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Abstract 

The electrochemical method offers a sensitive, portable, and cost-effective method for detecting a range of 

analytes and has the capacity to be miniaturized. However, according to the World Health Organization, 

there is a need for point-of-care devices that meet the criteria for medical diagnostics in remote and resource-

limited regions, as set forth by the World Health Organization. In this context, we developed a low-cost and 

high-throughput method for fabricating paper-based devices for electrochemical assays using a desktop pen 

plotter. In this study, we used a permanent marker to plot hydrophobic barriers and a liquid dispenser to 

pattern three electrodes (working, counter, and reference electrodes) with carbon paste on a paper substrate. 

To test the performance of the fabricated electrochemical devices, chronoamperometric and cyclic 

voltammetric analyses of potassium ferricyanide was conducted. Further, to demonstrate of the possible 

biomedical diagnostic applications, a quantitative glucose assay was performed. Here, we presented a low-

cost electrochemical device fabrication method convenient for large-scale fabrication and widespread 

implementation of paper-based technologies in developing countries and resource-limited settings. 
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1. Introduction 

In the development and evaluation of point-of-care 

devices, the World Health Organization (WHO) 

established a set of criteria that are collectively referred 

to as ASSURED: Affordable, Sensitive, Specific, User-

friendly, Rapid and robust, Equipment-free, and 

Deliverable to end-users [1]. Existing medical diagnostic 

technologies have limitations to fulfill the needs of 

remote and resource-limited regions due to their 

complicated clinical infrastructure, long turnaround time, 

and relatively high costs; thus, new medical diagnostic 

technologies must be developed [2]. Paper-based assays 

are promising tools in that they are widely accessible, can 

be easily produced at high-throughput, and are disposable 

and cost-effective [2-7]. Colorimetric detection is one of 

the most widely used detection methods. Recent studies 

have presented novel methods to address the 

inhomogeneity of color [8] and to obtain quantitative 

measurements [9]. However, the electrochemical 

detection (ECD) method has also attracted much 

attention as it is sensitive, inexpensive, portable, and can 

be miniaturized. Unlike the colorimetric method, ECD 

can function with impure (i.e., glucose in urine) samples 

and is not sensitive to changes in the ambient 

illumination [2,10]. Moreover, ECD requires only simple 

instrumentation and a small amount of electrical power, 

making it compatible with use in the field [11]. However, 

the remaining hurdle to the widespread implementation 

of paper-based technologies in developing countries is 

the development of a simple, high-throughput, and low-

cost fabrication method [10]. 

Paper-based devices for electrochemical assays are 

composed of electrodes and a paper substrate [11,12]. 

Among the methods developed for plotting electrodes on 

paper are sputtering [13], sintering [14], inkjet printing 

[15,16], screen printing [11,17], and direct plotting with 

a conductive pen or pencil [10,18,19]. For example, 

Ghosale et al. proposed a method for writing electrodes 

using a ball-point pen filled with silver nanoparticles 

capped with octylamine [20]. In another study, Ruecha et 

al. used an inkjet printer to fabricate entire paper-based 

potentiometric devices including the electrodes [16].  

Here, we propose a low-cost, high-throughput, single-

step fabrication method based on a desktop pen plotter 

integrated with a liquid dispenser [3]. We used 

permanent markers and carbon paste to plot the 

hydrophobic barriers and the electrodes, respectively. A 

syringe was filled with carbon paste and was connected 

to a liquid dispenser and the paste flow was driven by the 

application of a fixed air pressure (Fig 1). The paper was 

hot-laminated on one side to improve its durability, 
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stability, and mechanical strength and provide stability to 

the hydrophobic barriers and bio-chemical reagents 

during storage [3]. The electrochemical operation of the 

fabricated paper-based assays was validated by both 

cyclic voltammetry (CV) and chronoamperometry (CA) 

with potassium ferricyanide. These electrochemical 

techniques measure the current in an electrochemical cell 

that develops when a potential is applied. In CV, the 

voltage potential changes linearly from defined start 

voltage to the end voltage once or in consecutive cycles. 

In CA, a step voltage is applied at the beginning of the 

experiment and kept constant during measurement. 

Additionally, CA analysis of glucose was conducted to 

demonstrate a possible diagnostic application of the 

fabricated paper-based devices for electrochemical 

assays. 

 

 

Figure 1. Fabrication setup for the paper-based electrochemical devices. a) Desktop pen plotter integrated with a 

syringe holder. Also depicted is the liquid dispenser controller used to drive the flow of the carbon ink from the 

syringe. The inset shows the fabricated paper-based devices for electrochemical assays with three carbon electrodes 

(working: WE, counter: CE, and reference: RE) and a hydrophobic barrier patterned by a Comix marker. b) Hand-

held potentiostat used for cyclic voltammetry (CV) and chronoamperometry (CA) analyses. The potentiostat is 

connected to one of the fabricated paper-based devices.

2. Materials and Methods 

2.1. Materials 

Desktop pen plotter (AxiDraw) from Evil Mad Scientist 

Laboratories, CA, US; Double-tipped marker (Comix) 

from Comix Group Co. Ltd., Shenzhen, China (the fine- 

and broad-tips are 0.5 and 2.0 mm in diameter, 

respectively); Chromatography paper (Whatman No. 1) 

from GE Healthcare Life Sciences, IL, US; Writing paper 

(Clairefontaine Thriomphe and Rhodia) from 

Clairefontaine-Rhodia, France; Hot-laminating layer 

(GBC EZUse thermal laminating pouches) from 

Swingline, IL, US; Benchtop laminator (GBC Inspire) 

from Swingline, IL, US; Potentiostat (Cheapstat) from IO 

Rodeo Inc, CA, USA; Liquid  Dispenser from Advance 

Electrical Equipment Co. Ltd., Taiwan; Potassium 

ferricyanide (III) (𝐾3[𝐹𝑒(𝐶𝑁)6], 702587), glucose 

oxidase (G7141), and potassium chloride (746436) from 

Sigma-Aldrich, MO, US; Pure glucose from Modernist 

Pantry LLC., NH, US; Phosphate Buffered Saline (PBS, 

pH 7.4) from Fisher Scientific, MA, US; Carbon paste 

from Bare Conductive, London, UK; Screen-Printed 

Carbon Electrode (DRP 110) from Metrohm AG, 

Herisau, China. 

 

2.2. Device Fabrication 

To enable a simple, one-step fabrication, a liquid-

dispensing plotter was created by integrating a liquid 

dispenser with an AxiDraw pen plotter. The driver 

software of the AxiDraw plotter was modified to add 

another output that can be used to control a liquid 

dispenser in synchrony with the motion of the pen. The 

amount of carbon paste deposited was controlled by 

adjusting the air pressure of the liquid-dispensing 

controller and the speed of the plotter and, once the 

desired flow rate is achieved, the pressure was held 

constant and the dispenser was moved along a 2D path at 

a constant speed by AxiDraw (10 mm/s). Three different 

papers were used as the substrate: a porous Whatman 

chromatography paper and two different coated writing 

papers, Clairefontaine and Rhodia. The pattern for the 

three electrodes (working, counter, and reference) was 

designed in Inkscape (Free Software Foundation, Inc., 

MA, US) and plotted with the carbon paste.  Then, using 

the fine tip of a Comix marker, a 10 mm-diameter circle 

was plotted on paper as the hydrophobic barrier of the 

detection zone. After plotting the electrodes, the paper 

was placed on a 90⁰C hotplate overnight to set the carbon 
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paste. Then, a laminating layer was applied to the side 

opposite the plotted patterns by hot lamination.  

2.3. Electrochemical measurements 

The electrochemical operation of the fabricated devices 

was validated using potassium ferricyanide (III) 

(𝐾3[𝐹𝑒(𝐶𝑁)6]) and glucose. The electrochemical 

measurements (CV and CA analyses) were carried out 

using a potentiostat at the room temperature. CA and CV 

analyses of 𝐾3[𝐹𝑒(𝐶𝑁)6],  were carried out at different 

scan rates (for CV) and step voltages (for CA). The 

𝐾3[𝐹𝑒(𝐶𝑁)6] samples were prepared by dissolving 

various concentrations of 𝐾3[𝐹𝑒(𝐶𝑁)6] in a 1 M 

potassium chloride (KCl) solution (the supporting 

electrolyte). CA analyses were performed on devices on 

which 50 μl of the 𝐾3[𝐹𝑒(𝐶𝑁)6],  sample was deposited 

in the detection zone and on those which were submerged 

in the same sample. For the glucose tests, the devices 

were prepared by depositing 10 μl of a solution of 300 

U/ml glucose oxidase and 20 mM 𝐾3[𝐹𝑒(𝐶𝑁)6] (the 

mediator) in PBS in the detection zone and drying at 

room temperature for 10 min. The CA analysis was then 

conducted by depositing 50 μl of a glucose sample 

dissolved in PBS. The mechanism for glucose detection 

involves glucose oxidation by the catalytic activity of 

glucose oxidase, leading to the reduction of Fe (III) to Fe 

(IV) and the generation of 𝐹𝑒(𝐶𝑁)6
4−  ions, which are 

detected by the electrochemical analysis (Equations 1-3). 

𝑔𝑙𝑢𝑐𝑜𝑠𝑒 + 2𝐾3[𝐹𝑒(𝐶𝑁)6] + 𝐻2𝑂
𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑜𝑥𝑖𝑑𝑎𝑠𝑒
→           𝑔𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑 + 2𝐾4[𝐹𝑒(𝐶𝑁)6] (1)  

2𝐹𝑒(𝐶𝑁)6
4−

𝑎𝑛𝑜𝑑𝑖𝑐 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
→            2𝐹𝑒(𝐶𝑁)6

3− + 2𝑒− (2) 

2𝐹𝑒(𝐶𝑁)6
3− + 2𝑒−

𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
→              2𝐹𝑒(𝐶𝑁)6

4− (3) 

To compare the performance of the fabricated devices 

with the performance of commercially available screen-

printed electrodes (SPEs), CA analyses were performed 

with different concentrations of 𝐾3[𝐹𝑒(𝐶𝑁)6] and 

glucose. Unlike the devices fabricated by the proposed 

method, the electrodes in the SPEs were screen-printed 

with silver/silver chloride (Ag/AgCl) and the portions of 

the working and counter electrodes in contact with 

samples were covered by screen-printed carbon. 

However, we were not able to immobilize the glucose 

reagents on the ceramic surfaces of the SPEs. Thus, 10 µl 

of the glucose oxidase and 𝐾3[𝐹𝑒(𝐶𝑁)6] solution were 

dried on a 6 × 8 mm piece of chromatography paper at 

room temperature. The paper was placed on the detection 

zone of the SPE, 50 µl of the glucose sample was 

deposited on this paper, and the CA analyses were carried 

out by applying a 300 mV potential. 

3. Results and Discussion 

Comparing the different paper substrates, the results were 

more consistent with the coated papers. We hypothesize 

that this is because the coated papers absorb the liquid 

sample more slowly than the relatively porous 

chromatography paper such that the sample remains 

above the carbon electrodes rather than surrounding them 

from all sides, as in the SPEs. The amount of sample 

wicked by the paper depends on how long the sample is 

placed before starting the test. With coated papers this 

process is slower resulting less dependency on testing 

time. It was also found that the plotted edges were more 

contained within the plotted lines on the coated papers 

than on the chromatography paper due to smoother 

surface of the papers.  

To check the zero-voltage response of the fabricated 

devices, 1 mM of 𝐾3[𝐹𝑒(𝐶𝑁)6] and 1 M KCl were 

applied as the sample and dried. At 0 V, there was a 

negligible current on the devices that are left on a 90°C 

hotplate overnight. However, in the devices that were set 

using the heat from the laminator (~140°C), the 0 V 

response was nearly 300 mV. This is likely because the 

solvent of the carbon paste did not fully evaporate on the 

laminator due to short exposure time to heat, and the 

remaining chemicals caused this response; and these 

devices were used throughout the project. 

Then, the electrochemical behavior of the fabricated 

paper-based devices was validated by CV and CA with a 

model electroactive compound, 5 mM 𝐾3[𝐹𝑒(𝐶𝑁)6] in 1 

M KCl at various scan rates between 50 and 500 mV/s. 

The CV results (Fig 2a) showed that as the scan rate was 

increased, the peak current (defined as the anodic, Ip, and 

cathodic, I-p, peak currents) increased and that 

relationship is consistent with the Randles-Sevcik 

equation (Ip is proportional to the square root of the scan 

rate). The Ip / I-p ratio was close to unity for all scan rates 

tested and the peak shapes matched the characteristic 

graph of a typical reversible (Nernstian) electrochemical 

reaction. It should be noted that as the scan rate increased 

from 50 to 500 mV/s, the difference between the voltages 

at which the peaks occur increased from 120 to 320 mV. 

However, theoretically, for reversible reactions that 

transfer one electron, including the redox-active couple 

of 𝐹𝑒(𝐶𝑁)6
3−/𝐹𝑒(𝐶𝑁)6

4−, this difference should be only 

57 mV and should be independent of the scan rate. This 

observed discrepancy generally occurs when the 

Nernstian equilibrium cannot be maintained over the 

course of the reaction, causing the current peaks to occur 

at voltages that are farther apart as the scan rate is 

increased. Moreover, the results show that the difference 

between the voltages at which the peak currents occur 

depends on the scan rate. This indicates that the electron-

transfer kinetics was slow relative to the voltage scan 

rate. This type of reaction is referred as quasi-reversible 

or irreversible electron transfer reactions.  
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Figure 2. Electrochemical characterization of the paper-

based devices for electrochemical assays. a) Cyclic 

voltammetry results for 5 mM 𝐾3[𝐹𝑒(𝐶𝑁)6] in 1 M KCl 

obtained at different scan rates: 50, 100, 200, 300, 400, 

and 500 mV/s. The inset shows the anodic (Ip) and 

cathodic (I-p) peak currents versus the square root of the 

scan rate and the solid line represents a linear fit to this 

data with the equations y = 0.28938x - 1.2309 (R2 = 

0.99529) and y = 0.31432x - 1.279 (R2 = 0.99118), 

respectively; (n = 10). b) Chronoamperometry result for 

5 mM 𝐾3[𝐹𝑒(𝐶𝑁)6] in 1 M KCl at different step 

voltages: 50, 100, 200, 300, 400, 500, 600, 700, and 800 

mV. The inset shows the current versus the negative 

square root of time with the solid red lines representing 

linear fits to this data; (n = 10). 

 

CA was also tested because it has a higher signal-to-noise 

ratio compared to CV. CA analysis was performed on the 

same model electroactive compound (5 mM 

𝐾3[𝐹𝑒(𝐶𝑁)6] in 1 M KCl) at different step voltages 

between 50 and 800 mV. The results (Fig. 2b) show that 

the current increased as the step voltage was increased. 

In addition, the current decay was proportional to t−1/2, 
which is consistent with the Cottrell equation (𝐼 =

𝑛𝐹𝐴𝐶√𝐷 √𝜋𝑡⁄  where I is the current, n is the number of 

electrons released from each molecule, F is the faraday 

constant, A is the surface area of the working electrode, 

C is concentration of the chemical of interest, and D is 

the diffusion constant. The steady-state (final) current 

values were found to vary greatly with the resistive 

current, which is dominantly affected by the solvent 

concentration. The effect of the diffusion is the only 

transient current inducing effect, and it is not dominated 

by any other effect caused by the solvent. Thus, by fitting 

the Cottrell equation to the transient data, the effect of the 

solvent was minimized. From the fitted curves of 

standard samples, a calibration constant, k (=

𝑛𝐹𝐴𝐶√𝐷 √𝜋⁄ ), was derived, in which only the 

concentration (C) is variable if the same type of paper and 

analyte are used. Thus, the sample concentration can be 

calculated based on the Cottrell fit obtained for an 

unknown sample based on the value of k derived from 

the calibration experiments, which is detailed in the next 

paragraph. 

CA analysis was conducted on different concentrations 

of 𝐾3[𝐹𝑒(𝐶𝑁)6] using both the fabricated devices and 

the SPEs. The results obtained by pipetting the sample 

onto each of the devices showed that the steady-state 

current increased as the concentration increased (Fig 3a, 

b). Moreover, these results were compared with the 

results obtained by dipping the fabricated devices into the 

same samples (Fig 3c). Comparing the measurements, it 

was found that depositing the sample resulted in more 

consistent results as evidenced by a smaller R-squared 

value for the linear fit to the concentration-versus-current 

data while dipping into the sample resulted in a higher 

standard deviation over repeated measurements and 

lower current readings. Further details regarding LOD of 

SPEs reported by the manufacturer can be found here: 

https://www.metrohm.com/en/products/electrochemistry

/electrochemistry-electrodes/. 
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Figure 3. Chronoamperometry results for different concentrations of 𝐾3[𝐹𝑒(𝐶𝑁)6] in 1M KCl obtained by depositing 

the sample a) the fabricated paper-based devices and (b) commercial screen-printed electrodes; and c) by dipping the 

fabricated devices into the sample. The insets show the steady-state currents for the range of concentrations and the 

solid lines represent linear fits to the data with the following equations: a) y = 0.22484x + 0.17608 (R2 = 0.93673), b) 

y = 0.19295x + 0.1699 (R2 = 0.98655), c) y = 0.026825x + 0.30412 (R2 = 0.85059), (n=5).

Finally, the performance of the fabricated devices was 

tested for a common diagnostic application: glucose 

testing. A glucose assay was conducted using both the 

paper-based devices and the SPEs. The effect of the 

reaction time on the CA results was investigated because 

the chemical/enzymatic reaction responsible for the 

electron transfer in the glucose assay requires time to 

reaction to take place. The CA results obtained from the 

fabricated device with 5 mM glucose (Fig 4a) show that 

the measured current increased as the reaction time 

increased. This is because the glucose concentration 

increases with the reaction time. After fixing the reaction 

time variable, glucose samples are tested in the range of 

0 to 20 mM (Fig 4b, c), which is relevant to the range of 

glucose concentrations found in urine. The results show 

the current increased linearly with the glucose 

concentration in both the fabricated devices and the SPEs 

although the sensitivity of the SPEs was higher than that 

of the fabricated devices (Fig 4c). 
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Figure 4. Chronoamperometry results for glucose. a) Effect of reaction time. b) Effect of concentration with the 

fabricated paper-based devices. c) Effect of concentration with the commercial screen-printed electrodes. The insets 

in the graphs in b) and c) show the steady-state currents for the range of concentrations and the solid lines represent 

linear fits to the data with the following equations: b) y = 0.0501x + 0.4339 (R2 = 0.926) and c) y = 0.2047x – 0.9966 

(R2 = 0.969), (n=5).

4. Conclusion 

In this study, we presented a high-throughput and cost-

effective method to fabricate paper-based devices for 

electrochemical assays. In this method, we used a liquid 

dispenser to deposit carbon paste in a pattern with a 2D 

plotter to form the electrodes (working, counter, and 

reference) required for electrochemical detection of 

target analytes. This one-step method is both fast and 

cost-effective: 50 devices can be fabricated in 

approximately 18 min and each device costs less than 

0.02 USD (based on the cost of materials). A hand-held 

potentiostat was used to conduct CV and CA analyses, 

which demonstrates the portability of this technique. The 

devices were validated for CV and CA using a model 

electroactive compound, 𝐾3[𝐹𝑒(𝐶𝑁)6] in KCl. To 

validate the potential of the presented method for 

fabricating diagnostic tools, CA analysis was used to 

conduct a glucose assay. The experimental results 

showed a linear increase in the current as a function of 

the glucose concentration. 
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