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Electrochemical Sensor for the Quantification of
Dopamine Using Glassy Carbon Electrodes Modified with
Single-Wall Carbon Nanotubes Covalently Functionalized
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Abstract: We report a dopamine electrochemical sensor
based on the modification of glassy carbon electrodes
(GCE) with polylysine-functionalized single-wall carbon
nanotubes (SWCNT-PLys). The resulting electrodes
(GCE/SWCNT-PLys) showed a significant improvement
in the electrooxidation of dopamine with drastic decrease
in the peak potentials separation and important enhance-

ment in the associated currents. Dopamine was detected
by differential pulse voltammetry-adsorptive stripping
with medium exchange at nanomolar levels even in the
presence of high excess of ascorbic and uric acids. The
sensor was successfully used for the quantification of dop-
amine in urine samples enriched with the neurotransmit-
ter.
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1 Introduction

Carbon nanomaterials have received great attention for
technological applications and fundamental research due
to their unique properties [1-4]. In particular, the feasi-
bility to modify the carbon nanostructures with different
molecules and their inherent electrocatalytic activity has
made them extremely useful in the area of electrochemi-
cal (bio)sensors [5-7].

Regarding carbon nanotubes (CNTs), important efforts
have been done in the last years to solve the inconven-
ience of their poor solubility in most solvents and make
possible, in this way, the preparation of homogeneous and
stable dispersions, which are required for a robust and re-
producible coverage of the electrodes surfaces [8-12].
Particularly, polymers facilitate the dispersion of CNTs
either by non-covalent or covalent functionalization al-
lowing the building of supramolecular architectures more
easily dissolved in aqueous solvents [13-15]. Most of the
protocols for the covalent functionalization of CNTs rely
on their harsh initial oxidation to generate different oxy-
genated groups, mainly carboxylic residues which can be
used for further incorporation of different (bio)molecules
[16,17]. Even when the covalent functionalization produ-
ces a disruption in the electronic properties of CNTs, the
significant increment of the defects produced as a conse-
quence of the oxidation process, makes possible a positive
balance between the changes in conductivity and reactivi-
ty [18-22].

Inspired by the work of Jalit et al. [23,24] who demon-
strated the efficient non-covalent functionalization of
multi-walled carbon nanotubes (MWCNTSs) with polyly-
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sine (Plys), we recently reported the behavior of single-
walled carbon nanotubes (SWCNT) covalently function-
alized with Plys (SWCNT-Plys) and the analytical useful-
ness of glassy carbon electrodes (GCE) modified with
SWCNT-Plys as platform for the development of glucose
electrochemical biosensors [25].

The goal of this work was the development of an elec-
trochemical sensor for dopamine (Do) obtained by modi-
fication of GCE with SWCNTs covalently modified with
Plys. Do is an ubiquitous biomarker involved in many
mammalian functions and pathological disorders like Par-
kinson’s, Huntington’s and schizophrenia [26]. It is pres-
ent in numerous biological fluids, from brain organelles
to blood or urine [27]. The levels of Do fluctuate depend-
ing on the biological location, physiological state or age.
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For example, normal blood values go between 120 and
450 uM depending on the diet [28,29]. The synaptic con-
centration in “substance nigra” in the Parkinson’s disease
drops to values lower than 10 nM while in the case of
stress, the urine concentrations rise up several times
higher than the physiological value of 1.3 uM [30,31]. Do
concentration also changes drastically with drug con-
sumption and dependence (up to 50 uM in the caudate
nucleus) [32,33]. Therefore, it is crucial to obtain sensi-
tive and selective methodologies for the quantification of
Do.

Electrochemical sensing has demonstrated to be an ex-
cellent strategy for the quantification of different species
due to their widely known advantages [34]. Do electro-
chemical quantification at most of the solid electrodes
presents two inconveniences, one is the electrode fouling
upon oxidation [35], and the other is the interference of
metabolically related compounds like ascorbic acid (AA)
and uric acid (UA) due to their close oxidation overvol-
tages [36].

In the following sections we discuss the optimization of
the experimental conditions to obtain an efficient
SWCNT-Plys dispersion, its robust deposition at GCE
(GCE/SWCNT-Plys), the sensitive and selective quantifi-
cation of Do in the presence of high excess of UA and
AA and the application for the quantification of Do in
urine samples.

2 Experimental
2.1 Materials and Reagents

Single walled carbon nanotubes (SWCNT) synthesized by
the electric arc reactor method using Ni/Y catalyst (AP-
SWNT grade) were purchased from Carbon Solutions
Inc. (Riverside, California). They were purified by air oxi-
dation at 350°C for 2h and then refluxed in 3 M HCI for
2 h. Sodium dodecylbenzenesulfonate (SDBS), O-(benzo-
triazol-1-yl)-N,N,N',N'-tetramethyluronium  hexafluoro-
phosphate (HBTU), N,N-diisopropylethylamine (EDIPA)
were purchased from Sigma-Aldrich in reagent grade.
Polylysine hydrochloride (Plys) (Reference P9404, molec-
ular weight >30000) and dopamine (Do) were received
from Sigma. AA and sodium phosphates were received
from Baker. UA was from Merck. Ultrapure water (o=
18 MQcm ™) from a Millipore-MilliQ system was used
for preparing all the solutions. A 0.050 M phosphate
buffer solution (PBS) pH 7.40 was employed as support-
ing electrolyte. Other chemicals were reagent grade and
used without further purification. All the experiments
were conducted at room temperature.

2.2 Apparatus

The electrochemical experiments were performed with
a Epsilon (BAS) potentiostat. The electrodes were insert-
ed into the cell (BAS, Model MF-1084) through holes in
its Teflon cover. A platinum wire and Ag/AgCl, 3M
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NaCl (BAS, Model RE-5B) were used as counter and ref-
erence electrodes, respectively. All potentials are referred
to the latter. A magnetic stirrer (BASi Cell stand) set at
800 rpm and a stirring bar provided the convective trans-
port during the amperometric measurements. The charac-
terization of the SWCNT covalently modified with Plys
was performed by FTIR and thermogravimetric measure-
ments [25].

2.3 Synthesis of Functionalized SWCNT

The synthesis of SWCNT covalently modified with Plys
was published elsewhere [25]. Shortly, SWCNT were oxi-
dized in a H,SO,/HNO; mixture, afterwards, the oxidized
SWCNT were dispersed in water with SDBS by ultrasoni-
cation and the mixture was purged with Ar. Carboxylic
groups of the oxidized SWCNTs were activated with
HBTU for further amidation with the amine groups of
Plys. The reaction product was purified by dialysis and
dried by lyophilization. Modified SWCNTs were charac-
terized by FTIR, TGA and Kaiser test as it was previous-
ly reported [25].

2.4 Preparation of the Working Electrodes
2.4.1 Preparation of SWCNT-Plys Dispersion

The SWCNT-Plys dispersion (0.30 mg/mL) was prepared
by adding H,O:EtOH (2:1v/v) to the SWCNT-Plys
powder, followed by bath sonication for 15 minutes.

2.4.2 Preparation of GCE with SWCNT-Plys (GCE/
SWCNT-Plys)

The GCE was polished with alumina slurries of 1.0, 0.30,
and 0.05 pm for 2 min each. Before functionalization, the
electrode was cycled in a 0.050 M phosphate buffer solu-
tion pH 7.40 for ten times from —0.300 V to 0.800 V at
0.050 Vs~'. Then, it was modified with the SWCNT-Plys
dispersion in the following way: an aliquot of 10 uL was
dropped on top of a polished GCE and then the solvent
was allowed to evaporate at room temperature for 1 h.
The modified electrodes were cycled for ten times be-
tween —0.300 V and 0.800 V at 0.050 Vs~! before starting
the electrochemical experiments.

2.5 Procedure

Do quantification involved the following steps:

— Preconcentration: at open circuit potential for a given
time in a solution of Do prepared in 0.050 M phos-
phate buffer solution pH 7.40 under stirring.

— Washing: with phosphate buffer solution for 10 sec-
onds.

— Stripping: in phosphate buffer solution (0.050 M;
pH 7.40) by differential pulse voltammetry (DPV). The
DPV parameters are the following: scan rate of
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Fig. 1. A) Cyclic voltammograms for 1.0x 10> M Do at bare GCE (red line) and GCE/SWCNT-Plys (black line). Supporting electro-
lyte: 0.050 M phosphate buffer solution pH 7.40. Scan rate: 0.050 Vs~'. B) Differential pulse voltammograms obtained at bare GCE
(red line) and GCE/SWCNT-Plys (black line) in a 0.050 M phosphate buffer solution pH 7.40 after 5.0 min accumulation at open cir-

cuit potential in a 2.0x 107 M Do solution.
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Fig.2. A) Oxidation currents obtained at GCE/SWCNT-Plys by DPV-adsorptive stripping with medium exchange after accumulation
in a 1.0x10°M Do solution for 5.0 min at different potentials (A) or for different times at 0.005 V (B). Supporting electrolyte:

0.050 M phosphate buffer solution pH 7.40.

20 mVs™, potential increment 0.004 V, pulse amplitude
0.050 V, pulse with 0.050 and pulse period 0.2 s.

3 Results and Discussion

Figure 1A shows cyclic voltammograms obtained at GCE
(red line) and GCE/SWCNT-Plys (black line) in a 1.0x
10 M Do solution at 0.050 Vs~'. At bare GCE the oxi-
dation of Do occurs at (0.266+0.009) V, the oxidation
current is (20+1) pA and the current for the reduction of
dopaminequinone, the product of Do oxidation, is almost
negligible. At GCE/SWCNT-Plys, Do is oxidized at
(0.220+£0.002) V and the peak current is (43+5) pA. At
variance with GCE, at GCE/SWCNT-Plys, the dopamine-
quinone reduction peak is clearly defined with an associ-
ated current of (23+3) pA and a peak potential separa-
tion of (0.058+0.003) V.
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Figure 1B displays differential pulse voltammograms
obtained at GCE (red line) and at GCE/SWCNT-Plys
(black line) in a 0.050 M phosphate buffer solution
pH 7.40 after accumulation of Do for 5.0 min from a 2.0 x
10~°M Do solution. No signal is obtained at GCE under
these experimental conditions, evidencing a poor adsorp-
tion of the neurotransmitter. On the contrary, at GCE/
SWCNT-Plys a clearly defined oxidation signal is ob-
tained at 0.163 V after accumulation of Do. Therefore,
the presence of CNTs at the electrode surface not only
improved the electrochemical behavior of Do but also fa-
cilitated the adsorption of the catecholamine at SWCNT-
Plys modified GCE.

Figure 2A displays the effect of the adsorption poten-
tial between —0.300 and 0.000 V obtained from DPV in
a phosphate buffer solution after adsorption of Do for
5.0 min from a Do solution (1.0 x 107° M) and medium ex-
change. The oxidation current remains almost constant
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Table 1. Effet of the amount of SWCNT-Plys in the dispersion
on the DPV signal for Do obtained by adsorptive stripping and
medium exchange. Supporting electrolyte: 0.050 M phosphate
buffer solution pH 7.40. Accumulation time: 5.0 min. Accumula-
tion potential : 0.005 V.

Amount of SWCNT-Plys (mgmL™")

Current (LA)

0.10 73+0.3
0.30 1242
0.50 7£2
0.70 9+1

within this potential range, being the open circuit poten-
tial (0.005 V) the selected one for further studies. Fig-
ure 2B depicts the effect of the adsorption time on the ac-
cumulation of 1.0x10°*M Do at open circuit potential.
The profile shows a fast increase at short times and
a trend to saturation after 300 s, being this time the se-
lected one for Do quantification.

We also investigated the effect of the amount of
SWCNT-Plys dispersed in the mixture ethanol/water from
0.1 to 0.5mgmL™' on the Do oxidation current. As
Table 1 displays, Do oxidation peak current increases as
the amount of SWCNT-Plys in the dispersion used to
modify the electrode increases from 0.10 to
0.300 mgmL". This effect is due to the increment in the
electroactive area of the SWCNT-Plys modified GCE. No
additional improvement was obtained by modification of
GCE with dispersions prepared using higher amounts of
SWCNT-Plys due to a more difficult dispersion of
SWCNT-Plys. The amount selected for further work was
0.30 mgmL~' SWCNT-Plys in ethanol/water (1:2v/v).
The solvent used for preparing SWCNT-Plys dispersions
demonstrated to be an important aspect (not shown). The
deposition on GCE of SWCNT-Plys dispersed in pure
water or pure ethanol was not efficient enough to obtain
robust sensors. On the contrary, the incorporation of eth-
anol as co-solvent improved the quality of the dispersions
and further depositions at the electrode surface. The best
analytical performance for Do was obtained for GCE
modified with SWCNT-Plys prepared in ethanol/water
1:2.

The calibration plot for Do after 5.0 min accumulation
at open circuit potential and medium exchange is present-
ed in Figure 3. The linear range goes from 1.0x 107 M to
20x10°M Do, with a sensitivity of 1.26x10" pAM ™!
(r*=0.9997), a detection limit of 16 nM and a quantifica-
tion limit of 48 nM (taken as 3x0/S and 10x o/S, respec-
tively, where o is the standard deviation of the blank
signal and S the sensitivity). Table 2 displays the most sig-
nificant analytical parameters of other methodologies for
the quantification of Do based on CNTs recently report-
ed. Our sensor presents lower detection limit than most
of the proposed strategies [37-42] and a slightly higher
compared to GCE modified with PCTA and ionic liquid
[43] and a combination of nanomaterials (CNTs and
AuNP).

Considering that AA and UA are common interferents
in the electrochemical quantification of Do due to their
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Fig. 3. Calibration plot for Do obtained at GCE/SWCNT-Plys
by DPV-adsorptive stripping with medium exchange after accu-
mulation in Do solutions of different concentrations for 5.0 min
at 0.005 V. Supporting electrolyte: phosphate buffer solution
pH 7.40.

close oxidation overvoltages at GCE, we evaluate the
DPV-adsorptive behavior of AA and UA at GCE/
SWCNT-Plys. Figure 4A displays the DPV response ob-
tained at GCE/SWCNT-Plys after adsorption of AA at
open circuit potential from a 1.0x107 M AA solution
and medium exchange. No response is observed, indicat-
ing that under these experimental conditions, AA is
poorly adsorbed at the electrode surface. Similar study
was performed with 3.0x10™*M UA (Figure 4B) and, at
variance with AA, UA can be adsorbed at GCE/SWCNT-
Plys and oxidized at 0.280 V with an associated current of
(6£1) pA.

Considering that the adsorption of AA at GCE/
SWCNT-Plys is very poor and that the adsorbed UA is
oxidized at a potential 120 mV more positive than that
for Do, we performed the quantification of Do in the
presence of 1.0x107° M AA and 3.0x10*M UA (Fig-
ure 5A). The sensitivities obtained from the DPV-adsorp-
tive stripping with medium exchange are 1.37x
107 uPAM™! (=0.997) and 1.28x10" y)AM ™" (#=0.998)
in the presence of AA (empty circles) and UA (full cir-
cles), respectively. Taking into account that the sensitivity
obtained for Do alone was 1.26x10’ h)AM™!, there are
not significant difference from the statistical point of view
between the sensitivities for Do in the presence and ab-
sence of the interferents, clearly demonstrating that it is
possible to quantify Do even in the presence of a large
excess of AA and UA. Figure 5B shows typical DPV re-
sponses for 1.5x10°M Do alone and in the presence of
1.0x10>M AA and 3.0x10*M UA, where is evident
that neither AA nor UA interferes in the determination
of Do. The oxidation signal for a mixture of 1.5x10™°M
Do+1.0x10°M AA+1.0x10°M UA matched in
a 99.96% the signal obtained for 1.5x10°° M Do alone.

The reproducibility obtained for 1.0x107*M Do using
the same dispersion was 5.5% (average signal for 8 elec-
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Table 2. Analytical characteristics of different Do electrochemical sensors based on the use of CNTs. poly(Tyr)/MWCNTs-COOH:
poly (tyrosine)/carboxyl functionalized multi-walled carbon nanotubes composite film modified electrode; HCNTs: helical carbon
nanotubes; PDDA: poly(diallyl dimethyl ammonium chloride); GCE/MWCNT@PDOP@PtNPs: composite, MWCNT, PDOP: poly-
dopamine; PtNPs:Pt nanoparticles; Fe(III)P/MWCNT/GCE: chloro [3,7,12,17-tetramethyl-8,13-divinylporphyrin-2,18-dipropanoate
(2—)Jiron(IIT)/multiwalled carbon nanotubes (Fe(III)P/MWCNTSs) composites and a modified glassy carbon electrode (GCE); IL:
ionic liquid: [BMIM] [BF]; PTCA: 3,4,9,10-perylene tetracarboxylic acid; GS: graphene sheets. DPV-Ads: differential pulse voltam-
metry-adsorptive stripping.

Platform Detection Sensitivity DL Linear Range Analytical performance Ref.
(ApM™) (M) (M)
Nitrogen doped graphene DPV 0.03195 0.25 0.5-170 Simultaneous AA, DA and UA [37]
GCE/poly(Tyr)/ DPV - 0.02  0.1-30 Simultaneous AA, DA and UA [38]
MWCNTs-COOH
GCE/ DPV 1.03 0.08  0.25-20 Mixture: DA,UAAA [39]
MWCNT@PDOP@PtNPs
GCE/PDDA@HCNTSs 2.058 [a] 0.08  2.5-10 Real sample: fetal bovine serum [40]
GE/Fe(IIT)P/MWCNT Amperometry - 0.09  0.7-3600 Real sample: urine [41]
GCE/GS-MWCNT- DPV 0.0150 0.0012 0.03-3820 Detection of Do in the presence of  [42]
PTCA-IL [a] AA and UA.
Real sample: pharmaceutical prepa-
ration.
GCE/MWCNT-PEI DPV-Adsorptive 0.72 0.1 0.5-50 Detection of Do in the presence of  [43]
stripping UA.
Real sample: urine
GCE/SWCNT-Plys DPV-Adsorptive 12.6 0.016 0.1-2.0 Detection of Do in the presence of This
stripping AA and UA. work

Real sample: urine

[a] Density current/j (mA cm™2).
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Fig. 4. Differential pulse voltammograms obtained after accumulation at 0.005 V in a 1.0x107 M AA (A) or 3.0x10*M UA (B)
solutions at GCE/SWCNT-Plys. Supporting electrolyte: 0.050 M phosphate buffer solution pH 7.40.

trodes: (13+1) pA). The reproducibility inter-dispersions  of AA and UA in a simple and fast way without needing
was 5.9 % (average signal for 8 electrodes: (11+1) pA). of permselective membranes or complicated modification

The sensor was challenged with a urine sample diluted steps, just using a small amount of SWCNTSs covalently
with 0.050 M phosphate buffer solution pH 7.40 (1:75). modified with Plys. The electrode was successfully used
Since Do was not found in the sample, it was enriched for the determination of Do in urine samples. These char-

with 1.5x107* M Do and the recovery was (9649) %. acteristics make GCE/SWCNT-Plys an interesting analyti-
cal tool and open the doors to new challenges in the elec-
4. Conclusions troanalytical determination of other bioanalytes and fur-

ther practical applications.
In summary, the combination of the electrocatalytic activ-
ity of SWCNTs and the efficient dispersion mediated by
the Plys covalently attached to them have allowed the
highly sensitive (detection at nM levels) and selective  The authors thank CONICET, ANPCyT, SECyT-UNC,
quantification of Do even in the presence of large excess MINCyT-Cérdoba, Spanish MINECO, Projects TEC2010-
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