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Abstract 

A paper-based electrode based on nanocomposite, comprising of carboxylated multi-walled carbon nanotubes (MWNTs) 

and poly (diallyldimethylammonium chloride) (PDDA), has been successfully developed for simultaneous detection of 

dopamine (DA) and ascorbic acid (AA) in 0.1 M phosphate buffer solution (PBS). The fabrication of PDDA/MWNTs 

electrodes involves two steps: PDDA absorbed onto the surface of carboxylated MWNTs and drop-casting the aqueous 

mixture of PDDA/MWNTs onto the paper. The electrode size was defined by a window cut into a laminating film. 

Differential pulse voltammetry was performed with DA concentration ranging from 2 µM to 500 µM in the presence of 1 

mM AA. On the surface of PDDA/MWNTs electrode, DA and AA were oxidized respectively at distinguishable potential of 

0.156 and -0.068 V (vs. Ag/AgCl). The detection limit of DA was estimated to be 0.8 µM. This nanocomposite electrode has 

potential application in bioanalysis and biomedicine. 
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Introduction 

Dopamine (DA) is one of the most important 
neurotransmitters and plays a vital role in the 
mammalian central nervous, cardiovascular, renal and 
hormonal systems [1-3]. Parkinson’s disease, 
schizophrenia and depression occur at very low level of 
DA concentration [4-6]. Therefore, the development of a 
sensitive and selective method for determination of DA 

molecules is highly desirable for diagnostic research. It is 
well known that DA possess high electrochemical activity 
[7,8]. The detection of DA using differential pulse 
voltammetry (DPV) methods has been widely reported 
due to their low cost [9], rapid analysis and high 
sensitivity. However, the co-existence of ascorbic acid 
(AA) in blood samples with a concentration of 100 – 1000 
times higher than that of DA as well as similar oxidation 
potentials make their simultaneous detection with high 
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selectivity and sensitivity very challenging [10]. Many 
studies reported that detection of DA directly with plain 
electrodes, such as carbon and metallic electrodes is not 
robust enough to clearly separate the signals of DA and 
AA [11,12]. 

 
Recently, carbon nanomaterials have attracted 

considerable attention for their potential usage in a wide 
range of applications because of their unique chemical, 
electrical, optical and mechanical properties [13-17]. 
Among the carbon nanomaterials, carbon nanotube (CNT) 
has been particularly attractive as a novel platform for DA 
sensing. Viry, et al. demonstrated that carbon nanotube 
(CNT) fiber microelectrode (CNTFM) could detect DA in 
the excess of AA [18]. This is because the surface of CNT 
provides an electrostatic barrier towards AA while 
enhances attraction of DA via π-π interaction. Oxygen-
plasma treated CNT electrode has also been reported to 
be useful in the selective detection of DA [9]. Many studies 
have been conducted for simultaneous detection of DA 
and AA, using chemically modified electrodes [19-21]. Do, 
et al. demonstrated the detection of DA concentration 
range from 5 µM to 177µM at Nafion/single wall carbon 
nanotube (poly(3-methylthiophene) modified glass 
carbon electrodes [10]. Such electrode exhibited good 
electron mediating behavior with well separated 
oxidation peaks (~200) for AA and DA. Zhang, et al. [21] 
reported on the use of multilayer films of shortened 
multi-walled CNT (MWNTs) assembling on glass carbon 
electrode with poly(diallyldimethylammonium chloride) 
(PDDA) for detecting low DA concentration in the 
presence of higher AA concentration. It showed that 
PDDA could adsorb onto negatively charge (acid oxidized) 
CNTs via electrostatic interaction. Such 
(PDDA/MWNT)5/GC electrode had good electrocatalytic 
activity for both DA and AA. 

 
The nanocomposites-based electrodes have shown 

improved sensitivity and selectively towards detection of 
DA. However, fabricating these electrodes involve 
multiple complicated processing steps and the assay 
requires large volumes of samples. Investigation for 
finding a simple, mass-scalable devices at an affordable 
cost that can discriminate the oxidation of DA from the 
coexisting molecules is continuing. Paper-based sensors 
are a new alternative technology for fabricating simple, 
low-cost and disposable analytical devices [22-24]. 

 
In this study, a paper-based electrode was developed 

using a new nanocomposite material comprised of 
carboxylated MWNTs and PDDA drop-casting onto a filter 
paper for simultaneous electrochemical detection of DA 

and AA. The preparation involves two simple steps; 
carboxylated MWNTs was first dispersed with PDDA in 
deionized (DI) water. Subsequently, the aqueous mixture 
of PDDA/MWNTs was drop-casted onto a filter paper. The 
electrode size was defined by a small opening window cut 
into a laminating film. This paper based PDDA/MWNTs 
electrode offers simultaneous detection of DA and AA 
with high sensitivity and selectivity, and thus good 
potential for practical applications. 
 

Materials and Methods 

Chemicals 

Dopamine, ascorbic acid, potassium ferricyanide 
(𝐾3[𝐹𝑒(𝐶𝑁6)])and potassium ferrocyanide 
(𝐾4[𝐹𝑒(𝐶𝑁6)]) were purchased from Sigma-Aldrich and 
were used as received. Aqueous solutions of DA, AA and 
potassium ferry/ferrocyanide were prepared afresh at the 
time of experiments in phosphate buffer (PBS, pH 7.4). 
Carboxylated MWNTs (MWNT-COOH) with an average 
diameter of 9.5 nm, length 1.5 µm and >8% carboxylic 
acid functionalized, and PDDA were purchased from 
Sigma-Aldrich. Filter paper grade No.1 was purchased 
from Whatman (Carolina Biological, NC, USA). Fabric 
crayons (Crayola, USA) were obtained from local book 
shop and used for drawing wax patterns on paper. 
Electric paint was obtained from Bare Conductive 
(London, United Kingdom). 
 

Preparation of Carboxylated Mwnts 
Conductive Ink 

The carboxylated MWNT conductive ink was prepared 
by dispersing 35 mg of carboxylic acid functionalized 
MWNTs in 35 ml of deionized (DI) water and sonicated 
for 45 mins. The final concentration of the prepared 
carboxylated MWNTs was about 1 mg/ml. 
 

Preparation Of PDDA/Mwnts Nanocomposite 

An 35 mg of carboxylated MWNTs was taken in a 
conical flask, and 32.5 ml of deionized (DI) water was 
added to it. To this solution, 14.3 wt% (2.5 ml) of PDDA 
was added. This mixture was then sonicated for 45 mins. 
Upon sonication, a homogeneous black solution was 
obtained which indicates the complete dispersion of 
sample. 
 

Sensor Fabrication 

Working electrodes on the paper were fabricated 
using simple custom stencil masks (Figure 1). First, both 
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sides of the filter paper were covered by wax using a 
fabric crayon. The fabric crayon is a stick of colored wax 
and nontoxic. It is used to hydrophobize paper. The paper 
was then baked on a hot plate at 130°C for 3 mins, 
allowing the wax to diffuse through the porous paper and 
creating hydrophobicity throughout the thickness of the 
paper. For the fabrication, a 100 µm thick of clear vinyl 
application transfer tape, which was previously patterned 
using a knife-plotter (Silhouette Cameo 3, USA), was fixed 
on one side of the paper. Afterwards, the electric paint 
was spread uniformly. Next, the stencil mask was peeled 

off. This process creates stencil patterned electric paint 
lines on the paper. 

 
Subsequently, the patterned paper was laid in the 

laminating film and heat-sealed by the laminator (Leitz 
ILAM Home office A4, Finland). Windows were cut into 
the laminating film by a knife-plotter to define the 
diameter of the working electrodes (4 mm in diameter). 
Afterwards, 4 µl of 1 mg/ml of carboxylated MWNTs or 
PDDA/MWNTs solution was deposited on the opening 
window of working electrode and then dried at 130°C for 
60 seconds. 

 
 

 

Figure 1: Development of PDDA/MWNTs paper electrodes. (a) Both sides of the filter paper are covered with wax 
using a fabric crayon; (b) The wax on the front side and back side of the paper is melted by placing the paper for 1.5 
min on a hot plate at 130°C, respectively; (c) A clear vinyl application transfer tape was cut based on a designed CAD 
file and then transferred onto hydrophobized paper; (d) Electric paint is spread uniformly onto the hydrophobized 
paper; (e) The transfer tape is peeled off from the paper and carbon electrodes are well defined on it; (f) The 
patterned paper is assembled in the laminating film which windows are cut to define the diameter of the working 
electrodes (4 mm); (g) Sealing the patterned paper using heat-seal laminator; (h) A drop of PDDA/MWNTs solution is 
deposited onto the opening windows of working electrodes. Subsequently, post-processing of the deposited mixture is 
done in a hot plate for 60 seconds at 130°C. 

 

Electrochemical Methods 

Differential pulse voltammetry (DPV) and cyclic 
voltammetry (CV) were performed using the CHI 660 D 
electrochemical workstation (CH Instrument Company) in 
a custom-built test cell (Figure 2a). All the electrochemical 
measurements were performed in a standard three-
electrode format at room temperature. The carboxylated 
MWNTs or PDDA/MWNT paper electrodes were acting as 
working electrodes (4 mm in diameter). A platinum rod 
was acting as counter electrode. A sintered Ag/AgCl (A-M, 

system #550008) wire that was immersed in the 
measurement buffer solution acted as a reference 
electrode. 10 mM PBS (1x, pH 7.4) containing 5 mM 
[(𝐶𝑁)6]−3/−4 were used for electrochemical 
characterization via cyclic voltammetry at a scan rate of 
50 mV s-1. DPV were recorded by applying potential over 
the range from -0.2 to 0.4 V, pulse amplitude 50 mV, pulse 
width 0.05 s and pulse period 0.5 s. To calibrate the 
PDDA/MWNTs paper electrode response towards DA, 10 
µl of the buffer solution (1x PBS, in the presence of 1 mM 
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AA) added with an increase of DA concentration was put 
into the chamber and incubated for 1 min. Peaks height 
for the DA oxidation was then recorded. The 
concentration of DA was quantified by calculating the 
change of oxidation peak currents Δ𝐼 (Δ𝐼=𝐼𝑜−𝐼), where 
and was the oxidation peak current without and with DA, 

respectively. Similar procedures were also carried out to 
calibrate the PDDA/MWNTs paper electrode towards AA. 
The buffer solution (1x PBS, in the presence of 20 µl DA) 
added with an increase of AA was put into the chamber 
and incubated for 1 min. 

 
 

 

Figure 2: Pictures of the electrochemical sensor: (a) sensor mounted on the testing jig; (b) Optical image of working 
electrode array on a 90 mm diameter filter paper; (c) PDDA/MWNTs disc working electrode (4 mm diameter).  

 

Results and Discussion 

Morphology 

Figure 2b depicts the optical image of an array of 
paper electrodes (6 x 3 array) containing 18 small 
PDDA/MWNT working electrodes, and each electrode is 4 
mm in diameter. The electrodes are surrounded by 
colored wax. Post-treatment of the wax at 130°C makes 
the paper hydrophobic, as the wax melted into the paper 
drastically reduces its absorbance properties. Figure 2c 
depicts a typical zoom-in optical image of the 
PDDA/MWNTs working electrode that is electrically 
addressable by electric paint line. A laminating film with a 

small opening window is bonded to the paper, and thus 
delineating the active area of working electrodes. 

 
The morphology and structure of carboxylated 

MWNTs and PDDA/MWNTs on filter paper were 
investigated with SEM. Figure 3a shows the porous 
network structure of carboxylated MWNTs. The 
carboxylated MWNTs alone were arranged as bundles 
due to the poor dispersion. The introduction of PDDA 
greatly resolved this aggregation problem, as confirmed 
by the well distribution of MWNTs on the paper 
substrates (Figure 3b). 

 
 

 
(a)                                                                                    (b) 

Figure 3 SEM images of (a) carboxylated MWNTs, (b) PDDA/MWNTs electrode on paper. The Scale bar shows 100 
nm. 
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Electrochemical Behavior 

Cyclic voltammetry (CV) is a commonly used 
technique for comparing and studying the behavior of the 
electrodes [25]. The electrochemical behavior of the 
PDDA/MWNTs were investigated using 5 mM [(𝐶𝑁)6]3−/4− 
as the redox marker and compared with carboxylated 
MWNT electrode. As reflected by CV curves that both of 
MWNTs and PDDA/MWNTs paper electrodes exhibit a 
pair of quasi-reversible Faradic currents associated with 
the well-defined redox waves of the [(𝐶𝑁)6]3−/4−couple, 
however, the Faradic current of PDDA/MWNTs are much 
larger than those of carboxylated MWNT paper electrode 
(Figure 4a), indicating that PDDA/MWNTs paper 
electrode substantially increases the electrochemical 
sensitivity of the system. Furthermore, the peak potential 
difference ((Δ𝐸𝑝) of the PDDA/MWNTs paper electrode 
(Δ𝐸𝑝 = 0.38; red line) decreases compared to the MWNTs 
(Δ𝐸𝑝= 0.42; blue line), verifying that the polyelectrolyte 
functionalized MWNTs paper electrode accelerates 
electron transfer at the electrode. Upon functionalization 

of the MWNTs with PDDA, both the onset potential and 
the oxidation peak potential of [𝐹𝑒(𝐶𝑁)6]3−/4− shifted 
positively to around -0.18 V and 0.10 V, respectively, with 
the oxidation peak current of the [𝐹𝑒(𝐶𝑁)6]3−/4− redox 
processes is ~1.2 times higher than observed at MWNTs 
paper electrode. This increased peak current at 
PDDA/MWNTs electrode is due to the preferential 
attraction of anionic probes by net positive charges 
created on carbon atoms in the nanotube carbon plane via 
intermolecular charge transfer with PDDA [21]. 

 
Figure 4b displays the voltammograms of 

PDDA/MWNTs paper electrode recorded at different scan 
rates. The anodic peak current, 𝐼𝑝𝑎 vs. square root of the 
scan rate, v (from 20 mV s-1 to 150 mV s-1) plot (Figure 
4b, inset) was highly linear (R2 = 0.99); 𝐼𝑝𝑎 = −1.249 + 
5.788𝑣1/2. The result verifies that the electrochemical 
kinetics is a diffusion-controlled oxidation process of 
redox probes. 

 
 

 

Figure 4: (a) Cyclic voltammograms of MWNTs and PDDA/MWNTs paper electrodes in 0.1 M PBS containing 5 mM 
[(𝐶𝑁)6]3−/4− . Scan rate: 50 mV s-1; (b) Cyclic voltammograms of PDDA/MWNTs electrode at different scan rates: 20 
mV s-1, 50 mV s-1, 80 mV s-1, 100 mV s-1 and 150 mV s-1. Inset shows the dependence of anodic peak current of redox 
probes on scan rate. 

 

 

Electrochemical behavior of PDDA/MWNTs 
for DA in the presence of AA 

Differential pulse voltammetry was employed to 
determine dopamine due to its higher current sensitivity 
and better resolution than cyclic voltammetry. Figure 5a 

shows the DPVs recorded at PDDA/MWNTs electrode in 
0.1 M phosphate buffer solution (black line) containing 1 
mM AA (blue line) or 20 µM DA (black line). The oxidation 
potential of DA and AA were 0.12 V and -0.068 V, 
respectively. No oxidation peak was observed in blank 
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PBS solution. This suggests that PDDA/MWNTs electrode 
is useful to detect DA and AA. Furthermore, the two peaks 
separate well from each other making it possible to study 
the DA process and AA process independently. Knowing 
the electrochemical performance of PDDA/MWNT 
towards electrochemical discrimination of DA and AA, the 
influence of AA on the determination of DA was examined 
using DPVs. Figure 5b shows the DPV curves recorded in 
0.1 M PBS containing 20 µM DA and AA with various 
concentrations (0-500 µM). It was observed that the 
response of DA is much stronger than of AA. For example, 
the DA signal (~1.2 µA for 20 µM) is over 6 times stronger 
than for AA (~ 0.21 µA), even though the AA 
concentration is up to 300 µM, which could depress the 
interference from AA oxidation in determination of DA. 

Furthermore, the peak potential separation (Δ𝐸𝑝) 
between AA and DA was around 220 mV, suggesting the 
selective detection of PDDA/MWNTs towards DA. It was 
observed that the presence of AA increased the sensitivity 
of dopamine determination. This characteristic was also 
shown at a gold electrode modified with polypyrrole-
mesoporous silica molecular sieves (polypyrrole-MCM-
48) film [26]. The reason is that ascorbic acid is capable to 
reduce dopaquinone to dopamine, thus amplifying the 
oxidation current of dopamine at the surface electrode. 
The current response of AA exhibited a linear increase 
with AA concentration characterized by 𝐼𝑝𝑎 (𝜇𝐴) = −0.013 
+ 0.0008 𝐶𝐴𝐴 (𝜇𝑀) with a correlation of coefficient of 
0.999 (Figure 5c). 

 
 

 

 

Figure 5: (a) DPVs recorded at PDDA/MWNTs paper electrode in 0.1 M PBS (black line) containing 1 mM AA (blue 
line), or 100 µM DA (red line); (b) DPVs in 0.1 M PBS containing 20 µM DA, and AA with concentrations: (1) 0 mM, (2) 
0.1 mM, (3) 0.3 mM, (4) 0.5 mM, and (5) 1 mM; (c) A calibration plot of peak current vs AA concentration at 
PDDA/MWNTs electrode; (d) DPV of mixture solution containing 50 µM DA and 1 mM AA in 0.1 M PBS at MWNTs 
(black line) and PDDA/MWNTs electrode (red line). 
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The electrochemical reactions of DA and AA at 
caboxylated MWNTs were also investigated and 
compared to PDDA/MWNTs in Figure 5d. The oxidation 
currents of AA and DA were 0.06 µA and 0.5 µA at 0.012 
and 0.204 V for 1 mM AA and 100 µA DA, respectively. 
The DA response at PDDA/MWNTs shows stronger signal 
(4.27 µA) and the oxidation peak potential is negatively 
shifted to 0.156 V compared to that for carboxylated 
MWNTs electrode. The increase in the oxidation peak 
currents and the lowering of oxidation peak potentials are 
clear evidence of the catalytic effect of PDDA/MWNTs 
towards DA and AA oxidation. The results agree with 
previous studies showing that increased electrochemical 
activity can be achieved at PDDA-graphene-multiwalled 
carbon nanotube glassy carbon electrode [27] and a 
nonaligned and vertically aligned CNTs with PDDA[28]. 
The MWNTs functionalized with PDDA also gives higher 
current response to negatively charges AA molecules, 
obtaining as high as 14.5 folds of that at the carboxylated 
MWNTs. The high sensitivity may be due to the 
combination of several positive attributes of 
PDDA/MWNTs [21]. PDDA absorbed onto MWNTs 
afforded the cationic nanotubes, hence negatively charged 
AA molecules are electrostatically attracted to the surface 
of PDDA/MWNT electrode. The PDDA/MWCNT provides a 
large specific surface area that improves both the ionic 
and electronic transport.  

 

Determination of DA at PDDA/MWNT by 
differential pulse voltammetry 

Figure 6a shows the DPVs recorded for a mixture 
containing DA (2 – 500 µM) and AA (1 mM) in 0.1 M PBS 
solution at PDDA/MWNTs. Two separated peaks were 
observed and the calibration graphs were obtained. The 
oxidation peak currents of DA showed linear increases 
with lower region of DA concentration ranging from 2 to 

100 µM (Inset of figure 6a, right panel). The linear 
regression equation was 𝐼𝑝𝑎 ( ) = 0.207 + 0.042 𝐶𝐷𝐴 (𝜇𝑀), 
R2 = 0.9985. The limit of detection (LOD) was calculated 
from the following relationship [29]: = 3/, where is the 
standard deviation of the peak current of the blank signal 
andis the slope of the calibration plot. The detection limit 
for DA was estimated to be 0.8 µM. Importantly, the 
oxidation currents of AA did not change with increase in 
DA concentration, indicating that PDDA/MWNT 
electrochemically detect DA in the presence of excess 
concentration of AA (1 mM). For the comparison, when 
using carboxylated MWNTs electrode under identical 
testing condition (Figure 6b), it is noted that the oxidation 
peak currents of DA is significantly lower than that of 
PDDA/MWNTs electrode. Furthermore, the oxidation 
peak currents of DA at oxidized MWNTs electrode shows 
a wider peak due to the overlapping of redox signal 
arising from the mixture of DA and AA. In addition, the 
oxidation peak current is saturated at 300 µM. Such 
behaviors are attributed to fouling of oxidized MWNTs 
electrode [7]. Electrode fouling involves the passivation of 
an electrode surface by oxidized products of DA and AA. 
This passivation forms an increasing impermeable layer 
on the electrode, inhibiting the direct contact of DA with 
the electrode surface for electron transfer. By 
functionalized MWNTs with PDDA, electrode fouling is 
prevented. This effect is best displayed by the increased 
peak current for higher regions of DA concentration 
ranging from 100 µM to 500 µM (Figure 6a, right panel). 
The linear regression line is 𝐼𝑝𝑎 (𝜇𝐴) = 1.899 + 0.024 𝐶𝐷𝐴 
(𝜇𝑀), R2 = 0.9998. The existence of linear regression line 
for the two concentration regions (2-100 µM, 100-500 
µM) suggesting mechanism change of DA transport 
towards the PDDA/MWNTs electrode surface, from 
adsorptive to diffusional mode [10]. 

 

 
Electrode Linear range Detection References 

Cobalt salophen-modified carbon-paste electrode 1 µM – 100 µM 0.5 (32) 
PDDA/MWNT5/GC 2 µM – 32 µM - (21) 

O2 plasma treated carbon nanotube nanoweb 1 µM – 20 µM - (9) 
carbon nanotube paste electrode of 2,2’-[1,2- 0.1 µM – 900 µM 0.087 (33) 

ethanediylbis(nitriloethylidyne)]- bis-hydroquinone 
   

PPyox/graphene/GCE 0.5 µM – 10 µM 0.1 (31) 
CTAB functionalized grapheme oxide (GO)/MWCNT/GCE 5 µM – 500 µM 1.5 (34) 

Au-CoP-Tyr 2 µM – 60 µM 0.43 (30) 
PDDA/MWCNT 2 µM – 500 µM 0.8 This work 

Table 1: Comparison of linear range and detection limit of PDDA/MWNTs with other electrodes for DA. 
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Figure 6: Differential pulse voltammetry recorded at (a) PDDA/MWNTs and (b) carboxylated MWNT electrodes in 0.1 
M phosphate buffer solution containing 1 mM AA and DA with various concentration: 2 µM, 5 µM, 10 µM, 50 µM, 100 
µM, 200 µM, 300 µM, 400 µM and 500 µM. The oxidation peak currents for AA is observed at PDDA/MWNTs but not at 
carboxylated MWNTs. The inset in figure shows a linear relationship for DA concentration from 2 µM to 100 µM. The 
oxidation peak currents for DA at carboxylated MWNTs is saturated at 300 µM. Error bars indicates standard 
deviations for 5 independent experiments at each concentration. 

 

The analytical performance of this PDDA/MWNTs 
paper electrode was compared with literature for 
measurement of DA (table 1). Compared with previous 
reports, the LOD obtained in this work is relatively low 
with a comparable linear range. Although Tyr-based 
sensor cross-linked on cobalt (II)-porphyrin (CoP) film 
[30] and overoxidized polypyrrole/graphene modified 
electrode [31-34] provided lower LODs, these systems are 
more complicated and expensive due to the requirement 
of enzyme and the large sample volume. The comparisons 
suggest that our paper electrode which can be fabricated 

at lower cost could be a novel promising tool for DA 
detection. 

 

Conclusion 

In summary, we demonstrated a simple fabrication 
method for making an array of PDDA/MWNTs electrode 
on a filter paper by lamination and drop-casting. The 
surface on paper can be made hydrophobic by fabric 
crayons drawn on paper. The PDDA/MWNTs electrodes 
show an excellent selectivity and sensitivity in detecting 
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DA in the presence of AA. In addition, all assays were 
performed with 10 µl small sample volume without the 
use of pumps or external apparatus. By using DPV 
method, the limit of detection for DA is 0.8 µM in the 
solution with excess AA mixture, which is comparable 
with results found in the literature for conducting 
polymer modified electrodes. Furthermore, there is a 
separation of ~220 mV between AA-DA peaks in the DPV 
plot, which was significant to clearly discriminate 
between the two substances. These results suggest the 
potential applicability of paper-based electrode for DA 
determination in real clinical practice. 
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