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Abstract: Here we report the first PCB-implemented electrochemical glucose biosensor using 
covalently immobilized glucose oxidase (GOx) on the commercially fabricated PCB electrode 
surface, taking particular care on the electrode surface characteristics and their effect on sensor 
performance. Based on the results, this assay exhibits a highly linear response from 500 µM to 20 
mM (R = 0.9961) and a lower limit of detection of 500 µM. 
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1. Introduction 

Diabetes mellitus is an important chronic disease affecting increasing population numbers [1]. 
The World Health Organization (WHO) has placed diabetes among the top 10 world diseases with 
highest mortality rates. Until now, diabetes has been considered a disease of predominantly rich 
nations; this is not the case any more. Diabetes prevalence has been rising more rapidly in low and 
middle income countries; for example in Turkey prevalence stands at 12.8% [2] (almost double the 
global average). While blood glucose diagnostic systems at the Point of Care are a world-wide success 
story, all the painless solutions (i.e., not requiring finger pricking to extract blood) available are too 
expensive (ca. £60 per sensor) to be considered as disposable diagnostics suitable for a mass 
population preventative screening in low and middle income countries. Hence the motivation of our 
work has been to develop a cost-effective glucose quantification microsystem, integrating sample 
delivery microfluidics and sensitive electrochemical biosensors on a seamlessly and commercially 
fabricated Lab-on-PCB platform [3]. In this work we focused on the development of a sensitive and 
reliable glucose biosensor, exploiting for the first time covalent immobilization of commercially 
fabricated PCB electrodes. 

While several PCB-implemented electrochemical biosensors are being increasingly 
demonstrated over the past few years for several applications [4–9], little care is being given to the 
sensing electrode characteristics and their significance in sensor characteristics. Nonetheless, in the 
case of sensors exploiting SAM-assisted capture molecule immobilization, the physical and chemical 
properties of the electrodes can severely affect the sensing characteristics. Hence, in this paper we 
present the electrochemical and surface characteristics of the sensing electrodes as received by the 
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manufacturer and also after our surface treatment process. Glucose oxidase is subsequently 
covalently immobilized on the chemically pre-treated, Au plated working electrodes, as opposed to 
previously presented PCB-implemented glucose sensors [10–13], resulting in a lower limit of 
detection of 500 µM. 

2. Materials and Methods 

Ammonium hydroxide, hydrogen peroxide, 3-Mercaptopropoinic acid, glucose oxidase, glucose 
and other reagents for buffer solutions were purchased from Sigma-Aldrich (Gillingham, UK). The 
sensing electrodes were designed in PCB CAD software (Altium®, version 17.1.9) and commercially 
fabricated in a standard PCB manufacturing facility. The copper electrodes were electroplated with 
a hard-gold finish in order to exploit the pore-free deposition and low contact resistance achieved by 
this technique. The gold-plated electrodes were exploited as working, counter and reference 
electrodes and connected to a potentiostat to obtain the cyclic voltammograms and chronoamperometric 
signals. Glucose solution was serially diluted in PBS and used for electrochemical measurements. 50 
µL of PBS sample was dispensed onto the sensor and cyclic voltammetric and chronoamperometric 
measurements were performed using an electrochemical workstation (Autolab, Utrecht, The 
Netherlands). Chronoamperometric signals were obtained at a bias potential of 0.2 V. 

3. Results and Discussion 

The gold-plated electrodes were cleaned prior to GOx immobilization by 15 min ultrasonication 
in acetone, ethanol, and water, respectively and followed by 30 min ultrasonication in a solution 
containing 5:1:1 water, ammonium hydroxide (20%) and hydrogen peroxide (30%). Actually, the 
gold-plated electrodes are fully electrochemically inactive before cleaning (BC) as showed no redox 
peak in the cyclic voltammogram of K3Fe(CN)6 solution. Interestingly, after cleaning (AC) process the 
electrodes were highly electrochemically active and showed a clear redox peak in the cyclic 
voltammogram of K3Fe(CN)6 solution. (Figure 1a). Atomic force micrographs (AFM) of Au plate 
electrodes were obtained before and after the cleaning (Figure 1b,c). The root-mean-square (RMS) 
roughness was decreased after the cleaning, probably due to the removal of organic layer from the 
Au surface. X-ray photoelectron spectroscopy (XPS) of all major core levels confirmed that the Au 
surface was initially covered under an organic layer of predominantly C and O, which was removed 
almost completely after after the cleaning process (Figure 2). In addition, a strong Cu peak is found, 
giving a ratio of Au:Cu = 4:1. A self-assembled monolayer (SAM) of MPA (3-Mercaptopropoinic acid) 
was formed on the precleaned PCB gold electrode surface by immersing in an ethanol solution 
containing 1 mM MPA for 1 h at RT followed by thoroughly rinsing with ethanol and DI water 
respectively and drying with N2 gas (Scheme 1). 2 mM EDC and 5 mM NHS solution mixture was 
incubated for 50 min on the electrode surface at RT to activate the carboxylic acid group of SAM. The 
electrodes were then washed twice with PBS. 20 µL of PBS containing 5 mg/mL GOx was dispensed 
onto the electrode, incubated for overnight at 4 °C. The electrodes were then washed twice with PBS 
and stored at 4 °C. Figure 3a shows the successful immobilization of GOx on the gold-plated PCB 
electrode surface. Samples were prepared by serially diluting glucose in PBS. 70 µL of sample was 
injected followed by the application of a 0.05 V bias potential. Chronoamperometric response profiles 
from 500 µM to 20 mM are shown in Figure 3b. A calibration plot of the chronoamperometric current 
at 60 s is shown in Figure 3c where each data point represents three separate measurements using 
new electrodes. Based on these results, this assay exhibits a highly linear response from 500 µM to 20 
mM (R = 0.9961) and a lower limit of detection of 500 µM. 
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Figure 1. (a) Cyclic voltammograms obtained (at a scan rate of 50 mV/s) in a PBS solution containing 
4 mM K3Fe(CN)6 (i) before cleaning, (ii) after cleaning the Au plated PCB electrodes. (b) AFM of Au 
plated electrodes obtained (b) before cleaning, (c) after cleaning. 

 

 

Figure 2. XPS spectra (a) Au 4f, (b) Cu 2p3/2, (c) C 1s, (d) O 1s, and (e) N 1s regions obtained before and after 
cleaning process of gold-plated PCB electrodes. 
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Scheme 1. Schematic illustration of the GOx immobilization on PCB surface. 

 

Figure 3. (a) Cyclic voltammograms obtained (at a scan rate of 50 mV/s) in a PBS solution containing 
5 mM glucose (i) before GOx immobilization and (ii) after GOx immobilization on the Au plated PCB 
surface. (b) Amperometric response of GOx modified PCB biosensor with 0–20 mM glucose in PBS. 
(c) Calibration plot of glucose concentration based on chronoamperometric currents at 60 s from the 
response profile in panel a. Each data point represents the mean ± SD of three separate measurements 
obtained using new sensors. Inset shows a magnified view of the data points at 500 µM to 12 mM. 

4. Conclusions 

Our work focused on the development of a sensitive and reliable glucose biosensor, exploiting 
for the first time covalent immobilization of commercially fabricated PCB electrodes. Our PCB-
implemented electrochemical glucose biosensor using covalently immobilized glucose oxidase (GOx) 
shows very good sensitivity towards glucose oxidation and could be used for point-of-care testing. 
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