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Background: Biomarkers are essential tools for diagnosing diseases. Saliva, as a human fluid, effectively reflects the body’s condition due 
to its rich composition. Analyzing saliva components allows for noninvasive, cost-effective, and time-efficient screening and diagnosis. 
Alpha-amylase, a key biomarker present in saliva, has been linked to oral diseases. This study introduces an innovative method for the 
noninvasive detection of alpha-amylase using screen-printed electrodes (SPEs), enabling easy and efficient screening and diagnosis.
Methods: The proposed method involves measuring varying concentrations of alpha-amylase using Cyclic Voltammetry (CV) and 
Differential Pulse Voltammetry (DPV). Saliva samples are applied directly onto electrodes pre-coated with biomarkers and 
a conditioning agent, allowing for precise detection and analysis.
Results: The screen-printed carbon electrode demonstrated excellent performance in detecting alpha-amylase, with clear voltammo
gram results, achieving a limit of detection (LOD) of 104.252 units and a limit of quantification (LOQ) of 315.915 units.
Conclusion: A gold nanoparticle-modified screen-printed electrode (SPE) was developed to measure alpha-amylase quantitatively. 
Despite sensitivity to external interference, notably temperature, pH, and the duration of incubation, While the sensor showed 
sensitivity to external factors such as pH and temperature variations, it maintained a strong linear response, reinforcing its potential 
for reliable diagnostics with linear regression score (R² = 0.9513) across alpha-amylase concentrations of 100–500 units. This study 
underscores the sensor’s effectiveness as a non-invasive tool for early detection using saliva as a biomarker, enhancing patient comfort 
and compliance. However, further research is needed for medical applications.
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Introduction
Biomarkers, or biological markers, are measurable indicators that reflect biological processes, pathogenic conditions, or 
responses to interventions. They play a crucial role in diagnosing diseases, monitoring health, and guiding personalized 
medicine. The classification of biomarkers includes categories such as diagnostic, prognostic, and pharmacodynamic 
biomarkers, each serving distinct clinical purposes.2 Various biomarkers can be used to detect disease; nevertheless, 
saliva has the potential to become a biomarker. It is also a very convenient sample to acquire rather than blood in the oral 
category.
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Human saliva is a heterogenous biofluid consisting of 99% water, 0.3% protein, and 0.2% substances.3,4 A normal 
person can produce saliva within the range of 0.3 to 0.4 mL per minute, with a total of 0.5 to 1.5 liters per day, this saliva 
is produced by three major and innumerable minor salivary glands.5 Saliva contains abundant analytes such as hormones, 
interleukins, MUC5B, Albumin, DNA, mRNA, and α-amylase which can represent the condition of the human body.6,7 

Saliva has already been recognized as a human fluid with potential as a disease marker, with numerous studies 
highlighting the correlation between saliva and oral diseases by analyzing its components.8 Each of the components 
has its own concentrations that can be measured using various methods. However, this condition can be easily changed 
due to several factors, one of the simple things that can change that, is to rinse the mouth.9,10 That could affect the quality 
of diagnosing or screening oral disease which makes the saliva quite a sensitive biomarker.

Oral diseases are some of the most common health issues worldwide, carrying significant health concerns and economic 
problems, caries, periodontal disease, tooth loss, and oral cancers have a significant impact on society.11 Some of them are 
visible to be detected by using traditional methods for example visual and hand instruments, nonetheless for oral cancer, the 
limitations of conventional diagnostic methods compound the difficulty of early detection.12,13 Traditional approaches, such as 
tissue biopsies, computed tomography (CT) scans, magnetic resonance imaging (MRI), ultrasonography (USG), positron 
emission tomography (PET), and toluidine blue staining, although effective, are fraught with challenges. These methods are 
not only invasive and expensive but also time-consuming and often uncomfortable for patients.13 Moreover, many of these 
techniques involve exposure to radiation, adding another layer of risk. Given these drawbacks, there is an urgent and growing 
need for more accessible, patient-friendly diagnostic alternatives that can facilitate early detection and improve survival rates.

In response to these challenges, the development of non-invasive diagnostic tools for oral disease has emerged as 
a promising solution. One such innovative approach is the use of printed electrodes (SPEs), a technology that has the potential 
to revolutionize the way oral cancer is diagnosed. SPEs operate through an electrochemical immunosensor mechanism, 
capable of detecting specific analyte components contained in saliva. This method offers a significant advantage over 
traditional diagnostic techniques, primarily because it is non-invasive, cost-effective, and less time-consuming.14–16 The 
ability to use saliva as a sample medium further enhances the convenience and accessibility of SPEs. Saliva is not only easy to 
collect, but it also provides a direct interaction with oral lesions, which can increase the specificity and sensitivity of biomarker 
detection.6

The use of saliva as a diagnostic medium in SPE technology represents a significant breakthrough in the non-invasive 
detection of oral disease. The non-invasive nature of saliva collection makes it an ideal medium for regular screening and early 
detection, which are crucial for improving patient outcomes.1 Furthermore, the ability of SPEs to provide rapid and accurate 
results makes them particularly valuable in settings where access to traditional diagnostic tools is limited. Many studies have 
used SPEs for various purposes, for example, a study conducted by Wu et al 2022 utilized a screen-printed carbon electrode to 
diagnose SARS-CoV-2 during COVID-19.17 Furthermore, another study conducted by Zhao et al 2022 mentioned that the 
usage of SPEs for detecting the concentration of glycated hemoglobin for managing diabetes.18 SPEs performance also have 
been tested for diagnosing cancer, a study conducted by Ferreira et al 2020 successfully detected the target protein from 
undiluted human serum for breast cancer detection.19 Numerous studies have highlighted the flexibility and adaptability of 
SPEs across various applications, demonstrating their potential to revolutionize diagnostic methodologies.

Building on this versatility, SPEs facilitate early detection and offer significant potential for monitoring disease 
progression, paving the way for more tailored and effective treatment strategies.20 In addition to early detection, SPEs 
hold promise for predicting disease progression, thereby enabling more personalized treatment plans. The versatility of 
this technology also allows for the adaptation of SPEs to detect a wide range of biomarkers, potentially extending their 
application beyond oral cancer to other types of cancers and diseases.21,22 As research and development in this field 
continue to advance, SPEs could become an integral part of routine cancer screening, particularly in resource-limited 
settings where conventional diagnostic tools are not readily available.

Alpha-amylase has been identified to have a role in oral physiology and has the potential to reflect pathological 
changes associated with oral disease.23 Alpha-amylase is an enzyme primarily responsible for the breakdown of starch 
into sugars during digestion, and it is naturally present in high concentrations in saliva.24 Research has highlighted the 
potential of alpha-amylase as a biomarker for oral disease. Studies have shown that alpha-amylase levels can be 
significantly altered in the presence of abnormalities, with this study specifically finding elevated alpha-amylase levels 
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in oral cancer, even from the early stages.25,26 Furthermore, the direct secretion of alpha-amylase into the oral cavity 
offers advantages for its use as a diagnostic marker. Unlike blood biomarkers, which may require invasive sampling 
techniques, alpha-amylase can be easily and non-invasively measured through saliva, making the diagnostic process 
more comfortable and accessible.27 This process require a saliva placement in the main component of SPE’s, notably 
working electrode, however due to the high sensitivity detection, it may produce an insignificant result, therefore gold 
nanoparticles (AuNPs) may enhances the performance of the SPE’s by making better facilitation of the electron which 
provide a larger active surface area for analyte interaction.28 Unfortunately, the current SPE’s still have disadvantages, 
specifically in environmental conditions such as humidity and temperature also biological variability may affect the 
performance of SPE’s.29 In this study, we aimed to develop non-invasive early-detection tools for oral disease by only 
using saliva as a biomarker. Furthermore, our research is to assess the performance of SPE’s ability to detect alpha- 
amylase concentration to be used to detect oral disease. Despite alpha-amylase promise as a diagnostic marker, non- 
invasive tools like SPEs for its detection in oral diseases remain underexplored. This study aims to address that gap.

Materials and Methods
Materials
About 46 SPEs (Screen Printed Electrodes) were divided into two groups, one made of PET (polyethylene terephthalate) 
and another group crafted of ceramic. The use of both PET and ceramic SPEs was motivated by their complementary 
properties: PET SPEs offer flexibility and cost-efficiency, while ceramic SPEs provide superior mechanical strength and 
thermal stability, essential for precise electrochemical measurements, all of the SPEs were provided by Universitas 
Padjadjaran. The SPEs contain a counter electrode, a working electrode, and a reference electrode, which is made from 
carbon graphite, the parts of the components described in Figure 1. Potentiostats bought from PalmSens, Sulfuric acid, 
amylum, Bovine Serum Albumin (BSA) 0.7%, alpha-amylase was prepared in five different concentrations: 100, 200, 
300, 400, and 500 µg/mL, lastly, potassium hexacyanoferrate(III) were used to modify the SPEs.30,31 Incubation is done 
every time the SPEs are coated with temperature 25°C to simulate physiological conditions, ensuring accurate enzymatic 
activity measurements. Gold nanoparticles (AuNp) were also used to modify the working electrode to increase its 
sensitivity to analytes.32 All of the chemical materials were provided by the Department of Chemistry, Faculty of 
Mathematics and Natural Sciences, Universitas Padjadjaran.

Experimental Optimization
The effects of alpha-amylase concentration on the electrochemical measurements were thoroughly investigated to ensure 
optimal conditions for accurate and reliable detection. The concentration varied from 100–500 units to assess its impact 

Figure 1 The Components of Screen Printed Electrode (SPE) and The Potentiostat as a Connector to Device (Source: Author’s Illustration).
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on the electrochemical response. Differential Pulse Voltammetry (DPV) is used to evaluate the variations in the current 
response corresponding to each concentration level.

Modification Flow and Measurement of SPE
The surface modification process began by rinsing the electrode with 45 µL of distilled water three times, allowing it to dry 
completely between each rinse. Next, 45 µL of 1% sulfuric acid was applied to the entire electrode as a pretreatment step, and 
a Cyclic Voltammetry (CV) test was conducted to check for any impurities on the electrode surface. The resulting CV 
voltammograms, shown in the figure below, confirmed the electrode’s cleanliness. After the pretreatment, the electrode was 
rinsed again with 45 µL of distilled water five times and left to dry. Subsequently, 15 µL of gold nanoparticles (AuNP) was 
deposited onto the working electrode to enhance its sensitivity to the analyte, followed by an incubation period until the surface 
was dry. The electrode was then rinsed again with 45 µL of distilled water five times and dried. Following this, 15 µL of starch 
was added and incubated for 1 hour and 30 minutes, after which the electrode was rinsed with 45 µL of distilled water five more 
times. Next, 15 µL of 0.1% Bovine Serum Albumin (BSA) was applied to the electrode and incubated for 15 minutes to block 
non-specific binding sites on the electrode surface. The electrode was rinsed again with 45 µL of distilled water five times. Then, 
15 µL of alpha-amylase was added, and incubated for 30 minutes, and the electrode was once again rinsed with 45 µL of 
distilled water five times. Finally, 45 µL of potassium ferricyanide (K₃Fe(CN)₆) was applied to the electrode, which was then 
assessed using Differential Pulse Voltammetry (DPV). Electrochemical measurements were performed using a potentiostat, 
with data collection and analysis carried out through Palmsens software. The whole process can be seen in Figure 2.

Figure 2 A Schematic Illustration of Modifying Screen-Printed Carbon Electrode (Source: Author’s Illustration).
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Saliva Sample Collection and Processing
Artificial saliva was acquired from Singaperbangsa Laboratory Storage Universitas Padjadjaran with an expiration date 
of December 2024. Samples were divided into five groups based on alpha-amylase concentration, and every group of 
samples contained 5 samples that will be tested, which will allow us to perform a quantitative analysis. All of the samples 
were collected and centrifuged at 6000 rpm for 30 minutes. This process is required to remove insoluble components, 
including cellular debris, bacterial contaminants, and aggregates, to ensure the purity of the sample.

Statistical Analysis
Statistical analysis was conducted using SPSS® version 27 (IBM Corporation, 1 New Orchard Road, Armonk, 
New York, USA), and the results were documented in a Microsoft Excel® spreadsheet. Descriptive statistics were 
employed to summarize and highlight the primary characteristics of the dataset, including means, standard deviations, 
and confidence intervals.

To evaluate the normality of the recorded data, the Kolmogorov–Smirnov and Shapiro–Wilk tests were applied. The 
results indicated that most datasets followed a normal distribution (p > 0.05) across the concentrations of 100 µg/mL, 300 µg/ 
mL, 400 µg/mL, and 500 µg/mL, justifying the use of parametric tests for these groups. However, the dataset for 200 µg/mL 
deviated from normality (p < 0.05) as shown by both tests, necessitating a non-parametric approach for its analysis.

A one-way ANOVA was conducted to evaluate whether there were statistically significant differences in mean current 
values across the five concentration levels. Levene’s test was used to verify the homogeneity of variances, ensuring that 
the assumptions for ANOVA were met. Post hoc tests were performed to identify pairwise differences between 
concentration levels, while non-parametric methods were employed for datasets that did not meet normality assumptions.

Results
Electrochemical Measurement of the Concentration of Alpha-Amylase
Figures 3 and 4 represent the concentration of alpha-amylase that was quantitatively analyzed by CV and DPV. Alpha 
amylase with concentrations of 100 units, 200 units, 300 units, 400 units, and 500 units was used to establish the standard 
curve and carry out the measurement in the 45µL (K₃Fe(CN)₆) by DPV. The figure below shows the current-potential 
curve and the established standard curve measured by DPV, respectively. There was a linear relationship between the 
current (µA) and the concentration of alpha-amylase (unit) on the current-potential curve of DPV. The fitting equation 
was y = 0.0001x + 0.127, R2= 0.9735.

The limit of detection (LOD) was determined using Equation (1):

Figure 3 The Current Voltage (CV) Curve (Source: Author’s Illustration).
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where k = 3, s represents the standard deviation, and b is the slope of the curve. From this calculation, the LOD was 
found to be 104.252 indicating that the smallest detectable concentration of alpha-amylase is 104.252 units. Similarly, the 
limit of quantitation (LOQ) was calculated using the same equation, with k = 10. The resulting LOQ was 315.915, 
signifying that the smallest concentration of alpha-amylase that can be both detected and accurately quantified, or 
classified as normal or abnormal, is 418.7488 units. Detailed information is provided in Figure 5.

Standard Curve Results
The figure below shows the relationship between α-amylase concentration and the resulting current (μA). At 
a concentration of 100 units of α-amylase, the resulting current was approximately 0.158 μA, indicating minimal 
response at low concentrations. When the concentration increases to 200 units, the current rises to about 0.16 μA, 
showing a small but significant increase. At a concentration of 300 units, the current increased more sharply to 0.166 μA, 
indicating a more pronounced increase in the electrochemical response. At a concentration of 400 units, the current 
continues to increase to 0.177 μA, indicating an almost linear relationship between concentration and current. At the 
highest concentration measured, 500 units, the current reached 0.181 μA, reflecting a strong positive correlation between 

Figure 4 The Differential Potential Voltage (DPV) Curve and the linear regression of alpha-amylase test. (Source: Author’s Illustration).

Figure 5 Amperometric Standard Curve Alpha-Amylase (Source: Author’s Illustration).
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increasing α-amylase concentration and the resulting current. However, the standard deviation is not included due to 
limitations in using screen-printed electrodes (SPE), which were successfully tested through all stages of modification 
and measured using a potentiostat. The test is limited to a measurement result that is stable after the electrode 
modification stage is complete. These limitations result in the inability to produce data for repeated measurements, so 
the standard deviation cannot be calculated accurately.

Statistical Analysis
Table 1 presents the descriptive statistics for the current measurements at each concentration level of RBD. The table 
includes the mean, standard deviation, standard error, and the 95% confidence intervals for the mean across five different 
concentration levels (100, 200, 300, 400, and 500 µg/mL). These values summarize the distribution and variability of the 
current measurements.

Tables 2 and 3 provide a detailed analysis of the current measurements recorded across the five RBD concentration 
levels (100, 200, 300, 400, and 500 µg/mL). According to the ANOVA analysis, significant differences were observed 
among the mean current values for the different concentration levels (p < 0.001) (Table 1). The effect sizes (Table 2) 
indicate a large impact of RBD concentration on current measurements, with η² = 0.862.

Post-hoc analysis was conducted using Tukey’s HSD test to explore the pairwise differences in current measurements 
across the five RBD concentration levels (100, 200, 300, 400, and 500 µg/mL) (the data was not shown). The results 
demonstrated that the mean current value at 100 µg/mL was significantly lower than those at higher concentrations, with 
a particularly large difference observed when compared to 500 µg/mL (mean difference = −0.054, p < 0.001). Similarly, 
the current values at 200 µg/mL were significantly different from those at 400 µg/mL and 500 µg/mL, with mean 
differences of −0.022 (p = 0.004) and −0.034 (p < 0.001), respectively.

Table 1 Descriptive Statistics

Descriptive Statistics

Alpha-Amylase  
Concentrations 
(µg/mL)

N Mean Std. 
Deviation

Std. 
Error

95% Confidence Interval 
for Mean

Minimum Maximum

Lower 
Bound

Upper 
Bound

100 5 0.13640 0.013428 0.006005 0.11973 0.15307 0.121 0.158

200 5 0.15620 0.005848 0.002615 0.14894 0.16346 0.146 0.160

300 5 0.17060 0.004722 0.002112 0.16474 0.17646 0.166 0.177

400 5 0.17820 0.006140 0.002746 0.17058 0.18582 0.168 0.183

500 5 0.19040 0.008532 0.003816 0.17981 0.20099 0.181 0.203

Total 25 0.166363 0.020488 0.004098 0.15790 0.17482 0.121 0.203

Table 2 One-Way ANOVA Test Result

ANOVA

Source Sum of Squares df Mean Square F Sig.

Between Groups 0.009 4 0.002 31.257 <0.001

Within Groups 0.001 20 0.000

Total 0.010 24
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While significant differences were observed between most concentration levels, the comparison between 300 µg/mL and 
400 µg/mL did not yield a statistically significant result (p = 0.609), indicating similar current values at these concentrations. 
Conversely, 300 µg/mL showed significant differences compared to both lower (100 µg/mL) and higher (500 µg/mL) 
concentrations. These findings highlight the increasing trend in current measurements as RBD concentration increases, 
further supporting the robustness of the sensor’s performance in detecting variations across a broad concentration range.

Comparison to Other Sensor Tools
Salivary alpha-amylase (sAA) has been extensively utilized as a biomarker due to its ability to reflect physiological 
responses, particularly those related to stress and the activation of the sympathetic nervous system.33 It can be measured 
using various types of sensors, making it a versatile tool for both clinical and research applications. In a study conducted 
by Bañuelos et al, an experiment was designed to investigate the correlation between the body’s sympathetic nervous 
system response and salivary alpha-amylase production. The study involved 13 students, from whom saliva samples were 

Table 3 Post-Hoc Tests (Tukey’s HSD)

Multiple Comparisons

Dependent Variable: Current

Tukey HSD

(I) RBD  
Concentrations

(J) RBD  
Concentrations

Mean  
Difference (I-J)

Std. Error Sig. 95% Confidence Interval

Lower Bound Upper Bound

100 200 −0.019800 0.005271 0.010 −0.03557 −0.00403

300 −0.034200 0.005271 0.000 −0.04997 −0.01843

400 −0.041800 0.005271 0.000 −0.05757 −0.02603

500 −0.054000 0.005271 0.000 −0.06977 −0.03823

200 100 0.019800 0.005271 0.010 0.00403 0.03557

300 −0.014400 0.005271 0.084 −0.03017 0.00137

400 −0.022000 0.005271 0.004 −0.03777 −0.00623

500 −0.034200 0.005271 0.000 −0.04997 −0.01843

300 100 0.034200 0.005271 0.000 0.01843 0.04997

200 0.014400 0.005271 0.084 −0.00137 0.03017

400 −0.007600 0.005271 0.609 −0.02337 0.00817

500 −0.019800 0.005271 0.010 −0.03557 −0.00403

400 100 0.041800 0.005271 0.000 0.02603 0.05757

200 0.022000 0.005271 0.004 0.00623 0.03777

300 0.007600 0.005271 0.609 −0.00817 0.02337

500 −0.012200 0.005271 0.181 −0.02797 0.00357

500 100 0.054000 0.005271 0.000 0.03823 0.06977

200 0.034200 0.005271 0.000 0.01843 0.04997

300 0.019800 0.005271 0.010 0.00403 0.03557

400 0.012200 0.005271 0.181 −0.00357 0.02797
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collected following a presentation. The passive drool method was employed for saliva collection, which is a common 
non-invasive technique. The analysis of these samples was performed using the enzyme-linked immunosorbent assay 
(ELISA), a highly sensitive and widely used method for detecting specific proteins, including enzymes like alpha- 
amylase. The results of the study showed that the average sAA levels before the presentation were approximately 1.8 log 
units. After the presentation, there was a notable increase, with sAA levels rising to 2.1 log units. This significant 
increase in alpha-amylase production following the presentation strongly indicates that the sympathetic nervous system 
was activated in response to the stress of the public speaking task. Such findings align with previous research that 
suggests alpha-amylase levels are closely linked to acute stress responses, further validating its role as a reliable 
biomarker for sympathetic nervous system activity.34

In a separate study conducted by Hsiao et al, a novel colorimetry-based sensor was employed to measure the 
concentration of alpha-amylase in saliva. This sensor was designed to detect the enzyme by quantifying the amount of 
reduced sugar produced from the hydrolysis of soluble starch, a reaction catalyzed by alpha-amylase. The experiment 
aimed to assess the effectiveness of the colorimetric sensor in providing accurate and rapid measurements of salivary 
alpha-amylase (sAA) levels. The findings from the study demonstrated that the alpha-amylase concentration in the saliva 
samples ranged from 0.1 to 1.0 U/mL. Notably, the sensor exhibited a robust response to alpha-amylase activity, with 
readings reaching up to 2.0 U/mL. The limit of detection (LOD) for the sensor was determined to be 0.1 U/mL, 
highlighting its sensitivity to even minute concentrations of the enzyme. Additionally, the sensor’s response frequency 
was recorded at 1703.4 hz (log U/mL)−1, which indicates its capability to translate enzyme activity into quantifiable data. 
However, the linear detection range of this colorimetric sensor prototype was limited to alpha-amylase activities below 
2.0 U/mL. This range is significantly narrower than the typical diurnal variation of salivary alpha-amylase, which 
generally falls between 10 and 300 U/mL in healthy individuals. Despite this limitation, the study underscores the 
potential of colorimetry-based sensors as a cost-effective and easy-to-use alternative for detecting alpha-amylase in 
saliva. With further optimization, particularly in expanding the detection range, these sensors could be adapted for more 
comprehensive diagnostic applications.35

Limitations of the Study
Out of the 46 screen-printed electrodes initially prepared for this study, 25 were successfully utilized in the final analysis. 
Despite being newly manufactured, a significant portion of the electrodes did not meet the rigorous standards required for 
accurate and reliable measurements. Some electrodes exhibited inconsistent current readings across RBD concentrations, 
while others failed to produce detectable signals on the potentiostat. These issues were primarily attributed to procedural 
challenges during the modification and preparation stages, which adversely affected the electrodes’ electrochemical 
performance and overall usability.

One of the primary factors influencing the performance of the electrodes was temperature. During the course of our 
experiment, the average ambient temperature was 26°C, which significantly exceeded the optimal temperature of 17°C 
required for precise measurement. This temperature discrepancy likely contributed to the suboptimal electrode 
performance.36 In line with our findings, a study by Rebelo et al highlights the importance of temperature control 
during the electrode preparation and measurement process.37 Their research demonstrated that after incubating the 
screen-printed electrodes with an alpha-amylase solution, the electrodes needed to be stored at 4°C, with a strict 
15-minute storage window to maintain their integrity and functionality.

Furthermore, the methodology used to modify the electrodes played a significant role in the results. The type of 
biomarker used, its concentration, and the incubation time were all critical factors that influenced the outcomes.38,39 

These procedural elements may have contributed to the observed variability in our results, particularly when compared to 
the work of Gulati et al, whose study demonstrated the successful use of antibodies as biomarkers under more controlled 
conditions.22 As shown in Figure 6 of their study, the use of antibodies provided highly reliable detection due to 
optimized incubation times and strict adherence to methodological protocols.

The combination of environmental factors, such as temperature, and methodological variables, including biomarker type 
and procedural adjustments, underscores the complexity of achieving consistent results with screen-printed electrodes.40–42 

Our findings suggest that further refinement of the experimental process is necessary, particularly in controlling external 
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conditions and optimizing the modification procedures. This will ensure that the electrodes can consistently meet the required 
performance standards for reliable alpha-amylase detection. In summary, while this research demonstrates the potential of 
screen-printed electrodes in clinical diagnostics, it also highlights the challenges associated with achieving consistent results. 
Careful attention to temperature, biomarker selection, concentration, and storage conditions is essential for future studies to 
maximize the performance of these electrodes in detecting biomarkers like alpha-amylase.43

Discussion
Alpha-amylase has been extensively utilized as a biomarker in saliva due to several key advantages, including its high 
sensitivity, low cost, rapid response time, and the ability to detect small concentrations.23 These characteristics make it 
particularly valuable for noninvasive diagnostic applications.44 One of the most significant benefits is its small detection 
limit, which enables early detection of various physiological and pathological conditions.

In a study conducted by Garcia et al, a sample composed of starch and saliva with concentrations ranging from 0.5% to 
2.0% was mixed to initiate a hydrolysis reaction. This reaction leads to the breakdown of starch into simpler sugars, which 
correlates with alpha-amylase activity. Additionally, the compound [Fe(CN)6]3− was added to the sample, serving as an 
electrochemical mediator. Following this preparation, the entire sample was subjected to electrochemical analysis, and the 
results indicated high sensitivity and accuracy. Specifically, the sensitivity was determined to be 10.7 mA/(log U mL−1), and 
the limit of detection (LOD) was 1.1 U mL−1. These values demonstrate the precision and efficiency of the electrochemical 
method in detecting alpha-amylase at very low concentrations, emphasizing its potential for clinical use.45

In another study conducted by Liu et al, the researchers measured ten sets of saliva samples to further investigate the 
electrochemical detection of alpha-amylase. For this experiment, 100 μL of each saliva sample was first filtered, and 

Figure 6 Illustration adapted from the study by Gulati et al. Schematic of the SPE-based Immunosensor Through Immobilization of Antibodies, BSA, and Antigens (Source: 
Author’s Illustration).
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NAD+ (nicotinamide adenine dinucleotide) along with an acetate buffer was added to the samples. The purpose of 
adding NAD+ was to facilitate the reaction and enhance the accuracy of the detection process. The samples were then 
analyzed using a novel sensing chip integrated with an advanced electrochemical analyzer, which represents a new model 
of electrochemical technology aimed at improving the detection and quantification of biomarkers like alpha-amylase.46 

The normal alpha-amylase activity in saliva for healthy individuals typically ranges from 2 to 900 U mL−1.47 However, 
the test results for the measured samples exhibited significantly higher alpha-amylase activity, with values ranging from 
3,000 to 11,000 U mL−1. This marked elevation in alpha-amylase levels was considered a significant deviation from the 
normal range, suggesting a possible link to certain health conditions or stress-related physiological responses. The 
substantial increase in alpha-amylase activity detected through this advanced electrochemical method underscores its 
effectiveness in identifying abnormal conditions that might otherwise go undetected with traditional diagnostic tools.48

Compared to the other study, our research highlight the growing relevance of electrochemical detection methods for alpha- 
amylase in saliva, further solidifying its role as a promising biomarker for various health conditions. In this study, the method 
demonstrated high sensitivity and precision, as evidenced by statistically significant differences in current measurements 
across varying RBD concentrations (F(4, 20) = 31.257, p < 0.001) confirmed by one-way ANOVA. Post-hoc Tukey HSD tests 
revealed significant pairwise differences between most concentration levels, emphasizing the method’s capability to distin
guish between subtle changes in alpha-amylase concentration, with a large effect size (η² = 0.862).

Additionally, the linear regression analysis yielded a strong calibration curve with an R² value of 0.9735, indicating 
excellent linearity and reliability of the method for quantitative analysis. These findings reinforce the potential of this 
noninvasive, rapid, and accurate approach for clinical diagnostics, particularly in early disease detection and health 
monitoring, even in resource-constrained settings.

Conclusion
An electrochemical sensor based on a gold nanoparticle-modified screen-printed electrode (SPE) was developed for the 
quantitative measurement of alpha-amylase. This sensor demonstrated a strong linear response in alpha-amylase con
centrations ranging from 100 to 500 units, with a correlation coefficient of R² = 0.9735. The device also exhibited a limit 
of detection (LOD) of 104.252 units and a limit of quantification (LOQ) of 315.915 units, emphasizing its sensitivity and 
reliability for detecting low levels of alpha-amylase.

Despite being sensitive to potential external interferences, such as pH fluctuations and the presence of other biomolecules, 
the sensor showed promising performance. This study highlights the utility of the electrochemical sensor as a non-invasive 
early detection tool, leveraging saliva as a biomarker to improve patient comfort, compliance, and screening frequency.

However, further research is necessary to validate its clinical application, particularly in screening and diagnosis 
contexts. Future studies could focus on optimizing the sensor for better performance under varying conditions and 
exploring its utility in specific medical applications, such as stress monitoring or diagnostics for pancreatic function. 
Clinical validation in real-world scenarios will be essential to establish its robustness and efficacy in routine medical use.
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