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ABSTRACT 

 

A disposable microfluidic electrochemical paper-based device for multiplexed analysis 

based on sixteen independent microfluidic channels with electrochemical detection is 

proposed. A major advantage of this work was the non-necessary use of a wax printer 

for devices manufacturing which has a high cost of operation. In addition, a commercial 

multiplexing module was used that has the multiplexing capability of 8 to 16 channels 

and, for the first time using this module, the strategy of multiplexing both the working 

and reference electrodes were used. These sixteen channels with the respective sensors 

can be operate employing one or multiple electrochemical techniques with good 

repeatability and reproducibility for high throughput analysis. As a proof of concept, the 

electrochemical performance of device was tested with ferrocenecarboxylic acid 

solution employing cyclic voltammetry, square-wave voltammetry, differential-pulse 

voltammetry and chronoamperometry. This innovative sensing platform presented 

capacity of production in large scale and application for clinical tests with safety and 

short time of assays. A biosensor was constructed using glucose oxidase on the platform 

for the glucose determination in urine as a non-invasive strategy. The analytical curve 

was linear in the glucose concentration range from 10−4 mol L−1 to 4×10−2 mol L−1, with 

limit of detection of 3×10−5 mol L−1.  

 

Keywords: Microfluidic; Multiplex analysis; Electrochemical paper-based analysis; 

Glucose; Urine.  
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1. Introduction 

The development of portable devices for the diagnostics of diseases is being 

gradually introduced through fast and cheap proposes. In these sense, researchers are 

doing efforts for the construction of devices that meet the need to perform the analysis 

in the point of care (POC) [1]. Thus, the analysis occurs where the patient is and with 

devices as reliable as larger equipment used in the reference methods performed in the 

central laboratories. 

Microfluidic analysis is a promising area for the use of miniaturized devices for 

diseases diagnosis. In the last years, several works containing microfluidic approach for 

diseases diagnosis were published [2-6]. Among so many papers, we highlight those 

aimed the identification of diseases such as HIV, tuberculosis, cancer and Alzheimer's 

[7-14]. These contributions are very important for the advances in the treatment of these 

diseases, facing the greater possibility of cure when the early diagnosis is made. 

The development of paper based analytical (µPAD) devices involving strategies 

to create hydrophilic channels in paper in a way to allow the solutions flows by 

capillarity. The use of wax to create hydrophobic barriers have been largely applied 

since few steps are required to constructed disposable devices to determination of: total 

proteins, cholesterol and glucose in biological fluids [15] and heavy metal ions in 

aqueous solutions [16]. The µPAD devices constructed by wax printing for serological 

immunoassays were applied for many areas, including food safety, environmental 

monitoring and veterinary diagnosis [17]. For this, after designed the microfluidic 

pattern using any drawing software it was printed on the paper using an office wax 

printer following by a heating step to the wax penetrate in the paper creating 

hydrophobic barriers. Although their simplicity, the wax printer largely applied to 

construct µPAD was discontinued by the manufacturer and, currently, there are no other 
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wax printer available in the market. Based on that new strategy to create microfluidic 

channels on paper are emerging. Our group developed two methods based on used of 

cheap craft cutter printer to create microfluidic channels on filter paper. In the first one, 

the paper was cut in the desired microfluidic pattern and sandwiched on polyester sheets 

allowing to create 2D and 3D µPADs [18] [19]. The second strategies involve the 

creation of stamps cutting filter paper in with the microfluidic pattern that was 

impregnated with wax and used for created hydrophobic barriers by stamping paper 

following by the thermal treatment for the wax penetrated in the paper. In both cases, 

disposable µPADs were constructed using simple and low-cost equipment and materials 

and was successfully applied in chemical analysis.  

Usually, the disposable devices for microfluidic analysis are based on methods, 

which the responses are obtained by colorimetry, fluorimetry or electrochemistry. The 

first one provides qualitative and/or quantitative information when using image 

processing software [20-22] while the second method combines several steps of the 

analytical process with low reagent consumption, reduced analysis time and easy 

operation [23-25]. The third one provides quantitative information, presents high 

sensibility, low limit of detection and, in many cases its possible perform simultaneous 

determination of different analytes [3, 26, 27]. Furthermore, the electrochemical paper-

based analytical devices (ePAD) present the possibility of simultaneous determination 

of two or more analytes in different channels or spots (multiplex analysis); inexpensive 

and accurate construction steps provided by home cutter printer; and the use of low-cost 

and disposable materials (e.g. soft cellulose-based filter paper and polyester sheets). 

One example is the work proposed by Cincotto et al., in which it was developed 

a device with two spots for the quantification of different biomarkers. In the spot 1, was 

deposited graphene quantum dots (GQDs) for the direct oxidation of uric acid, while in 
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spot 2 GQDs was combined with creatininase enzyme and a redox mediator for the 

creatinine oxidation [28]. In a low-cost strategy, Oliveira and collaborators created a 

wax barrier and screening-printing electrodes on paper for multiplexed detection of 

different drugs [29]. Other interesting strategy employed electrochemical sensor 3D 

paper-based origami for different types of pesticides [30]. This kind of device also was 

too used in the immunoassay for the C-reactive protein on screen-printed carbon 

modified electrode [31]. Moreover, there are several strategies for the application of 

paper-based devices for biomarkers sensing through aptamers [32], optodes [33] and 

label-free impedimetric immunosensors [34].  

In this scenario, the main objective of this work is the development of a 

microfluidic device with electrochemical response for unique aliquot of a physiological 

sample with multiple replicates at same time, and with high sensitivity and good 

repeatability. The proposed microfluidic paper-based device for multiplexed analysis 

(Multi-µEPaD) was applied for the detection of glucose in urine sample. This 

innovative propose allows the analysis with robust and safe results acquired through 

multiple replicates (16-channels) in a single run. Additionally, the use of an unique 

aliquot avoids the excessive dispose of contaminated collectors and samples. 

 

2. Experimental section 

 

2.1. Materials, reagents and instrumentation 

For the Multi-µEPaD fabrication, it was used polyester sheet (Folien, USA), 

vinyl adhesive (Imprimax, Brazil), carbon and silver/silver chloride inks (Gwent Group, 

UK) and a CAMEO 3 Silhouette clipping printer (Silhouette, USA) managed by the 

Silhouette Studio V3 software. The working electrodes (WEs) were subjected to a 
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modification step using carbon black (CB) nanoparticles type VXC-72R, kindly 

supplied (Cabot Corporation, USA), chitosan (CTS) biopolymer, glucose oxidase 

enzyme (GOx from Aspergilus Niger, 155 KU per gram), ferrocenecarboxylic acid 

(FCA) and D-(+)-glucose were purchased from Sigma-Aldrich. 

Electrochemical measurements were carried out with an Autolab PGSTAT12 model 

potentiostat / galvanostat equipped with the multiplexing module (MUx) (16 channels) 

and driven by the NOVA® 2.2 software. Multiplexed analysis was performed through 

Cyclic voltammetry (CV) (scan rate = 50 mV s−1); Square wave voltammetry (SWV) 

(frequency = 80 Hz; amplitude = 90 mV and potential increment = 1 mV); Differential 

pulse voltammetry (DPV) (scan rate = 5 mV s−1, amplitude = 90 mV and modulation 

time = 5 ms) and chronoamperometry (applied potential = 200 mV). 

  

2.2. Multi-µEPaD construction  

2.2.1. Microfluidic channel 

One of the most important part of the designed device is the respective 

microfluidic pattern, once through it the samples are transported to the electrochemical 

cell for analysis. The use of a simple craft cutter printer to cut the filter paper in the 

desired microfluidic channel instead of use a currently discontinued wax printer is a 

great advantage to produce µPAD. The #1 Whatman filter paper was used and cut by 

using the CAMEO 3 Silhouette clipping printer. In this research, different microfluidic 

patterns were studied. Considering this information the arrangement of the electrodes 

for multiplexed analysis depends on the adjustment of the microfluidic channels design 

and its functionality. Two microfluidic patterns were projected. Initially, it was intended 

to build four sequential electrochemical cells per microfluidic channel with a total of 

four channels totalizing sixteen sensing points as shown in Fig. S1 (a) (Supporting 
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material). The insight for this device design was initially in a non-microfluidic ePaD 

with paper assembled on the crossing points on the electrode column forming a sensor 

array [35] However, this model soon proved inappropriate. In this study, a 1.0×10−3 mol 

L−1 Allura red dye solution was added in the sample spot and the color of gradually 

decreased along the microfluidic channel, as is shown in Fig. S1, leads to an unwanted 

non-homogeneous solute distribution between the channels, affecting thus the analytical 

signal, repeatability and/or reproducibility. 

Then, a 16-channels circularly distributed around to the sample spot was 

designed. The circular distribution of the channels around to the sample injection point 

provides a radial elution, with homogeneous distribution of the solute into the 16 

equidistant detection spots where the sample is analyzed. The proposed microfluidic 

pattern (hexadecagon mode is shown in the Fig. 1 (a). The flow’s homogeneous 

behavior from the sample injection point to sensing points was demonstrated using a 

1.0×10−3 mol L−1 Allura red dye solution (Fig. 1 (b)). It is worth noting also that a 

solution volume of only 65 µL was injected and the filling time of the entire 

microfluidic device occurred at less than 2.5 minutes (Fig. (b)). 

Insert Fig. 1 

 

2.2.2. Electrodes  

The electrodes using on Multi-µEPaD were constructed based in a simple 

screen-printed method previously reported [36] [37]. In Fig. 2 are schematically shown 

the steps of construction of the electrodes. The electrodes were constructed using a vinyl 

adhesive mask containing the desired pattern of each electrode that composed the 

electrochemical cell; as working electrodes (WEs); counter electrodes (CEs) and 

pseudo-reference electrodes (REs). The format of each electrode on the adhesive mask 
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was achieved from a printing cut process carried out with the cutter printer. The 

obtained masks were attached to a polyester substrate (in this case, transparency film for 

laser printers) and directed to the process of applying the carbon conductive ink. Thus, 

it was deposited on the designed vinyl adhesive mask the carbon conductive ink 

followed by heat treatment at a temperature of 90°C for 30 minutes. Specifically, in the 

case of REs, an additional step consisting of deposition of silver / silver chloride 

conductive ink layer on the previous carbon ink layer followed by a curing process 

(heating at 60°C for 30 min) was performed.  

Insert Fig. 2 

 

The WEs and REs designs are shown in Fig. 3 (a). These components were 

created to be adapted to the hexadecagon microfluidic pattern. Thus, they were made in 

the same layer to guarantee the equal distance between WEs and REs, without the need 

for alignment during assembly of the device. Each of the sixteen WEs have independent 

electrical contacts so that they can be adapted to the multiplexed analysis module.  The 

electrodes arrange in the Multi-µEPaD allowed that the individual measurements of 

each WE can be made using different electrochemical techniques in the same device. 

Each set of four WEs have one RE, totalizing four REs in the device. The 

electrochemical assays were possible using a commercial multiplex module (MUX-

SCNR8) with 8 channels for Autolab PGSTAT. With the MUX module, it is possible to 

multiplex the PGSTAT electrode connections, where measurements on several 

electrochemical cells or working electrodes can be done sequentially. In this work, two 

MUX-SCNR8 coupled (Fig. S2 (a)) were used and at first time the WEs and REs was 

multiplexed for our device containing 16 electrochemical cells. 
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The scheme of CE is shown in Fig. 3 (b). It was designed to fit in the previously 

sheet containing the WEs, REs as well as the microfluidic pattern. The electrode was 

engineering in a way to keep in contact with all sixteen individual electrochemical cells 

and maintaining an equal distance between WE and RE of each cell. Thus, analytical 

signals can be obtained with good repeatability. 

Insert Fig. 3 

 

2.2.3. Multi-µEPaD assembly 

The device was assembled by overlapping of each component’s layer. The 

sealing of Multi-µEPaD was performed using double-sided adhesive, which was cut to 

expose the contact areas between the electrodes as showed in Fig. 4 (a). The final 

version of assembled Multi-µEPaD is presented in Fig. 4 (b). Therefore, it was 

composed of 16 channels circularly distributed around to the sample injection point, 

being the sample homogenously transported to the 16 WEs, where all 16 sensing 

measurements were simultaneously carried out. 

Insert Fig. 4 

 

2.3. Biosensor architecture preparation 

The as constructed screen printed WEs were previously modified with chitosan 

(CTS), carbon black (CB) and glucose oxidase (GOx) prior assembly the Multi-µEPaD. 

The modification strategy was based on the deposition of films on WEs from an 

aqueous dispersion containing 1 mg of CB, 5×10−5 L of a 1.0×10−3 L FCA solution and 

9.5×10−4 L of a 0.02 % CTS (w/v) solution. The choice of CTS was based on the ability 

of this biopolymer to form stable aqueous dispersions of carbon nanomaterials, as well 

as the generation of homogeneous and stable films on the electrode surface [38]. After 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 
 

preparation of the dispersion in the ultrasonic bath for 60 minutes, the GOx (7500 U, 

48.4 mg) enzyme was added to 1.0 mL of the above dispersion and the obtained mixture 

subjected to mechanical stirring for an additional period of 30 minutes. An aliquot of 

2×10−6 L of the dispersion was then deposited on each WE and dried at room 

temperature, thereby obtaining the biosensor architecture for glucose detection.  

 

 

3. Results and discussion 

3.1. Electrochemical performance of Multi-µEPaD  

The evaluation of Multi-µEPaD electrochemical performance was carried out by 

adding an aliquot of 65 µL of 1.0×10−3 mol L−1 FCA in 0.1 mol L−1 KCl, as supporting 

electrolyte in the sample spot. FCA worked as a redox probe as it has a well-established 

electrochemical behavior, consisting of a reversible redox process with defined anodic 

and cathodic peaks observed through cyclic voltammetry (CV) assays [39]. The FCA 

responsivity in the proposed Multi-µEPaD was sequentially monitored by using four 

different electrochemical techniques: CV (channels of 1 to 4); differential pulse 

voltammetry (DPV) (channels of 5 to 8); square-wave voltammetry (SWV) (channels of 

9 to 12) and chronoamperometry (channels of 13 to 16). The obtained results are shown 

in Fig. 5 (a-d). 

The typical FCA electrochemical response was verified in all cases. The relative 

standard deviation (RSD) was calculated for the obtained analytical signals (peak 

currents in the case of voltammetric measurements and steady-currents for 

chronoamperometry). Doing this, the following RSD values were obtained: 3.6% for 

CV (Fig. 5 (a)), 4.7% for SWV (Fig. 5 (b)), 3.9% for DPV (Fig. 5 (c)) and 4.5% for 

chronoamperometry (Fig. 5 (d)). Moreover, to investigate the repeatability between 
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different devices, four Multi-µEPaDs were applied to the same described assays routine. 

In this case, the recorded RSD percentages did not exceed 5.0%. This set of data made 

clear that the desired performance of the device has been achieved to use it for multi-

techniques applications using a single sample aliquot to perform the 16 independent 

measurements. 

Insert Fig. 5 

 

3.2. Glucose biosensing 

The glucose biosensing was achieved in this research by exploring a second-

generation biosensor strategy, which FCA was the selected electron mediator. Thus, 

FCA was confined on the WE surface within a CTS film together to CB nanoparticles 

and GOx enzyme. CB nanoparticles were added to the CTS film in order to ensure the 

electrical contact and a fast electron transfer rate and GOx enzyme acted as the 

biological component sensitive to glucose. The biosensor response towards glucose was 

explored from CV assays carried out using a Multi-µEPaD constructed with the 

modified WEs when an aliquot of a 10−2 mol L−1 glucose solution prepared in 0.1 mol 

L−1 NaCl, as the supporting electrolyte was added on the sample spot. The CVs were 

recorded using WEs modified with and without the GOx enzyme, and the obtained CVs 

are shown in Fig. 6. Doing this, it was verified that in the absence of the GOx enzyme 

within the film, the typical CV profile corresponded to the Fe3+/Fe2+ [40] redox pair of 

FCA probe was obtained. However, when GOx was incorporated into the WE 

modification, a clear biocatalytic effect was indirectly observed, with the anodic peak 

current of FCA increasing at same time as the cathodic peak current was suppressed. 

Insert Fig. 6 
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The observed behavior is in accordance with the previously reported glucose 

biosensing mechanism for FCA as a GOx electrons mediator [41]. Scheme 1 shows the 

referred reaction mechanism. Thus, FCA probe acted as an electron mediator for the 

GOx enzyme active center (FAD/FADH2) that reacted with the glucose in solution. 

Enzymatic activity provides the glucose oxidation to D-glucono-delta-1,5-lactone, 

which is readily hydrolyzed generating the gluconic acid. At the same time, FAD is 

reduced to FADH2. The last is oxidized back to FAD by Fe (III) of FCA probe being, 

therefore, reduced to Fe [40]. The Fe [40] redox state of FCA is, then, electrochemically 

determined via anodic potential scanning and, the verified anodic peak current is 

directly proportional to the amount of glucose enzymatically oxidized.  

From the preliminary studies by CV, several optimizations in the assays were 

carried out. Each optimization study was performed using a single device. The first step 

was the determination of the optimal concentration (number of units) of GOx per 

electrode. For this, four CB-CTS dispersions, each one containing a defined amount of 

GOx, were prepared so that each deposited film contained amounts of enzyme equal to 

5, 10, 15 and 20 units per electrode, respectively. The higher current increment was 

obtained for the biosensor containing 15 units of GOx per electrode (Fig. S3 (a)). Then, 

aiming to determine glucose by chronoamperometry, a second optimization step was 

carried out to determine the optimum applied potential. Thus, current response 

dependence regarding the applied potential was evaluated in the range of +0.3 to +0.7 

V. The current response presented a maximum intensity value at +0.6 V (Fig. S3 (b)) 

being, therefore, the selected applied potential to the next assays.  

Under the optimized conditions, the analytical curve for glucose was constructed 

from glucose standard solutions of different concentrations using the Multi-µEPaD. For 

each glucose standard solution concentration, a different device was used, that is, for the 
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performance evaluation of Multi-µEPaD to glucose determination all 16 channels was 

used for the same technique (16 replicates). In Fig. 7 (a) are provided the 

chronoamperograms recorded toward different glucose concentrations. The analytical 

curve (Fig. 7 (b)) was linear in the glucose concentration range from 10−4 to 4×10−2 mol 

L−1 (i.e. 18.3 to 7212.0 mg dL−1) with a limit of detection (LOD) of 3×10−5 mol L−1 (5.5 

mg dL̶1). The LOD was determined by the relationship LOD = 3σ / m, where σ is the 

standard deviation of 10 measurements of the blank’s signal and m is the analytical 

sensitivity (slope of analytical curve). These analytical parameters demonstrate to be 

promissory for the application of the proposed biosensor architecture in the analysis of 

clinical samples. The range of glucose concentration in human urine [42] are within the 

linear range obtained with the Multi-µEPaD , demonstrating the applicability of the 

device. In addition, the Multi-µEPaD was studied for real sample analysis, where urine 

samples were spiked with two different concentrations of GLU (2.5×10−3 mol L−1 and 

10×10−3 mol L−1) obtaining errors below 5% (Fig. S4). Moreover, the repeatability of 

the device was studied using a 5 ×10−3 mol L−1 GLU solution in 5 different Multi-

µEPaDs, where the RSD obtained was 7.4%.  

Insert Fig. 7 

 

4. Conclusions 

The disposable electrochemical paper-based microfluidic device proposed can be easily 

constructed using a cheap craft cutter printer and simple materials allowing a high 

throughput analysis with the sixteen independent microfluidic channels. The Multi-

µEPaD demonstrated robustness through the electrochemical performance experiments 

(CV, SWV, DPV and chroamperometry) presenting RSD values lower than 5.0%. The 

determination of glucose in body fluids as a prove of concept using Multi-µEPaD was 
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successful performed in urine samples. In this, the device proved to be appropriate for 

glucose determination using chronoamperometry with satisfactory results.  
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Figure captions 

Fig. 1. (a) The hexadecagon model designed for the microfluidic pathway and (b) 

homogeneous elution of 1.0 ×10−3 mol L−1 Allura red dye solution in the microfluidic 

pathway.  

 

Fig. 2. Schematic representation of construction process of electrodes (in this example 

the WEs and RE) is based on screen printing procedure, consisting of the following 

steps: (1) fixing the vinyl adhesive onto polyester sheet; (2) cutting the adhesive for the 

desired design followed by carbon conductive ink deposition; (3) removal of the 

adhesive after the inks have been dried and; (4) batch of ready electrodes to assemble 

the microfluidic device.  

 

Fig. 3. (a) Design of the WEs/Res and (b) CE layers. 

 

Fig. 4. (a) Steps for device layer assembly. (b) Photography of assembled µMULTI-

µEPAD. 

 

Fig. 5. Results obtained with the multiplexed analysis for the µMulti-µEPAD and the 

electrochemical probe 1.0 ×10−3 mol L−1 FCA in 0.1 mol L−1 KCl using (a) CV (scan 

rate = 50 mV s−1).; (b) SWV (frequency = 80 Hz; amplitude = 90 mV and potential 

increment = 1 mV); (c) DPV (scan rate = 5 mV s−1, amplitude = 90 mV and modulation 

time = 5 ms) and (d) Chronoamperometry (applied potential = 200 mV). 
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Fig. 6. CVs obtained for 10−2 mol L−1 glucose solution in 0.1 mol L−1 NaCl using the 

µMULTI-µEPAD containing modified WEs with (presence) and without (absence) of 

immobilized GOx enzyme. Scan rate = 50 mV s−1. 

 

Fig. 7. (a) Chronoamperograms obtained for different glucose concentrations (1: 0.0; 2: 

0.1; 3: 0.5; 4: 1.0; 5: 5.0; 6: 10.0; 7: 20.0; 8: 30.0 and 9: 40.0(×10−3 mol L−1) in 0.1 mol 

L−1 NaCl (Inset: amplification of the chronoamperograms recorded in the concentration 

range of 0.0 to 5.0×10−3  mol L−1). Applied potential = +0.6 V. (b) Respective analytical 

curve (Background-corrected current versus [Glucose]). 

 

Scheme captions 

 

Scheme 1. Proposed mechanism for the biocatalytic oxidation of glucose solution 

mediated by FCA redox probe. 
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Fig. 6 
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Scheme 1 
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Highlights 

 

• The novel sensoring platform proposed presents low cost of fabrication, allows 

the multiplexed analysis with high throughput for small sample volume (75 µL). 

and is disposable; 

• Compounds of interest for clinical analysis can be detected with 16 independent 

microfluidic channels in multiplexed analysis; 

• The non-invasive glucose determination in urine was adopted as proof of 

concept, demonstrating high performance and easily operation for a small 

sample volume. 

 


