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Abstract

A novel organic-inorganic hybrid sensor based on diethylenetriaminepentaacetic acid

(DTPA) modified reduced graphene oxide (RGO-DTPA) chelated with terbium ions allows

detection of dopamine (DA) through an emission enhancement effect. Its luminescence,

peaking at 545 nm, has been improved by a factor of 25 in the presence of DA (detection limit

= 80 nM). In addition, this covalently bonded terbium complexes functionalized reduced

graphene oxide (RGO-DTPA-Tb) can be successfully assembled on a glassy carbon electrode.

The assay performed through differential pulse voltammetry (DPV) yielded obvious peak

separation between DA and excessive amounts of the interfering ascorbic acid (AA).

Keywords: Graphene oxide, Terbium, Luminescence, Electrochemical
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Introduction

Dopamine (DA), a catecholamine neurotransmitter, is widely distributed in mammalian
central nervous systems.” > Abnormal levels of DA in human body are associated with various
diseases such as Schizophrenia and Parkinson’s disease.” * Therefore, methods for
quantitative detection of DA such as high-performance liquid chromatography (HPLC),>”’

1913 and electrochemical analysis,"*"® have been

capillary electrophoresis,® ° fluorimetry,
developed. Although electrochemistry has attracted wide attention due to its convenience,
high sensitivity and reproducibility, a major problem is the interference by ascorbic acid (AA),
which has oxidation potential close to that of DA at conventional electrodes. Therefore, it is
imperative to develop a simple, sensitive, selective and reliable analytical technology for the
determination of DA in the presence of AA.

Graphene and its derivates, such as graphene oxide (GO) and reduced graphene oxide
(RGO), have unique mechanical, thermal and electrochemical properties.'” Meanwhile, owing
to their special physical and chemical properties, graphene and its derivatives have been
incorporated into numerous functional materials to form composites through chemical and
functionalizations.”>* These graphene-based functional materials have been used for Raman
enhancement, in photovoltaic devices, in photocatalysis, and in sensing platforms.”*>°

Lanthanide-based luminescent materials have received much attention due to their sharp
emission bands, large Stokes shifts and a wide range of lifetimes, and have been used as
optical probes in bioimaging and sensing of biological analytes.”’”’ Here we describe a

terbium complex bonded to a graphene platform and demonstrate its utility in both fluorescent

and electrochemical detection of DA with high sensitivity and selectivity. Diethylenetriamine
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pentaacetic acid dianhydride (DTPAda) was employed to react GO to form DTPA-modified
reduced GO with surface carboxyl groups that can coordinated with terbium ions (see the
synthetic process in Fig. S1). Luminescence of the material (RGO-DTPA-Tb) was enhanced
in the presence of DA but not for other interfering substances (including AA). When
assembled onto the surface of a glassy carbon electrode (GCE), RGO-DTPA-Tb served as a
working electrode. Differential-pulse voltammetry (DPV) measurements are carried out and it
has been found that only dopamine could give rise to peak current changes during the redox
processes. To the best of our knowledge, this is the first time that the reduced grapheme
oxide based lanthanide hybrid optical switch has been fabricated and its

electrochemical responses to DA has never been reported.

Results and discussion

The XRD patterns of natural graphite, GO and RGO-DTPA are shown in Fig. S2. In the
curve obtained from the natural graphite sample, a sharp and intense peak located at 26.6°
(d-spacing = 0.34 nm) corresponds to the 002 reflection. However, the feature reflection peak
appears at 10.9° (corresponding to a d-spacing of 0.78 nm) for GO, indicating that the
d-spacing increased due to the intercalation of oxygen functionalities between layers of the
graphite.”® After reduction and modification of the GO surface with DTPA, the peak at 10.6°
disappeared. In the RGO-DTPA sample, a very weak and broad diffraction peak was observed
at 24°, indicating that GO was reduced by the DTPA derivative and that the alkyl chains do
not prevent re-aggregation of graphene completely when they are dried.

The FT-IR spectra of GO were characterized by three peaks at 3169, 1722 and 1624 cm’™
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corresponding to O-H, C=0 and C=C stretching vibrations, respectively (Fig. S3a). After
modification with 1,4-butanediamine, three adjacent peaks at 2928, 2866 and 2808 cm’! due
to stretching vibrations of the CH, moieties of the alkyl chain were observed. Moreover, the
-COOH stretching vibration (located at 1722 cm™) disappeared in the IR spectra of RGO-NH,
(Fig. S3b) indicating that GO was completely reduced by 1,4-butanediamine. However, in the
RGO-DTPA curve (Fig. S3c), the peak at 1708 em” (Veoon) was again observed, proving that
DTPA was covalently grafted onto the graphene sheets. The intensity of the vcoon peak in the
IR spectrum of RGO-DTPA (Fig. S3c) was higher than that in the RGO-DTPA-Tb curve (Fig.
S3d), indicating that the coordination with the terbium ions led to this signal change.

We studied the morphology of pure GO and RGO-DTPA-Tb by TEM, HR-TEM, SAED
and SEM. The large sheets of GO are situated on the top of the carbon-coated Cu-grid,
resembling silk veil waves (Fig. S4). The SAED pattern of GO (Fig. S4, inset) has diffraction
rings and the diffraction dots are unresolved, which may support an amorphous nature of GO.
Compared with the TEM image of GO, RGO-DTPA-Tb (Fig. 2a) displays a lamellar
morphology and curled edges. These are not observed prior to modification with the terbium
complexes. In the HR-TEM images of RGO-DTPA-Tb (Fig. 2b), we can clearly see a number
of layers in the edge of graphene. SAED analysis of this region (Fig. 2b, inset) reveals
well-defined diffraction spots that confirm the crystalline structures of RGO-DTPA-Tb. It has
been found that the functional organic groups can be successfully attached on the surface of
graphene.”® Similar structures and graphene wrinkles were also obtained in SEM images of
RGO-DTPA-Tb (Fig. S5).

The dopamine sensing abilities of RGO-DTPA-Tb were investigated in fluorescence
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titrations experiments. Fig. 3 is a plot of the luminescence response of the probe upon DA
introduction into the aqueous system (excited at 300 nm). As seen from the spectra, the
emission peak (at 545 nm) of the probe prior to DA addition was very weak due to the
absence of chromophore in the ligand (DTPA derivative). Addition of small aliquots of DA
solution enhanced the emission intensities of the RGO-DTPA-Tb in terms of efficient energy
transfer from the DA ligands to the terbium ions. Narrow-width emission bands with maxima
at 490, 545, 585, and 622 nm were assigned to the characteristic transitions of the Tb* ions,
from “D, energy level to 'F; multiplets (J = 6, 5, 4, and 3), respectively. The emission intensity
at 545 nm was correlated with DA concentration from 0.5 to 10 uM. In this case, a color
change was detected by unaided eyes upon UV excitation, even at a DA concentration of 10
uM (Fig. 1, inset photo). The emission intensity change (545 nm) versus the concentration of
DA follow the simple linear equation y = 21.93 + 118.3x (R*=0.9957), and a detection of limit
(80 nM) was calculated using the equation DL = 3xSD (standard deviation) / slope (Fig. 3

*0 The luminescence intensities at the tested DA concentrations are summarized in Table

inset).
S1. Moreover, the RGO-DTPA-Tb sensor shows quick response time (5-10 s) upon adding
DA to the sensor solution, thus enabling a rapid detection of DA.

Selectivity is a critical parameter to evaluate the performance of a fluorescent sensor.
Possible interference with DA detection from potentially coexisting compounds (AA, glucose,
lactose, citrate, lysine, arginine, tryptophan, methionine, alanine) and ions (K, Ca2+, Mg2+,
Zn**, CI', T, NO;y) were investigated by fluorescence method. The interference resulting from

100 equivalents of these species tested individually was negligible compared to signal due to

DA (Fig. S6). These results prove that the RGO-DTPA-Tb probe is selective for efficient
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recognition of DA in buffer solution (PBS, pH 7.4). These data show that DA coordinates and

sensitizes the terbium emissions but potential interfering substances do not.

In order to evaluate the sensitivity and selectivity of different materials modified

electrodes for DA determination, the electrochemical behaviors of DA (3 uM) in the presence

of AA (300 uM) were studied at the surface of bare GCE, GO/GCE, RGO-DTPA/GCE and

RGO-DTPA-Tb/GCE using differential pulse voltammetry (DPV). With bare GCE (Fig. S7a),

voltammetric peaks for DA and AA overlapped and had low current intensities, indicating

poor selectivity and sensitivity of the unmodified electrode. A slight decrease of the peak

current was observed on GO/GCE (Fig. S7b), demonstrating that GO blocks the electron

transfer between DA or AA and electrode. Besides, the DA and AA peaks were not resolvable

on GO/GCE. Therefore, GO is not suitable for DA detection, because it has large electronic

defects on its surface that result in poor conductivity. However, RGO-DTPA/GCE exhibits

two well-resolved peaks at -0.02 and 0.17 V, corresponding to the voltammetric responses of

AA and DA respectively (Fig. S7c). We attribute this selectivity, firstly, to the n- interaction

between the graphene basal plane and the phenyl structure of DA molecules. Secondly, the

strong electrostatic attraction between positively-charged DA and negatively-charged

RGO-DTPA likely accelerates the electron transfer compared to that on the GO/GCE.

Compared with RGO-DTPA/GCE, the terbium containing sample (RGO-DTPA-Tb/GCE)

(Fig. S7d) had a higher voltammetric oxidation current response to DA, whereas the intensity

of the oxidation peak for AA was almost unchanged. Because the incorporation of terbium

ion can coordinate with DA, more dopamines are adsorbed during the oxidation reaction. The

DPYV response in the absence of AA is also stable (Fig. S7e), indicating that the oxidation of
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DA on the RGO-DTPA-Tb/GCE wad not influenced by the presence of AA. The above
results demonstrate that RGO-DTPA-Tb holds promise as an electrode material for the
detection of DA with high sensitivity and good selectivity.

The calibration of DA on RGO-DTPA-Tb/GCE was investigated by PDV in PBS
solution (0.1 M, pH 7.4). Fig. 4 shows DPV curves of RGO-DTPA-Tb/GCE at various
concentrations of DA. The peak current changed linearly with DA in the concentration range
from 0.1 to 10 uM (Fig. 4, inset) and the detection limit was as low as 12 nM (S/N = 3).
Furthermore, experiments showed that no interferences in the peak current of DA were
observed in the presence of glucose, lactose, citrate, lysine, arginine, tryptophan, methionine,
alanine, K*, Ca®*, Mg®*, Zn**, CI', T, or NO;". These results indicate that lanthanide complexes
modified graphene hybrid materials have the potential for constructing new DA biosensors.
Conclusions

In summary, a novel graphene-based material modified with a terbium complex has been
constructed to detect DA in a buffered solution. The luminescence from RGO-DTPA-Tb was
greatly enhanced upon binding solely with DA. Furthermore, this hybrid material can be
successfully assembled onto a glass carbon electrode, and DA was specifically detected even
in the presence of large amounts of AA using DPV. Compared to a normal reduced graphene
electrode," the RGO-DTPA-Tb/GCE offered more sensitivity and selectivity for detection of
DA due to the favorable coordination and electrostatic attraction between DA and
RGO-DTPA-Tb. Therefore, this novel efficient optical-electrochemical dual probe should

find application in biomedical measurements.
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Figures Captions

Fig. 1 Schematic representation of RGO-DTPA-Tb and mechanism of luminescence

enhancement by DA and the changes of its emission spectra. Differential pulse voltammetry

(DPV) of RGO-DTPA-Tb assembled on electrodes with and without various concentration of

DA. Photo: RGO-DTPA-Tb in PBS solution (pH 7.4) excited by UV light at 254 nm with

(right) and without (left) 10uM of DA.

Fig. 2 SEM (a) and TEM (b) images of RGO-DTPA-Tb.

Fig. 3 Emission spectra of RGO-DTPA-Tb (1 mg/L) upon addition of 0.5-10 uM of DA in

PBS buffer solution (pH 7.4). Inset: relative intensity of RGO-DTPA-Tb at 545 nm with the

concentration over a DA concentration range from 0.5-10 uM.

Fig. 4 Differential pulse voltammetry (DPA) of RGO-DTPA-Tb assembled on a GC electrode

in the presence of 0.1 to 10 uM DA in PBS buffer solution (pH 7.4).
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