
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
2/

20
25

 6
:0

7:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A decoupler-free
aCentre for Biomedical Engineering, Indian

New Delhi 110016, India
bDepartment of Biomedical Engineering, All

Delhi 110029, India
cDepartment of Chemical Engineering, Visve

Nagpur 440010, India
dDepartment of Chemical Engineering, Ind

Khas, New Delhi 110016, India. E-mail: sba

† Electronic supplementary informa
10.1039/d0ra03526b

Cite this: RSC Adv., 2020, 10, 25487

Received 20th April 2020
Accepted 25th June 2020

DOI: 10.1039/d0ra03526b

rsc.li/rsc-advances

This journal is © The Royal Society o
simple paper microchip capillary
electrophoresis device for simultaneous detection
of dopamine, epinephrine and serotonin†

Appan Roychoudhury,ab Kevin Antony Francis,ab Jay Patel,c Sandeep Kumar Jha ab

and Suddhasatwa Basu *d

This paper demonstrates a new and simplified configuration for capillary electrophoresis-amperometric

detection (CE-AD) using a paper microfluidic chip incorporating inexpensive wax printing and screen

printing based methods and then used for electrophoretic separation and simultaneous in-channel

amperometric detection of three clinically relevant neurochemicals in a single run without using any

decouplers. Detection of neurochemicals e.g., dopamine, epinephrine and serotonin is crucial for early

prediction of neurological disorders including Parkinson's, Alzheimer's, dementia, as well as progressive

neuro-psychiatric conditions such as depression, anxiety, as well as certain cardiovascular diseases. The

plasma concentrations of such neurochemicals are as important as those present in cerebrospinal fluid

(CSF) and can be useful for rapid and convenient biosensing. However, simultaneous detection of such

neurochemicals in a complex mixture such as human serum requires their separation prior to detection.

With the developed microchip, separation and detection of the neurochemicals were exhibited within

650 seconds without pre-treatment and the procedure was validated with spiked fetal bovine serum

samples. Beside this, the developed paper microfluidic chip has potential to be integrated in point-of-

care diagnosis with onsite detection ability. Moreover, the use of a straight channel capillary, a screen-

printed carbon electrode without decoupler, in-channel amperometric detection and low sample

volume requirements (2 mL) are shown as additional advantages.
Introduction

Dopamine, epinephrine and serotonin exhibit signicant roles
as neurotransmitters to control the functions of central and
peripheral nervous systems of humans and other mammals.
Several psychiatric, neurological and cardiovascular diseases
are associated with dopamine, epinephrine and serotonin levels
and their concentrations in plasma are oen useful for diag-
nosis and monitoring of therapeutic and pharmacodynamics
effects.1–3 In particular, dopamine inuences physiological
conditions; attention, learning, behavior, mood, memory and
movement while abnormal concentration leads to Parkinson's
disease, attention decit hyperactivity disorder (ADHD), senile
dementia and schizophrenia.4–6 Epinephrine or adrenaline acts
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as a ght or ight hormone and excites a series of activities of
the sympathetic nervous system and also plays a major role
during mental and physical stress.7–9 Both dopamine and
epinephrine are used in emergency medical conditions such as
hypertension, myocardial infraction, bronchial asthma and
during acute heart surgery.8,9 Serotonin or 5-hydroxytryptamine
is widely known for controlling the feelings of well-being and
happiness. Additionally, serotonin regulates cognitive and
behavioral functions including mood, sleep, appetite, muscle
contraction, depression and anxiety.10 With such relevance in
human physiology, simultaneous detection of dopamine,
epinephrine and serotonin is essential for monitoring and
diagnosis of various neurological and cardiovascular disorders.

Presently available analytical methods for separation and
simultaneous determination of multiple neurochemicals are
based on high performance liquid chromatography (HPLC)-
mass spectrometry,11 gas chromatography (GC)-mass spec-
trometry,12 ow injection-chemiluminescence,13,14 capillary
electrophoresis (CE)-chemiluminescence,15 HPLC-chem-
iluminescence,16 HPLC-uorometry,17,18 HPLC-UV spectros-
copy,17 HPLC-electrochemical analysis,19 liquid
chromatography-electrospray tandem mass spectrometry,20

solid phase extraction-CE,21 CE-electrochemiluminescence22

and spectrophotometry23 techniques. However, most of the
RSC Adv., 2020, 10, 25487–25495 | 25487
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processes are cumbersome, time consuming, bulky, compli-
cated due to complex instrumentation, expensive and oen
need pre-treatment steps and higher sample volume. Although,
the methods based on HPLC,16–19 GC,12 ow injection anal-
ysis13,14 and electrophoresis in a long capillary channel15,22 are
available and used since half a century but the processes are
tedious, inconvenient and not possible to use in on-site appli-
cations or as point-of-care devices. Compared to those systems,
capillary electrophoresis-amperometric detector (CE-AD) could
be a prominent way-out due to fast separation and highly
sensitive detection of multiple analytes in a single run.24,25

Furthermore, CE-AD procedure can be miniaturized and inte-
grated to point-of-care diagnostics devices for their use in
intensive care unit (ICU) and clinical laboratories. Additionally,
the CE-AD microchip comprised with inexpensive and easy-to-
fabricate methodology could be used more conveniently and
effectively in disease diagnosis. On this subject, microuidic
paper-based analytical devices can be utilized efficiently for the
development of point-of-care diagnostic devices that would be
specically well-suited in developing countries due to their low
manufacturing cost and versatility. Beside this, paper micro-
uidic system has gained considerable interest owing to easy
fabrication, simplicity and fast detection of the analytes with
high sensitivity.26,27

For microchip capillary electrophoresis (MCE), there is
a need to develop fully-integrated devices to obviate the issue of
misalignment of electrodes in microchannel or reservoirs. In
most of the previous studies,28–37 a separate placing of replace-
able electrodes was observed in detection reservoir which may
lead to inaccuracy in results because of manual or instrumental
error in alignment for each devices. In this context, integration
of all the detection and separation microelectrodes on MCE
could help to improve the reproducibility of electrode-
microchannel alignment and spacing and such arrangement
has been made in the present study without using any clean
room facilities, sophisticated instruments and specialized
metallization systems. Moreover in microchip CE-AD processes,
the working electrode is usually placed in detection reservoir
with end-channel or end-column set-up.28,34–36,38,39 However,
such congurations for amperometric detection of analytes can
result in less sensitive detection due to diffusion dominant
behavior of the separated compounds in the detection reservoir.
Beside this, the detection peaks resulting from end-channel
detection reveal unsymmetrical nature and tailing owing to
diffusion of analyte molecules in multiple directions inside the
reservoir with comparatively large volume.40 In contrast to such
systems, the in-channel conguration could be highly useful to
restrict the diffusion of analytes and thus to obtain relatively
better peak symmetry with lower number of tailing peaks.
Furthermore, the back pressure generated in end-column
detection can be avoided with in-channel set-up and due to
such advantages, the in-channel detection has been imple-
mented in the current research. Apart from that, the use of
decoupler is much common during fabrication of CE-AD
microchip to diminish the effect of separation electric eld on
electrochemical detection.34,41–44 Though, the decoupler elec-
trodes can adhere analyte molecules due to maintaining at
25488 | RSC Adv., 2020, 10, 25487–25495
ground potential and show less sensitivity during detection.
Also, the fabrication process of decouplers in microchip format
is complex and inconvenient. In this regards, non-inclusion of
decouplers can make the microchip electrophoresis process
faster by avoiding the diffusion of analytes from decoupler to
detection electrodes and such systems also hold promises for
better detection sensitivity. Moreover, the cost of the micro-
uidic chip and fabrication complexity can beminimized by not
including the decouplers. Additionally, the paper capillary used
in the present experiments instead of decouplers would be
helpful to decrease the noise from the separation electric eld.

The purpose of the present research was to develop a simple
and inexpensive device for the determination of clinically rele-
vant neurotransmitters, such as: dopamine, epinephrine and
serotonin in plasma. Hence, a paper uidics-based decoupler
free CE-AD microchip has been developed for the analysis of
multiple neurochemicals with commercial implication due to
cost-effectiveness, miniaturized form factor and convenience
for using in point-of-care diagnosis with on-site detection
ability. The fully-integrated microchip was made by simple and
inexpensive wax printing on paper strip for laying microchannel
and electrode was screen-printed on the glass slide. The fabri-
catedmicrochip was then used for separation and simultaneous
in-channel measurement of multiple neurochemicals. Before-
hand, a detailed off-chip electrochemical characterization of
each neurochemical was conducted to obtain appropriate
detection parameters for on-chip analysis. Besides, the devel-
oped system was tested with fetal bovine serum samples with
different concentrations of spiked neurochemicals.
Experimental
Chemicals, reagents and equipment

Dopamine hydrochloride (C8H11NO2$HCl), epinephrine hydro-
chloride (C9H13NO3$HCl) and serotonin hydrochloride (C10-
H12N2O$HCl) were procured from Sigma-Aldrich (India). All the
other reagents were of analytical grade and utilized without any
further purication. Whatman grade 1 chromatography paper
was purchased from GE healthcare (UK) and used for the
preparation of microchannel. Microelectrodes were prepared by
screen printing of carbon paste (Gwent Ltd., Singapore) on
a microscope glass slide (75 mm � 38 mm). Aqueous solutions
were prepared with deionised water (resistivity > 18 MU cm),
collected from Milli-Q Direct8 water purication system (Merck
Millipore, USA). Stock solutions of the neurochemicals were
prepared in electrophoresis run buffer (phosphate buffer saline,
50 mM, pH 7, 0.9% NaCl) and the successive dilutions were
made prior to experiments.

The design of the microchannel was drawn using Corel-
DRAW Graphics Suite X7 soware and used for wax printing on
Whatman paper by Xerox ColorQube 8580 colour printer. The
microelectrode design was made in AutoCAD 2016 student
version soware and utilized for screen printing. The electro-
chemical experiments including voltammetry and amperometry
studies were carried out using a potentiostat (DropSens
mStat400). For the purpose of capillary electrophoresis, a power
This journal is © The Royal Society of Chemistry 2020
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supply (Keithley 2290E-5) was used to generate constant DC
potential across the microchannel.
Preparation of microchannel

For the preparation of microchannel, Whatman grade 1 chro-
matography paper was used as a substrate owing to the pres-
ence of pure cellulose bers, uniform thickness and wicking
properties. Additionally, it provides a homogeneous, hydro-
philic, cost-effective and biocompatible platform for biochem-
ical analysis. The pattern of the microchannel on paper was
created by wax printing and for such execution, rst the design
of microchannel was made in drawing soware and then
printed on surface of the paper using wax-based ink. Aer
printing, the wax ink was cooled down and solidied immedi-
ately. For further penetration of wax throughout the entire
thickness of paper, the printed paper microchannel was kept on
a hotplate at 150 �C for 120 seconds. Thus, the wax served as
hydrophobic barrier on the hydrophilic paper, which by itself
a sieving medium. The fabricated paper microchannel had
a separation length of 50 mm with two circular reservoirs of
3 mm diameter at both end of the channel. Aer wax spreading,
the effective width of the channel was 200 mm and the thickness
of paper (180 mm) was the dened height of the microchannel.
Preparation of microelectrodes and microchip

The microelectrodes including working, reference, counter and
separation electrodes were prepared by screen-printing of
carbon paste on the cleaned glass substrate. The fabricated
working, reference and counter electrode had a width of 250 mm
each and placed with a gap of 250 mm from each-other, whereas
the separation electrodes had a width of 1000 mm. The micro-
electrodes pattered glass substrate was rinsed with isopropanol
alcohol and used for further studies aer drying. Finally, the
complete microchip with miniaturized size (75 mm � 38 mm)
was developed by aligning and xing of paper microchannel on
carbon paste microelectrode-printed glass substrate using
cellophane tape. The snapshot of the developed microchip is
shown in Fig. 1.
Assessment of sensing performances for developed microchip

Prior to analyzing analytes (dopamine, epinephrine and sero-
tonin) on the developed microchip, rst the off-chip
Fig. 1 Developed microchip (A) front view and (B) rear view after align
separation microchannel, and (d) microelectrodes [SE: separation elec
electrode].

This journal is © The Royal Society of Chemistry 2020
conventional voltammetric studies were performed on the
analytes in phosphate buffer saline (PBS) (50 mM, pH 7.0, 0.9%
NaCl) with three electrode system comprising of glassy carbon
working electrode, Ag/AgCl reference electrode and platinum
wire counter electrode. Cyclic voltammograms (CV) were
recorded for 100 mM and 500 mM solutions of dopamine,
epinephrine and serotonin individually. The oxidation poten-
tials of each compound obtained from CV were further
conrmed from off-chip square wave voltammetry (SWV) and
differential pulse voltammetry (DPV) studies. Aerwards, the
detection potentials as obtained through off-chip voltammetry
studies were applied on the developed microchip for pulsed
chronoamperometry using the microelectrodes for simulta-
neous in-channel determination of three analytes aer their
separation through capillary electrophoresis. In order to obtain
on-chip electropherograms, the paper microchannel of devel-
oped microchip was uniformly lled with PBS and then
a constant DC potential of 100 V was applied across the sepa-
ration microchannel. The detection potentials were applied in
a pulse mode on the detection microelectrodes and aer
obtaining a stable baseline, 2 mL of sample containing equi-
molar concentration of dopamine, epinephrine and serotonin
was placed on sample reservoir of the microchannel using
micropipette. The electropherograms for separation and
detection of three neurochemicals were obtained and the cali-
bration curve of the respective neurochemicals was recorded by
varying the analyte concentration between 0.1–50 mM. More-
over, the performance of the developed microchip was exam-
ined in fetal bovine serum sample by spiking known
concentrations of the neurochemicals and comparing the
results with standard samples comprising of identical neuro-
chemical concentrations. The schematic of the entire procedure
is shown in Fig. 2.
Results and discussion
Off-chip voltammetry studies of dopamine, epinephrine and
serotonin

The off-chip voltammetry studies were used to determine redox
potentials of dopamine, epinephrine and serotonin. First, cyclic
voltammetry (CV) studies on 100 mM and 500 mM solutions of
dopamine, epinephrine and serotonin were conducted in PBS at
50 mV s�1 scan rate in the potential range of�0.5 V to +0.8 V. As
ment and fixing; (a) sample reservoir, (b) sample waste reservoir, (c)
trode, CE: counter electrode, RE: reference electrode, WE: working

RSC Adv., 2020, 10, 25487–25495 | 25489
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Fig. 2 Schematic illustration of the set-up and procedure for simultaneous detection of dopamine, epinephrine and serotonin.
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shown in Fig. 3, oxidation peaks for dopamine, epinephrine and
serotonin were obtained at 0.2, 0.22 and 0.37 V respectively. The
positions of oxidation peaks for dopamine, epinephrine and
serotonin were further cross-checked via off-chip square wave
voltammetry (SWV) and differential pulse voltammetry (DPV)
methods in the potential range of �0.4 V to +0.8 V. The results
of the SWV studies (Fig. S1 in the ESI†) show oxidation peaks for
dopamine, epinephrine and serotonin at 0.2, 0.22 and 0.37 V
respectively. Furthermore, the differential pulse voltammo-
grams (Fig. S2 in the ESI†) of dopamine, epinephrine and
serotonin revealed oxidation peaks at 0.2, 0.22 and 0.37 V
respectively. The obtained results of both SWV and DPV studies
for dopamine, epinephrine and serotonin were well-matched
with the results of the corresponding CV studies.
On-chip electropherogram for separation and simultaneous
detection of dopamine, epinephrine and serotonin

The electropherograms for mixture containing dopamine,
epinephrine and serotonin with the fabricated microchip were
recorded by applying the obtained oxidation potentials of the
respective compounds (0.2 V for dopamine, 0.22 V for
epinephrine and 0.37 V for serotonin) through pulsed amper-
ometric technique on the detection microelectrodes. Before
that, the separation paper microchannel was lled with PBS and
a constant DC separation potential of 100 V was provided across
the separation microelectrodes. Though, in such studies
involving CE, chronoamperometry is used oen, however, as
our aim was to simultaneously detect multiple analytes being
separated in CEmicrochannel. For this reason, we used chrono-
pulse-amperometry while applying the three distinct detection
voltages one by one (for a span of 200 millisecond each) in
25490 | RSC Adv., 2020, 10, 25487–25495
alternate mode (with a gap of 100 millisecond from each other).
Each waveform of pulsed amperometric detection (PAD)
required 900 milliseconds and the process was continued
repeatedly throughout the entire run. The benet of such
system or procedure was that, it can be upscaled to apply even
8–10 different voltages in pulsed mode on a single working
electrode within a span of 1 second and such alternative wave-
form is useful in detecting more number of electrochemically
active analytes. Even, with the help of pulsed amperometric
technique, the problem of electrode fouling from phenolic
compounds can be omitted due to the application of multiple
potential waveforms which help in the oxidation of adsorbed
phenolic products and subsequently reactivation of the elec-
trode surface. In addition, the detection potentials of each
analyte provide a better control over selectivity as other
compounds either not respond to the detector under these
conditions or respond so weakly that they do not interfere.
Above all, electrochemical measurements offer a high utility in
detection sensitivity and selectivity,6,43,45 while being applicable
to miniaturization and thus for mass fabrication with a lower
cost.

Aer obtaining a stable baseline response in PBS, 2 mL of
sample containing equimolar (0.1–50 mM) concentration of
dopamine, epinephrine and serotonin was added on the sample
reservoir to carry out the CE-AD process. The CE separation of
three neurochemicals was exhibited due to different migration
velocity of each compound depending upon their charge to
mass ratio and when the separated compounds reached on the
detection electrodes, they were detected through amperometry
due to the application of characterization potentials in pulsed
mode. As the dissociation constant/pKa values of dopamine,
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Cyclic voltammograms of (A) dopamine; (B) epinephrine; and (C) serotonin in PBS (50 mM, pH 7.0, 0.9% NaCl) with 50 mV s�1 scan rate.
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epinephrine and serotonin are 8.93, 8.59 and 9.8 respectively,
hence at pH 7.0, all three neurochemicals were in protonated
state. Therefore, negative potential was maintained at the
separation electrode located at the buffer waste reservoir
[Fig. 1(b)], whereas positive potential was provided at the
separation electrode placed below the buffer reservoir [Fig. 1(a)],
thus the positively charged molecules can dri towards oppo-
sitely charged electrode with different migration velocity and
the separation of the molecules could be attained. Fig. 4D
displays electropherogram for separation and detection of
dopamine, epinephrine and serotonin with 50 mM concentra-
tion of each compound and reveals well-resolved peaks for the
three neurochemicals, which were being detected simulta-
neously in same sample. Beforehand, the separate electrophe-
rograms for dopamine, epinephrine and serotonin were
recorded by CE-AD analysis with pure sample of the respective
compounds to identify the peak positions of the detected
compounds. Fig. 4A–C show the individual electropherograms
for dopamine, epinephrine and serotonin respectively. It can be
seen from the obtained results that the rst, second and third
peaks appeared with different migration time in the electro-
pherogram (Fig. 4D) which corresponded to dopamine,
epinephrine and serotonin respectively. Though, a continuous
dri was observed in the baseline of the captured
This journal is © The Royal Society of Chemistry 2020
electropherograms. Perhaps, such characteristics in electro-
pherograms were observed due to non-insertion of decoupler in
the fabricated microchip.

Migration time prole and analytical performances of
developed system for dopamine, epinephrine and serotonin

The migration time prole for dopamine, epinephrine and
serotonin was observed with the developed microchip by
executing repetitive CE-AD measurements (n ¼ 19) for mixed
sample containing equimolar concentration of the three ana-
lytes. Fig. 5A shows the migration time prole of the analytes
and the average migration time for dopamine, epinephrine and
serotonin were obtained as 158 � 15, 388 � 27 and 587 � 16
seconds respectively with the fabricated microchip. The elec-
trophoretic mobility of the respective analytes in CE separation
were calculated using eqn (1):

m ¼ L/E � t (1)

where m is the electrophoretic mobility, L is the distance from
the inlet to the detection point (cm), E is the electric eld
strength (V cm�1) and t is the time required for the sample to
reach to the detector (seconds). The electrophoretic mobility for
dopamine, epinephrine and serotonin were then obtained as
RSC Adv., 2020, 10, 25487–25495 | 25491
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Fig. 4 Electropherograms of (A) dopamine; (B) epinephrine; (C) serotonin; and (D) mixture solution comprising of dopamine, epinephrine and
serotonin of concentration 50 mM each.
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3.17 � 10�4, 1.29 � 10�4 and 8.51 � 10�5 cm2 V�1 s�1

respectively.
Further, the CE-AD analysis were conducted on a mixture of

analytes in which, concentration of all three compounds were
varied between 0 to 50 mM. During evaluation of peak positions
of the respective compounds, it was ensured that the mobility
coefficients of each compound, as calculated earlier remained
nearly identical (using peak detector in offline plot using Origin
Soware), and then the amplitude of the peaks were noted for
each sample combination to plot the corresponding calibration
curves. The calibration curves for dopamine, epinephrine and
serotonin in the entire concentration range (0.1–50 mM) have
been depicted in Fig. 5B–D respectively. The parameter ‘di’

represents magnitude of peak current from baseline of recorded
electropherogram for a particular concentration of the analyte,
while the background noise was determined by measuring peak
to peak difference in the current scale along the baseline. It can
be seen from the calibration curves that the amplitude of peak
current increased regularly with increasing concentrations and
retained a logarithmic relationship in the entire concentration
range (0.1–50 mM) for all three analytes.
25492 | RSC Adv., 2020, 10, 25487–25495
The obtained calibration curves were tted with logarithmic
equation and the regression coefficients of 0.98, 0.98 and 0.96;
with chi-square values of 0.247, 0.222 and 0.463 were found for
dopamine, epinephrine and serotonin respectively in standard
solution (PBS, 50 mM, pH 7, 0.9% NaCl). Furthermore, the limit
of detection (LOD) for dopamine, epinephrine and serotonin in
simultaneous detection of three analytes were calculated as 2.39,
3.59 and 4.56 mM respectively. Since volume of individual analyte
was only 0.67 mL on the chip, these LODs correspond to 1.6, 2.4
and 3.05 pmol respectively. Absence of decoupler was also helpful
in faster detection of neurochemicals in the paper microchannel
which was required in such operation, otherwise detection of all
three neurochemicals could not be completed as the paper
microchannel started drying aer 780–800 seconds. This was one
of the demerits of the setup as heavier or less charged analyte
would not be detected as channel would dry up before the analyte
reaches the detection electrode. One solution was to enhance
separation potential for even faster migration, but that would
speed up drying due to Joule heating. Hence we continues with
present setup for detection as it was still sensitive and fast
enough for most neurochemicals. Moreover, all units of
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (A) Bar graph showing migration time profile for dopamine, epinephrine and serotonin; calibration curves of variation in peak current
amplitude (baseline corrected) as a function of (B) dopamine; (C) epinephrine; and (D) serotonin concentration in the range of 0.1 to 50 mM in (a)
standard and (b) real samples.
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concentrations have been reported in terms of mM of stock ana-
lyte solution added to chip, as it was not possible to ascertain how
much volume of travelling analyte actually reached detection
electrode under evaporating condition and there would exist
a tail of the sample as well while migrating. As another demerit,
since we were not using a decoupler electrode, baseline dris was
observable, which could be mitigated by using an online or off-
line peaknder algorithm in data analytics.

Besides, the simultaneous detection of dopamine, epineph-
rine and serotonin was conducted in model sample (mimicking
real sample) by spiking known concentration of the analytes in
fetal bovine serum samples using standard addition method to
observe the applicability and to inspect matrix effect of biological
uids on the developed microchip. For such purposes, the fetal
bovine serum sample was diluted for 10 times with PBS (50 mM,
pH 7.0, 0.9% NaCl) and then ve different concentrations (0.1, 1,
10, 20 and 50 mM) of dopamine, epinephrine and serotonin were
added simultaneously to conduct real sample analysis in the
whole concentration range (0.1–50 mM). The experiments were
carried out by the developed CE-AD process and the current
responses of the serum samples (Fig. S3 in the ESI†) added with
This journal is © The Royal Society of Chemistry 2020
particular concentrations of dopamine, epinephrine and sero-
tonin were denoted. It can be seen form the obtained results
(Fig. 5B–D for dopamine, epinephrine and serotonin respectively)
that the current responses with serum samples were well
comparable and nearly equivalent to the current responses of the
corresponding standard samples. The results also reveal that the
high content of protein in serum samples have not inuenced
signicantly for neurochemicals detection with the developed
CE-AD microchip. As the protein content in human serum,
cerebrospinal uid (CSF) and other body uids is much lower
than fetal bovine serum sample, therefore, the developed system
has potential to simultaneously detect multiple neurochemicals
in the real samples like human serum and CSF.

Most of the previous methods used for simultaneous anal-
ysis of multiple neurochemicals are based on HPLC, GC, ow
injection analysis or electrophoresis in a long capillary channel.
Besides, multiple studies have been carried out on miniaturi-
zation of system for the analysis of these neurochemicals, and
these mainly involve MCE on polydimethylsiloxane (PDMS)
based structure fabricated through microfabrication tech-
niques. For example, the work by Schöning et al. wherein they
RSC Adv., 2020, 10, 25487–25495 | 25493
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detected dopamine and phenolic pollutant catechol42 involved
microfabricated titanium, platinum and palladium electrodes
and they used decoupler electrodes to obtain a linear range of
20–100 mM with a sensitivity of 16.1 pA mM�1 and 2.7 pA mM�1

for dopamine and catechol respectively. As compared to this
method, our present work uses paper microuidics, which is
sieving medium in itself and does not involve microfabrication.
Besides, by avoiding decoupler we could achieve faster migra-
tion time and obtained nearly 1000 times better sensitivity of
17.1 nA mM�1, 19.4 nA mM�1 and 7.7 nA mM�1 for dopamine,
serotonin and epinephrine respectively in comparison of
previously reported values.42 Such high detection sensitivity can
be also attributed to low joule heating due to use of pulsed
amperometry and open structure (though sample drying up
beyond 800 seconds of analysis could be a demerit) and sieving
nature of paper to separate the analyte properly rather than just
relying on electrokinetic41,44,46 or electroosmotic35 forces in
a PDMS channel or use of in-channel detection rather than end-
channel34,36,39 or in-the-well detection followed by other groups.
Besides, the systems mentioned in literature are prone to be
giving less accurate results because of issues related to electrode
alignment.34 Other than amperometric detection, Zhang et al.
separated dopamine, epinephrine and serotonin using MCE
device and the in-channel simultaneous detection was per-
formed by laser induced uorescence.37 The cross-type micro-
channel was prepared in a glass substrate by etching and
platinum electrodes were inserted in reservoirs for on-chip
injection and zone electrophoretic separation of sample. As
compared to this method, our developed process used simple
straight microchannel on paper substrate for separation and
simultaneous electrochemical determination of dopamine,
epinephrine and serotonin and the detection of the analytes
was exhibited via pulsed amperometric technique using screen-
printed carbon microelectrodes.

In similar developments, to improve separation efficiency for
neurotransmitters: dopamine and epinephrine in the fabricated
microchannel, Wang et al. modied the surface of PDMS
engraved channel by citrate-labeled gold nanoparticles aer
incorporating a layer of linear polyethylenimine (LPEI),32 by
cationic polyelectrolyte (chitosan)-gold nanoparticles-proteins
(albumin, lysozyme)31 and by poly(diallyldimethylammonium
chloride)-silica nanoparticles.33 In all these cases, the cross-type
microchannel was prepared in PDMS through lithography and
negative moulding methods and bonded with another PDMS
plate to make PDMS/PDMS microchip. The electrode arrange-
ment in the microchip was done by using carbon ber working,
Ag/AgCl reference, platinum auxiliary and platinum ground
electrodes. As compared to thesemethods, our study used paper
microchannel with hydrophilic cellulose ber that can give
a better efficiency for separation of the analytes while the
detection has been exhibited more accurately with fully inte-
grated screen-printed carbon microelectrodes.

Conclusions

In conclusion, a paper uidics based capillary electrophoresis
microchip has been made for simultaneous analysis of multiple
25494 | RSC Adv., 2020, 10, 25487–25495
neurochemicals in a single run. With the developed microchip,
separation and detection of three clinically relevant neuro-
transmitters: dopamine, epinephrine and serotonin were
executed within 650 seconds and most signicantly, the anal-
ysis was performed using a small sample volume of just 2 mL.
Besides, the use of paper uidics, straight channel capillary, in-
channel detection, screen-printed carbon electrode without
decoupler and no requirement of sample pre-treatment were
the key advantages of the developed system. The developed
procedure for neurochemical detection can be performed with
a tiny drop of blood (which can be derived through tiny nger-
prick) and shall be thus very less painful as compared to
conventional way of extracting cerebrospinal uid (CSF) from
neurodegenerative or neurological disorder patients. Apart
from that, present setup may be scaled up to detect even more
analytes simultaneously in future research.
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Garćıa, M. Agirregabiria, L. J. Fernández, J. M. Ruano-
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