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ABSTRACT 
 
This research paper investigated the detection of COVID-19 using an Aluminum Interdigitated Electrode (Al-IDE) sensor based on 
electrical conductivity. The silanization process involved the functionalization step, employing (3-Aminopropyl) triethoxysilane 
(APTES), while the immobilization process was facilitated by the RNA Probe specific to COVID-19. To verify its specificity in detection, 
the functionalized biosensor was tested against single-base mismatches, non-complementary sequences, and complementary 
sequences. The physical characteristics of the Al-IDE biosensor were examined using both low-power microscopy (LPM) and high-
power microscopy (HPM). Additionally, the morphological properties of the biosensor were assessed using atomic force microscopy 
(AFM). To assess its diagnostic potential, the biosensor's sensitivity was evaluated by exposing it to a range of complementary targets, 
spanning from 1 femtomolar (fM) to 1 micromolar (µM). The current-voltage (I-V) characteristics of the biosensor were meticulously 
analyzed at each stage of functionalization bare Al-IDE, silanization, immobilization, and hybridization. This I-V characterization was 
carried out using a picoammeter voltage source (Keithley 2450), Kickstart software, and a probe station. The results confirmed the 
biosensor's capability to effectively detect COVID-19 targets within the nanoampere concentration range, demonstrating its success in 
detecting specific COVID-19 targets at the nanoampere level. 
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1. INTRODUCTION 
 
The COVID-19 pandemic, which began in 2019, has 
developed into an unparalleled worldwide crisis, 
demanding creative solutions to control its transmission 
and consequences. A fundamental aspect of managing this 
pandemic effectively revolves around having strong and 
swift diagnostic tools [1], [2]. Nevertheless, their 
drawbacks related to accessibility, speed, and sensitivity 
have emphasized the pressing requirement for alternative 
diagnostic approaches [3]. As a response to these 
challenges, researchers have undertaken a mission to 
create advanced diagnostic technologies that combine 
affordability, portability, rapid detection, and ease of use, 
making them suitable for widespread adoption within 
healthcare systems [3], [4]. This effort aligns with the 
changing landscape of medical research, where fields like 
biotechnology and electronics are converging to develop 
state-of-the-art solutions [5], [6]. Consequently, a new 
approach has emerged electrical-based biosensors for 
detecting COVID-19 [7]–[9]. 
 
The ongoing COVID-19 pandemic has underscored the 
urgent need for rapid and accurate diagnostic methods to 
mitigate the spread of the virus [10]–[12]. Among various 
detection techniques, electrical-based biosensors have 
emerged as promising tools due to their sensitivity, 

specificity, and potential for rapid detection [13]–[15]. 
Previous studies in this field have made significant strides 
in developing biosensors for COVID-19 detection, 
showcasing their potential for clinical application [16]–
[18]. However, despite these advancements, several 
limitations persist, including issues related to sensitivity, 
scalability, and cost-effectiveness [19], [20]. Therefore, 
there is a pressing need to address these drawbacks and 
further enhance the performance and practical utility of 
electrical-based biosensors for COVID-19 detection [21]–
[23]. 
 
In this paper, we explore the detection of COVID-19 using 
the electrical conductivity of an Aluminum Interdigitated 
Electrode (Al-IDE) sensor. The main objective is to create a 
highly efficient biosensing platform capable of swiftly and 
accurately detecting the virus [24]–[26]. This pursuit gains 
significant importance in a pandemic, where timely and 
precise diagnosis is critical in implementing effective 
containment strategies and safeguarding public health. 
 
The development of this biosensing platform involves a 
multi-step process. Initially, the Al-IDE sensor is 
functionalized through a silanization process utilizing (3-
Aminopropyl) triethoxysilane (APTES). This step enhances 
the surface properties of the sensor, preparing it for 
subsequent stages [27]–[29]. Next, the sensor undergoes 
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immobilization, where RNA Probe COVID-19 is employed 
to create a specialized binding environment for the target 
RNA sequences related to the virus. An important aspect of 
this research is the exploration of the sensor's ability to 
differentiate between various RNA sequences. The 
functionalized biosensor is exposed to hybridization with 
different RNA sequences, including those with single-base 
mismatches, non-complementary sequences, and entirely 
complementary sequences. The successful discrimination 
of specific sequences highlights the sensor's potential for 
precise detection of COVID-19 [30]–[32]. This study 
highlights the significance of RNA biosensing by 
demonstrating its potential to enhance the early detection, 
monitoring, and management of infectious diseases, with a 
particular focus on COVID-19. This technology is pivotal in 
addressing current and future global health challenges. In 
RNA biosensing, specific molecular probes are designed to 
complement and bind to the target RNA sequences. These 
probes are often single-stranded DNA or RNA molecules 
with a known sequence that matches the viral RNA [33]–
[35].  
 
To comprehensively analyze the physical and 
morphological characteristics of the biosensor, microscopy 
techniques are employed. Low-power microscopy (LPM) 
and high-power microscopy (HPM) provide insights into 
the sensor's physical properties, while atomic force 
microscopy (AFM) offers a detailed view of its structural 
morphology. Additionally, the biosensor's sensitivity is 
assessed by exposing it to varying concentrations of 
complementary single-stranded DNA (ssDNA) targets, 
ranging from 1 femtomolar (fM) to 1 micromolar (µM). 
This evaluation provides valuable information about the 
biosensor's performance detecting a wide range of target 
concentrations. 
 
Essential to the biosensor's operation is its current-voltage 
(I-V) characteristic, which undergoes scrutiny at various 
functionalization stages. These stages encompass the 
initial bare Al-IDE configuration, followed by silanization, 
immobilization, and finally, hybridization. The I-V 
characterization uses a picoammeter voltage source 
(Keithley 2450), Kickstart software, and a probe station, 
enabling a comprehensive understanding of the sensor's 
electrical behaviour. The culmination of this research 
confirms the successful detection capabilities of the Al-IDE 
biosensor. It demonstrates the sensor's ability to detect 
specific RNA targets associated with COVID-19 within the 
nanoampere concentration range. 
 
 
2. MATERIAL AND METHODS 
 
2.1. Chemical, Reagents and Instrument 
 

The materials utilized in this study included Ethanol 
(C2H5OH) and (3-Aminopropyl) triethoxysilane (APTES) 
(C9H23NO3Si), both of which met the criteria for analytical 
reagent grade and were obtained from commercial 
suppliers. The configuration of the Al-IDE mask was 
meticulously designed using AutoCAD Software, with the 
specific goal of creating a system for detecting COVID-19 
RNA. After this detailed design process, the blueprint was 

transformed into a practical form using a commercial 
chrome mask sourced from Silterra (M) Sdn Bhd. This 
process ultimately led to the fabrication of the Al-IDE. 
 
The characterization of the bare Al-IDE was systematically 
conducted through the application of various microscopy 
techniques. This involved the use of Low-Power 
Microscopy (LPM), High-Power Microscopy (HPM), and 
Atomic Force Microscopy (AFM), all employed together to 
determine the physical and morphological properties of 
the Al-IDE. Finally, the last phase of this comprehensive 
process involved conducting current-voltage (I-V) 
characterization measurements. To accomplish this, the 
(Keithley 2450) instrument, in conjunction with Kickstart 
software, was utilized to facilitate these assessments. The 
experimental setup was carefully arranged within a Probe 
Station, allowing for precise and controlled measurement 
procedures. Through this meticulous orchestration of 
processes and measurement methods, the research not 
only gained deeper insights into the physical and 
morphological characteristics of the Al-IDE but also 
derived invaluable I-V characteristics, enhancing 
understanding of its electrical properties with COVID-19 
RNA detection. 
 
2.2. Al-IDE Surface Functionalization 
 
The Al-IDE electrode underwent a thorough cleansing 
procedure using ethanol, followed by a 5-minute drying 
period. Afterwards, the electrode was functionalized with 
the APTES compound through a meticulous silanization 
process. A precisely measured 2 µl of APTES was carefully 
dispensed onto the active region of the Al-IDE, resulting in 
the formation of a crucial 'active' layer that enhanced the 
electrode's functionality. This newly functionalized 
electrode was left to air dry at room temperature, 
specifically at 27°C, within a controlled environment dry 
cabinet for a duration of 30 minutes. Following this, a 
comprehensive PBS washing step was carried out, 
meticulously removing any unbound APTES molecules 
from the surface. An additional 5-minute drying cycle was 
then performed within the dry cabinet. The primary 
objective of this silanization process was to effectively coat 
the active surface area of the Al-IDE with organofunctional 
alkoxysilane molecules. In this context, APTES, widely 
recognized for its frequent application in silanization 
processes, was chosen as the preferred agent for 
functionalizing surfaces with alkoxysilane molecules. 
 
After the silanization process was completed, the next step 
involved the immobilization of a RNA probe onto the 
surface of the electrode. This action initiated the creation 
of a recognition layer through covalent amide bonding 
between the carboxyl group of the RNA probe and the 
surface. The assembled structure was then allowed to air 
dry within the dry cabinet for 1 hour. Following this, a 
precise rinse using PBS was carried out, effectively 
removing any unbound probe RNA on the surface. Once 
again, a 5-minute drying period within the dry cabinet 
followed, preparing the Al-IDE biosensor to detect a range 
of distinct targets. 
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The hybridization process involved binding single-
stranded RNA molecules to their complementary target 
RNA sequences. Specifically, 1 µl of RNA targets ranging 
from 1 femtomolar (fM) to 1 micromolar (µM) 
concentration were carefully deposited onto the Al-IDE 
biosensor to allow them to hybridize with the immobilized 
RNA probes. This hybridization process was allowed to 
proceed for 1 hour for each concentration. Following the 
hybridization, the Al-IDE surface was rinsed with PBS to 
remove unbound RNA targets. The current-voltage (I-V) 
measurements were used to detect changes in the 
nanoampere range throughout the silanization, 
immobilization, and hybridization processes. An 
illustration of the sensing surface is shown in Figure 1. 
 

 
 

Figure 1. Illustration of Sensing surface (a) Bare Al-IDE (b) Al-
IDE/APTES (c) Al-IDE/APTES/COVID-19 Probe RNA (d) 
Hybridization with COVID-19 complementary target (e) 

Hybridization with COVID-19 non-complementary and mismatch 
target. 

 
 

3. RESULTS AND DISCUSSION 
 
3.1. Surface Characterization 

 

Figure 2 displays the physical characterization of the 
Aluminum Interdigitated Electrode (Al-IDE) using Low-
Power Microscopy (LPM) and High-Power Microscopy 
(HPM). It is crucial to ensure the accurate fabrication of the 
Al-IDE to prevent any interference with measurements 
during the surface characterization process. These images 
were captured at different resolutions, specifically 5x, 20x, 
and 50x, providing essential details about the dimensions 
of the Al-IDE's finger width and the gap between the 
electrodes. 
 
In the context of these images, Low-Power Microscopy 
(LPM) provides a clear visualization of the fabricated IDE 
structure, highlighting the complex configuration where 
the electrodes interconnect with the comb-like 
arrangement of finger electrodes, as emphasized in Figure 
2(a). On the other hand, High-Power Microscopy (HPM) 
shifts the focus to a broader surface area, offering a 
comprehensive view free from contaminants or significant 
deviations from the desired structural integrity, as 
depicted in Figure 2(b). 
 
 
 

The detailed depth provided by the 50x resolution images, 
as shown in Figures 2(c) and 2(d), delves into the subtle 
intricacies of the surface. It focuses explicitly on the Al-IDE 
functionalization process, which involves the addition of 2 
µl of (3-Aminopropyl) triethoxysilane (APTES) at a 
concentration of 10 µM onto the active area of the Al-IDE. 
This crucial step in the silanization process aims to coat 
the Al-IDE's active region with a monolayer of APTES 
molecules. The resulting images not only confirm the 
careful execution of the functionalization process but also 
provide insights into the distribution and arrangement of 
the APTES molecules across the electrode surface. 
 

 
 

Figure 2. Al-IDE physical characterization using LPM and HPM 
images (a) 5x resolution, (b) 20x resolution, (c) 50x resolution 

and (d) after 2 µl APTES with 10 µM concentration. 

 
The precise use of photolithography, a highly accurate 
technique known for its precision, plays a crucial role in 
transferring the complex IDE pattern onto the substrate 
surface. This technique enables a seamless alignment 
between the intended design and the actual structure, 
serving as a fundamental element that supports further 
exploration of the detailed electrical characteristics of the 
Al-IDE biosensor. 
 
Central to the investigation, the Al-IDE's current-voltage (I-
V) characteristics are dissected precisely. This quantitative 
exploration delves into the amplitude of electrical current 
coursing through the Al-IDE, unravelling the intricate 
dance of charge carriers within the complex architecture. 
The Al-IDE's geometric symmetry, with a finger width of 
50 µm and inter-finger gap of 1 µm, assumes prominence 
in this analysis. 
 
Figure 3 brings the Al-IDE's morphology to the fore 
through Atomic Force Microscopy (AFM). This topographic 
perspective meticulously unveils the IDE finger surface, 
accentuating its impeccable fabrication and the controlled 
1 µm inter-finger gap. Notably, the AFM profiler spectrum 
underscores an Al layer thickness of approximately 20 nm, 
encapsulating the meticulousness intrinsic to the 
fabrication process. In unity, these analytical threads 
weave a comprehensive understanding of the Al-IDE's 
electrical and structural attributes, forming a vital nexus at 
the intersection of interdisciplinary scientific exploration. 
The I-V characterization was performed using (Keithley 
2450), probe station and Kickstart software with Al-IDE 
biosensor to get I-V characteristics, as shown in Figure 4. 
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Figure 3. Al-IDE morphological characterization using AFM. 

 
3.2. Electrical Characterization: Validation of 
Fabricated Al-IDEs 

 

Before undergoing APTES functionalization, the bare Al-
IDE underwent characterization for its current-voltage (I-
V) properties using a Probe Station (Keithley 2450) in 
conjunction with Kickstart software, as illustrated in 
Figure 4. During the I-V characterization process, a voltage 
source ranging from 0 to 1 V was applied, with a 
precaution that exceeding this designated voltage 
threshold could potentially damage the Al-IDE sensor. The 
results were meticulously recorded and subsequently 
compiled using the Kickstart program in Microsoft Excel. 
 

 
 

Figure 4. Electrical Characterization.  

 
Before proceeding with the analysis of target single-
stranded RNA samples, it was essential to conduct a 
thorough assessment of repeatability and stability for the 
Al-IDE biosensor. This critical phase of electrical 
characterization involved using five distinct Al-IDE 
instruments. Figure 5a, shows the discernible I-V 
properties of various bare Al-IDEs. Across the voltage 
spectrum, remarkable consistency in results is observed, 
with the latest iterations registering at 24.4 pA, 24.5 pA, 
24.3 pA, 24.2 pA, and 24.0 pA, respectively, for each 
distinct bare Al-IDE. The well-defined benchmarks of 
typical low and high currents were established at 0.5 pA 
and 23.3 pA, respectively. These subtle variations highlight 
the precision in the fabrication and processing of the Al-
IDEs. 

 
 

Figure 5. I-V Characteristics of Bare Al-IDE. 

 
3.3. Chemical Functionalization: Chemical Assembly 

 

Experiments were conducted to confirm the expected 
relationship between the current in the Aluminium 
Interdigitated Electrode (Al-IDE) and the quantity of 
chemical compounds on the substrate of the sensor. In 
essence, a higher current flow through the Al-IDE is 
correlated with an increase in the concentration of 
chemical substances. This pattern indicates that more 
chemicals or molecules are present in higher abundance, 
which helps more ions move through the Al-IDE structure.  
The current-voltage characteristics of the Al-IDE after 
chemical functionalization with COVID-19 probe RNA and 
APTES (3-aminopropyltriethoxysilane) are shown in 
Figure 6. Effective binding with the COVID-19 probe RNA is 
made possible by the functionalization process's 
integration of APTES, which is essential for creating 
contact between organic and inorganic surfaces. APTES is 
distinguished by the presence of a positively charged 
amine group, which is essential for improving the 
sensitivity and specificity of the sensor. In order to act as a 
sensing buffer during the silanization process, the 
concentration of APTES on the Al-IDE's active surface and 
in the space between the two electrodes was purposefully 
lowered. The current rose to 1.3 nA as the concentration of 
APTES dropped, demonstrating the direct relationship 
between chemical compound density and current flow 
through the Al-IDE. The sensor illustrates how SiO2 is 
converted into SiOH by the interaction of SiO2 surfaces 
with hydroxide ions (OH⁻). This change modifies 
resistivity, which has a substantial impact on resistance. 
when a result, the region and distance between the Al-
IDE's interdigitated electrodes stayed constant when the 
density of APTES on the surface decreased. Equation (2) 
illustrates how this occurrence increased the density of 
APTES because hydroxide ions (OH⁻) were present, which 
improved conductivity. This wider current range was a 
result of the improved conductivity, which illustrates the 
complex interaction between surface characteristics, 
chemical functionalization, and electrical conductivity in 
the Al-IDE system. 
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The current increased to 1.3 nA as the APTES 
concentration during the silanization phase was reduced 
on the active area of the Al-IDE and between the two 
electrodes, effectively serving as a sensing buffer. When 
SiO2 surfaces react with hydroxide ions, they transform 
into SiOH, as shown in Equation (1), and this 
transformation affects resistance by altering resistivity. As 
the density of APTES on the Al-IDE surface decreased, the 
distance and region between the interdigitated electrodes 
of the Al-IDE remained constant, leading to an increase in 
APTES density due to the presence of hydroxide ions (OH). 
This enhanced conductivity, as demonstrated in Equation 
(2), resulted in a broader current range. 
 
Resistivity, R = ρι/A               (1) 

 
Conductivity, σ = ι/ρ              (2) 
 
With COVID-19 RNA samples serving as bio-receptors for 
the specific capture of COVID-19 RNA, 2 µl of COVID-19 
probe RNA at a concentration of 10 M was immobilized on 
top of the APTES layer. The current recorded at 1 V for the 
COVID-19 probe RNA, as indicated by the curve in Figure 6, 
is 4.3 nA. Since RNA carries a negative charge, it results in 
an increased number of surface charges on the APTES 
layer. These accumulated positive charges continue to flow 
towards the negative side, leading to an elevation in the 
electric field. The higher current observed can be 
attributed to COVID-19 RNA generating a more potent 
electric field. 
 
3.4. High-Performance Analysis: Selectivity 

 

The selectivity calculation study involved various In this 
experiment, approximately 2 µl of 1 µM target sequences 
were initially used. As shown in Figure 6, at 1 V, the 
readings. In theory, RNA nucleotides were attached to the 
AI-IDE through surface amine molecules. Upon 
hybridization, the charge of RNA from the specimen 
underwent a sudden alteration. Consequently, the 
combined charge of the RNA was retained and interacted 
each other during the measurements. However, 
introducing various molecules during the immobilization 
process led to changes in detection sensitivity. While 
immobilization and hybridization processes with synthetic 
target probes could generate a robust electrical signal, 
when the probe interacted with non-complementary and 
mismatched targets, the current values were nearly 
identical. This can be attributed to the probe's inability to 
form a perfect binding with the examined molecules, 
resulting in similar current responses for non-
complementary and mismatched targets. 
 

 
 

Figure 6. Graph of I-V for Al-IDE with functionalized Al-IDE 
surface, complementary, non-complementary and mismatched 

COVID-19 RNA. 

 
3.5. High-Performance Analysis: Sensitivity And Limit 
of Detection 

 

Sensitivity measurements were conducted by performing 
I-V characterization with varying concentrations of target 
COVID-19, as depicted in Figure 7. The current variations 
consistently increased in correspondence with the 
increment in target RNA concentration, specifically, 
resulting in current values at 1 V of 4.95 nA, 5.55 nA, 6.3 
nA, and 8.9 nA, respectively. The graph clearly illustrates 
that the current continues to rise as the concentration of 
target COVID-19 increases, ranging from low 
concentrations like fM to higher concentrations up to µM 
levels. This curve unequivocally indicates that the Al-IDE 
biosensor is capable of detecting both low and high 
concentrations of COVID-19 target RNA samples. As the 
concentration of complementary RNA targets increases, 
more RNA molecules hybridize with the RNA probe. In 
conclusion, the Al-IDE biosensor demonstrates clear 
capability in detecting a wide range of COVID-19 target 
RNA samples, spanning from low to high concentrations. 
 

 
 

Figure 7. Graph of I-V for Al-IDE with functionalized Al-IDE 
surface and different concentration target COVID-19 RNA. 
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4. CONCLUSION 
 

The study introduced an improved method for creating an 
Al-IDE and assessed its performance in detecting COVID-
19. The results demonstrate that this biosensor can 
effectively detect varying concentrations of 
complementary RNA sequences associated with COVID-19, 
showcasing its high sensitivity. Moreover, it exhibits 
enhanced stability, selectivity, and sensitivity, successfully 
distinguishing non-complementary and mismatched RNA 
target sequences. Through the combination of Al-IDE, 
APTES, and probe RNA, this biosensor development aims 
to overcome the limitations associated with conventional 
sensor fabrication, especially in resource-constrained 
settings. This Al-IDE can detect extremely low 
concentrations of COVID-19 RNA, making it valuable for 
both medical and food industry applications due to its ease 
of production and efficiency. This sensor has the potential 
to revolutionize the detection not only of COVID-19 but 
also of newly emerging viruses at the molecular level, 
offering a solution to address future threats posed by these 
pathogens. 
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