Raman spectroscopy [95]. Among these 

available techniques, the major drawbacks are that such methods are inevitably rather 

complicated and, as such, require a long time for analysis [43], the use of labelled 

antibodies [92], expensive equipment [39, 41], and/or sample preparation [96]; the 

effects of haemoglobin variants and chemically modified derivatives may also 

complicate these methods [88]. Although boronate affinity chromatography and mass 

spectrometry appear to be unaffected by interference from haemoglobin derivatives, 

the prohibitive cost and sophisticated instruments required make these methods 

unsuitable for routine clinical diagnosis [34]. 

Due to the unique features of boronic acid binding, this compound is of 

interest in developing an alternative detection method to distinguish between non-

glycated haemoglobin (HbAo) and HbA1c. Boronate groups are able to form stable 

complexes with the diol groups from glycated proteins under alkaline conditions [63]. 

Consequently, a boronate derivative is a critical component of an affinity biosensor 

for the analysis of glycosylated biomolecules. More recently, to amplify the 

electrochemical signal, Song et al. proposed the competition assay between HbA1c 

and glucose oxidase on the boronate-modified electrode surface for HbA1c 

determination in whole blood samples [93]. The proposed biosensor provided a linear 

response covering the clinical reference range of diabetes (4.5-15%). However, in 

contrast to the voltammetric and amperometric methods, impedimetric measurements 

gain the full benefits of understanding the chemical reaction mechanisms, including 

electron transfer, absorption, conductance and mass transport of the redox probe [97]. 

Therefore, for this purpose, the use of electrochemical impedance spectroscopy for 

investigating chemical characteristics is highly desirable. A technique for selective 
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HbA1c biosensing by means of impedance spectroscopy has been previously reported 

to enable the determination of HbA1c concentrations with high sensitivity [56, 60, 

61], where the principle of this technique depended primarily on a self-assembled 

monolayer (SAM) of thiophene-3-boronic acid (T3BA) on gold electrodes. However, 

the dynamic detection range has yet to match the physiological range of HbA1c in 

real blood samples (3-13 mg mL
-1

) [40]. Thus, improvements of the sensing interface 

are still needed to provide an acceptable linear range for the clinical assessment of 

HbA1c.  

Porous fibres consisting of proteins, e.g., eggshell membranes (ESMs), have 

attracted much attention because of the wide potential applications of these fibres as 

low-cost platforms for immobilisation. In previous studies on other selective 

microporous membranes [98, 99], the potential problems of delicate operation and 

high cost arose as crucial hurdles for the development of membrane-based biosensors. 

ESM, a naturally occurring biological polymer, has the distinct property of an 

interconnected porous structure, making ESM a useful biomaterial to use as a 

template for surface modification. ESM is generally available, affordable, abundant, 

biocompatible, and environmentally benign. Moreover, the amines and amides on its 

surface present positively charged functional groups, which in turn can be 

functionalised or modified [64]. Due to these properties, ESM has been employed in 

biomedical applications as a membrane for guided bone regeneration [100], a 

biological dressing to promote the infection-free healing of wounds [101], and a 

platform for  protein immobilisation [102, 103].  

Regarding the sustainable utilisation of ESM, there have been no relevant data 

as yet on label-free biosensing with boronate-affinity applications. Therefore, the 



 46 

primary aim of this work was to investigate the possibility of using ESM as a new 

immobilising platform for surface modification with boronate derivatives. Such a 

platform can be applied to the creation an affinity-based biosensor to identify HbA1c. 

In this study, a novel ESM-based analytical device for the quantitative measurement 

of HbA1c in authentic blood samples was proposed as a great advancement in HbA1c 

analysis. The selective 3-aminophenylboronic acid (APBA)-modified ESM was 

constructed as a specific binding component of a device for the label-free 

electrochemical impedance spectroscopy measurement. The APBA plays a prominent 

role in the selective binding of HbA1c via cis-diol interactions with a boronate-

recognition group. To our knowledge, no previous attempts have been made to 

develop ESM-based biosensors for determining HbA1c in blood samples. In other 

words, with the intriguing use of ESM as a new immobilising platform, this work 

demonstrates the development of a reliable and inexpensive device for assaying 

HbA1c. 

 

3.3 Materials and Methods 

3.3.1 Reagents and chemicals 

For assaying HbA1c levels, a Lyphochek
®
 HbA1c Linearity Set and 

Lyphochek® Diabetes Controls were purchased from BioRad Laboratories (Hercules, 

CA, USA). Analytical grade chemicals were used throughout this study. APBA, 4-

ethylmorpholine, sodium chloride, potassium chloride, potassium hexacyanoferrate II, 

potassium hexacyanoferrate III, a glutaraldehyde solution (25% w/w), ethanolamine, 

sodium acetate trihydrate, potassium cyanide, sodium phosphate monobasic, sodium 

phosphate dibasic, potassium ferricyanide, sodium bicarbonate, and haemoglobin-Ao 
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were obtained from Sigma (St. Louis, MO, USA). Hydrochloric acid, Brij® 35 

[polyoxyethylene (23) lauryl ether detergent], and acetic acid were acquired from 

Merck (Darmstadt, Germany). The materials used to determine the haematocrit (Hct) 

values, including micro-haematocrit tubes, a micro-capillary reader, and a micro-

haematocrit centrifuge, were manufactured by Vitrex Medical A/S (Herlev, 

Denmark), International Equipment Company (Needham Heights, MA, USA), and 

Hawksley and Sons Ltd. (Sussex, England), respectively. A cyanmethaemoglobin 

standard solution was available from a local service provider. A commercial platinum 

screen-printed electrode was supplied by DropSens (Asturias, Spain). To determine 

the HbA1c levels in the whole blood samples, commercial in2it
TM

 (II) A1c test kits 

from Bio-Rad Laboratories (Hercules, CA, USA) were employed to validate the 

method based on well-established boronate affinity chromatography. 

 

3.3.2 ESM preparation 

Chicken eggs were purchased from the local supermarket and stored at 4 °C 

before use. The ESM is a double-layered membrane inside the eggshell composed of 

highly cross-linked proteins. According to the method described by F. Yeni et al. 

[104], to obtain the whole ESMs, eggs were soaked in absolute acetic acid at 4 °C for 

18 hours, and the membrane was subsequently peeled off of the broken eggshell. 

Afterwards, the membranes were cleansed with a copious amount of deionised water 

before cutting into circles with a diameter of approximately 13 mm. The circular 

ESMs were stored in a 10 mM 4-ethylmorpholine buffer containing 0.25 M KCl and 

0.1 M NaCl until further use. 
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To characterise the microstructure of the ESM with and without the 

immobilised HbA1c, a scanning electron microscope (JSM-5410LV, JEOL, Tokyo, 

Japan) and transmission electron microscope (TEM-2100, JEOL, Tokyo, Japan) were 

used to study the surface and internal structure of the ESMs. For scanning electron 

microscopy (SEM), the dried circular membranes were placed on a specimen stub and 

coated with a thin layer of gold before analysis. To prepare the ESMs for transmission 

electron microscopy (TEM), the membranes were initially fixed with a 2.5% (w/w) 

glutaraldehyde solution and 1% (w/v) osmium tetroxide before being dehydrated with 

a series of washes with ethanol at concentrations ranging from 35% to 95%. The 

membranes were further immersed in propylene oxide, embedded in an epoxy resin 

solution, dried, and then cut to 90-nm thickness using an ultramicrotome before being 

placed on a copper grid. Finally, to increase the contrast level of the image, the 

membranes were stained with uranyl acetate and lead citrate before the TEM 

investigation. 

 

3.3.3 Label-free electrochemical impedance spectroscopy system set-up 

The label-free electrochemical impedance spectroscopy measurement was 

carried out with a potentiostat/galvanostat instrument (Autolab PGSTAT30, Eco 

Chemie, The Netherlands) equipped with the Frequency Response Analyser system 

software. In this study, the impedance detection system was connected to a 

commercial platinum screen-printed electrode (DropSens, Asturias, Spain) for the 

selective electrochemical sensing of HbA1c. This new configuration is illustrated in 

Figure 5(A). A circle-sized APBA-modified ESM (13 mm) was positioned on the 

platinum screen-printed electrode surface covering all of three electrodes, consisting 
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of counter (CE), working (WE), and reference electrodes (RE). The membrane was 

carefully placed over the electrode to prevent the formation of air bubbles between 

both layers. The whole assembly, i.e., an integrated electrode with a thin layer of 

ESM, an O-ring, and a custom-ordered holder, was clamped together through 

magnetic force. The electronic connections were accomplished by a customised 

designed electronic connector. The impedance measurement was conducted over a 

frequency range of 100 kHz to 10 mHz with an alternating-current amplitude of 10 

mV. The redox ions, i.e., a 5 mM Fe(CN)6
3-/4-

 solution containing 0.25 M KCl and 0.1 

M NaCl dissolved in 10 mM 4-ethylmorpholine buffer, were prepared and used as an 

electroactive probe throughout the experiment. The impedance data were fitted to an 

equivalent-circuit model using the NOVA 1.9 software. 

 

3.3.4 Surface modification with APBA 

Unless otherwise stated, for fabrication of the APBA-modified ESM, a drop of 

glutaraldehyde solution was placed on the surface of the membrane, which was then 

thoroughly washed with 10 mM 4-ethylmorpholine buffer before the addition of 2.5 

mg mL
-1

 of APBA. The excess aldehyde groups were subsequently removed by 

rinsing with 10 mM ethanolamine followed by an additional wash. Finally, various 

concentrations of HbA1c were used to investigate whether HbA1c could bind to the 

selective sensing surface via cis-diol interactions. Each consecutive step was carried 

out on the same piece of platinum screen-printed electrode with the use of the 

electroactive redox probe. The electrochemical impedance spectroscopy measurement 

was conducted in a step-wise manner. The APBA-modified ESMs could be used 

repeatedly after washing with a regeneration buffer, 10 mM sodium acetate at pH 5, 
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which reversed the HbA1c binding reaction. A sodium acetate buffer could be used to 

remove HbA1c from the APBA-modified membranes because the binding of boronate 

groups with diol groups has been shown to be quite unstable under acidic conditions 

[105]. 

Glutaraldehyde was used as a coupling agent and served as a homo-

bifunctional crosslinker between the amine moiety of APBA and the amine groups on 

the surface of the ESM, as depicted in Figure 5(B). The aldehyde group is expected to 

attach to the amine group of APBA. Afterwards, any remaining aldehyde groups were 

then blocked with the ethanolamine buffer. In such a case, the specific binding 

between the boronic acid groups and HbA1c occurs via cis-diol interactions.  

 

(A) 
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(B) 

 

Figure 6. Schematic diagram of the proposed ESM-based biosensor illustrating (A) a 

configuration of the label-free electrochemical impedance system set-up and (B) a 

reaction scheme for immobilising APBA on the surface of ESMs. 

 

3.3.5 Sample preparation 

Healthy participants and diabetic patients, as defined by the American 

Diabetes Association criteria [80], volunteered to take part in our study. Written 

informed consent was obtained from all the individuals before the study began. The 

project regarding the development of membrane-based biosensors was approved by 

the Ethics Review Committee for Research Involving Human Research Subjects, 

Health Sciences Group, Chulalongkorn University (ECCU) under approval number 

COA No. 057/2557. Whole blood samples were collected in vacuum blood collection 

tubes using tripotassium ethylenediaminetetraacetic acid (K3EDTA) as an 

anticoagulant. The Hct and total haemoglobin (Hb) were quantified using the micro-

capillary and cyanmethaemoglobin methods (Drabkin’s reagent), respectively. After 

measuring the Hct and total Hb, centrifugation was used to separate the plasma from 

cells, and then the plasma was discarded to eliminate glucose and other glycated 
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proteins existing in the plasma. The red blood cells remaining were carefully washed 

three times with physiological saline (a 0.9% sodium chloride solution) to remove the 

plasma completely. To prepare the red blood cell lysates, a haemolysing buffer 

solution (26 mM NaH2PO4, 7.4 mM Na2HPO4, and 13.5 mM KCN), as prepared 

according to a previous study [48], was used to lyse the red blood cells prior to the 

electrochemical impedance measurement. 

 

3.4 Results and Discussion 

3.4.1 Surface characterisation of the ESM 

The ESM, a thin film adhering inside the eggshell, is composed of three thin 

membranes, namely, the outer ESM, inner ESM, and limiting membrane, from 

outside to inside [106]. In our study, the entire ESM was used as a sheet membrane, 

and the membrane surface that contacts the shell was called the outer surface, whereas 

the opposite surface was called the inner surface. Figure 7 displays scanning electron 

micrographs (Panels A-D) and transmission electron micrographs (Panels E-F) of 

ESMs with and without the immobilised red blood cell lysates. The surface structure 

was found to be different side of an ESM, as shown in Figure 7(A). The total 

thickness of the ESM was approximately 60-70 µm, which is in agreement with the 

work of Takiguchi et al. [107]. A network-like structure was observed on the ESM 

surface [Figure 7(B)], indicating that the ESM consisted of highly cross-linked protein 

fibres and cavities. The fibres of the inner layer were smaller and smoother than those 

of the outer layer [Figure 7(C)]. After the immobilisation of APBA, the red blood cell 

lysates were able to adhere to the surface of the ESM, as depicted in Figure 7(D). Our 

analysis indicated that the red blood cell lysates were successfully immobilised on the 
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surface of the ESM. Figure 7(E) presents the TEM micrograph showing that the 

membrane fibres are 1-4 µm in diameter and separated by extra-fibre spaces. Each 

fibre consists of a collagen-rich core that is surrounded by a glycoprotein-rich mantle 

[108]. The internal cavity of the ESM was occupied by HbA1c after exposure to the 

red blood cell lysates [Figure 7(F)]. These results implied that some components of 

the red blood cell lysates attached to the surface of the ESM, while other components 

entered into the interlacing network of ESM fibres. 

 

 
 

Figure 7. SEM images of the ESM: (A) cross-section, (B) outer surface, (C) inner 

surface, (D) after exposure to HbA1c; and TEM images of ESM: (E) membrane fibres 

consisting of a collagen-rich core surrounded by a mantle layer and extra-fibre spaces, 

(F) after exposure to HbA1c. 
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3.4.2 Optimisation of the HbA1c assay 

3.4.2.1 Effect of pH 

The effect of pH has been widely perceived to be the most crucial factor for 

affinity binding between HbA1c and the boronate groups. In general, under alkaline 

conditions, boronic acid is transformed to its tetrahedral anionic form, which 

subsequently reacts with the diol group of a glycated protein to form a cyclic ester. A 

pH above the pKa value of APBA is typically considered optimal for this reaction; 

however, it has been suggested that determining the optimum pH for binding is not 

this simple [109]. Therefore, in this study, the effect of pH on binding was 

investigated with a 10 mM 4-ethylmorpholine buffer solution containing 0.25 M KCl 

and 0.1 M NaCl to maintain the pH at 8, 8.5, 9, or 9.5. As shown in Figure 8, the 

normalized ratio of stimulated resistance plotted against the HbA1c concentration was 

greatly impacted by pH. The results revealed that the sensitivity of the HbA1c assay 

increased with increasing pH. Although the binding of HbA1c to the boronate 

complexes at pH 9.5 provided the highest sensitivity, this pH was disregarded due to 

the narrow linearity also obtained at this pH. Furthermore, under extremely alkaline 

conditions, the tertiary and quaternary structures of glycated proteins would be subject 

to denaturation. Thus, a pH of 8.5 was instead selected for all subsequent experiments 

because this pH provided a wider linear range that extended to 14% HbA1c. At pH 

values close to the pKa of APBA, the boronate group is expected to exist in an anionic 

form, which is able to bind specifically with a diol to form the boronate ester. 

Similarly, Přibyl et al. also suggested that a pH above 8 can generally be accepted as 

an optimum condition [41]. 
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Figure 8. The effect of pH on HbA1c binding; (●) pH 8, (▲) pH 8.5, (▼) pH 9, and 

(■) pH 9.5. 

 

3.4.2.2 Effects of glutaraldehyde and APBA concentrations 

In our system, the glutaraldehyde solution was used as a cross-linking agent to 

achieve covalent bonding between the amino groups of the ESMs and amine 

functional groups of APBA. Two levels of an HbA1c standard solution were 

employed to investigate the effect of glutaraldehyde concentration on the impedance 

signal response of the APBA-modified ESMs at a concentration of 0.25 mg mL
-1 

APBA. After 5 minutes of glutaraldehyde immobilisation, when normal and high 

levels of HbA1c were assayed, the impedance response of the membrane-based 

biosensor increased with increasing concentrations of glutaraldehyde, as depicted in 

Figure 9(A). Hence, a 25% (w/w) glutaraldehyde solution was the optimum condition 
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and was selected for all subsequent experiments. In comparison, when using ESM as 

an enzyme immobilisation platform, higher glutaraldehyde concentrations lead to a 

decrease in the sensitivity of the biosensor due to the denaturation of the enzyme. In 

general, a 2.5% (w/w) glutaraldehyde solution has been chosen as the optimal cross-

linking agent for enzyme immobilisation; however, the immobilisation normally 

occurs over a prolonged period ranging from 30 minutes to 8 hours, permitting long-

term contact of the enzymes with glutaraldehyde [110-112]. In contrast, the method of 

choice in this study involved an immobilisation strategy that utilised a higher 

concentration of glutaraldehyde and a short contact time. This approach is not without 

precedent because several instances of using high concentrations of glutaraldehyde 

have been reported in the literature [113-115]. 

 The concentration of APBA was also a relevant factor that directly affected 

the binding of HbA1c to the ESM-based biosensor. The signal response increased 

with an increasing concentration of APBA, as depicted in Figure 9(B). However, 

when the concentration of APBA was higher than 0.25 mg mL
-1

, the response reached 

a maximum value, indicating that the amount of APBA had achieved equilibrium. 

Thus, 0.25 mg mL
-1

 of APBA was used for all subsequent experiments. 
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(A) 

 

(B) 

 

Figure 9. Optimisation parameters regarding (A) glutaraldehyde concentration and 

(B) APBA concentration. 
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3.4.2.3 Effect of incubation time 

Alteration of the times for the APBA and HbA1c immobilisations on the 

ESMs could affect the amount of immobilised boronic acid functional groups and 

HbA1c molecules, respectively, on the surface of the ESMs, which are in direct 

proportion to the sensitivity of the membrane-based sensors. Thus, the effect on 

HbA1c detection on APBA immobilisation times from 10 to 40 minutes was also 

investigated (Figure 10(A)). When assaying 2 levels of HbA1c with 0.25 mg mL
-1 

of 

APBA, the impedance signal increased gradually as the immobilisation time increased 

from 10 to 20 minutes, and the signal reached a steady state after 20 minutes of 

incubation. Therefore, the optimum immobilisation time for APBA was determined to 

be 20 minutes. Figure 10(B) illustrates the effect of HbA1c immobilisation time on 

the impedance signal obtained from the APBA-modified ESM. In this case, when 

assaying 2 levels of HbA1c, the signal response increased with an increasing 

incubation time and approached the maximum value after 15 minutes. Thus, 

considering a compromise between the signal response and analysis time, a 15-minute 

incubation time was used throughout our studies. 
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(A) 

 

(B) 

 

Figure 10. Optimisation parameters regarding (A) immobilisation time with 0.25 mg 

mL
-1

 of APBA and (B) HbA1c immobilisation time assayed on the proposed 

membrane-based biosensor. 



 60 

3.4.3 Analytical characteristics 

3.4.3.1 EIS characterisation of the sensing interface 

One of the distinctive features of ESM is that its structure is composed of an 

intricate lattice meshwork of large and small fibres interlocking with each other, and 

the ESM surface is expected to contain reactive functional groups, i.e., amines and 

amides, that are expected to react with APBA via the glutaraldehyde coupling agent. 

In our study, the inner surface of the ESM was subjected to step-wise boronate 

modifications with a platinum screen-printed electrode underneath. Label-free 

electrochemical impedance measurements were subsequently performed following 

each step of the surface modification. Figure 11 shows Nyquist plots for the kinetic 

redox process, using [Fe(CN)6]
3-/4-

 as an electroactive probe, on a bare platinum 

screen-printed electrode, and on the ESM, glutaraldehyde-activated ESM, and APBA-

modified ESM. Compared to the impedance data obtained from a bare electrode, a 2-

fold increase in the charge-transfer resistance (Rct) was observed when the membrane 

was placed on the electrode. This evidence implies that the fibrous ESM immobilised 

on the surface of the platinum electrode was blocking redox species movement. When 

the glutaraldehyde solution was applied, the curve broadened significantly, indicating 

a dramatic increase in resistance. Surprisingly, when the glutaraldehyde-activated 

ESM was further modified with APBA, the Rct significantly decreased, indicating 

neutralisation of the negative charges of the redox probes. The observed decrease in 

the Rct may result from the almost neutral net charge of APBA in a buffer with a pH 

close to the pKa of APBA. In addition, APBA may directly bind to the surface of the 

ESM because the network of protein fibres in this type of membrane is composed of a 

collagen-rich core and a glycoprotein-rich mantle [116]. To investigate whether the 
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impedance changes were due to the resistance of the membrane, a control experiment 

was also performed using the screen-printed electrode without ESM prepared in the 

same manner as the electrode in the proposed system. Nyquist plots for the stepwise 

modification of screen-printed electrodes are shown in Figure 12. The impedance 

response obtained from the glutaraldehyde-treated electrode was significantly 

decreased compared to that obtained from the bare electrode. Additionally, the 

glutaraldehyde-treated electrode was not responsive to the 0.25 mg mL
-1

 APBA. The 

impedance signals of the APBA-modified electrode were not in direct proportion to 

the various concentrations of HbA1c, implying that the changes in impedance of the 

proposed membrane-based system were due to the resistance of the membrane.  

 

 

Figure 11. Nyquist plots for the stepwise analysis of the (●) bare electrode, (■) ESM, 

(▲) glutaraldehyde treated-ESM, and (▼) APBA-modified ESM surface in the 

presence of a 5 mM Fe(CN)6
3-/4-

 redox probe in 10 mM 4-ethylmorpholine buffer (pH 

8.5). 
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Figure 12. Nyquist plots for the step-wise modification of the screen-printed 

electrodes without ESM for HbA1c biosensing: () bare elctrode, (●)  

glutaraldehyde-treated electrode, () 0.25 mg mL
-1

  APBA, (■) 2.3% HbA1c, (▲) 

4.6% HbA1c, (▼) 6.3% HbA1c, () 10% HbA1c, and () 14% HbA1c. 

 

3.4.3.2 Calibration curve for the detection of HbA1c 

The differential change in impedance with increasing HbA1c concentrations is 

clearly indicated in the Nyquist plot, as depicted in Figure 13(A). After exposure to 

the HbA1c, the Rct was significantly increased due to the ability of HbA1c to interact 

with APBA on the modified ESM and thus hinder the movement of redox species to 

the platinum electrode surface below the ESM. A control experiment was also carried 

out using an ESM without immobilised APBA, which was prepared in a manner 

similar to the proposed system. The impedance signal response towards HbA1c over 

the concentration range of 2.3% to 14% remained unchanged compared to the 
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baseline signal of the ESM (Figure 14). This result confirmed that the impedance 

signal arose from the specific binding between the APBA-modified ESM and HbA1c 

via cis-diol interactions. Additionally, as shown in Figure 13(B), a significant phase 

shift was observed after attachment of the HbA1c, and a less obvious change occurred 

with increasing concentrations of HbA1c. Dramatic changes in impedance were 

noticed at the lower frequency ranges [Figure 13(C)], thereby demonstrating the 

sensitive response of the APBA-modified ESM towards HbA1c.  

The impedance data are satisfactorily described by the behaviour of a system 

with the equivalent circuit shown in Figure 13(D) (inset), which comprises a series of 

two constant-phase elements (CPEs) in parallel with two resistances (Rp) and the 

Warburg impedance element (W), along with the solution resistance (Rs). The good 

fitting results are shown in Figure 15. In this model, Rs corresponds primarily to the 

resistance of the electrolyte solution, whereas Rp1 and Rp2 are the Rct values that 

correspond to the membrane resistance and charge-transfer kinetics at the platinum 

screen-printed electrode, respectively. A CPE is used to describe the non-Faradic 

process at the membrane-solution and electrode-solution layers. The CPE is defined 

as ZCPE= (Aω)
-α

,
 
where A is a proportionality factor, ω is the angular factor, and α is 

an exponential term with a value between 0 and 1. When the value of α is equal to 1, 

the CPE acts as a pure capacitor [97]. Based on the results of fitting the 

electrochemical impedance data to this equivalent circuit, an increase in the 

membrane resistance Rp1 response is observed in the presence of increasing HbA1c 

concentrations. These results implied that the immobilised HbA1c could fully occupy 

the porous network of the ESM; therefore, the electroactive probe was not accessible 

to the surface of the platinum electrode, resulting in an increase in the Rct. The rate 
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constant for the Faradic reaction of [Fe(CN)6]
3-/4-

, an electroactive probe, has been 

described using the electrochemical basis of the Rct, as indicated in the following 

equation [117]: Rct = RT/(n
2
F

2
Ak

0
appC) where R is the gas constant, T is the 

temperature, n is the number of electrons transferred, F is the Faraday constant, A is 

the electrode area, k
0

app is the rate constant of the redox process, and C is the 

concentration of the redox species. In our proposed system, the electrode surface area 

(A) and the rate of the redox process (k
0

app) can be altered by the stepwise 

modification process. 

The normalised ratio of the resistances derived from the fitted resistance 

values was plotted versus the various concentrations of HbA1c, as illustrated in 

Figure 13(D). The results revealed that the normalised response was linear up to 14% 

of HbA1c, with a regression equation of y = 0.1151x + 2.2216 (r
2
 = 0.990). The 

detection limit, defined by a signal-to-noise ratio of 3, was found to be 0.19%, a 

slightly higher sensitivity than that described by Kim et al. [48]. These findings 

suggest that the proposed system provides sufficient sensitivity to measure the 

concentration of HbA1c within the required clinically relevant range of HbA1c, where 

4–6% is considered normal and covers the clinical reference range of diabetes (6.5-

15%) [5]. Compared with other electrochemical impedance measurements of HbA1c, 

the proposed membrane-based biosensor provides a wider linear range for assaying 

HbA1c [56, 60, 61]. ESM has a distinctive property. The higher the porous fibres, the 

higher the immobilisation surface areas, is available for boronate-binding sites. 

Hence, the high surface density of the available boronate groups increases the 

sensitivity and linearity of the proposed biosensor. With the proposed ESM biosensor, 

samples can be directly tested without requiring additional sample dilution steps and 
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avoiding pipetting errors. In addition, this label-free affinity platform provides us with 

a better understanding of interfacial sensing mechanisms and a great tool for 

glycaemic monitoring in diabetic patients, especially those in developing countries. A 

favourable comparison of the analytical characteristics for HbA1c determination 

using boronate-based electrochemical methods is provided in greater detail in Table 5. 

Importantly, according to the standard interpretation norms of HbA1c in clinical 

practice, the HbA1c concentration should be expressed as the percentage of total 

haemoglobin (i.e., mmol mol
-1

 or %). Thus, in our studies, the HbA1c haemolysate 

standards (% HbA1c), which are currently used for commercial instruments, were 

selected as being representative of real clinical samples. As demonstrated here, the 

proposed membrane-based system leads to a substantial improvement in the dynamic 

detection range of HbA1c (up to 14%) and also exhibits excellent sensitivity. Such 

capabilities make this method useful for real sample analysis and for assessing the 

glycaemic levels for clinical diagnosis. 

 

(A) 
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(B) 

 

 

(C) 
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(D) 

 

 

Figure 13. Impedance data obtained from (A) Nyquist plot, (B) Bode-phase plot of 

the APBA-modified ESM before and after it was exposed to various concentrations of 

HbA1c: (●) APBA-modified ESM, (■) 2.3%, (▲) 4.6%, (▼) 6.3%, ()10%, and () 

14% HbA1c; (C) Bode-modulus plot and (D) variation of the normalised Rct with 

respect to the concentration of HbA1c (%). Inset right: an equivalent circuit for 

analysing the impedance data; Rs, Rp, CPE, and W represent the solution resistance, 

charge-transfer resistance (Rct), constant-phase element, and Warburg impedance, 

respectively. 
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Figure 14. Impedance data obtained from the control experiment using an ESM 

without immobilised APBA for HbA1c detection: () bare electrode, () ESM, (●)  

glutaraldehyde-treated ESM,  (■) 2.3% HbA1c, (▲) 4.6% HbA1c, (▼) 6.3% HbA1c, 

() 10% HbA1c, and () 14% HbA1c. 
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Figure 15. The experimental electrochemical impedance spectra (scattered points) 

and the fitted results (solid line): (a) incubation of a normal HbA1c concentration 

(4.6% HbA1c) and (b) diabetic HbA1c concentration (10% HbA1c) in the presence of 

a 5 mM Fe(CN)6
3-/4-

 redox probe in 10 mM 4-ethylmorpholine buffer (pH 8.5) 

containing 0.25 M KCl and 0.1 M NaCl. Nyquist plots of an APBA-modified ESM 

after exposure to the various concentrations of HbA1c. Inset: the equivalent circuit for 

the impedance spectroscopy measurement.  
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Table 3. Comparison of analytical characteristics for HbA1c determination using 

boronate-based electrochemical methods. 

 

Approach Dynamic 

detection range  

(µg mL
-1

) 

Limit of 

detection 

(µg mL
-1

) 

Real 

sample 

analysis 

Ref. 

     

Thiophene-3-boronic acid 

monolayer-covered gold 

electrodes 

0.1 - 1 ND ND Park et 

al., 

2008 

Thiophene-3-boronic acid-

modified ring-shaped 

interdigitated electrodes 

10 - 100 1 ND Hsieh 

et al., 

2013 

Thiophene-3-boronic acid-

modified gold electrodes 

integrated into a microfluidic 

device 

10-100 ND ND Chuang 

et al., 

2012 

Amperometric sensor 

(poly(terthiophene benzoic 

acid)/gold nanoparticle-modified 

electrodes) 

0.1 – 1.5 % 0.052 ± 

0.02 % 

(0.27 %; 

impedance 

analysis) 

Haemo-

lysates 

Kim 

and 

Shim, 

2013 

Flow immunoassay system 0 - 500 ND Haemo- Tanaka 
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(boronate-affinity on-chip 

column) 

lysates et al., 

2007 

Voltammetric measurement 

(boronic acid-modified 

pyrroloquinoline quinine/reduced 

graphene oxide composites)  

9.4 – 65.8 1.25 Haemo-

lysates 

Zhou et 

al., 

2015 

Voltammetric measurement 

(poly(amidoamine) G4 

dendrimer/formylphenylboronic 

acid-modified electrodes) 

2.5 – 15 % ND ND Song 

and 

Yoon, 

2009 

Voltammetric measurement 

(cystamine/formylphenylboronic 

acid-modified electrodes) 

4.5 – 15 % ND Whole 

blood 

Song et 

al., 

2012 

Potentiometric method ND ND Haemo-

lysates 

Liu and 

Crooks, 

2013 

Ferroceneboronic acid-based 

amperometric biosensor 

(Zirconium dioxide nanoparticle-

modified electrodes) 

6.8 – 14 % ND Whole 

blood 

Liu et 

al., 

2006 

ND: not determined. 
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3.4.3.3 Reproducibility 

The reliability of the proposed membrane-based biosensor was determined 

with a precision assay that included two levels of HbA1c, i.e., normal (4.6%) and 

diabetic (10%) HbA1c concentrations, performed on the same day and on three 

consecutive days. The results revealed that the within-run reproducibility (each 

concentration; n = 10) was indicated by CVs of 1.68% and 1.83% when assaying 

normal and abnormal levels of HbA1c, respectively. Furthermore, the run-to-run 

reproducibility studies at normal and abnormal levels resulted in CVs of 1.97% and 

2.02%, respectively, assessed on three consecutive days (each concentration; n =30). 

The regeneration experiment is also demonstrated in Figure 16. Due to the reversible 

binding between HbA1c and boronate-recognition groups, the proposed membrane-

based biosensor could be used as a reusable sensing platform. After repeated usage of 

the proposed membrane-based biosensor, similar signal responses were observed up 

to 10 cycles without losing APBA activity. Recently, Sacks et al. recommended that 

an intra-laboratory CV should be less than 2% (NGSP units; National 

Glycohemoglobin Standardization Program) because a difference of 0.5% HbA1c 

between successive patient samples represented a significant change in glycaemic 

control [118]. Therefore, these findings clearly demonstrate that our proposed system 

provides an accurate assessment of HbA1c with great precision and also meets the 

performance goal for HbA1c measurement. Additionally, the storage stability of the 

screen-printed electrode covered with the boronate-modified ESM was also 

investigated by soaking the system in ultrapure water. Unfortunately, our results 

showed that the activity of APBA sensing interface was greatly diminished after 

storing the electrode for a few days. The decrease in signal response could be due to 
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the detachment of the boronate group from the ESM. Thus, the future studies on the 

storage stability of the boronate-modified ESM will be needed to be investigated. 

 

 

Figure 16. Nyquist plots for step-wise modification of (a) an APBA-modified ESM, 

(b) incubated with 4.6% HbA1c, (c) regenerated with sodium acetate buffer at a pH of 

5, (d) incubated with 10% HbA1c, (e) washed with regeneration buffer, (f) re-

incubated with 4.6% HbA1c. 

 

3.4.3.4 Selectivity study 

For clinical purposes, a whole-blood specimen is the most complex matrix 

because there are many interfering molecules present, including endogenous 

(unconjugated bilirubin, glucose, glycated proteins, or high hypertriglyceridaemia) 

and exogenous substances (commonly prescribed drugs and supplements). 
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Considering the underlying principles of the boronate affinity measurement method, 

this analytical concept is based on a unique structural characteristic of HbA1c. The 

boronate recognition group is able to covalently bind to the diol group of any glycated 

protein or sugar. Accordingly, the method described here may not be specific only to 

HbA1c but may also bind to glucose, glycated albumin, and other glycated proteins 

interfering in whole-blood samples. However, in our study, these endogenous 

interfering substances present in plasma were negligible because these substances 

were completely removed from the red blood cells by centrifugation and washing with 

physiological saline. As stated earlier, the red blood cell lysates were prepared before 

being subjected to the impedance analysis. Therefore, to evaluate the selectivity of the 

proposed membrane-based biosensor for the determination of HbA1c in authentic 

blood samples, the use of HbAo was one possible way to investigate whether the non-

glycated protein could interfere with the specificity of the proposed assay. The 

experiment was carried out utilising the boronate-modified ESM prepared in a manner 

similar to that for HbA1c determination, as described in the method section, but 

HbAo was used instead. Compared with the signal response of boronate-modified 

membranes, the impedance data in the response towards HbAo remained unchanged 

over the concentration range of 10 to 20 g dL
-1 

(data not shown). These results imply 

that our proposed membrane-based system is able to very precisely determine the 

HbA1c content in authentic blood samples, indicating the clinical applicability of the 

present method to monitor glycaemic levels in diabetic individuals.  

Most importantly, for the correct interpretation of HbA1c measurements in 

clinical practice, the analytical interference of genetic variants, i.e., HbS, HbC, HbD, 

HbF, and HbE, and chemical derivatives of haemoglobin, i.e., carbamyl-Hb, and pre-
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HbA1c, is of particular note when guaranteeing the reliability of the results. However, 

to our knowledge, compared with the other available methods for HbA1c 

determination, the boronate affinity binding method is generally considered to be less 

affected by the presence of haemoglobin variants and modified derivatives [119, 120]. 

Recent data obtained from a comparison between the International Federation of 

Clinical Chemistry and Laboratory Medicine (IFCC) reference method and boronate 

affinity method showed that boronate affinity method was not affected by the 

presence of most common haemoglobin variants [56]. However, the characteristics of 

patient population should be carefully considered during the selection of HbA1c assay 

method, including the prevalence of haemoglobin variants. Additional physiological 

factors, such as severe iron-deficiency anaemia, haemolytic anaemia or any conditions 

that directly affect the erythrocyte lifespan, should be considered as potential 

restrictions for interpreting HbA1c assay results.  

 

3.4.3.5 Assay comparison 

Fifteen red blood cell lysate samples obtained from non-diabetic and diabetic 

volunteers were analysed for HbA1c levels using the proposed membrane-based 

system in parallel with the current commercially available method. All of the samples 

were analysed for haemoglobin and haematocrit values, which were determined to be 

within the ranges of 11-18 g dL
-1

 and 30-47%, respectively. The agreement and 

correlation between the two approaches were assessed using the Bland-Altman bias 

plot and a Passing-Bablok regression analysis, respectively. The results revealed a 

reliable relationship between the proposed membrane-based system and the 

commercially available method within an agreement interval of ± 1.96 SD. As 
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demonstrated in Figure 17(A), these results suggest that the two methods could be 

used interchangeably. The results derived from our system were highly correlated 

with those obtained using the commercially available kit, with a Passing-Bablok 

regression equation of y = 1.0000x + 0.0100, as shown in Figure 17(B). Based on a 

95% confidence interval, the values of the y-intercept (0.0100) and the slope (1.0000) 

were trustworthy and covered a range of -0.4600 to 0.3017 and 0.9478 to 1.1000, 

respectively. In other words, these data demonstrate a good agreement between these 

two methods, and the proposed ESM-based method provides an alternative approach 

to monitoring HbA1c levels in authentic blood samples. In this case, the glycaemic 

status of each individual can be determined.  

 

(A) 
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(B) 

 

Figure 17. Comparison of the proposed ESM-based analytical system and the current 

commercially available method for HbA1c measurement using (A) a Bland-Altman 

bias plot and (B) Passing-Bablok regression analysis. 

 

3.5 Conclusions 

The proposed ESM-based biosensor was remarkably selective in determining 

HbA1c levels because this method was successfully applied to the analysis of 

authentic samples via a label-free electrochemical impedance measurement, in which 

the results demonstrated good agreement with the commercially available affinity 

method. The results showed in a step-wise process that the boronate-modified ESM 

was highly responsive to a wide range of HbA1c levels, indicating that this method is 

suitable for the clinical monitoring of glycaemic control. A novel APBA-modified 
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ESM also provides a cost-effective biosensor for the diagnosis of diabetes, which is 

highly desirous in under-developed countries. Without the use of other detection 

labels, such as antibodies, dyes, or fluorescent materials, the proposed system has the 

merit of great simplicity. With the utilisation of an affinity membrane-based 

biosensor, this method has the potential for continuously monitoring glycaemic levels 

in diabetic patients and can be applicable to determining the presence other glycated 

proteins, e.g., glycated albumin, found in plasma. 
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4.1 Abstract 

A novel three-dimensional paper-based electrochemical impedance device 

(3D-PEID) is first introduced for measuring multiple diabetes markers. Herein, a 

simple 3D-PEID composed of a dual screen-printed electrode on wax-patterned paper 

coupled with a multilayer of magnetic paper was fabricated for label-free 

electrochemical detection. The results clearly demonstrated in a step-wise manner that 

the haptoglobin (Hp)-modified and 3-aminophenylboronic acid (APBA)-modified 

eggshell membranes (ESMs) were highly responsive to a clinically relevant range of 

total (0.5–20 g dL
-1

; r
2
 = 0.989) and glycated haemoglobin (HbA1c) (2.3%–14%; r

2
 = 

0.997) levels with detection limits (S/N = 3) of 0.08 g dL
-1

 and 0.21%, respectively. 

The optimal binding frequencies of total haemoglobin and HbA1c to their specific 

recognition elements were 5.18 Hz and 9.99 Hz, respectively. The within-run 

coefficients of variation (CV) were 1.84%, 2.18%, 1.72%, and 2.01%, whereas the 

run-to-run CVs were 2.11%, 2.41%, 2.08%, and 2.21%, when assaying two levels of 

haemoglobin and HbA1c, respectively. The CVs for the haemoglobin and HbA1c 

levels measured on ten independently fabricated paper-based sheets were 1.96% and 

2.10%, respectively. These results demonstrated that our proposed system achieved 

excellent precision for the simultaneous detection of total haemoglobin and HbA1c, 

with an acceptable reproducibility of fabrication. The long-term stability of the Hp-

modified eggshell membrane (ESM) was 98.84% over a shelf-life of 4 weeks, 

enabling the possibility of storage or long-distance transport to remote regions, 

particularly in resource-limited settings; however, for the APBA-modified ESM, the 

stability was 92.35% over a one-week period. Compared with the commercial 

automated method, the results demonstrated excellent agreement between the 
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techniques (p-value ˂ 0.05), thus permitting the potential application of 3D-PEID for 

the monitoring of the glycaemic status in diabetic patients. 

Keywords: Glycated haemoglobin; three-dimensional paper-based electrochemical 

impedance device; 3-aminophenylboronic acid; haptoglobin; eggshell membrane; 

label-free electrochemical detection. 

 

4.2 Introduction 

The implementation of microfluidic paper-based analytical devices (µPADs) 

in clinical off-site diagnoses has recently emerged as a distinctive field of simple 

telemedicine in remote areas [19]. The multiplexed measurement of a panel of 

biomarkers has recently attracted considerable interest due to its great potential for 

monitoring patient compliance, evaluating the effectiveness of therapy, and early 

screening for diseases. During recent years,  µPADs coupled with optical imaging for 

colourimetric detection have provided an affordable point-of-care platform for the 

multiplexed analysis of biomarkers, such as the transaminase assays for liver function 

assessment [15, 16], detection of metabolic biomarkers for glycaemic control [17, 18], 

urinalysis assays [19, 20], and simultaneous detection of glucose, uric acid and lactate 

[21]. Alternatively, other detection methods for assaying multiple biomarkers on a 

single 3D-µPAD have been demonstrated, including electrochemical [22-27], 

chemiluminescence [28], and electrochemiluminescence [29] techniques, most of 

which relied heavily on ultrasensitive immunodevices for multiplexed quantification 

of cancer biomarkers. To date, considering the existing paper-based electrochemical 

devices for measuring metabolic biomarkers, considerable efforts have been focused 
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only on establishing a proof-of-concept work on the determination of glucose, uric 

acid, and lactate [121, 122]. However, there has been minimal validation of µPADs 

using actual clinical specimens. Thus far the label-free impedimetric sensing of 

diabetes markers for the long-term assessment of glycaemic control on a single 3D-

µPAD has yet to be investigated. As an alternative to the single-analyte assays, the 

multiplexed 3D-µPAD allows simultaneous measurement of multiple analytes on a 

single device, which provides an accurate basis for clinical diagnoses and decreases 

the assay time. To our knowledge, there have been no attempts to use a single three-

dimensional paper-based electrochemical impedance device (3D-PEID) for measuring 

multiple diabetes markers.  

Currently, electrochemical impedance spectroscopy (EIS)-based point-of-care 

diagnostic platforms for determining a panel of biomarkers have attracted great 

interest in the clinical assessment of early disease detection. Known as an informative 

and nondestructive technique for biosensing applications, EIS has an enormous 

potential for the label-free and ultrasensitive biomarker detection with the capability 

to measure multiple markers simultaneously as it can be used to study the interfacial 

events or diffusion effects occurring at the surface of the electrodes. Because 

acquisition of impedance spectra is relatively time consuming, many attempts have 

been made to use a single frequency value for analysis [123-127]. More recently, 

multiplexed sensor array designs, most of which depend on antibody-based molecular 

recognition, have been implemented for the determination of various inflammatory 

markers using a unique frequency upon binding of the target molecule to the sensor 

[128, 129]. The biological reaction between each target and its molecular recognition 

element results in a unique binding frequency that is specific to each reaction. Thus, 
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the differences in frequency signals from each reaction can be detected on a single 

platform due to the effective discrimination of the target binding frequencies from the 

others. Using this underlying principle, by immobilising recognition elements for 

different biomarkers on the sensor interface, each target molecule can be measured 

simultaneously by monitoring their optimal binding frequency, thereby making this 

platform suitable for multiplexed assays of makers in a single device. The specific 

optimal binding frequency depends on several factors such as the sensor material, 

molecular recognition element, and the linkers used for immobilisation [130]. For 

instance, EIS in combination with technology for the management of patients with 

diabetes mellitus (DM) was implemented using a specific frequency for glucose-

glucose oxidase binding interaction [131]. A few years later, the feasibility of EIS in 

detecting 1,5-anhydroglucitol levels at its optimal binding frequency was also 

demonstrated using the enzyme pyranose oxidase [132]. However, there are no 

relevant data as of yet on the label-free affinity biosensing for measuring multiple 

diabetes markers on a single device. Hence, a multiplexed single-sensor diabetes 

marker assay needs to be further developed to meet the clinical requirements for a 

point-of-care testing (POCT) system. 

Typically, in clinical practice, the quantitative measurement of glycated 

haemoglobin (HbA1c) is an indispensable index for the long-term monitoring of 

glycaemic control in both the diagnosis and routine management of diabetes. The 

intensive monitoring of glycaemic status is needed to avoid diabetic complications. In 

general, the HbA1c level is measured as the percentage of glycated haemoglobin in 

the total haemoglobin (i.e., mmol mol
-1

 or %). According to the consensus statement 

of the International Federation of Clinical Chemistry and Laboratory Medicine 
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(IFCC) and the National Glycohemoglobin Standardization Program (NGSP) on the 

standard interpretation norms of HbA1c values, HbA1c results are reported 

worldwide together with the haemoglobin value as mmol of HbA1c or a percentage of 

HbA1c in the total haemoglobin, respectively [133]. HbA1c analysis has been 

accomplished using a wide range of techniques, including mass spectrometry [33-35], 

electrophoresis [38], chromatography [36, 37], immunoassays [43-47], 

electrochemistry [48-54, 56, 60, 61], enzyme assays [96, 134-136], piezoelectric 

sensing [39-41], and optical spectroscopy [42, 58, 59]. However, most of the 

aforementioned approaches require the use of highly sophisticated instruments at high 

operating costs by experienced personnel. Moreover, they fail to satisfy the analytical 

requirements of sensitivity, specificity, reproducibility, storage stability, simplicity, 

and portability. For these reasons, further improvements of cost-effective diagnostic 

POCT devices are still required for the clinical assessment of glycaemic status in 

diabetes patients. Thus far, there have been no reports in the literature regarding 

simultaneous detection of both total haemoglobin and HbA1c based on a single 

affinity-based sensing device. In our preceding work, the label-free boronate-modified 

eggshell membrane (ESM)-based affinity sensor for long-term glycaemic monitoring 

was first demonstrated via the cis-diol interaction between HbA1c and the boronate 

recognition element [137]. Using the boronate-modified sensing surface, our device 

could distinguish between HbA1c and non-glycated haemoglobin (HbAo). However, 

acquisition of impedance spectra typically required a scanning time of 15 for the 

entire frequency range. Therefore, in the present work, we have further developed the 

affinity membrane-based analytical device for detecting HbA1c in parallel with total 
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haemoglobin contents using a specific single-frequency value for analysis to 

circumvent the time-intensive procedure of acquiring entire impedance spectra. 

Herein, to combine a multiplexed biomarker assay with a selective low-cost 

platform, we demonstrated a simple 3D-PEID for simultaneous quantitative detection 

of total haemoglobin and HbA1c using an ESM-based affinity sensor. The impedance 

response as a function of analyte concentration was also investigated in a single- or 

limited-frequency range by attaching the molecular recognition elements, i.e., 

haptoglobin (Hp) or 3-aminophenylboronic acid (APBA), to the sensor surface. Due 

to the distinctive features of Hp and APBA, which are promising recognition elements 

for total haemoglobin and HbA1c, selective binding was obtained via non-covalent 

protein-protein interactions and cis-diol interactions, respectively. Therefore, each 

target analyte could be detected by monitoring the optimal binding frequency specific 

to that reaction using a single 3D-PEID platform. This affinity device was also 

validated to suit the clinical requirements and applied to the determination of the total 

haemoglobin and HbA1c levels in real clinical blood samples. To our knowledge, no 

previous attempts have been made to assess the clinical applicability of a label-free 

3D-PEID for assaying both total haemoglobin and HbA1c in actual patient-derived 

specimens. This reliable and inexpensive device for assaying total haemoglobin in 

parallel with HbA1c is an ideal sensing platform for point-of-care diagnostics. Our 

proposed system demonstrates the considerable future potential for long-term 

independent bedside monitoring of the glycaemic status of diabetes patients, 

particularly in resource-limited settings.  
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4.3 Materials and Methods 

4.3.1 Reagents and chemicals 

All reagents and chemicals were of analytical grade or the highest purity 

available and used as received without further purification. APBA, human 

haptoglobin phenotype 1-1 (Hp), human haemoglobin, 4-ethylmorpholine, sodium 

chloride (NaCl), potassium chloride (KCl), potassium hexacyanoferrate II, potassium 

hexacyanoferrate III, a glutaraldehyde solution (25% w/w), ethanolamine, sodium 

acetate trihydrate, potassium cyanide, sodium phosphate monobasic, sodium 

phosphate dibasic, potassium phosphate monobasic, potassium phosphate dibasic, 

sodium hydroxide, urea, and haemoglobin-Ao were acquired from Sigma (St. Louis, 

MO, USA). Hydrochloric acid, ethanol, and absolute acetic acid were purchased from 

Merck (Darmstadt, Germany). A Lyphochek® HbA1c linearity set and Lyphochek® 

diabetes controls were obtained from BioRad Laboratories (Hercules, CA, USA). 

Ultrapure water obtained from a Millipore water purification system (18 MΩ cm, 

Milli-Q, Millipore) was used throughout the study. The instruments used for 

measuring the haematocrit (Hct) values, including micro-haematocrit tubes, a micro-

capillary reader, and a micro-haematocrit centrifuge, were manufactured by Vitrex 

Medical A/S (Herlev, Denmark), International Equipment Company (Needham 

Heights, MA, USA), and Hawksley and Sons Ltd. (Sussex, England), respectively. 

For preparing the screen-printed electrodes, the carbon ink (C2030519P4) and silver 

chloride ink (C2090225P7) were supplied by Gwent group (Torfaen, United 

Kingdom). An A4 sheet of 180 gsm office paper was available from a local stationery 

store. The custom-ordered blocking stencils and a rubber squeegee were readily 

available from the local service provider. For ESM preparation, the chicken eggs were 
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purchased from a local supermarket and stored at 4 °C before use. The in vitro test for 

quantitative measurement of HbA1c in whole blood on Roche clinical chemistry 

analyzer (Tina-quant® HbA1c Gen.2) acquired from Roche (Roche Diagnostics, 

Switzerland) was employed to validate the method based on the turbidimetric 

inhibition immunoassay. 

 

4.3.2 Design and fabrication of the 3D-PEID 

The 3D-PEID was comprised of a dual screen-printed electrode on a wax-

patterned paper coupled with a multilayer of magnetic papers. For preparing the wax-

based patterning on a 180 gsm office paper, the designed patterns of hydrophobic 

barriers as a dark blue-colour on a white background were fabricated based on a slight 

modification of a wax-printing procedure described previously [138]. Briefly, the 

wax-patterned paper containing a dual circular and rectangular zone was designed 

using Adobe illustrator CS6 software and then printed onto the A4 sheet of 180 gsm 

office paper with a Xerox ColorQube 8570 solid ink printer. The wax-printed paper 

was transferred to a 150 C hot plate with the wax side up for 180 seconds and 

allowed the printed wax to melt and penetrate through the paper to form the blue-

colour hydrophobic and insulating barriers. After cooling at room temperature, the 

wax-printed paper sheet was then ready for printing the three-electrode areas and 

conductive pads on its hydrophilic zones. According to our in-house screen printing 

technique, a dual working and counter electrode comprising the conductive pads were 

screen-printed in the defined hydrophilic areas on the wax-printed paper sheet using 

carbon ink. After that, to cure the carbon inks, the screen-printed paper was baked in 

an oven at 65 C for 30 min before starting the next round of screen-printing process. 
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A reference electrode with its conductive pad was then screen-printed in the defined 

hydrophilic zone on the same paper sheet using silver/silver chloride ink before 

baking again at 65 C for 30 min. Finally, after allowing the screen-printed paper to 

cool at room temperature, the dual screen-printed electrode on the wax-patterned 

paper layer was then stuck onto a customised magnetic paper sheet before assembling 

the whole system. To complete the proposed 3D-PEID, the dual screen-printed 

electrode layer adhered to the magnetic paper was covered with a top magnetic-paper 

layer containing two circular wells, all aligned and assembled with a permanent 

magnet underneath, as illustrated in Figure 18(A). The wax-patterned paper 

electrochemical cell was comprised of two paper working zones (4 mm in diameter) 

surrounded by sharing the same reference (geometric area about 3 mm
2
) and counter 

electrodes (geometric area about 17 mm
2
). The wax patterns around the three 

electrodes constituted an insulator of the electrochemical cell and served as a reservoir 

with a volume of approximately 60 µL after aligning with a top magnetic-paper layer 

containing two circular holes. To characterise the surface structure of the screen-

printed paper, scanning electron microscope (SEM) images of the proposed device 

were recorded on a field emission scanning electron microscope (JSM-7610F, JEOL, 

Tokyo, Japan).  
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(A) 

 

(B) 

 

Figure 18. Schematic representation of the proposed 3D-PEID illustrating (A) a 

process to fabricate the paper-based electrodes and (B) a configuration of the label-

free electrochemical impedance system set-up. 
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4.3.3 ESM preparation 

A circular double-layered ESM was prepared according to the procedure 

described previously [104]. Briefly, after soaking the chicken eggs in absolute acetic 

acid at 4 °C for 18 h, the membrane was subsequently peeled off and cleansed with a 

copious amount of ultrapure water before cutting into a circular size (7 mm in 

diameter). The circular ESMs were then stored in a working buffer for assaying total 

haemoglobin and HbA1c until further use. To observe the microstructure of the ESM 

with and without the immobilised haemolysate samples containing the total 

haemoglobin, a dried circular ESM was stuck onto a piece of glass using a carbon 

double-sided adhesive tape before placing on a specimen stub and coating with a thin 

layer of gold before SEM analysis. The SEM images were recorded on a field 

emission scanning electron microscope (JSM-7610F, JEOL, Tokyo, Japan).  

 

4.3.4 Surface modification with Hp and APBA  

An affinity ESM-based impedance sensor was prepared by immobilising Hp 

or APBA on the surface of the ESM via glutaraldehyde cross-linking. Unless 

otherwise stated, the membrane was activated with the 25% glutaraldehyde solution 

for 1 min and washed with 100 mM phosphate buffer solution at pH 7 (PBS), then 10 

µg mL
-1

 Hp was applied to the membrane surface and reacted at room temperature for 

10 min. The sensing interface was subsequently rinsed with 10 mM ethanolamine, 

followed by an additional wash before allowing it to react with the various 

concentrations of total haemoglobin for 5 minutes. The EIS measurement was carried 

out in a step-wise manner with the electroactive redox probe. The Hp-modified ESMs 

could be used repeatedly after washing with a regeneration buffer, i.e., 5 M urea 
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containing 0.15 M sodium chloride at pH 11.  For the fabrication of the APBA-

modified ESM, the selective binding of HbA1c was performed using a procedure 

described in our previous work [137], with slight modifications. Briefly, after 

activating the ESM with the 25% glutaraldehyde solution for 1 min, a 10 mM 4-

ethylmorpholine buffer solution containing 0.25 M KCl and 0.1 M NaCl at a pH of 

8.5 was used as a working buffer for rinsing the excess aldehyde functional groups. 

Next, 0.25 mg mL
-1

 of APBA was immobilised on the ESM for 5 min and washed 

with working buffer. The remaining aldehyde groups were then blocked with 10 mM 

ethanolamine buffer and washed with working buffer again. Finally, different 

concentrations of HbA1c were added to the selective sensor and allowed to incubate 

for 5 min at room temperature, followed by washing with working buffer according to 

the procedure described above. The APBA-modified ESMs could be regenerated 

using a 10 mM sodium acetate buffer at pH 5 due to the unstable cis-diol interactions 

under acidic conditions. 

 

4.3.5 Apparatus set-up for electrochemical impedance measurement 

After assembling a multi-layered 3D-PEID, the impedance detection system, 

i.e., a potentiostat/galvanostat instrument (Autolab PGSTAT30, Eco Chemie, The 

Netherlands) equipped with the Frequency response analyser software, was then 

connected to the proposed 3D-PEID using the alligator clips. The configuration of the 

proposed system is illustrated in Figure 18(B). The whole assembly, including a dual 

screen-printed electrode layer adhered to a magnetic paper, and a top magnetic-paper 

layer, was clamped together through a magnetic force. Two pieces of the circular thin-

layered ESMs (7 mm in diameter) were carefully placed on the screen-printed 
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electrodes covering the working, counter, and reference electrodes. After recording 

the electrochemical impedance spectrum, the impedance data were fitted to an 

equivalent-circuit model using the NOVA 1.9 software. For selective sensing of total 

haemoglobin and HbA1c, the EIS measurement was conducted over a wide frequency 

range from 100 kHz to 10 mHz with an alternating-current amplitude of 10 mV. The 

redox ions, i.e., a 5 mM Fe(CN)6
3-/4-

 solution prepared in a working buffer were used 

as an electroactive probe throughout the experiment.  

 

4.3.6 Ethical conduct of research and sample preparation 

Healthy and diabetic volunteers were enrolled in our study of their own 

volition. All subjects voluntarily gave written informed consent before the start of the 

study on the development of membrane-based biosensors for diabetes makers, which 

was approved by the Ethics Review Committee for Research Involving Human 

Research Subjects, Health Sciences Group, Chulalongkorn University (ECCU) under 

approval number COA No. 057/2557. Whole blood samples were drawn into vacuum 

blood collection tubes with tripotassium ethylenediaminetetraacetic acid (K3EDTA) 

as an anticoagulant, and the Hct levels were measured using micro-capillary tubes. 

The plasma was separated from the whole blood and discarded to eliminate other 

glycated proteins and sugars present in the blood plasma. To remove the plasma 

completely, the remaining red blood cells were carefully washed thrice with a 0.9% 

sodium chloride solution. A haemolysing buffer solution prepared according to the 

previous study [48] was used to lyse the red blood cells prior to the EIS measurement. 
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4.3.7 Real sample analysis 

Unless otherwise stated, after preparing the Hp-modified and APBA-modified 

ESMs, approximately 40 µL of the haemolysate sample was allowed to incubate for 5 

min, then washed with the working buffers for the total and glycated haemoglobin 

assays before recording the impedance spectra using the electroactive redox probes. 

The impedance signals on each paper-based sensing electrode were sequentially 

measured via a one-channel potentiostat instrument. In this study, our proposed multi-

layered 3D-PEID performed an independent EIS measurement for each specific 

analyte by using each modified-ESM location on the surface of each paper-based 

electrode. By sharing the counter and reference electrodes, each adjacent paper based 

working electrode could be operated independently to sense the two glycaemic 

markers.  

 

4.4 Results and Discussion 

4.4.1 Surface characterisation of the 3D-PEID 

After the curing process, the wax-patterned A4 sheet was prepared for the 

screen-printing of the three-electrode configuration onto the hydrophilic zones. Fig. 

19 shows scanning electron micrographs (Panels A-C) of the porous structures and 

microfibres of the pure office paper, the boundary of the wax-patterned paper, and the 

wax-penetrated paper. The melted wax penetrates the pores of the pure office paper 

and decreases its hydrophilicity remarkably. The functional hydrophobic areas 

prevent the aqueous solution from wicking and penetrating unwanted zones and act as 

an insulating region to confine all the reagents and solutions within the defined 



 94 

working electrode areas. The unprinted-paper zone remained highly hydrophilic and 

flexible and thus did not affect the screen-printing of the electrodes. The surface 

morphology of the screen-printed working electrodes is essential for assessing the 

sensing performance of the electrochemical devices; therefore, we investigated the 

surface structure of the screen-printed paper-based working electrode. As shown in 

Fig. 19D, a homogeneous structure was observed on the bare electrode surface, which 

was particularly helpful in producing paper-based electrodes with a reproducible 

response. For the preparation of the affinity membrane-based device, an entire sheet 

of ESM was used as a platform for the selective sensing of either total haemoglobin or 

HbA1c. Fig. 19E presents the inner surface of the ESM, showing a network-like 

structure that contains highly cross-linked protein fibres and cavities. The interlacing 

fibres of the inner layer were uniform and smooth, which was beneficial for protein 

immobilisation. The surface of the interlacing ESM fibres with immobilised Hp was 

saturated by haemoglobin after exposure to a red blood cell lysate, as depicted in Fig. 

19F. These results indicated that haemoglobin from the red blood cell lysate was 

successfully immobilised on the surface of the ESM.  
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Figure 19. SEM images of (A) pure office paper; (B) the boundary of the wax 

pattern: left is wax-printed office paper, right is pure office paper; (C) front face of 

wax-penetrated office paper; (D) screen-printed working electrode; (E) inner surface 

of the ESM; (F) after exposure to total haemoglobin. 

 

4.4.2 EIS characterisation of the sensing interface 

The inner surface of the ESM was subjected to step-wise modifications with 

the screen-printed working paper electrodes underneath. To investigate the specific 

binding of the total haemoglobin and HbA1c to the ESM interfaces, EIS 

measurements were carried out following each step of the surface modification. 

Nyquist plots acquired in the presence of 5 mM Fe(CN)6
3-/4- 

at different stages of the 

modification process are shown in Figs. 20A and B. A semicircular region could be 

observed at the higher frequencies, corresponding to the charge transfer resistance 

(Rct) and double layer capacitance, as well as a straight line at the lower frequencies, 

representing the diffusion-limited process. The spectra obtained with the bare paper-
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based electrodes showed a semicircle with a relatively small diameter, which 

indicated a low Rct of the redox couple. Comparatively, 2-fold increase in the Rct 

values was observed when the ESMs were placed on the paper-based electrodes, 

which resulted from the blocking of the diffusion of the redox species to the electrode 

surface by the interlacing networks of the fibrous ESM. After modification of the 

ESM with the glutaraldehyde solution, a substantial increase in Rct was observed. The 

glutaraldehyde-activated ESM was further modified with Hp and APBA before 

exposure to the various concentrations of total haemoglobin and HbA1c. The results 

showed that the impedance spectra acquired on electrodes having the Hp-modified 

and APBA-modified ESM had significantly lower Rct compared to those only having 

the glutaraldehyde-treated ESM. In the case of APBA modification, the decrease in 

Rct couldbe at least partly explained by  electrostatic attraction of the negatively 

charged redox probe due to the presence of amino groups of APBA molecules that 

were actually bound to the glycoproteins of the ESM [137]. On the other hand, the 

decrease in Rct after immobilisation of Hp cannot be fully explained since the protein 

acquires negative charge at pH 7 (pI of Hp  6), which rather causes repulsion of the 

redox probe. To investigate whether the ESM surfaces had successfully immobilised 

Hp and APBA, control experiments were also performed using an ESM without 

immobilised Hp and APBA prepared in the same manner. The impedance response to 

various concentrations of total haemoglobin and HbA1c remained unchanged 

compared to the baseline signals of the ESMs, as shown in Figs. 21A and B, 

respectively. These results confirmed the successful immobilisation of Hp and APBA 

on the ESM surfaces, implying that the changes in impedance were due to the specific 
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binding of the total haemoglobin and HbA1c to the modified ESMs via non-covalent 

protein-protein and cis-diol interactions, respectively. 

 

(A) 

 

(B) 

 

Figure 20. Nyquist plots for (A) total haemoglobin detection, (B) HbA1c detection: 

the stepwise analysis of the (a) bare paper-based electrodes, (b) ESMs, (c) 

glutaraldehyde treated-ESMs, and (d) Hp-modified or APBA-modified ESM surfaces 

in the presence of a 5 mM Fe(CN)6
3-/4-

 redox probe.  
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(A) 

 

(B) 

 

Figure 21. Impedance data  obtained from the control experiments using (A) an ESM 

without immobilised Hp for total haemoglobin detection: (a) bare electrode, (b) ESM, 

(c) glutaraldehyde-treated ESM, (d) 0.5 g dL
-1

, (e) 1 g dL
-1

, (f) 5 g dL
-1

, (g) 10 g dL
-1

, 

(h) 20 g dL
-1

 haemoglobin; and (B) an ESM without immobilised APBA for HbA1c 

detection: (a) bare electrode, (b) ESM, (c) glutaraldehyde-treated ESM, (d) 2.3% 

HbA1c, (e) 4.6% HbA1c, (f) 6.3% HbA1c, (g) 10% HbA1c, (h) 14% HbA1c. 
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4.4.3 Analytical performance 

Under optimal conditions, a remarkable increase in impedance was observed 

with increasing concentrations of total haemoglobin, as depicted in the Nyquist plot of 

Fig. 22A. The binding interaction between the Hp-modified ESM and the total 

haemoglobin contents hindered the diffusion of redox species to the surface of paper-

based electrode, thus making the redox process more difficult and causing the 

impedance to increase. Due to the specific binding between the Hp-modified ESM 

and haemoglobin via non-covalent protein-protein interactions, the Hp-modified ESM 

was responsive to the various concentrations of total haemoglobin. The substantial 

increases in impedance signal were directly proportional to haemoglobin levels over 

the concentration range of 0.5 g dL
-1 

to 20 g dL
-1

. Moreover, dramatic changes in 

impedance were noticed at the lower frequency range, as shown in Fig. 22B, thereby 

demonstrating the sensitive response of the Hp-modified ESM towards haemoglobin. 

The phase shift increased steadily upon the immobilisation of haemoglobin and 

subsequent addition of higher haemoglobin concentrations, as shown in Fig. 22C. The 

experimental impedance data are approximated using the modified Randles’ 

equivalent circuit model shown in Fig. 22D (inset), which includes a series of two 

constant-phase elements (CPEs) in parallel with two charge-transfer resistances (Rct1, 

Rct2) and the Warburg impedance (W), along with the ohmic resistance of the 

electrolyte solution (Rs). The Rct1 and Rct2 correspond to the membrane resistance 

and charge-transfer kinetics at the paper-based electrode, respectively. This equivalent 

circuit appears to be the optimal model that matches the experimental impedance 

spectra with good fitting results, as shown in Fig. 23A. The bulk properties and 

diffusion features of the redox probe solution, W and Rs, respectively, were not 
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modified by the stepwise modification process, whereas the CPE and Rct, the 

dielectric and insulating features at electrode/electrolyte interface, are controlled by 

the changes occurring at the electrode surface. The capacitance changes are not as 

sensitive as the charge transfer resistance. According to the impedance values 

obtained from the fit to this equivalent circuit, an increase in the membrane resistance 

was observed in the presence of increasing haemoglobin concentrations. The 

normalised resistances derived from the fitted resistance values were plotted versus 

the various concentrations of haemoglobin. As illustrated in Fig. 3D, the results 

showed that the normalised response was linear up to 20 g dL
-1

 of haemoglobin, with 

a regression equation of y = 0.0642x + 0.2281 (r
2
 = 0.989) and a detection limit (S/N 

= 3) of 0.08 g dL
-1

.  

 

(A) 
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(B) 

 

(C) 
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(D) 

 

 

Figure 22. Impedance data obtained from (A) Nyquist plot, (B) Bode-modulus plot of 

the Hp-modified ESM after it was exposed to various concentrations of total 

haemoglobin: (■) 0.5 g dL
-1

, (▲) 1 g dL
-1

, (▼) 5 g dL
-1

, () 10 g dL
-1

, and (●) 20 g 

dL
-1

; (C) Bode-phase plot and (D) variation of the normalised Rct with respect to the 

concentration of total haemoglobin. Inset right: an equivalent circuit for analysing the 

impedance data; Rs, Rct, CPE, and W represent the solution resistance, charge-

transfer resistance, constant-phase element, and Warburg impedance, respectively. 

The EIS spectra were obtained in 5 mM Fe(CN)6
3-/4-

 solution prepared in a working 

buffer at an open circuit voltage from 100 kHz to 10 mHz (ac amplitude, 10 mV). 
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(A) 

 

(B) 

 

Figure 23. The experimental impedance spectra (scattered points) and the fitted 

results (solid line): (A) an Hp-modified ESM after exposure to the 2 levels of total 

haemoglobin concentrations: (a) 1 g dL
-1

, (b) 10 g dL
-1

 haemoglobin; and (B) APBA-

modified ESM after incubation with normal and diabetic concentrations: (a) 4.6% 

HbA1c, (b) 6.3% HbA1c. Inset: the equivalent circuit for the impedance spectroscopy 

measurement.   
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For the HbA1c detection, a substantial increase in impedance with increasing 

concentrations of HbA1c was observed, as shown in Fig. 24A. The changes in 

impedance were observed at the lower frequencies; conversely, at higher frequencies, 

the impedance responses did not depend on the presence of HbA1c and were thus not 

useful for HbA1c detection, as shown in Fig. 24B. A significant phase shift with 

increasing concentrations of HbA1c is clearly demonstrated in Fig. 24C. Good fits to 

normal and diabetic HbA1c concentrations were also obtained over the entire 

measurement frequency range as shown in Fig. 23B. The APBA-modified ESM was 

responsive to HbA1c concentrations covering the clinically required range. The good 

relationship between the normalised Rct and the concentration of HbA1c was 

observed up to 14% of HbA1c, with a regression equation of y = 0.0846x + 0.9118 (r
2
 

= 0.997), as depicted in Fig. 24D. The resulting limit of detection was 0.21% (S/N = 

3). 

 

(A) 
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(B) 

 

(C) 
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(D) 

 

 

Figure 24. Impedance data obtained from (A) Nyquist plot, (B) Bode-modulus plot of 

the APBA-modified ESM after it was exposed to various concentrations of HbA1c: 

(■) 2.3%, (▲) 4.6%, (▼) 6.3%, () 10%, and (●) 14% HbA1c; (C) Bode-phase plot 

and (D) variation of the normalised Rct with respect to the concentration of HbA1c 

(%). Inset right: an equivalent circuit for analysing the impedance data. The EIS 

spectra were obtained in 5 mM Fe(CN)6
3-/4-

 solution prepared in a working buffer at 

an open circuit voltage from 100 kHz to 10 mHz (ac amplitude, 10 mV). 

 

The correlation between the haemoglobin concentration and each frequency 

was investigated to determine the optimal binding frequency at a specific binding 

constant. The relationship between the impedance derived from the Hp-modified 

ESM and haemoglobin concentration was compared at each frequency point in the 
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range from 100 kHz to 10 mHz and further analysed by reaching a compromise 

between the R-squared value and the correlation’s slope, at which the maximised 

values were selected as the optimum binding target. The R-squared value and the 

slope from a duplicate measurement on a single paper-based electrode were plotted 

versus the frequency range, as shown in Fig. 25A. The R-squared value increased 

from the baseline and reached a maximum value close to 1 before returning to a lower 

level, whereas the slope gradually decreased until reaching a value close to 0 as the 

frequency increased. Hence, the optimal frequency of the binding interaction between 

the Hp-modified ESM and haemoglobin was determined to be 5.18 Hz. The 

correlation, as shown in Fig. 25B, represents an average impedance value of two 

different paper-based electrodes at a frequency of 5.18 Hz over a wide concentration 

range from 0.5 g dL
-1

 to 20 g dL
-1

, with a regression equation of y = 0.0500x + 1.8250 

(r
2 

= 0.987). We further investigated whether the standard curve obtained from an 

impedance measurement at a specific single-frequency could be used in lieu of that 

from an impedance measurement recording the entire frequency range. Within the 

95% confidence interval, a paired statistical analysis showed no significant 

differences between the two methods (p-value = 0.001), indicating the potential 

benefit of using a single frequency value for analysis. The optimal binding frequency 

for the APBA-modified ESM and HbA1c interaction was also evaluated using two 

parallel measurements on a single paper-based electrode, as demonstrated in Fig. 25C, 

and determined to be 9.99 Hz based on the full EIS sweep, at which the R-squared 

value was close to 1 and the constant slope was approximately zero. Fig. 25D shows a 

good correlation between the average impedance response at a specific frequency and 

its associated HbA1c concentration over a clinically relevant range, with a regression 
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equation of y = 0.0869x + 1.6527 (r
2
 = 0.991). Compared with the results obtained 

from the impedance measurements recording the whole frequency range of the EIS 

spectrum, the single-frequency measurements showed no significant differences, at 

the 95% confidence interval (p-value = 0.001). These findings support the use of a 

single-frequency as an optimal binding frequency for constructing a calibration curve.  

As demonstrated here, our proposed 3D-PEID for measuring multiple diabetes 

markers not only improves the assay time by using a single specific-frequency 

measurement, but also offers a great sensitivity to total haemoglobin and HbA1c 

values within the clinically required ranges, where 13.5–17.5 g dL
-1 

(male), 12.0–16.0 

g dL
-1 

(female) of haemoglobin, and 3.8–6.4% of HbA1c are considered the normal 

reference ranges [84]. Our paper-based device is the first report on the simultaneous 

detection of total haemoglobin and HbA1c based on a single affinity sensing device 

covering a broad clinical range [48, 56, 60, 61]. Table 4 provides a brief summary of 

the current boronate-based electrochemical devices for assaying HbA1c. Thus, our 

proposed paper-based system provides a sensitive and cost-effective approach for 

glycaemic monitoring in individuals with diabetes, particularly for developing 

countries. 
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(A) 

 

(B) 
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(C) 

 

(D) 

 

Figure 25. Optimal binding frequency for (A) the Hp-modified ESM and total 

haemoglobin interaction and (C) the APBA-modified ESM and HbA1c interaction: 

(■) R-squared value of response versus frequency, (▲) slope of response versus 

frequency; and (B&D) correlation between the average impedance response at a 
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specific frequency and its associated total haemoglobin and HbA1c concentration, 

respectively.  

 

Table 4. Comparison of the analytical characteristics for HbA1c determination using 

boronate-based electrochemical methods and membrane-immobilised haptoglobin as 

an affinity matrix for the HbA1c immunosensor. 

 

Approach Dynamic 

detection 

range  

Limit of 

detection 

Repeat- 

ability
b
 

Stability Real 

sample 

analysis 

Ref. 

Cellulose 

membrane-

immobilised 

haptoglobin as 

affinity matrix 

for HbA1c 

immunosensor 

5 – 

25% 

(7.8 – 

39 

nM) 

ND ND ND ND [44] 

Ferroceneboro

nic acid-based 

amperometric 

biosensor 

(Zirconium 

dioxide 

nanoparticle-

modified 

electrodes) 

6.8 – 

14% 
ND 12.7% ND Haemoly

sate 

[50] 

Flow 

immunoassay 

system 

(boronate-

affinity on-

chip column) 

0 – 500  

  µg mL
-1

 

ND ND ND Haemoly

sate 

[49] 

Thiophene-3-

boronic acid 

monolayer-

covered gold 

0.2 – 1 

  µg 

mL
-1

 

ND ND ND ND [56] 



 112 

Approach Dynamic 

detection 

range  

Limit of 

detection 

Repeat- 

ability
b
 

Stability Real 

sample 

analysis 

Ref. 

electrodes 

Voltammetric 

measurement 

(poly(amidoa

mine) G4 

dendrimer/for

mylphenylbor

onic acid-

modified 

electrodes) 

2.5 – 

15% 
ND 5% ND ND [52] 

Voltammetric 

measurement 

(cystamine/for

mylphenylbor

onic acid-

modified 

electrodes) 

4.5 – 

15% 
ND ND ND Haemoly

sate 

[53] 

Thiophene-3-

boronic acid-

modified gold 

electrodes 

integrated into 

a microfluidic 

device 

10 – 100  

  µg mL
-1

 

ND ND ND ND [61] 

Thiophene-3-

boronic acid-

modified ring-

shaped 

interdigitated 

electrodes 

10 – 100  

µg mL
-1

 

1  

   µg mL
-1

 

ND ND ND [60] 

Amperometric 

sensor 

(poly(terthiop

hene benzoic 

acid)/gold 

nanoparticle-

modified 

electrodes) 

0.1 – 1.5% 

(0.5 – 6%; 

impedance 

analysis) 

0.052 ± 

0.02% 

(0.27%; 

impedance 

analysis) 

5.1% 92% of 

original 

response 

after 1 

month 

Haemoly

sate 

[48] 
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Approach Dynamic 

detection 

range  

Limit of 

detection 

Repeat- 

ability
b
 

Stability Real 

sample 

analysis 

Ref. 

Potentiometric 

method 

ND 
ND ND ND Haemoly

sate 

[54] 

Voltammetric 

measurement 

(boronic acid-

modified 

pyrroloquinoli

ne quinine/ 

reduced 

graphene 

oxide 

composites)  

9.4 – 

65.8 

µg 

mL
-1

 

 

1.25  

  µg mL
-1

 

8.5% 95% of 

original 

response 

after 1 

month 

Haemoly

sate 

[51] 

APBA-

modified 

eggshell 

membranes 

2.3 – 14% 0.19%  1.68%, 

1.83% 

within-

run CVs 

and 

1.97%, 

2.02% 

run-to-

run CVs 

69.54% 

of 

original 

response  

after 4 

days 

Haemoly

sate 

[137] 

3D-PEID for 

simultaneous 

detection of 

total 

haemoglobin 

and HbA1c 

2.3 – 14% 0.21% 1.84%, 

2.18% 

within-

run CVs 

and 

2.11%, 

2.41% 
run-to-

run CVs 

(total 

haemogl

obin) 

1.72%, 

2.01% 
within-

run CVs 

and 

2.08%, 

98.84% 

of 

original 

response 

after 1 

month 

(Hp-

modified 

ESM) 

92.35% 

of 

original 

response 

after 1 

week 

(APBA-

modified 

ESM) 

Haemoly

sate 

Our 

pre-

sent 

work 
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Approach Dynamic 

detection 

range  

Limit of 

detection 

Repeat- 

ability
b
 

Stability Real 

sample 

analysis 

Ref. 

2.21% 
run-to-

run CVs 

(HbA1c) 

ND: not determined; 
b
 relative standard deviation for repeated measurements. 

4.4.4 Regeneration and Reproducibility  

The reversibility of the interaction between haemoglobin and HbA1c and their 

specific recognition elements was also investigated to assess the method’s potential 

for low-cost applications. To evaluate the performance of the regeneration procedure, 

the regeneration efficiency (RE) was calculated according to the following equation 

[139]: RE = [1- (RT-B)/T] × 100%, where the RT represents the impedance response 

obtained after the regeneration cycle, B is the impedance response for the blank, and 

T is the impedance response before applying any regeneration step. Fig. 26A presents 

Nyquist plots for the reversible binding interaction of haemoglobin with its interface. 

The impedance of the Hp-modified ESM in the absence of haemoglobin (curve a) was 

smaller than that of the Hp-modified ESM in the presence of 1 g dL
-1

 haemoglobin 

(curve b). After applying the regeneration buffer (5 M urea containing 0.15 M sodium 

chloride at a pH of 11), the impedance decreased due to the release of the bound 

haemoglobin from the Hp-modified ESM (curve c). The impedance increased again 

after exposure to 10 g dL
-1

 of haemoglobin, indicating the rebinding of haemoglobin 

onto the Hp-modified ESM (curve d). After the second round of regeneration, the 

regeneration efficiency was 99.14% (curve e). The increase in impedance was then 

observed after re-incubating with 1 g dL
-1

 of haemoglobin (curve f). The reversible 
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binding of HbA1c onto the APBA interface was also observed, as shown in Fig. 26B. 

Compared with the baseline signal of the APBA-modified ESM (curve a), a 

significant increase in resistance was observed after exposure to 4.6% HbA1c (curve 

b). After the first round of regeneration using 10 mM sodium acetate buffer at a pH of 

5, the impedance decreased after the first rinse (curve c) but remained greater than the 

initial curve (curve a). The APBA-modified ESM was then re-incubated with 10% 

HbA1c, resulting in a dramatic increase in resistance (curve d). After applying the 

subsequent round of regeneration, the impedance significantly decreased (curve e), 

with a regeneration efficiency of 99.07%. The increase in impedance was observed 

again after re-incubating with 4.6% HbA1c (curve f). After repeating the same 

procedure for 10 cycles, the regeneration efficiencies of the Hp-modified ESM and 

APBA-modified ESM were found to be 90.11% and 89.97%, respectively. These 

results showed that the proposed 3D-PEID could be used as a reusable sensing 

platform due to the reversible binding of haemoglobin and HbA1c to their recognition 

interfaces.  

The reproducibility of the proposed device was examined using two levels of 

haemoglobin and HbA1c, i.e., 10 g dL
-1

 and 20 g dL
-1

of haemoglobin; 4.6% and 10% 

HbA1c, with measurements performed on the same day and on three consecutive days 

using the same ESM device. The within-run reproducibility for each concentration (n 

= 10), expressed as coefficient of variation (CV), was 1.84%, 2.18%, 1.72%, and 

2.01% for 10 g dL
-1

 and 20 g dL
-1

 of haemoglobin and 4.6% and 10% HbA1c, 

respectively. The run-to-run reproducibility for each concentration (n = 30) was 

2.11%, 2.41%, 2.08%, and 2.21%, assessed on three consecutive days, for 10 g dL
-1

 

and 20 g dL
-1 

of haemoglobin and 4.6% and 10% HbA1c, respectively. The CV 
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representing the variation between ten independently fabricated paper-based sheets 

was 1.96% and 2.10%, for 10 g dL
-1 

of haemoglobin and 4.6% HbA1c, respectively. 

These results indicate that our proposed system provides a great precision for the 

simultaneous detection of total haemoglobin and HbA1c with an acceptable 

reproducibility of fabrication. 

 

(A) 
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(B) 

 

Figure 26. Nyquist plots for (A) step-wise modification of total haemoglobin: (a) an 

Hp-modified ESM, (b) incubated with 1 g dL
-1

 of haemoglobin, (c) regenerated with 5 

M urea containing 0.15 M sodium chloride at pH 11, (d) incubated with 10 g dL
-1

 of 

haemoglobin, (e) washed with regeneration buffer, (f) re-incubated with 1 g dL
-1

 of 

haemoglobin; and (B) step-wise modification of HbA1c: (a) an APBA-modified 

ESM, (b) incubated with 4.6% HbA1c, (c) regenerated with sodium acetate buffer at a 

pH of 5, (d) incubated with 10% HbA1c, (e) washed with regeneration buffer, (f) re-

incubated with 4.6% HbA1c. 

 

The storage stability of the Hp-modified ESM and APBA-modified ESM was 

evaluated over a period of 4 weeks by storing the membrane in 100 mM phosphate 

buffer solution (pH 7) at 4 °C. To evaluate the performance of the Hp-modified ESM 

and APBA-modified ESM, the impedance response was measured after incubation 

with the same concentration of haemoglobin (10 g dL
-1

) and HbA1c standard solution 
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(4.6%), respectively. The results showed the long-term stability of the Hp-modified 

ESM to be 98.84% over a shelf-life of at least 4 weeks, as shown in Fig. 27A, 

indicating that the Hp-modified ESM would be suitable for long-distance transport to 

remote regions, particularly in resource-limited settings. The remarkable stability of 

the Hp-modified ESM was largely due to the biocompatible microenvironment of the 

ESM comprising the net-veined structure and the gas-permeable hydrophilicity, which 

may stabilise the activity of the protein during the long-term storage. For the stability 

of APBA-modified ESM, as shown in Fig. 27B, the activity of the APBA sensing 

interface was 92.35% over a one-week period; however, the signal response gradually 

decreased until reaching an activity of 53.75% after a four-week storage period. The 

decrease in signal was probably caused by the loss of APBA activity during the 

prolonged storage period.  

 

 (A) 
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(B) 

 

Figure 27. Storage stability of the (A) Hp-modified ESM and (B) APBA-modified 

ESM keeping in 100 mM phosphate buffer solution (pH 7) over a period of 4 weeks at 

4 °C. Each point is the mean value from a duplicate measurement of 10 g dL
-1

 

haemoglobin and 4.6% HbA1c; the error bar represents the standard deviation.   

 

4.4.5 Selectivity study 

The evaluation of endogenous and exogenous interfering substances present in 

clinical specimens is essential before the diagnostic system can be implemented 

clinically. Whole blood specimens contain not only haemoglobin, but also glucose, 

glycated albumin, and other glycated proteins and sugars found in serum. The 

boronate recognition group is able to bind to the diol group of any glycated protein or 

sugar present in the blood matrix. Accordingly, the sample pre-treatment process is 

crucial to removing the interfering species in the whole blood before being subjected 
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to the impedance measurement. As stated earlier, in our study, the interfering agents 

present in plasma were negligible due to the well-prepared treatment of blood 

samples. Thus, to assess the analytical performance of the proposed system for 

measuring multiple diabetes markers, human serum albumin and non-glycated 

haemoglobin (HbAo) were tested as potential interferences in the sensing interfaces. 

Figs. 28A and B show the Nyquist plots for examining the selectivity of the Hp-

modified ESM and APBA-modified ESM for varying levels of human serum albumin 

and HbAo, respectively. Compared with the signal baseline obtained from the Hp-

modified ESM and APBA-modified ESM, the impedance responses remain virtually 

unchanged by human serum albumin and HbAo over the concentration range of 3–6 g 

dL
-1

 and 10–20 g dL
-1

, respectively. These results indicate that the proposed system 

was highly selective in determining the haemoglobin and HbA1c values in actual 

specimens, enabling the possibility of using the present method to assess the 

glycaemic levels in clinical practice. Most importantly, compared with other available 

methods for HbA1c determination, the boronate affinity assay was less affected by the 

presence of genetic variants and chemical derivatives of haemoglobin [119, 120]. For 

the interpretation of the HbA1c results, additional relevant factors, such as severe 

iron-deficiency anaemia, haemolytic anaemia or any condition that directly affects the 

erythrocyte lifespan, e.g., renal failure, should be taken into account in practical 

considerations. 
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 (A) 

 

(B) 

 

Figure 28. Nyquist plots for investigating the selectivity of (A) Hp-modified ESM 

immobilised with different concentrations of human serum albumin: (a) 0 g dL
-1

, (b) 3 

g dL
-1

, (c) 4 g dL
-1

, (d) 5 g dL
-1

, and (e) 6 g dL
-1 

of human serum albumin; and (B) 

APBA-modified ESM immobilised with different concentrations of HbAo: (a) 0 g dL
-

1
, (b) 10 g dL

-1
, (c) 15 g dL

-1
, and (d) 20 g dL

-1 
of HbAo. 
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4.4.6 Real sample analysis and assay comparison 

A demonstration of the ability of the diagnostic system to detect the 

percentage of HbA1c in real human blood samples is essential before it can be 

implemented clinically. Thus, to further investigate its potential practical application, 

the effectiveness of the proposed 3D-PEID for measuring the total haemoglobin and 

HbA1c values was assessed using the real blood samples of healthy and diabetic 

volunteers, for which the haematocrit values were within the range of 37–48%. Each 

red blood cell lysate sample was measured individually using our system and with the 

automated clinical chemistry analyser. The results obtained from the proposed 3D-

PEID were compared with those determined with the turbidimetric inhibition 

immunoassay on an automated large-scale analyser. The agreement and correlation 

between the two approaches were evaluated via a Bland-Altman bias plot and a 

Passing-Bablok regression analysis, respectively. As demonstrated in Figs. 29A and 

C, the data showed acceptable agreement between the results provided by our 

proposed device and the commercially available kit within an agreement interval of ± 

1.96 SD. These results also showed zero bias and a reliable relationship, which 

indicates that these two approaches could be used interchangeably. Moreover, as 

shown in Figs. 29B and D, the regression equations according to the Passing-Bablok 

analysis of the total haemoglobin and HbA1c were y = 0.9667x + 0.5233 and y = 

0.9850x + 0.0640, respectively. These results indicated a good correlation between 

the two methods throughout the entire measurement range. Within a 95% confidence 

interval, the values of the y-intercept (0.5233 g dL
-1

) and the slope (0.9667) were 

significantly reliable and covered a range of 0.1136–0.8916 g dL
-1

 and 0.9439 to 

0.9929, respectively. Additionally, for the determination of HbA1c, the values of the 
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y-intercept (0.0640 %) and the slope (0.9850) were trustworthy and covered a range 

of -0.0200–0.4453 % and 0.9277 to 1.0000, respectively. The data presented in this 

proof-of-concept work demonstrates the validity of the proposed device for the 

simultaneous detection of total haemoglobin and HbA1c in clinical diagnostics using 

actual clinical specimens. Our paper-based devices offer the great benefit of an onsite 

clinical test for monitoring the glycaemic status in individuals with diabetes. 

 

(A) 
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(B) 

 

(C) 
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(D) 

 

Figure 29. Comparison of the proposed 3D-PEID and the current large-scale method 

for total haemoglobin and HbA1c measurements using (A&C) a Bland-Altman bias 

plot and (B&D) Passing-Bablok regression analysis, respectively. 

 

4.5 Conclusions 

We have demonstrated a selective 3D-PEID for multiplexed measurement of 

diabetes markers using a single EIS platform. By monitoring at a single frequency 

value, the proposed device has a considerable advantage over the conventional EIS 

measurements in terms of assay time, allowing a decrease in data acquisition time by 

a factor of 15. However, further improvement on the EIS processing software would 

be needed to run EIS at the desired frequency value. As demonstrated here, our 

proposed 3D-PEID not only provides a precise measurement with a wide dynamic 
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concentration range but also offers a great sensitivity for the total haemoglobin and 

HbA1c values within the clinically relevant ranges. Such capabilities make this cost-

effective device useful for monitoring the glycaemic status in individuals with 

diabetes. In addition to being a proof-of-concept work, our system performed well 

compared with the commercial automated method using actual clinical samples, even 

in specimens obtained from diabetic patients. Conceivably, the successful 

development of this multiplexed 3D-PEID would be suitable for near-patient 

monitoring in remote areas. However, POCT systems require not only the production 

of affordable and portable devices but also the development of the detection 

instruments to measure the signal into a portable and multi-channel measurement 

device.  
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5.1 Abstract 

An impedance-based label-free affinity sensor was developed for the 

recognition of glycated hemoglobin (HbA1c). Interdigitated gold microelectrode 

arrays (IDA) were first modified with a self-assembled monolayer of cysteamine 

followed by cross-linking with glutaraldehyde and subsequent binding of 3-

aminophenylboronic acid (APBA), which selectively binds HbA1c via cis-diol 

interactions. Impedance sensing was demonstrated to be highly responsive to the 

clinically relevant HbA1c levels (0.1%-

The specificity of the assay was evaluated with non-glycated hemoglobin (HbAo), 

showing that the impedance response remained unchanged over the concentration 

range of 10 to 20 g dL-1 HbAo. This demonstrated that the sensor system could be 

used to specifically distinguish HbA1c from HbAo. Moreover, the binding of HbA1c 

to the APBA-modified electrodes was reversible, providing a reusable sensing 

interface as well as showing a stable response after 4 weeks (96% of the initial 

response). When assaying normal (4.10%) and diabetic (8.36%) HbA1c levels (10 

assays per day during a three-day period including a regeneration step after each 

assay), the overall assay reproducibility, expressed as relative standard error of mean 

(n = 30), was 1.1%. The performance of the sensor system was also compared with a 

commercial method (n =15) using patient-derived blood samples. A good agreement 

(Bland-Altman bias plot) and correlation (Passing-Bablok regression analysis) was 

demonstrated between the boronate-based affinity sensor and the standard method. 

 

Keywords: Glycated hemoglobin (HbA1c), boronate-modified interdigitated 

electrode array, electrochemical impedance sensing, diabetes mellitus. 
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5.2 Introduction 

Diabetes is one of the most challenging health problems worldwide and has 

devastating impact on the quality of life and healthcare expenditures [1]. Glycated 

hemoglobin (HbA1c) has become a significant index of assessing long-term glycemic 

control, therapeutic effectiveness, and patient compliance [118]. HbA1c is generated 

by a non-enzymatic glycation reaction at the N-terminal valine residues in the β-

chains of hemoglobin (Hb), corresponding to the 100 to 120 -day lifespan of 

erythrocytes. In clinical practice, the quantification of HbA1c is now an indispensable 

tool in both routine management and diagnosis of diabetes, including type I and type 

II diabetes. HbA1c measurements are also used to achieve stringent control in 

pregnant diabetic individuals, thereby, minimizing the perinatal risk of congenital 

malformations, overweight infants, as well as complications of pregnancy [140]. The 

American Diabetes Association (ADA) recommends the HbA1c level be maintained 

below 7%, and using HbA1c testing for diagnosis of diabetes [5].
 

Current methods to detect HbA1c include electrophoresis [88], ion-exchange 

chromatography [141], boronate affinity chromatography [37], mass spectrometry 

[33-35], immunoassays [43-45, 91], piezoelectric sensors [39-41], chemiluminescence 

[42], surface plasmon resonance [58], and surface-enhanced resonance Raman 

spectroscopy [59]. However, most of these techniques require sophisticated 

instrumentation with multiple operational steps at high cost, and fail to meet the 

clinical demand of portability. Consequently, development of selective, sensitive, 

trustworthy, and portable devices for measurement of HbA1c is needed. 

Electrochemical affinity sensors have considerable potential for developing portable 

analytical devices due to their sensitivity, low cost, simplicity, and possibility for 
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miniaturization [62]. Since the boronate groups are able to form selective and 

reversible bonds with the cis-diol groups in different glycated biomolecules under 

alkaline conditions [63], boronate ligands are now frequently used for developing 

affinity-based sensing interfaces to capture glycosylated biomolecules, e.g., HbA1c 

[40], saccharides [40, 142], bacteria [143], nucleotides [144], DNA aptamers [145], 

cancer cells [146], and antibodies [147, 148].
 

Table 5 compares different electrochemical boronate-based methods, their 

mode of operation, linear range and limit of detection (LOD) for determination of 

HbA1c. Majority of the published approaches are still based on different voltammetric 

techniques, although during the recent years contributions using electrochemical 

impedance spectroscopy (EIS) have increased in number. EIS offers great potential 

for developing label-free sensors as has been widely presented for applications relying 

on recognition by antibodies and DNA [149]. EIS provides important insights into the 

signal transduction and processes occurring at the electrode interface, reflecting the 

physical and chemical structure in the amplitude and phase of the response [150]. 

EIS-based HbA1c sensors mainly rely on a self-assembled monolayer (SAM) of 

thiophene-3-boronic acid (T3BA) [56, 60, 61]. The response of different EIS-based 

sensors is primarily related to the changes in the charge transfer resistance using 

hexacyanoferrate as the redox indicator, although some sensors have also relied on the 

capacitive behavior of the electrode interface [60, 61]. Their linear range has yet to 

meet the clinical range of HbA1c in real blood samples and the ability to detect 

HbA1c in actual clinical specimens has yet to be demonstrated. Although good 

selectivity and a wide linear range for HbA1c detection were previously achieved on 

boronate-modified eggshell membranes, the stability of the proposed system needs to 
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be improved [137, 151]. In general, sensitivity, selectivity, reproducibility, and long-

term stability of HbA1c sensors need to be improved to meet the clinical 

requirements. Effective comparison of analytical performance shown by different 

electrochemical HbA1c sensors is, however, difficult since different units are used to 

express the linear range and LOD. According to the clinical interpretation norms, 

HbA1c levels should be reported as mmol mol
-1

 or % of total Hb [152]. 

In this study, a boronate affinity sensor array was developed for selective 

label-free EIS detection of HbA1c over the clinically relevant concentration range. 

Electrode chips, having 12 individually addressable three-electrode systems 

comprising interdigitated working electrodes (Figure 30) [153], were fabricated and 

modified with 3-aminophenylboronic acid (APBA). To our knowledge, the presented 

sensor system is the first one capable of assessing HbA1c levels covering the whole 

clinically required range with the necessary sensitivity, reproducibility, and excellent 

operational and storage stability. The sensor system was able to distinguish HbA1c 

from non-glycated hemoglobin (HbAo) with a low detection limit and demonstrate an 

excellent agreement with a standard method. Moreover, HbA1c binding to the APBA-

modified electrodes was reversible, thereby, providing a reusable sensing system. Our 

sensor demonstrates great improvement in HbA1c assays, having the potential for 

integration into a microfluidic array system [154] for diabetes diagnosis and 

management. 
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Table 5. Analytical characteristics of electrochemical boronate-based HbA1c sensors 

Approach (recognition 

element/ electrode/ 

redox indicator/ label) 

Linear 

rangea 

LODa Reproducibilityb Stabilityc 

(%, Period) 

Real 

samples 

Ref. 

Electrochemical Impedance Spectroscopy (EIS) 

T3BAd/ Au disk/ HCFd/ 

None 
0.1-1 µg/mL NDe NDe NDe NDe [56] 

T3BAd/ Au thin film/ 

None/ None 

10-100 

µg/mL 
NDe NDe NDe NDe [61] 

T3BAd/ Au thin film/ 

None/ None 

10-100 

µg/mL 
1 µg/mL NDe NDe NDe [60] 

APBAd-modified 

ESMd/ Screen printed 

Au/ HCFd/ None 

2.3-14% 0.19% RSDb 2.0% (n = 

30) 

70%, 4 days Hemolysate [137] 

APBAd-modified 

ESMd/ Screen printed 

carbon/ HCFd/ None 

2.3-14% 0.21% RSDd 2.15% (n 

= 30) 

92%, 1 

week 

Hemolysate [151] 

APBAd / Au thin film / 

HCFd / None 

0.10-8.36% 0.024% RSEb 1.1% (n = 

30 assays each 

with 12 

measurements) 

96%, 28 

days 

Hemolysate This 

work 

Electrochemistry others (technique) 

FcBAd/ PGd-ZrO2NP/ 

Fcd/ None (SWVd) 

6.8-14% NDe RSDb 12.7% (n 

= 3) 

NDe Hemolysate [50] 

FcBAd/ Au thin film/ 

FcMd/ GOxd (CVd)  

2.5-15% NDe RSDb 5% (n = 

3) 

NDe NDe [52] 

FPBAd/ Au thin film/ 

FcMd/ GOxd (CVd) 

4.5-15% NDe NDe NDe Hemolysate [53] 

APBAd/ Screen printed 

carbon-AuNP/ H2O2/ 

None (CAmd) 

0.1-1.5% 0.052% RSDb 5.1% (n = 

5) 

92%, 1 

month 

Hemolysate [48] 

PBAd/ GCd/ ARSd/ 

None (Pmd) 

NDe NDe NDe NDe Hemolysate [54] 

APBAd/ GCd disk-

graphene oxide/ 

Immobilized PQQd/ 

None (DPVd) 

9.4-65.8 

µg/mL 

1.25 

µg/mL 

RSDb 8.5% (n = 

6) 

95%, 1 

month 

Hemolysate [51] 

 

a
 Linear range and limit of detection (LOD) are usually given in either µg/mL or % 

HbA1c of the total Hb contents. 
b
 The published evaluations of sensor reproducibility 

(expressed as relative standard deviation, RSD, or relative standard error of mean, 

RSE) are based on repeated determination of the same concentration of HbA1c using 

one or multiple electrodes. 
c
 The stability % refers to the initial response obtained 

with the tested sensor. 
d
 Abbreviations: APBA (aminophenylboronic acid); ARS 
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(alizarin red); CAm (chronoamperometry); CV (cyclic voltammetry); DPV 

(differential pulse voltammetry); ESM (eggshell membrane), Fc (ferrocene); FcBA 

(ferroceneboronic acid); FcM (ferrocenemethanol); FPBA (formylphenylboronic 

acid); GC (glassy carbon); GOx (glucose oxidase); HCF (hexacyanoferrate); PBA 

(phenylboronic acid); Pm (potentiometry); PG (pyrolytic graphite); PQQ 

(pyrroloquinoline quinone); SWV (square wave voltammetry); T3BA (thiophene-3-

boronic acid). 
e
 ND – not determined. 

 

5.3 Experimental Section 

5.3.1 Reagents and chemicals 

All reagents and chemicals used were of analytical grade and used as received. 

A Lyphochek® HbA1c linearity set, Lyphochek
®

 diabetes controls, and in2itTM (II) 

A1c test kits were acquired from BioRad Laboratories (Hercules, CA, USA). 3-

Aminophenylboronic acid (APBA), 4-ethylmorpholine, sodium chloride, potassium 

chloride, ethylenediaminetetraacetic acid tripotassium salt dihydrate (K3EDTA), 

potassium hexacyanoferrateII ([Fe(CN)6]
4-

), potassium hexacyanoferrateIII 

([Fe(CN)6]
3-

), glutaraldehyde (25% solution in water, specially purified for use as an 

electron microscopy fixative), sodium acetate trihydrate, glacial acetic acid, potassium 

cyanide, potassium phosphate monobasic, sodium phosphate monobasic, sodium 

phosphate dibasic, potassium hydroxide, hydrogen peroxide (30% solution in water), 

96% ethanol, acetone, cysteamine hydrochloride, Brij
®

 35 (polyoxyethylene (23) 

lauryl ether; 30% solution in water], and non-glycated hemoglobin (HbAo) were 

obtained from Sigma-Aldrich Corporation (St. Louis, MO, USA). All aqueous 
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solutions were prepared in ultrapure water (resistivity 18.2 Mohm cm) from a Milli-

Q
®
 water purification system (Millipore Corporation, Billerica, MA, USA). A 

cyanmethemoglobin standard solution was available from R.C.M. Supplies Co., Ltd. 

(Bangkok, Thailand).   Micro-haematocrit tubes were from Vitrex Medical A/S, 

Herlev, Denmark, and VACUETTE
®
 vacuum tubes were from Greiner Bio-One 

GmbH, Kremsmünster, Austria. AZ
®
 5214E positive photoresist was acquired from 

MicroChemicals GmbH, Ulm, Germany.  

 

5.3.2 Fabrication of IDA chips 

The microelectrode chips were fabricated using UV photolithography with a 

lift-off process on single-side polished 4-inch silicon wafers having a 500-nm 

thermally grown (1050 C) insulating silicon dioxide layer [153]. Briefly, positive 

photoresist (1.5 µm) was spin coated on silicon wafers and subjected to image 

reversal process. After development, 150 nm deep undercuts were formed by 100 s 

isotropic etching in buffered hydrofluoric acid (BHF) to eliminate formation of lift-off 

ears at the edges of the gold patterns. A titanium (10 nm) and gold (150 nm) film were 

deposited by electron beam evaporation. After lift-off under ultrasonication in acetone 

finalizing the metal patterning, a 500-nm silicon nitride passivation layer was 

deposited by plasma-enhanced chemical vapor deposition and patterned by UV 

photolithography using another lithographic mask followed by reactive ion etching to 

expose the active electrode areas and contact pads.  The photoresist was removed by 

ultrasonication in acetone followed by rinsing with ethanol and then deionized water. 

The layout of the chip with 12 identical three-electrode systems is depicted in Figure 
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30a. Each measurement site (inset) consists of an interdigitated working electrode 

(ID-WE; 500-µm digits, 10-µm width/gap), counter electrode (CE; Ø 700 µm), and 

reference electrode (RE; Ø 50 µm). 

 

5.3.3 Electrode preparation and surface modifications 

Before using the IDA chips for experiments, they underwent an initial 

cleaning by 10-min ultrasonication in acetone, followed by an intermediary rinsing 

with ethanol and finally with water. For experiments, each chip was placed in a setup 

fabricated from 5-mm poly(methyl methacrylate) (PMMA) as illustrated in Figure 

30b. A PMMA plate (1) served as a support for the chip (2) and a patterned lid (3) 

defined a well (10  10 mm
2
) for liquid handling. The lid was sealed on the chip using 

a poly-dimethylsiloxane (PDMS) gasket (4). The assembly was fastened together with 

screws. After assembling the system, the electrodes were cleaned chemically (25% 

v/v H2O2 and 50 mM KOH) followed by electrochemical cleaning (a potential 

sweep: -200 to -1200 mV in 50 mM KOH) [155]. First, the electrodes were modified 

with a cysteamine (200 mM; 1 h) self-assembled monolayer (SAM) followed by 

glutaraldehyde and then APBA to create the final boronate affinity layer. 

Glutaraldehyde served as a homo-bifunctional cross-linker between the amine 

moieties of APBA and cysteamine. After each electrode modification step, the chip 

surface was rinsed thoroughly with water. The influence of the modification steps was 

characterized by EIS using 5 mM ([Fe(CN)6]
3-/4-

) prepared in 10 mM 4-

ethylmorpholine buffer (pH 8.5) containing 250 mM KCl and 100 mM NaCl. As 

shown in Figure 30b and c, during impedance measurements the setup had a tailor-
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made printed circuit board (PCB) (5) with spring-loaded pins (Figure 30c, inset) to 

provide electric connections to the electrodes through the patterned holes in the lid 

(3). 

 

Figure 30. (a) Layout of the IDA chip with 12 measurement sites each having a 3-

electrode configuration (inset: a microscopic image of one measurement site with a 

counter electrode (CE), interdigitated working electrode (IDE-WE), and reference 

electrode (RE)). (b) Measurement setup: (1) A 5-mm PMMA plate as a support for an 

IDA chip (2); a 5-mm PMMA lid (3), defining the electrochemical cell (10  10 
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mm
2
); a PDMS gasket (4) for sealing around the center of the IDA chip; a tailor-made 

PCB (5) for electrical connections to the individually addressable electrodes. The 

entire setup is tightened with screws. (c) A photo of the assembled setup with the 

mounted PCB (inset: magnification of the spring-loaded pins). 

 

5.3.4 Label-free EIS detection of HbA1c 

A Reference 600 potentiostat from Gamry Instruments (Warminster, PA, 

USA) was employed for impedance measurements using the setup described above. 

The impedance spectra were acquired using Gamry Framework software (Version 

6.11) over the frequency range between 100 kHz and 0.1 Hz using a sinusoidal 

potential of 10 mVrms. The measurements were performed using 120 µL an electrolyte 

solution composed of 5 mM [Fe(CN)6]
3-/4-

, 250 mM KCl, and 100 mM NaCl buffered 

with 10 mM 4-ethylmorpholine (pH 8.5) according to a previously published protocol 

[56]. Prior to acquiring impedance spectra, the incubation with HbA1c standards or 

hemolysate samples was done using the volume of 85 µL followed by a thorough 

rinsing with the measurement buffer. By using a regeneration buffer (10 mM sodium 

acetate; pH 5 adjusted using acetic acid), the APBA-modified microelectrode surface 

could be used repeatedly since the binding of diol groups to boronate is unstable 

under acidic conditions [50]. 
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5.3.5 Sample preparation 

For investigations involving human subjects, the appropriate institutional 

review board approval was obtained by the Ethics Review Committee for Research 

Involving Human Research Subjects, Health Sciences Group, Chulalongkorn 

University (ECCU) under the approval number COA No. 057/2557. A written consent 

was obtained from each of the participants. In this study, healthy and diabetic 

volunteers, as defined by the American Diabetes Association criteria [5], were 

enrolled of their own volition. 

Whole blood samples were collected into vacuum tubes containing K3EDTA 

as an anti-coagulant. Hematocrit values (Hct) were determined using micro-

haematocrit tubes, a micro-haematocrit centrifuge (Hawksley and Sons Ltd., Lancing, 

UK), and a micro-capillary reader (International Equipment Company, Needham 

Heights, MA, USA). Before separating the plasma from the cells, total Hb levels were 

determined by spectrophotometry at 540 nm using an in-house Drabkin’s reagent (200 

mg K3[Fe(CN)6], 50 mg KCN, and 140 mg KH2PO4 in 1000 ml of water) having 

0.03% Brij
®
 35. During the assays, Drabkin’s reagent and cyanmethemoglobin were 

used as the blank and standard, respectively. To prepare hemolysates, the remaining 

red blood cells were washed three times with physiological saline (0.9% NaCl) and 

lysed by addition of hemolyzing buffer (26 mM NaH2PO4, 7.4 mM Na2HPO4, and 

13.5 mM KCN). During experimental procedures utilizing KCN, sufficient protection 

is required to avoid the toxic effects, especially possible inhalation of the fumes. The 

work should be performed in a ventilated area. 
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5.3.6 Data handling and analysis 

The sensor system contained 12 individually addressable three -electrode 

systems, providing 12 impedance spectra for each assay. The EIS data were fitted to 

Randles equivalent circuit model, modified with a constant phase element (CPE), 

using Gamry Echem Analyst software (Version 6.11). The obtained charge transfer 

resistance (Rct) values were used throughout the study. To compare the performance 

of different microelectrodes at equivalent conditions, the Rct values were normalized 

using equation NRct = [Rct(i)-Rct(0)]/Rct(0), where the Rct(0) and Rct(i) are the 

charge transfer resistance of an APBA-modified electrode before and after exposure to 

HbA1c, respectively. To determine the assay reproducibility, 10 assays per day were 

performed during a three-day period using standard solutions containing normal 

(4.10%) and high (8.36%) level of HbA1c. 

The regeneration efficiency (RE) was calculated according to equation RE = 

[1-(RT-B)/T] x 100% [139], where RT is the impedance after the regeneration cycle, 

B is the baseline impedance for the APBA-modified sensor, and T is the impedance 

before applying any regeneration step. The performance of the sensor system was also 

evaluated by the Bland-Altman bias plot and a Passing-Bablok regression analysis 

using MedCalc software (version 9.6.2.0) from MedCalc Software bvba (Ostend, 

Belgium). Specifically, the results obtained from our proposed sensor system were 

compared to those determined with the commercial in2itTM (II) A1c test kits. 

As HbA1c concentrations are often reported in different units, the 

International Federation of Clinical Chemistry (IFCC) and different national diabetes 

control programs, such as National Glycohemoglobin Standardization Program 
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(NGSP) in the USA, have agreed on a consensus statement that HbA1c results be 

reported in SI units, i.e., mmol mol
-1

 (IFCC) or % (NGSP) [152]. Calibration material 

certified by the NGSP was used throughout our experiments, and importantly, the 

hemolysate standard solution was used to calibrate the automated commercial 

instrument. Hence, the calibration was representative for clinical samples. 

 

5.4 Results and Discussion 

5.4.1 Optimization and characterization of the HbA1c sensor 

5.4.1.1 Surface modifications and EIS characterization 

EIS is an effective way to probe the interface  properties of chemically 

modified electrodes as well as for label-free sensing of an analyte. We characterized 

the different steps of surface modification and their influence on the sensor 

performance in order to optimize the used concentrations and immobilization time. 

Impedance measurements were performed after each surface modification step and 

HbA1c binding assay. Figure 31a and 31b show the modification strategy to construct 

the APBA affinity surface and subsequently achieve the binding of HbA1c, 

respectively. 

Figure 32a shows Nyquist plots for the redox process of [Fe(CN)6]
3-/4-

 before 

and after electrode cleaning, as well as after cysteamine, glutaraldehyde, and APBA 

modification. Compared with the Nyquist plot acquired using a chemically cleaned 

electrode (curve 1), a significant decrease in Rct was observed when the 

electrochemical surface cleaning was performed (curve 2). As shown in the inset, a 

considerable decrease in the diameter of the semicircle, i.e. decrease in Rct, was 
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observed (curve 3) upon applying the positively charged cysteamine SAM. This 

indicates increased electron transfer kinetics of the negatively charged [Fe(CN)6]
3-/4-

 

redox couple due to the influence of the positive surface charge [155, 156]. After 

applying glutaraldehyde, the semi-circle was broadened indicating an increased Rct 

(curve 4). This can be attributed to decreased accessibility of [Fe(CN) 6]
3-/4-

 to the 

electrode surface due to the decreased positive surface charge and steric hindrance 

caused by the glutaraldehyde. APBA modification of the glutaraldehyde activated 

electrode resulted in a further increase in Rct, confirming that boronate groups were 

successfully immobilized on the electrode surface (curve 5). The observed increase in 

the Rct was largely due to the electrostatic repulsion between the negative charge of 

[Fe(CN)6]
3-/4-

 and the negatively charged surface of the APBA-modified electrode 

under alkaline conditions. 

Figure 32b shows Nyquist plots acquired after incubation with standard 

solutions containing 4.10% (normal level) and 8.36% (diabetic level) of HbA1c. Both 

HbA1c concentrations caused a significant increase in the diameter of the Nyquist 

plot in comparison with the one acquired after APBA modification (curve 5, Figure 

32a). This is due to the binding of HbA1c to APBA that increasingly hinders the 

access of [Fe(CN)6]
3-/4-

 to the electrode surface. 

To provide quantitative information on the effect of different electrode 

modifications and HbA1c concentrations, the acquired Nyquist plots were fitted to 

Randles equivalent circuit model modified with a CPE (Figure 32b, inset). The solid 

lines in Figure 32b show the fitting of Nyquist plots acquired after incubation with 

HbA1c standard solutions (4.10% and 8.36%), indicating that the equivalent circuit 
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model describes well the data down to the lowest frequencies. In this model, Rs and 

Rct correspond to the resistance of the electrolyte solution and the charge transfer 

kinetics at the electrode, respectively. The CPE, parallel with the Rct and the Warburg 

impedance (W), accounts for non-Faradaic processes related to the double layer 

capacitance and possible surface inhomogeneity. W describes the diffusion impedance 

due to mass transfer of [Fe(CN)6]
3-/4-

 to the electrode. Ideally, Rs and W are not 

affected by modifications occurring at the electrode surface, whereas both Rct and 

CPE are altered by electrode modifications. The impedance of CPE is defined as 

ZCPE = [Q(jω)
α
]

-1
, where ω is the angular frequency, exponent α can vary from 0 to 

1, and factor Q describes a pure capacitor or resistor when α is equal to 1 or 0, 

respectively [157]. Table 6 summarizes the determined values of Rct and ZCPE (Q 

and α) as well as the effective equivalent capacitance (Ceff) derived from the ZCPE. In 

the case of the different electrode modification steps, the value of Ceff decreases as a 

consequence of successive modifications. This is in accordance with the view that 

chemical electrode modifications behave as capacitors in series with the double layer 

capacitance of a bare electrode [155]. APBA modification, on the other hand, makes 

an exception, showing an increase in capacitance of the electrode interface. 

Incubation with HbA1c standard solutions leads to a significant increase in Rct with 

concentration. However, the trend in Ceff is not clear, which may be attributed to the 

influence of the sample matrix in the HbA1c standards. Hence, for quantitative 

determination of HbA1c concentration in real samples, Rct provides higher sensitivity 

and clearer trend. 
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(a) 

 

(b) 

 

 

Figure 31. Illustration of electrode modification strategy and boronate-based 

recognition of HbA1c 
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Figure 32. Characteristic Nyquist plots after (a) chemical (1) and electrochemical (2) 

electrode cleaning as well as surface modification steps (inset: close-up view after (3) 

cysteamine SAM, (4) glutaraldehyde activation, and (5) APBA modification), and (b) 

incubation with 4.10% () and 8.36% () HbA1c standard solution. The solid lines 

represent curve fitting to the equivalent circuit in the inset (the details can be found in 

the text). 5 mM [Fe(CN)6]
3-/4-

 was used as the redox indicator. 
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Table 6. Characteristic values of equivalent circuit parameters: charge transfer 

resistance (Rct) and constant phase element impedance (ZCPE expressed as Q and ) 

after different electrode modifications and incubation with various concentrations of 

HbA1c as well as the calculated effective capacitance (Ceff) based on ZCPE. 

 

Treatment Rct (k)
c 

Q (nS s

)
c 


c Ceff (nF)

d 

Chemical cleaning
a 

26.12 43.17 0.903 20.65 

Electrochemical cleaning
a 

16.01 18.65 0.899 7.70 

Cysteamine modification
a 

0.61 18.21 0.705 5.34 

Glutaraldehyde activation
a 

0.81 14.57 0.690 3.33 

APBA-modification
a 

1.51 38.35 0.817 4.49 

0.10% HbA1c
b 

2.68 13.21 0.934 6.48 

0.20% HbA1c
b 

7.19 19.77 0.935 10.40 

0.40% HbA1c
b 

13.49 13.70 0.937 7.70 

2.02% HbA1c
b 

26.89 12.05 0.942 7.30 

2.57% HbA1c
b 

30.36 12.33 0.940 7.40 

4.10% HbA1c
b 

48.46 19.52 0.945 13.07 

8.36% HbA1c
b 

103.20 19.77 0.944 13.62 
 

a
 The values of the parameters correspond to the Nyquist plots shown in Figure 32a of 

the article. 

b
 The values of the parameters correspond to the Nyquist plots shown in Figure 3a of 

the article. 

c
 During the nonlinear regression analysis of the impedance spectra, the value of 

solution resistance (Rs) has been 210 . 

d
 The calculation of Ceff was done according to the approach presented by Hsu and 

Mansfeld (Corrosion 2001, 57, 747-748) [158]. 
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5.4.1.2 Effect of pH, glutaraldehyde/APBA concentration, and incubation time  

Phenylboronic acid, having pKa of 8.7-8.9 [159], is known to be anionic at 

alkaline conditions [142]. Near the pKa, it has a tetrahedral form, specifically able to 

bind diol groups of glycated proteins [160]. At pH 8.5, the NRct values of the sensor 

were higher than at pH 7 (control), indicating that boronate-diol affinity was stronger 

at alkaline conditions (Figure 33). This agrees with previous findings [41]. Thus, pH 

8.5 was used in all subsequent experiments.  

Different glutaraldehyde concentrations were evaluated for sensor preparation 

using two clinically relevant levels of HbA1c (4.1% and 8.36%). The Rct increased 

with increasing concentration until 5%, above which the values remained constant 

(Figure 34a). This concentration was, therefore, used in all subsequent experiments. 

As the sensitivity for HbA1c recognition relies on the density of surface bound 

boronate groups, different concentrations of APBA were investigated. The Rct 

increased with increasing APBA concentration, reaching a maximum at around 20 

mM, which indicates that the surface is becoming fully saturated with APBA groups 

(Figure 34b). 20 mM APBA was used for preparation of the APBA modifications in 

all subsequent experiments. 

As both the number of boronate functional groups and HbA1c molecules on 

the surface of the electrode affect the sensitivity of the sensor, the effect of 

immobilization and incubation time on the determined Rct values was studied in two 

steps. First, the time for immobilizing 20 mM APBA on an electrode surface was 

investigated for two different HbA1c concentrations (4.10% and 8.36%). Then, the 

incubation time of HbA1c was studied using a boronate sensing surface prepared 

based on the optimized immobilization time. The Rct increased steadily with the 
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APBA immobilization time from 5 to 30 minutes (Figure 35a), reaching a maximum 

after about 20 minutes for both the high and low HbA1c level. This immobilization 

time was used to prepare the boronate sensing surfaces for further experiments. 

Similarly, the Rct increased with increasing HbA1c incubation time (Figure 35b), 

approaching a maximum after 15 minutes for both the high and low HbA1c level. In 

order to minimize the assay time, the optimal incubation time was chosen to be 15 

min. 

 

 

 

Figure 33. Comparison of HbA1c binding on APBA-modified electrodes under 

neutral ( - pH 7) and alkaline (● - pH 8.5) conditions after incubation with 0.10%, 

0.20%, 0.40%, 2.02%, 2.57%, 4.10%, and 8.36% HbA1c. The response for each 

HbA1c concentration is expressed as normalized charge transfer resistance (average ± 

standard deviation, n = 2). 
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(a) 

 
(b) 

 
 

Figure 34. Optimization of (a) glutaraldehyde and (b) APBA concentration using 

normal (4.1%) and diabetic (8.36%) HbA1c level. The response for each modification 

and HbA1c concentration is expressed as normalized charge transfer resistance 

(average ± standard deviation, n = 2). 
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(a) 

 
(b) 

 
 

Figure 35. Optimization of time for (a) APBA immobilization and (b) HbA1c 

incubation using normal (4.1%) and diabetic (8.36%) HbA1c level. The response for 

each time and HbA1c concentration is expressed as normalized charge transfer 

resistance (average ± standard deviation, n = 2). 
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5.4.2 Analytical sensor characteristics and application 

5.4.2.1 Calibration, regeneration, reproducibility, selectivity, and stability 

For calibration, duplicate measurements were performed at each HbA1c 

concentration using one IDA chip. The increase in Rct with increasing HbA1c 

concentration is clearly demonstrated by the Nyquist plots of Figure 36a representing 

one sensor (the Rct values are shown in Table 6). The normalized Rct was plotted vs. 

HbA1c concentration (Figure 36b and inset), revealing that the response was linear up 

to 8.36% with LOD of 0.024% (3). The IDA-sensor system offers higher sensitivity 

than that described by Kim et al. [53] and our previous work [137]. Compared with 

other label-free electrochemical approaches (Table 5) [56, 60, 61], the system 

provides better sensitivity and a wider linear range for assaying HbA1c, and meets the 

requirement of clinical HbA1c detection. In comparison with the piezoelectric sensor 

having a similar recognition layer [40], the sensitivity of our sensor was very high, 

probably due to a greater boronate density. Control experiments (electrodes with only 

glutaraldehyde or cysteamine modification) demonstrated that the aldehyde 

functionalities of glutaraldehyde bound the amino groups of HbA1c independent of 

concentration, whereas cysteamine did not show any interaction with HbA1c (Figure 

37). These results confirm that the Rct changes (Figure 36a) were due to binding of 

HbA1c to APBA via cis-diol interactions. 

To determine the reversibility of HbA1c binding to APBA, electrode 

regeneration was investigated. Table 7 presents Rct data for the binding interaction on 

one electrode. 0.1% and 0.20% HbA1c caused an increase in Rct similarly as shown 

in Figure 36a. After regeneration using 10 mM sodium acetate (pH 5) for 30 minutes, 



 151 

the Rct returned in both cases to the original value due to the release of HbA1c. The 

RE was 99.25% and 99.03% after the first and second regeneration cycle, 

respectively. After the second regeneration cycle, incubation with 0.1% HbA1c still 

caused a similar Rct increase as was initially observed for that concentration. The 

results indicate that the HbA1c-APBA interaction was reversible, facilitating 

construction of a reusable HbA1c assay system. 

  The reproducibility of the sensor was tested in determination of both normal 

(4.10%) and diabetic (8.36%) HbA1c levels using a separate IDA chip for each 

concentration. 10 measurement cycles per chip, each followed by a regeneration step, 

were run on each day during three consecutive days. Each measurement cycle 

comprised 12 acquired impedance spectra using all the individually addressable 

measurement sites on each chip. Variation in measurements between individual 

electrodes, expressed as relative standard deviation (RSD), was 4.0%. Considering the 

10 measurement cycles per day during three days (n = 30), the overall assay 

reproducibility for each concentration, expressed as relative standard error of mean 

(RSE), was 1.1%. Using 12 measurement sites per chip, the proposed sensor provides 

reproducibility for HbA1c assays that meets the recommended intralaboratory 

variability of less than 2% [118]. Tests on several chips indicated that during 

continued assays, including a regeneration step after each measurement cycle, the 

functionality of some electrodes may be affected. Due to this, although the chips are 

reusable, the recommendable approach is to use one chip for a complete assay that 

comprises calibration and analysis of the blood sample of one patient. 
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Since APBA is able to covalently bind to a diol group of any glycated protein, 

the selectivity for HbA1c in relation to non-glycated haemoglobin (HbAo) was tested 

as a potential interference. Figure 38 shows Nyquist plots for assaying HbAo covering 

the concentration range that represents normal variation between individuals. Upon 

introduction of HbAo, the Rct virtually remained unchanged over the concentration 

range from 10 to 20 g dL
-1

 in comparison with the Rct of the APBA-modified 

electrode in the absence of HbAo. This result demonstrated the ability of the sensor to 

distinguish between HbA1c and HbAo, indicating its applicability for determination 

of clinically relevant HbA1c levels in the blood of diabetic individuals. In our study, 

red blood cells were separated from plasma by centrifugation followed by careful 

washing with physiological saline. Thus, other interfering agents present in plasma, 

such as glycated albumin and glucose, were eliminated. 

The stability of the sensor system was investigated over a period of 4 weeks. 

Between measurements, the whole chip (12 on-chip APBA-modified electrodes) was 

stored in Milli-Q water at room temperature. In order to evaluate the activity of the 

individual sensors, the impedance response was determined every second day using 

4.10% HbA1c standard solution. Figure 36c shows that there was virtually no 

decrease in the response during the entire 4-week period, which is an improvement 

compared to previously published boronate-based sensors. After 4 weeks, the sensor 

had retained 96% of its initial response to HbA1c. 
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Figure 36. (a) Characteristic Nyquist plots acquired using an APBA-modified 

electrode before and after incubation with () 0.10%, () 0.20%, () 0.40%, (●) 
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2.02%, (■) 2.57%, (▲) 4.10%, and (▼) 8.36% HbA1c. (b) Variation of normalized 

Rct (NRct) with HbA1c concentration using an IDA-sensor chip (inset: close-up view 

showing the range of linearity). (c) Storage stability (% of the initial NRct) of the 

IDA-sensor chip over a period of 4 weeks determined by assaying 4.10% HbA1c. 

Each data point (b and c) represents the mean ± standard deviation of duplicate 

measurements using all the IDE-WEs of the chip (n = 24). 5 mM [Fe(CN)6]
3-/4-

 was 

used as the redox indicator. 

 

(a) 
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(b) 

 

Figure 37. Characteristic Nyquist plots for a (a) glutaraldehyde activated and (b) 

cysteamine-modified electrode before and after incubation with () 0%, () 0.10%, 

() 0.20%, () 0.40%, (●) 2.02%, () 2.57%, (▲) 4.10%, and (▼) 8.36% HbA1c 

standard solution. The increase in Rct due to covalent binding of HbA1c to 

glutaraldehyde is practically independent of HbA1c concentration, whereas no 

significant increase in Rct is observed on a cysteamine-modified electrode due to lack 

of any interaction between cysteamine and HbA1c.   

  



 156 

Table 7. Evaluation of regeneration efficiency (RE) on an APBA-modified electrode 

 

Treatment Rct
a
 (k) RE

b
 (%) 

APBA-modification
 

1.51 ± 0.12  

Incubation with 0.10% HbA1c
c 

2.67 ± 0.26  

Regeneration
d 

1.53 ± 0.15 99.25 

Incubation with 0.20% HbA1c
c 

7.18 ± 0.53  

Regeneration
d 

1.58 ± 0.13 99.03 

Incubation with 0.10% HbA1c
c 

2.60 ± 0.30  

 

a
 The Rct values represent mean ± standard deviation of duplicate measurements. 

b
 The regeneration efficiency was determined as described in section “Data handling 

and analysis”. 

c
 The chip was incubated with HbA1c for 15 min. 

d
 The chip was regenerated for 30 min using 10 mM sodium acetate buffer (pH 5).   
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Figure 38. Characteristic Nyquist plots for an APBA-modified electrode before () 

and after incubation with () 10, () 15, and (●) 20 g dL
-1

 HbAo. 

 

5.4.2.2 Real sample analysis and assay comparison 

To evaluate the sensor reliability, HbA1c was quantitated in 15 hemolysate 

samples from healthy and diabetic volunteers. The aim was a detailed assessment of 

the agreement with a standard method and possible bias in the target clinical range. 

The quantified hematocrit and total Hb content varied between 35-47% and 12-17 g 

dL
-1

, respectively. The agreement and correlation between the two methods were 

investigated using the Bland-Altman bias plot and the Passing-Bablok regression 

analysis, respectively. The results revealed an excellent agreement between our sensor 

and the standard method (Figure 39a) with an agreement interval of ± 1.96 SD. 

Virtually no bias was found between the methods, implying that they could be 

interchangeable. Based on the Passing-Bablok regression analysis, the equation and 
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95% confidence limits of its slope and y-intercept (Figure 39b) indicate a good 

linearity (cusum linearity test, p > 0.10) and correlation between the methods. The 

results validate our IDA-sensor system using actual clinical samples, demonstrating 

its potential as a fast, easy to use, robust and inexpensive approach for monitoring of 

glycemic status of diabetes patients. 

 
 

Figure 39. Comparison of HbA1c sensing between the IDA-sensor chip of Figure 3 

and a standard method using hemolysate samples: (a) Bland-Altman bias plot (solid 

line: mean difference; dashed lines: limits of agreement), and (b) Passing-Bablok 
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regression analysis (solid line: regression line (cusum linearity test, p > 0.10); dashed 

lines: 95% confidence interval of the regression line). 5 mM [Fe(CN)6]
3-/4-

 was used 

as the redox indicator. 

 

5.5 Conclusions 

The proposed boronate-based affinity sensor was remarkably selective in 

determining HbA1c levels using label-free impedance detection. The results showed 

that the boronate-modified IDA microelectrodes were highly responsive to a wide 

range of HbA1c levels and provided bias-free determination of HbA1c in patient-

derived blood samples with excellent correlation with a standard method. This 

indicated that the presented affinity sensor has the potential for continuous monitoring 

of glycemic status in diabetic patients. Without the use of biomolecular recognition 

elements (e.g. antibodies) and detection labels, the proposed affinity sensor has the 

merit of great simplicity and robustness. As a future perspective, our affinity sensor 

can also be applicable to determining other diabetes markers, e.g., glycated albumin. 

Furthermore, as demonstrated, mass fabrication of the IDA chips provides a highly 

reproducible sensor system, offering a possibility to integrate it into mass fabricated 

microfluidic devices for automated fluid handling. 
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6.1 Experimental Section 

6.1.1 Chemicals and materials 

For preparing all the microfluidic components of the platform, polycarbonate 

(PC) (Bayer MaterialScience AG, Leverkusen, Germany), poly(methyl methacrylate) 

(PMMA) (Röchling Technische Teile KG, Mainburg, Germany), 

polydimethylsiloxane (PDMS) (Dow Corning, Wiesbaden, Germany), and silicon 

adhesive (INT TA106) (Intertronics, Oxfordshire, UK) were used, as previously 

presented elsewhere [161]. Electric connections were made of spring-loaded pin 

arrays (811-S1-NNN-10-015101) (PreciDip SA, Delémont, Switzerland). The 

stainless-steel balls (1/16 inch) were purchased from VXB Bearings (Anaheim, 

California). The other chemical used in photolithography processes were employed 

according to the recommendation of the suppliers (Danchip, Technical University of 

Denmark). 

 

6.1.2 Instrumentation 

All the procedures for fabricating the microfluidic platform and the 

instruments used in this study were in accordance with our previous works [154, 161]. 

Each polymeric component was designed by using AutoCAD
®
 2013 software 

(Autodesk Inc., San Rafael, CA, USA) and machined by micromilling using a Mini-

Mill/3Pro system (Minitech Machinery Corporation, Norcross, GA, USA) executing 

G-code generated by EZ-CAM17 Express software (EZCAM Solutions, Inc., New 

York, NY, USA). The UV activation and heat/pressure-assisted bonding technique 

were employed using a 5000-EC Series UV Curing Flood Lamp System (Dymax 
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Corporation, Torrington, CT, USA), and a PW20 hydraulic press (Paul-Otto Weber 

GmbH, Remshalden, Germany), respectively. For cutting a double-sided silicone 

adhesive, the carbon dioxide laser cutting was done with an Epilog Laser Mini 18 

(Epilog Laser, Golden, CO, USA). Micropumps were operated with Lego® 

Interactive Servo Motors (Lego System A/S, Billund, Denmark) that were controlled 

by an NXT Intelligent Brick (Lego System A/S, Billund, Denmark) executing a 

LabView-based script. A potentiostat/galvanostat instrument (Autolab PGSTAT30, 

Eco Chemie, The Netherlands) equipped with the Frequency response analyser 

software was used to perform the impedance measurement throughout this study. 

The instruments used for measuring the haematocrit (Hct) values, including 

micro-haematocrit tubes, a micro-capillary reader, and a micro-haematocrit 

centrifuge, were manufactured by Vitrex Medical A/S (Herlev, Denmark), 

International Equipment Company (Needham Heights, MA, USA), and Hawksley and 

Sons Ltd. (Sussex, England), respectively.  

 

6.1.3 Design and fabrication of microfluidic system 

The fabrication and integration of the microfluidic platform involved the 

various modules with different functions including the microfluidic motherboard 

housing all the necessary multi-modules (1), inlet and waste outlet reservoir modules 

(2), two 4-channel miniaturised peristaltic pumps (3), two miniaturised valves (4), 

microfluidic chip integrated with microelectrode arrays (5), and interconnections (6), 

as shown in Figure 40(A). After drawing the designs, all the plastic components were 

constructed by micromilling technique. The upper part of inlet and outlet reservoirs, 

the rotor beds, peristaltic micropump housing, and the microfluidic motherboard were 
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made of 10 mm, 10 mm, 5.8 mm, and 4 mm thick PC, respectively, whereas the lower 

part of inlet and outlet reservoirs, the upper part of microfluidic chip, the middle and 

lower parts of microfluidic chip, and the other micromilled components were 

fabricated of 2 mm, 2 mm, 1.5 mm, and 5 mm thick PMMA. Prior to thermal and 

pressure-assisted bonding (20 minutes at 85 °C/4.4 MPa), each individual 

micromilled PMMA components were gently cleaned with 96% ethanol and followed 

by ultrasonication in Mill-Q water before exposure to 1-minute UV activation.  

 The microfluidic chip, comprised of a 2 mm thick PMMA lid and two 1.5 mm 

thick PMMA layers with microfluidic channels, was interfaced to a microelectrode 

array chip placing in a 5 mm PMMA holder through a 50-µm-thick double-sided 

silicon adhesive layer, as schematically shown in Figure 40(B). The microelectrode 

array chip, each consisting of a working (WE), counter (CE), and reference (RE) 

electrode, contains 12 identical three electrode systems, which can be potentiostated 

individually. The IDA chip, comprised of a meshing set of microband array 

electrodes, constitutes the gold interdigitated WE with 500 µm long fingers and 10 

µm width and gap. Both the CEs and Res are gold disks with 700 µm and 50 µm 

diameters, respectively. Prior to integration, the microelectrode array chip was 

chemically cleaned by using a mixture of H2O2 (25% v/v) and KOH (5 M) followed 

by electrochemical cleaning using a potential sweep from -200 to -1200 mV in 50 

mM KOH, as previously described [155]. The individually addressable 

microelectrode arrays afford the great opportunity for integration into a multiplexed 

microfluidic platform, which is of considerable importance for detection of many 

other biomolecules associated with the metabolic biomarkers. In this study, the 

microfluidic channels were designed specifically to determine two independent 
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samples measured simultaneously for both the total and glycated haemoglobin levels 

in the actual specimens. The fully integrated multiplexed microfluidic platform 

equipped with the electronic connections through a spider-like printed circuit board 

(PCB), as shown in Figure 40(C), was capable of acquiring the impedance signal 

responses through the spring loaded pins underneath a custom designed PCB. The two 

4-channel peristaltic micropumps and microvalves were operated by the Lego® 

Motors connected to the brick units (Lego System A/S, Billund, Denmark) under 

control of the custom-made LabView-based software. For recording the whole 

impedance spectrum, a potentiostat/galvanostat instrument (Autolab PGSTAT30, Eco 

Chemie, The Netherlands) equipped with the Frequency response analyser software 

was connected to the custom-made PCB and the data acquisition was done through an 

appropriate equivalent-circuit model using the NOVA 1.9 software. The unique 

feature of optimal binding frequency that specific to each binding interaction was also 

investigated, in order to circumvent the particular problem of time-intensive 

procedure. 
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(A) 

 

(B) 
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(C) 

 

 

Figure 40. Photographs of the fully integrated multiplexed microfluidic platform: (A) 

a multipliable platform involving the various modules with different functions: (1) 

microfluidic motherboard housing all the necessary components, (2) inlet and waste 

outlet reservoir modules, (3) two 4-channel peristaltic micropumps, (4) two 

microvalves, (5) microfluidic chip integrated with microelectrode arrays, and (6) 

PDMS ribbons. (B) A schematic diagram of the assembly of a microfluidic chip 

comprising: the 5 mm thick PMMA holder (1) integrated with microelectrode array 

chip (2), (3) a 50-µm-thick double-sided silicone adhesive layer, (4) a 1.5 mm thick 

PMMA with microfluidic channels thermally bonded with a 1.5 mm thick PMMA 

with microfluidic channels (5), and (6) a 2 mm thick PMMA lid. (C) A photograph of 

a microfluidic platform equipped with the electronic connections through a spider-like 

PCB. 
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6.2 Results and Discussion 

6.2.1 Microfluidic platform with integrated microelectrode arrays 

The ultimate aim in designing the presented microfluidic system was to 

facilitate the development of a single multiplexed microfluidic device for 

impedimetric assaying of multiple diabetes markers using a unique single-frequency 

value. The construction of the multiplexed microfluidic platform comprising the 

multi-functional modules for simultaneous detection of total and glycated 

haemoglobin has been accomplished through polymeric prototyping techniques, for 

example micromilling and UV assisted thermal/pressure bonding. Almost all the 

microfluidic components were made from polymeric materials, i.e. PMMA, PDMS 

and PC, and thus facilitated the development of a simple, reproducible and user 

friendly system. The overall structure of the proposed platform is shown in Figure 45. 

An assembled microfluidic platform comprised of (1) a microfluidic reservoir chip for 

collecting the two independent samples (S1, S2), chemicals used for on-line surface 

modifications (M1, M2), and electroactive redox probes (P) during the impedimetric 

measurements, (2) 4-channel miniaturised peristaltic micropumps for automated fluid 

operations, (3) 4-channel microvalves for routing each solution to the microfluidic 

chip with integrated microelectrode arrays, (4) 4-chamber microfluidic chip integrated 

with 12-microelectrode arrays, and (5) microfluidic reservoir chip for waste collection 

during experiments.  

The inlet reservoir chip was specifically designed to contain seven chambers 

for keeping each solution separately. The reagents used for the on-line surface 

modification process to obtain the Hp-modified and APBA-modified IDA sensors 

were stored in M1 and M2 chamber, respectively, whereas the two independent 
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haemolysate samples were kept in S1 and S2 chamber, respectively. In this manner, 

the multiplex analysis was provided in that one sample could be analysed for both the 

total and glycated haemoglobin values and, moreover, the two independent samples 

could be measured simultaneously. The electroactive redox probes, 5 mM Fe(CN)6
3-/4-

, were kept in P chamber and used throughout the EIS measurements. To control the 

flow of fluid during the experiments, the multi-channel peristaltic micropumps, 

comprising of a multi-roller, an 8-channel PDMS ribbon, and a rigid rotor bed, 

connected to an inlet reservoir chip were used to sequentially deliver each reagent 

solution into the specifically designed microfluidic chip integrated with 12-

microelectrode arrays. The ball joint interconnection block at the end of the PDMS 

ribbons could perfectly fit into the eight-hole pattern present in the inlet reservoir 

chip, thus offering the leakage-proof [162]. The peristaltic micropumps were operated 

by the Lego® motors attached to a brass shaft and the fluidic operations were 

automated using a programmed LabView-based script stored in the Lego® NXT 

Intelligent Brick, as stated earlier [161, 163].  

In addition, the mechanical actuated valve system also plays an important role 

in delivering the reagent solution to the microfluidic chip. The valve modules, 

consisting of a brass shaft stacked with eight PMMA discs, an 8-channel PDMS 

ribbon, and two rigid supports, allowed the possibility of routing the solution to the 

microfluidic chip. In this case, only four PMMA discs were designed to have a semi-

circular recess on the edge, thereby enabling a four-active-channel valve. The PDMS 

ribbon was sandwiched between the two rigid PMMA supports, in which the 1/16 

inch stainless-steel balls could move up and down inside the lower PMMA support. 

The lower PMMA support was positioned on the top side of the shaft stacked with 
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eight PMMA discs. After fastening all the components together, the rotation of shaft 

with respect to the position of recess on the disc significantly affects the PDMS 

channels. When the steel ball is positioned on the edge of disc, the ball presses the 

PDMS channel against the upper PMMA support resulting in a closing of the channel. 

On the contrary, the channels are opened when the ball is positioned on the semi-

circular recess on the edge of the disc, allowing the routing of fluid through the 

PDMS channel.  

The designed three-layer microfluidic chip, having two PMMA layers with 

microfluidic channels and a PMMA lid, was thermally bonded together before 

integrating with the 12-microelectrode array chip positioned on the top of a 5 mm 

PMMA holder using a 50-µm-thick silicon double-sided adhesive tape cut with laser 

ablation. The assembled microfluidic chip integrated with the microelectrode array 

contained four chambers for assaying the total haemoglobin values in parallel with 

HbA1c from two independent samples. Each analyte could be assayed in triplicate 

due to the three identical three electrode systems in each chamber. The entirely 

assembled microfluidic platform equipped with a custom designed PCB was 

electrically contacted to the potentiostat through the spring-loaded pin array. The 

impedance signal responses were recorded and also observed to determine the optimal 

binding frequency that was specific to each binding interaction. Each analyte could be 

detected specifically using a single frequency value or a limited frequency range for 

analysis, making this automated microfluidic platform suitable for the multiplexed 

impedimetric assay on a single device. 

The modular structure of the proposed microfluidic system provides potential 

benefits of simplicity, economic integration, portability, full automation, simultaneous 
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multiple analytes detection, and simple maintenance. For the sake of simplicity in 

field analysis, the constructed pumping and valving makes the proposed microfluidic 

platform capable of controlling reagent flow in each channel independently and 

functioning as a fully automatic system. The optimal frequency of the binding 

interaction between the target analyte and its molecular recognition element was also 

investigated at a specific single-frequency value, thereby overcoming a particular 

time-consuming procedure. The miniaturised microfluidic system also provides the 

ability to reduce the reagent consumption and chemical waste products, thus 

contributing to low operational costs and corresponding closely to the concept of 

green chemistry, respectively. 
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Figure 41. Schematic representation of the multiplexed microfluidic platform 

comprising various interconnecting individual modules with different functions: (1) 

reagent reservoirs for samples (S1, S2), chemicals used for on-line modification 

process (M1, M2), and electroactive redox probes (P), (2) 4-channel peristaltic 

micropumps for sequentially delivering each solution into the microfluidic chip, (3) 4-

channel microvalves for controlling the flow of fluid operated by Lego® servo 

motors, (4) microfluidic channels integrated with 12-microelectrode array chip, and 

(5) microfluidic reservoir chip for waste collection during assays (W1, W2). 
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CHAPTER VII 

CONCLUSIONS 

7.1 Conclusion 

Herein, affinity membrane-based sensors and a multiplex microfluidic 

platform for measuring diabetic markers were developed as alternative approaches to 

glycaemic monitoring in clinical practice. The proposed µPADs provide considerable 

improvement in both simplicity and speed and exhibit sufficient sensitivity. The 

corrected fructosamine values for serum albumin were acquired simultaneously. The 

proposed µPADs made great strides in providing a reliable marker for glycaemic 

control in diabetes associated with chronic kidney disease, particularly for dialysis 

patients. Moreover, the proposed boronate-based sensors were remarkably selective in 

determining HbA1c levels using label-free impedance detection. The APBA-modified 

ESMs and IDA chips were highly responsive to a wide range of HbA1c levels, 

indicating that these methods are suitable for clinical monitoring of glycaemic control. 

The APBA-modified ESMs also provide a cost-effective sensor for the diagnosis of 

diabetes, whereas the IDA chips are suitable for mass production and can be further 

integrated into a microfluidic system. These proposed methods have the potential for 

continuously monitoring glycaemic levels in diabetic patients and can be applicable to 

determining the presence other glycated proteins, e.g., glycated albumin, found in 

plasma.  

A selective 3D-PEID for multiplexed measurement of diabetes markers was 

demonstrated using a single paper-based platform. The proposed 3D-PEID not only 
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provides a precise measurement with a wide dynamic concentration range, but also 

offers great sensitivity to determine the total haemoglobin and HbA1c values within 

the clinically relevant ranges. Such capabilities make this cost-effective device useful 

for monitoring the glycaemic status in individuals with diabetes. Besides this, the 

multiplexed microfluidic platform integrated with 12-microelectrode array chip was 

also developed for simultaneous impedimetric detection of total haemoglobin and 

HbA1c contents. This proof-of-concept prototype has very great merit in various 

aspects, including cost-effective device, portability, automated operation, simple 

fabrication and integration, interchangeability, and robust analysis tool. The self-

contained electrochemical device integrated with a programmable fluid handling 

makes the present platform a fully automated measurement system. The constructed 

system also demonstrates significant potential for minimising the overall reagent 

quantities, resulting in a substantial reduction in the amount of chemical waste 

products. 

 

7.2 Executive Summary 

7.2.1 A microfluidic paper-based analytical device for the assay of albumin-

corrected fructosamine values from whole blood samples 

The proposed µPAD has the potential to continuously monitor glycaemic 

levels in low-resource settings. The characteristics of the proposed device are listed 

below: 

1. The applicability of µPADs for acquiring albumin-corrected fructosamine 

values is clearly demonstrated with a short analysis time and an acceptable 

limit of detection. 
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2. When assessing the spiked serum albumin concentrations of 0.25 and 1 g dL
-1

, 

the within-run coefficients of variation (CVs) were 2.43% and 2.19%, and the 

run-to-run CVs were 4.26% and 3.98%, respectively.  

3. When evaluating the spiked primary standard fructosamine concentrations of 

0.25 and 1 mM, the within-run reproducibility was 2.23% and 2.08% CVs, 

and the run-to-run reproducibility was 3.84% and 3.6% CVs. 

4. The other endogenous substances found in whole blood samples, including 

haemoglobin (100 mg dL
-1

), bilirubin (1.5 mg dL
-1

), ɣ-globulin (2000 mg dL
-

1
), glucose (1000 mg dL

-1
), ascorbic acid (5 mg dL

-1
), and uric acid (10 mg dL

-

1
) were acceptable. 

5. Good agreement between the proposed system and conventional laboratory 

large-scale methods was observed for HbA1c analysis in real blood samples. 

 

7.2.2 Selective label-free electrochemical impedance measurement of glycated 

haemoglobin on 3-aminophenylboronic acid-modified eggshell membranes 

A novel ESM-based analytical device was proposed as a low-cost biosensor 

for quantitative measurement of HbA1c. The characteristics of this sensing platform, 

which is ideal for point-of-care diagnostics, are summarised below: 

1. The proposed device provides clinical applicability as an affinity membrane-

based biosensor for the identification of HbA1c over a clinically relevant 

range (2.3%-14%) with a detection limit of 0.19%. 

2. When assaying normal and abnormal HbA1c levels, the within-run 

coefficients of variation were 1.68% and 1.83%, respectively, and the run-to-

run coefficients of variation were 1.97% and 2.02%, respectively. 
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3. Compared with a currently used commercial method (n =15), the results 

demonstrated excellent agreement between the techniques, demonstrating the 

clinical applicability of this sensor for monitoring glycaemic control. 

 

7.2.3 A multiplexed three-dimensional paper-based electrochemical impedance 

device for simultaneous label-free affinity sensing of total and glycated 

haemoglobin: the potential of using a specific single-frequency value for analysis 

A novel 3D-PEID was first introduced for measuring the multiple diabetes 

markers. The characteristics of the paper-based device are summarised below: 

1. The Hp-modified and APBA-modified ESMs were highly responsive to a 

clinically relevant range of total haemoglobin (0.5-20 g dL
-1

; r
2
 =0.989) and 

HbA1c (2.3%-14%; r
2
 =0.997) levels with a detection limit of 0.08 g dL

-1
 and 

0.21%, respectively.  

2. The optimal binding frequencies of total haemoglobin and HbA1c to their 

specific recognition elements were 5.18 Hz and 9.99 Hz, respectively.  

3. The within-run coefficients of variation were 1.84%, 2.18%, 1.72%, and 

2.01%, whereas the run-to-run CVs were 2.11%, 2.41%, 2.08%, and 2.21%, 

when assaying two levels of haemoglobin and HbA1c, respectively.  

4. The CVs for the total haemoglobin and HbA1c levels measured on ten 

independently fabricated paper-based sheets were 1.96% and 2.10%, 

respectively.  

5. The long-term stability of the Hp-modified and APBA-modified ESMs were 

98.84% and 92.35%, respectively.  
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6. Compared with the commercial automated method, the results demonstrated 

excellent agreement between the techniques. 

 

7.2.4 Boronate-modified interdigitated electrode array for selective impedance-

based sensing of glycated haemoglobin               

The APBA-modified IDA chips have the potential for monitoring glycaemic 

levels in diabetic patients. The characteristics of the proposed APBA-modified IDA 

sensor are listed below: 

1. The boronate-modified electrode was highly responsive to the clinically 

relevant range of HbA1c levels (0.1%-8.36%) with a detection limit of 0.024% 

(3).  

2. The specificity of the assay was evaluated with non-glycated haemoglobin 

(HbAo), showing that the impedance response remained unchanged over the 

concentration range of 10 to 20 g dL
-1

 HbAo. This demonstrated that the 

sensor system could be used to specifically distinguish HbA1c from HbAo. 

3. When assaying normal and diabetic HbA1c levels, the overall assay 

reproducibility, expressed as relative standard error of mean, was 1.1%.  

4. The performance of the sensor system was also compared with a commercial 

method (n =15) using patient-derived blood samples.  
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7.2.5 Development of a multiplexed microfluidic platform for measuring multiple 

diabetes makers: the promise of an automated impedimetric assay on 

microfluidics using a unique single-frequency value  

1. The individually addressable microelectrode arrays afford a great opportunity 

for integration into a multiplexed microfluidic device for sensing multiple 

diabetes makers.  

2. The automated peristaltic micropumps and microvalves were capable of 

routing the reagent solutions to each microchannel properly. 

 

7.3 Limitations of the Study 

Although the affinity membrane-based analytical device using a specific 

single-frequency value is used to circumvent the time-intensive procedure of 

acquiring entire impedance spectra, the further improvement on the processing 

software is still needed to be set to run EIS at the desired frequency value. Not only 

the production of affordable and portable devices is required for POCT system, but 

also the detection instrument to measure the signal should be developed into a 

portable and multi-channel measurement device. 

 

7.4 Future Perspective 

The development of µPADs towards clinical applicability has significant 

advantages over conventional laboratory-based bioassays, including small sample 

volumes, speed, simplicity, low-cost, instrument-free analysis, quantitative 

assessment, portability, and the simultaneous analysis of multiple biomarkers. 



 178 

Additionally, paper-based assays have great merit in green chemistry, as the amount 

of hazardous waste is reduced and can be disposed of safely via incineration. The 

implementation of µPAD in medical diagnostics is needed for near-patient monitoring 

in remote areas and in resource-limited settings. Such a device provides considerable 

potential for off-site diagnostician in telemedicine. For diabetic patients, telemedicine 

can reduce the clinical visits and healthcare costs, allowing for inexpensive and 

continuous monitoring of their glycaemic levels.  

Unless otherwise stated, the availability of a selective label free 

electrochemical sensing platform provides a more economical, accurate, reproducible, 

and reliable assay for monitoring and assessing the glycaemic levels in diabetic 

patients. The affinity ESM has contributed substantially to the field of method 

development and its application in medicinal diagnostics. For diagnostic purpose, 

such device is something of novelty due to its notable feature of selective binding via 

cis-diols interaction and also covering the HbA1c values at a clinically relevant range. 

The reproducibility and ease of fabrication of the affinity ESM-based sensor spur the 

experimentation in the field of electrochemistry, especially for the diagnosis of 

diabetes. The low cost of this sensing platform makes the proposed membrane-based 

sensor ideal for point-of-care diagnostics. Indeed, a trustworthy and low cost sensing 

platform makes it useful for assessing glycaemic levels in resource-limited settings. 

So far no previous reports exist regarding the simultaneous measurement of 

total haemoglobin and HbA1c on a single affinity sensing device. As an alternative to 

traditional approaches, the paper-based assay allows for a distinct possibility that 

multiple analytes can be measured simultaneously in a single device. The multiplexed 

measurement of a panel of biomarkers has attracted a considerable interest due to its 
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potential for monitoring the patient compliance, evaluating the effectiveness of 

therapy, and early screening for the diseases. Such a multipliable platform offers a 

promising potential for ubiquitous healthcare monitoring in resource-limited regions, 

as it can reduce the number of clinical visits and the healthcare costs. The 

impedimetric assays on the 3D-PEID coupled with a specific single-frequency value 

for analysis offer not only the simplicity, low-cost, portability, and rapidity, but also 

provide the great opportunities for measuring the multiple diabetes markers with the 

high precision. Each analyte target could be detected by monitoring their optimal 

binding frequency specific to that reaction using a single 3D-PEID platform.  

Moreover, the IDA chip consists of 12 individually addressable integrated 

three-microelectrode systems, thereby enabling the possibility for simultaneously 

sensing multiple analytes in a single chip using each microelectrode in the array. A 

mass fabrication of the IDA chips provides a highly reproducible sensor system, 

offering a possibility to integrate it into mass fabricated microfluidic devices for 

automated fluid handling. Additionally, the presented microfluidic platform can be 

tailored specifically to suit the particular needs for the multiplexed analysis of various 

significant biomarkers, such as cardiac biomarkers, cancer biomarkers, and many 

other metabolic biomarkers. The microfluidic system can be also redesigned to 

increase the sample throughput and the assembled 4-channel microvalve can be 

further specially adapted for many other applications. Furthermore, each analyte can 

be measured in triplicate due to the three individually addressable microelectrode 

arrays in the designed chamber. The two independent hemolysate samples can be 

analysed simultaneously using the automatic pumping and valving operations during 

the assays and each target analyte can be detected by monitoring the optimal binding 
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frequency specific to that binding interaction. Indeed, each biomarker and its 

molecular recognition would have the unique binding frequency, thus the EIS shows 

great promise as a tool for simultaneous multimarker detection using a specific single-

frequency value.  
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Reagent preparation 

 

1. Bromcresol green working solution (1X, pH 4.2) 

                            Bromcresol green sodium salt   50 mg 

                            Succinic acid                              4.425 g 

                            Sodium azide                              50 mg 

                            Brij® 35 (30% w/v)                    2 mL 

                            Milli-Q water                              400 mL 

The pH was adjusted to a desired pH at 4.2 with NaOH (40 g dL
-1

) or succinic 

acid (50 g L
-1

) before adjusting the final volume with Milli-Q water to 500 mL. The 

working solution was stored in brown bottle at 4 °C. 

 

2. Carbonate buffer (0.1 M, pH 10.3) 

                        Sodium carbonate          1.25 g 

                        Sodium bicarbonate       1.11 g                           

                        Milli-Q water                 250 mL 

 

3. Hemolysing buffer  

    (26 mM NaH2PO4, 7.4 mM Na2HPO4, and 13.5 mM KCN) 

                         Sodium phosphate monobasic monohydrate    0.897 g 

                         Sodium phosphate dibasic                                0.263 g 

                         Potassium cyanide                                            0.220 g 

                         Milli-Q water                                                    250 mL           
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4. 4-ethylmorpholine solution (10 mM, pH 8.5) 

                          4-ethylmorpholine    326.37 µL 

                          Milli-Q water            200 mL      

The pH was adjusted to 8.5 with HCl (1M) before adjusting the final volume with 

Milli-Q water to 250 mL. 

 

5. Sodium acetate buffer (10 mM, pH 5) 

                         Sodium acetate trihydrate       215.94 mg  

                         Glacial acetic acid                    52.22 µL 

                         Milli-Q water                           250 mL 

 

6. Phosphate buffer solution (100 mM, pH 7) 

                         Potassium phosphate monobasic      834.48 mg  

                         Potassium phosphate dibasic            673.92 mg  

                         Milli-Q water                                    100 mL              

                   

7. Urea solution containing 0.15 M sodium chloride (5 M, pH 11) 

                               Urea                            15 g  

                               Sodium chloride          438.3 mg 

                               Milli-Q water               40 mL     

 The pH was adjusted to 11 before adjusting to the final volume with Milli-Q 

water to 50 mL.   
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