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ABSTRACT: In this paper, a new strategy for the construction of multifunctional
electrochemical detection platforms based on the Michael addition/Schiff base
reaction of polydopamine modified reduced graphene oxide was first proposed.
Inspired by the mussel adhesion proteins, 3,4-dihydroxyphenylalanine (DA) was
selected as a reducing agent to simultaneously reduce graphene oxide and self-
polymerize to obtain the polydopamine-reduced graphene oxide (PDA-rGO). The
PDA-rGO was then functionalized with thiols and amines by the reaction of thiol/
amino groups with quinine groups of PDA-rGO via the Michael addition/Schiff base
reaction. Several typical compounds containing thiol and/or amino groups such as 1-
[ (4-amino)phenylethynyl] ferrocene (Fc-NH,), cysteine (cys), and glucose oxidase
(GOx) were selected as the model molecules to anchor on the surface of PDA-rGO
using the strategy for construction of multifunctional electrochemical platforms. The
experiments revealed that the composite grafted with ferrocene derivative shows
excellent catalysis activity toward many electroactive molecules and could be used for

individual or simultaneous detection of dopamine hydrochloride (DA) and uric acid (UA), or hydroquinone (HQ) and catechol
(CC), while, after grafting of cysteine on PDA-rGO, simultaneous discrimination detection of Pb** and Cd*" was realized on the
composite modified electrode. In addition, direct electron transfer of GOx can be observed when GOx-PDA-rGO was
immobilized on glassy carbon electrode (GCE). When glucose was added into the system, the modified electrode showed
excellent electric current response toward glucose. These results inferred that the proposed multifunctional electrochemical
platforms could be simply, conveniently, and effectively regulated through changing the anchored recognition or reaction groups.
This study would provide a versatile method to design more detection or biosensing platforms through a chemical reaction

strategy in the future.
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B INTRODUCTION

The construction of multifunctional platforms has increased
greatly in interest in recent years. It may be convenient to
fabricate different sensors for different species simply through
changing one recognition or reaction group of the multifunc-
tional platforms. For this reason, much effort has been taken to
develop novel materials for multifunctional platforms recently.
For example, a multifunctional platform based on graphene
oxide wrapped surface-enhanced Raman scattering (SERS) tags
toward optical labeling and photothermal ablation of bacteria,'
a multifunctional analytical platform on a paper strip for
separation, preconcentration, and detection,” multifunctional
nanoparticles and nanoshells for bioimaging and biosensing,”*
diagnosis and therapy of disease,” and multifunctional encoded
self-assembling protein nanofibrils as a platform for multiplexed
biomolecules detection have been reported recently.” These
multifunctional platforms have been frequently employed in the
biochemical areas for purposes such as detection of
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biomolecules and bioimaging based on the SERS,”° plasmonic
spectra, and fluorescence methods.”

However, it is difficult to establish multifunctional electro-
chemical platforms for the complicated modifying steps and
hash preparation conditions. To our knowledge, there are many
reports focusing on construction of a specific electrochemical
biointerface for individual or multiple components detection.
For example, biofunctionalized magnetic nanoparticles assem-
blies onto the graphene nanosheets have been used as
immunosensing platform for simultaneous multiplexed electro-
chemical immunoassay using distinguishable signal tags.”
Another multiplexed immunoassay platform for ultrasensitive
and simultaneous detection of four biomarkers was developed
on the basis of a hybridization chain reaction and biotin—
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Scheme 1. Construction of the Multifunctional Electrochemical Detection Platforms Based on Michael Addition Reaction of

PDA and Application in Detection of Electroactive Species
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streptavidin signal amplification strategy.” It is proved that the
magnetic nanoparticles and AuNPs used as the functional
materials for immunosensing platforms are effective; however,
the labeling process was complicated and the detected objects
may be limited to biomarkers. Recently, Wu et al. developed a
multifunctional electrochemical functionalization of an N-
methyl-2-pyrrolidone-exfoliated graphene nanosheet (NMP-
exfoliated GS) modified electrode as a highly sensitive analytical
platform for phenols.” The NMP-exfoliated GS exhibited
apparently better electrochemical activity toward the oxidation
of a series of phenols, such as hydroquinone, catechol, 4-
chlorophenol, and 4-nitrophenol. Apparently, this example is a
successful electrochemical detection platform for multiple
components. However, the platform cannot be tuned by
changing the recognition or reaction group. Strictly speaking, it
is a specific platform for multiplex detection, not a multifunc-
tional platform for different purposes. Therefore, expanding the
strategy for construction of multifunctional electrochemical
platforms for detection and catalysis is of great significance.

It is considered that the key issue is to find an excellent
electrode modification material for the multifunctional electro-
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chemical platforms, which can be flexibly functionalized or
grafted with different recognition molecules. In general, the
materials used in the multifunctional electrochemical platforms
should have good conductivity and stability, good adhesive
property and compatibility, as well as enough functional groups
for postlinking with different recognition groups to obtain
multifunctional electrochemical platforms.

Mussel-inspired functional materials may be one of the best
candidates, which have been widely implemented for various
purposes, including modification and functionalizing of
surfaces,'’”"* preparation of biomimetic functional materials,"*
immobilization of proteins,"* enhancement of cell and
hydroxyapatite adhesions, !¢ enrichment and direct detection
of small pollutant molecules,'” severing as catalyst support and
carbon adsorbent,"®'” and synthesis of nanocubes.”” The
adhesive proteins of mussels, which contain high concen-
trations of catechol and amine functional groups, also exhibit
excellent affinity for most organic and inorganic surfaces.”'
Inspired by the composition of adhesive proteins in mussels,
the self-polymerization of DA (air-driven chemical polymer-
ization of DA) has been used to prepare multifunctional
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biocompatible polydopamine (PDA) coatings on various
surfaces for a variety of promising applications.”” This self-
polymerization reaction is so mild, without any complicated
instruments and harsh reaction conditions.”> During polymer-
ization, PDA can spontaneously form a conformal and
continuous coating layer on a wide variety of surfaces, including
noble metals, metal oxides, synthetic polymers, semiconductors,
and ceramics via the strong binding affinity of catechol
functional groups. PDA can also serve as the linker to many
materials to improve some critical performance of the initial
materials, and/or to facilitate the covalent conjugation with
moieties to possess other interesting functionalities. Interest-
ingly, PDA can behave as both the reducing agent and
stabilization agent for construction of several inorganic—organic
hybrid materials.”* It was reported that dopamine undergoes
self-polymerization to produce an adherent of PDA, which
allows dopamine to act simultaneously as a reducing agent for
GO and as a capping agent to stabilize and decorate the
resulting reduced GO (rGO) at weak alkaline pH media.**
The obtained PDA-rGO can be widely employed in many
areas. A striking merit of the PDA-rGO is that the PDA layer
on the surface of rGO is chemically active to various chemical
molecules and hence can facilitate the design of various rGO-
based hybrid materials. Therefore, the PDA-rGO demonstrates
its prospect as a new platform of the surface chemistry.'® For
example, the synthesized PDA-rGO can be further function-
alized by a chemical reaction strategy to obtain new platforms.
To the best of our knowledge, a chemical reaction strategy,
such as a “Click Chemistry” reaction, is an effective method to
prepare the functional surfaces.””~” Similarly, the oxidized
form quinone in PDA-rGO can undergo reactions with various
functional groups, including thiols and amines via Michael
addition or Schiff base reaction, to form covalently grafted
functional layers. The reactions toward either amine- or thiol-
containing molecules are facile, without any harsh reaction
conditions or complicated equipment. More importantly,
couplings with these nucleophiles typically proceed in aqueous
environments and remain quite stable compared with those in
the presence of nhydroxysuccinimide (NHS) or other cross-
linkers. Several new materials, such as functional polymer
brushes and *' polymer hybrid materials based on the mussel-
inspired chemistry, have been synthesized for improving the
stability or dispersity of the initial polymers.”® It is supposed
that the “grafting-to” process may provide a versatile and
benign means for the preparation of PDA-based materials.
However, this method has seldom been employed in biosensing
areas though there was no need of any additional cross-linkers
when grafting thiol- and amine-containing molecules on the
PDA modified surfaces. Up until now, construction of
multifunctional platforms based on the PDA-rGO and thiol-
or amine-containing molecules has not been reported yet.
Herein, considering the fascinating properties, such as
reduction, self-polymerization of dopamine, and postgrafting
property for PDA, a facile method for construction of
multifunctional electrochemical platforms was reported based
on the Michael addition or Schiff base reaction of PDA-rGO.
Utilizing the mussel-inspired catecholamine reagent of
dopamine, graphene oxide was reduced and functionalized
simultaneously. Through the catechol functional group of PDA,
several compounds containing thiol or/and amino groups
(amine functional ferrocene derivative (Fc-NH,), cysteine,
glucose oxidase) were selected as the model molecules to
anchor on the interface of PDA-rGO via Michael addition or

Schiff base reaction (Scheme 1). By simply regulating the
grafted functional molecules, the multifunctional detection
platforms can be successfully fabricated and different electro-
active species can be catalyzed and detected on the multifunc-
tional electrochemical platforms, respectively.

B EXPERIMENTAL SECTION

Reagents and Materials. Dopamine hydrochloride (DA),
cysteine (cys), ascorbic acid (AA), uric acid (UA), hydroquinone
(HQ), catechol (CC), acetaminophen (AC), glucose oxidase (GOx),
and glucose were purchased from Sigma and used without further
purification. 1-[(4-Amino) phenylethynyl] ferrocene (Fc-NH,) was
synthesized according to our published literature,”® and the main
synthesis procedures and characterization data were shown in the
Supporting Information (S1). Graphene oxide (GO) was purchased
from XFNANO Co., Ltd. (Nanjing, China) and used without further
purification. All other chemicals were analytical grade and purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and
used directly. Ten millimolar of pH 8.5 Tris-HClI buffer solutions were
used for PDA preparation and functionalization. Phosphate buffer
solution (PBS, 0.1 M) was prepared with Na,HPO,, NaH,PO,, and
0.1 M Na,SO,. Acetate buffer solution (pH 4.5) was prepared with 0.1
mol L™ HAc-NaAc aqueous solution. All aqueous solutions were
prepared with Milli-Q ultrapure water.

Apparatus. A Varian-500 high resolution NMR spectrometer
(Bruker AVANCE DRXS00, Switzerland) and Thermo-Finnigan
LCQ-advantage mass-spectrometer (GCMS-QP2010, Japan) were
used to confirm the new compounds. The UV—vis spectra were
obtained on a UV-2450 spectrophotometer (Shimadzu, Japan). FT-IR
spectra were collected on a Nexus-670 Fourier transform-infrared
spectrophotometer (Nicolet Instrument Co, USA) with the KBr
pressed pellet transmission mode. Forty scans were averaged to yield
the spectra with the resolution of 4 cm™". The field-emission scanning
electron microscopy (FESEM) micrographs and energy dispersive X-
ray spectroscopy (EDS) were obtained with SEM (Zeiss Sigma,
Germany). For the SEM analysis, samples were prepared by dropping
solution and drying on silicon wafers. X-ray photoelectron spectros-
copy (XPS) measurements were carried out on K-Alpha 1063
(Thermo Fisher Scientific, England). Atomic force microscopy
(AFM) images were revealed by a Multimode scanning probe
microscopy (VEECO, USA). Electrochemical experiments, including
cyclic voltammetry (CV), electrochemical impedance spectra (EIS),
differential pulse voltammetry (DPV), square wave anodic stripping
voltammetry (SWASV), were performed with a research electro-
chemical workstation of SP-150 (BioLogic Science Instruments,
France) controlled by EC-Lab software. Glassy carbon electrode,
saturated calomel electrode (SCE) and carbon rod electrode were
served as work, reference and counter electrodes, respectively. All
potentials here were cited versus the SCE. All experiments were
performed at room temperature.

Synthesis of PDA-rGO. PDA-rGO was prepared typically as
follows: 50 mg of GO and 50 mg of dopamine hydrochloride were
added into 100 mL of 10 mM Tris-HCl solution (pH = 8.5) and
dispersed by sonication for 10 min in an ice bath. The reaction mixture
was stirred vigorously at 60 °C for 24 h. After the reduction reaction,
PDA-rGO was filtered with a 0.2 ygm membrane, filtered, centrifugated,
washed, dispersed. The black powders were then filtrated and dried
under reduced pressure for 24 h.

Surface Modification of PDA-rGO Based on Michael
Addition/Schiff Base Reaction. Surface modification of PDA-rGO
was performed by adding 10 mg of the PDA-rGO and 10 mg of Fec-
NH, (or 10 mg of cysteine, or 10 mg of GOx) into 30 mL of 10 mM
Tris-HCl solution (pH = 8.5). The reaction mixture was stirred at 35—
40 °C for 24 h, and the as prepared composites were labeled as Fc-
NH-PDA-rGO, cys-PDA-rGO, GOx-PDA-rGO. Possibly, owing to the
bigger hindrance and the structure of Fc-NH,, the reaction was slow.
Therefore, in this case, small amount of MnO, was added in this
system as the catalyst. After the reaction, the solution was filtered and
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Figure 1. (A) UV spectra of DA (a), GO (b), PDA-rGO (c), Fc-NH, (d), Fe-NH-PDA-rGO (e). (B) FTIR spectra of DA (a), GO (b), PDA-rGO
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Figure 2. AFM images and height profile of GO (4, C) and PDA-rGO (B, D).

washed thoroughly with ultrapure water and ethanol, followed by
drying under reduced pressure for further characterization.
Procedures for Catalysis or Detection of Electro-Active
Molecules and Metal lons Based on the Multifunctional
Electrochemical Detection Platforms. After thoroughly character-
ization of PDA-rGO, Fc-NH-PDA-rGO, cys-PDA-rGO, GOx-PDA-
rGO, the composites were used for construction of the electrochemical
platforms. The GCE was successively polished with 1.0, 0.3, and 0.05
pm alumina powders, and then washed ultrasonically in ethanol and
water alternately to obtain a mirror-like surface. The cleaned GCE was
dried with nitrogen before modification. The composites of Fc-NH-
PDA-rGO (1 mg mL™"), cys-PDA-rGO (1 mg mL™') and GOx-PDA-
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rGO (1 mg mL™") were directly dropped onto the pretreated GCE.
After dried in air, the modified GCE was stored at 4 °C under dry
conditions when not in use. For comparison, PDA-rGO/GCE was also
prepared using similar procedures.

B RESULTS AND DISCUSSION

Construction of the Multifunctional Electrochemical
Platforms and Its Possible Mechanism. When dopamine
hydrochloride is added into an alkaline solution, the polymer-
ization of dopamine monomers immediately occurs, coupled
with the solution color change from colorless to pale brown,
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Figure 3. SEM images of GO (A), PDA-rGO (B), Fc-NH-PDA-rGO (C), and EDS of Fc-NH-PDA-rGO (D).

and finally to deep brown. In the presence of GO, dopamine
undergoes self-polymerization to produce an adherent film of
PDA and released electrons to reduce GO, which allows
dopamine to simultaneously act as a reducing agent for GO and
as a capping agent to stabilize and decorate the resulting rGO.
The possible mechanism might be the released electrons during
the polymerization of dopamine attacked the oxygen-containing
species such as C=0 in GO, and this electron transfer process
seems to be the key procedure to complete reduction of GO.**
Then, under the basic conditions, the catechol in the PDA
matrix can be oxidized into the corresponding quinone, which
can then react with the nucleophilic amine groups by means of
Michael addition/Schiff base reaction.’” Alternatively, this
cross-linking reaction can proceed via a Michael-type addition
pathway. In the case of thiol-contained molecules, the
nucleophiles are most likely to react with PDA through
Michael addition reaction. The reactions with either amine- or
thiol-contained molecules are facile, without any harsh
conditions or complicated procedures or equipment. More
importantly, couplings with these nucleophiles typically
proceed in aqueous environments and remain quite stable
compared to n-hydroxysuccinimide (NHS) or maleimide agent
commonly used as the coupling agents between the amine- or
thiol-containing molecules and the substrate surfaces, which are
susceptible to hydrolysis and thereby result in poor conjugation
efficiency.’” Therefore, choosing different molecules that
contain amines or thiols to graft onto the PDA-rGO, the
multifunctional electrochemical platforms can be obtained. In
this paper, three typical amine- or thiol-contained molecules,
such as cysteine, GOx, and Fc-NH, were selected as typical
molecules to anchor on the surface of PDA-rGO for
constructing the multifunctional electrochemical platforms
(Scheme 1). The successful functionalization and grafting
processes were confirmed by IR, UV, XPS, and electrochemical
methods, and the Results and Discussion are displayed below.

Characterization of the PDA-rGO Composite and
Multifunctional Electrochemical Platforms. Character-

ization of the PDA-rGO. PDA-capped rGO was prepared via
simultaneous reduction of GO by dopamine and self-polymer-
ization of dopamine in Tris-HCI. The process can be confirmed
by UV—vis absorption and IR spectroscopy. In Figure 1A, the
characteristic absorbance peaks for GO (b) at 230 and 300 nm
shifted to 210 and 280 nm (c) in PDA-rGO. And the intensity
of the absorbance peaks increased with the reduction time
(Supporting Information, Figure S1). The PDA-rGO remains
uniformly dispersed in Tris-HCl. Thus, GO has been reduced
and the aromatic structure within the GO nanosheets restored
upon dopamine reduction.”’ These results can be further
confirmed by IR. As shown in Figure 1B (c), after reaction with
dopamine, the band at 1730 cm™ for the carbonyl group
almost disappeared,' indicating that GO was reduced and the
rGO was obtained. The peaks at 1519 cm™ (—NH, scissoring
vibration) and 1342 cm™ (—CH, bending vibration) are
observed in the spectrum of PDA-rGO. The band at 3420 cm™
can be ascribed to the — NH group of PDA, showing that
dopamine was self-polymerized and PDA-rGO was formed.”
In order to further confirm the reduction of GO and
functionalization of PDA on rGO, AFM was conducted. Figure
2 shows the morphology and thickness of GO and PDA-rGO.
The thickness of GO sheets was around 1.036 nm (Figures 2A
and C), which is thicker than pristine graphene.”” On the other
hand, the average thickness of PDA-rGO was around 2.055 nm
(Figures 2B and D), indicating that the increase in thickness of
1.019 nm is due to the presence of PDA on the rGO sheets.”
Characterization of the Multifunctional Electrochemical
Platforms. Three typical amine- or thiol-containing molecules,
cysteine, GOx, and Fc-NH, were selected to graft onto the
PDA-rGO to construct the multifunctional electrochemical
platforms. As shown in Figure 1B (d), after reaction with
cysteine, the characteristic band of —SH at 2585 cm™ was
clearly observed in the IR spectrum. Therefore, the main
reaction site for cysteine might be the —NH, group, and a large
amount of —SH still remained in the resultant composite. The
possible mechanism and products are shown in the Supporting
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Figure 4. XPS survey spectra (A) of GO (A-a) and PDA-rGO (A-b), Fe-NH-PDA-rGO (C-a), cys-PDA-rGO (C-b), and GOx-PDA-rGO (C-c), and
the C Is binding energy regions of GO (B-a) and PDA-rGO (B-b), (D) Fe 2p, and the (E) S 2p region.

Information (Scheme S1). This indicated that the reaction of
cysteine with PDA-rGO was relatively easier. However, for the
grafting of the ferrocene derivative, the reaction is relatively
slow. The reasons may be as follows: First, the Fc-NH, contains
a benzene ring which was conjugated with the —NH, owing to
the p-7 conjugation relation. This will reduce the nucleophil-
icity of Fc-NH,, and the resulting reactivity of the aromatic
amine was smaller than that of the aliphatic amine. Second, the
acetenyl is an electron deficiency group under basic conditions,
and this will decrease the alkalinity of the aromatic amine,
which will also result in the decreasing of reaction activity.
Therefore, in this case, a small amount of catalyst MnO, was
added. After grafting of Fc-NH,, the maximum absorbance
peaks at 280 nm in Figure 1A (c) notably shifted to 338 nm in
Figure 1A (e), as shown in the UV spectra. In the IR spectrum
of ferrocene derivative modified PDA-rGO in Figure 1B (e),
the characteristic peaks at 2200 cm ™' for C=C, 799 cm™' for
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ferrocene, and 3420 cm™! for — NH were found. Therefore, the
ferrocene derivative was successfully grafted onto the PDA-rGO
via Michael addition through reaction of —NH, and quinone
groups. As shown in Figure S2 in the Supporting Information,
the native GOx molecule (Figure S2, a) displays three distinct
peaks located at 1652, 1571, and 1052 cm™", which correspond
to the amide I and amide II absorption band and the C—O
bond stretching vibration of GOx, respectively.34 The typical IR
spectra for the GOx grafted composite also exhibited these two
typical amide I and amide II absorption bands (Figure S2, c) at
1657 and 1571 cm™}, which were almost the same as those of
the native GOx (Figure S2, a). The slight shifts of amide I and
II absorption bands may result from the interaction between
GOx and PDA-rGO.” It is generally accepted that the
disappearance of the amide II band is responsible for the
unfolding and denaturation of the immobilized enzymes.” In
this study, the existence of the amide II absorption band
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Figure 5. CVs (A) and EIS (B) of bare GCE (a), GO/GCE (b), PDA-rGO/GCE (c), and Fc-NH-PDA-rGO/GCE (d) in 2 mM Fe(CN)~/4~

containing 0.1 M Na,SO,.

demonstrated that GOx was grafted onto the PDA-rGO film
and remained near their native states, and the PDA-rGO
composite displayed good biocompatibility and strong affinity
to GOx. Therefore, through Schiff-base reaction or Michael
addition reaction, the “grafting-to” process was successfully
realized.

The successful functionalization of PDA and the postgrafting
of functional molecules can be further confirmed by SEM and
XPS. The typical SEM photos of GO/GCE, PDA-rGO/GCE,
and Fc-NH-PDA-rGO/GCE are shown in Figures 3, which
provided further evidence for the successful attachment of PDA
and grafting of Fc-NH,. The GO shows an obvious
conglomeration surface with cracks and wrinkles. After
modification with PDA and reduction, the surface of GO
became rougher, and this suggested that PDA was coated on
the rGO. When grafted with Fc-NH,, there were several small
particles decorated on the surface of PDA-rGO, which may be
the MnO, or Fc-NH, dispersed on the surface. Energy
dispersive X-ray spectroscopy (EDS) was used to analyze the
chemical composition of PDA-rGO after the attachment of Fc-
NH,, and it was found that the peak of Fe and Mn was
obviously found as shown in Figure 3D. Therefore, when
grafting of Fc-NH, on the PDA-rGO, a small amount of MnO,
was doped into or remained in the composite at the same time.
It is reported that MnO, is a good catalyst and excellent
material which can be used for determination of some
electroactive molecules when combining with graphene
oxide.*® Owing to the fact that the removal of MnO, is
complicated, and considering the special property of it, the
resultant Fc-NH-PDA-rGO was used directly. Therefore, MnO,
in the system may not only act as a catalyst for the Michael
addition reaction, but also increase the catalysis property of the
Fc-NH-PDA-rGO.

The PDA coating on the rGO sheets was also proved by
XPS. XPS survey spectra of GO and PDA-rGO samples in
Figure 4A showed that an N 1s peak at 398 eV was observed
only in the PDA-rGO sample. The N 1s peak originates from
the amine groups of the PDA on rGO. From the XPS spectrum
of the PDA-rGO sample, the nitrogen/carbon atomic ratio (N/
C) was calculated to be 0.062 (Table S1, Supporting
Information). It has been reported that the theoretical value
of N/C in dopamine is 0.125 and the N/C value in PDA layers
on different substrates is between 0.1 and 0.13.** So, if we
consider the rGO layer as a substrate, the N/C value of 0.062 in
our sample is quite reasonable. Figure 4B shows that, in the C
Is binding region, a peak due to oxygen-containing groups
between 286 and 290 eV in the GO sample has been mostly

removed in the PDA-rGO sample, indicating partial reduction
of GO by the polymerization of dopamine.” After grafting of
three typical amine or thiol-contained molecules, the character-
istic peaks of S, N, or Fe were increased or changed obviously.
In the survey spectra of Fc-NH-PDA-rGO and cys-PDA-rGO
composite, the atom contents for Fe and S were 1.41 and 1.83
(Figure 4C—E, Table S1), and these results indicated that Fc-
NH, and cysteine were grafted onto the PDA-rGO. For the
GOx anchored composite, the atom contents of O and N
increased, which may result from grafting of GOx.

The Fe(CN)4 *7/*7, as an electrochemical probe, is usually
used to evaluate the electrochemical properties of the electrode.
Figure SA shows the CV obtained at the bare GCE (a), GO/
GCE (b), PDA-rGO/GCE (c), and Fc-NH-PDA-rGO/GCE
(d) in 2 mM Fe(CN)*~/* solution containing 0.1 M Na,SO,.
It is noted that the potentials between the anodic and cathodic
peaks (AEP) are different for these electrodes. As AE, is a
function of the electron transfer rate, the lower the AE, the
higher the electron transfer rate. The order of AE, values at
different electrodes is as follows: Fc-NH-PDA-rGO < PDA-
rGO < GCE < GO/GCE. Furthermore, the redox peak
currents at the Fe-NH-PDA-rGO/GCE are larger than those of
the PDA-rGO/GCE and GCE. This may result from the good
electronic conductivity and large specific surface area of Fc-NH-
PDA-rGO/GCE. The smaller AEP and the higher redox peak
currents at Fc-NH-PDA-rGO/GCE indicated that this
electrode had better electrochemical properties than those of
the PDA-rGO/GCE and GCE.

The electron transfer properties of the different electrodes
were further characterized by EIS. Figure SB presents the
Nyquist plots of GCE (a), GO/GCE (b), PDA-rGO/GCE (c),
and Fc-NH-PDA-rGO/GCE (d). The Nyquist plots were fitted
by the Randles equivalent circuit (Figure SB, inset). The
Nyquist plot has taken into consideration the diffusion and
kinetic controlled parameters. The Randles equivalent circuit
used for fitting the impedance data consists of the solution
resistance (R;) connected in series to the parallel combination
of the capacitance (C,), charge transfer resistance (R.), and
Warburg impedance (Zy,). The R of the electrode is equal to
the semicircle diameter of the Nyquist diagram. Well-defined
semicircles with R of 280 € and 480 Q at higher frequencies
were obtained for the bare GCE and GO/GCE (Figure SB, a
and b), indicating that relatively larger interface electron
transfer resistances were obtained at these two electrodes.
When PDA-rGO/GCE was conducted (Figure SB, c), the
diameter of the semicircle in the high frequency region was
decreased to 110 €, which suggested that PDA-rGO could

DOI: 10.1021/acsami.5b04597
ACS Appl. Mater. Interfaces 2015, 7, 17935—17946


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04597/suppl_file/am5b04597_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04597/suppl_file/am5b04597_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04597/suppl_file/am5b04597_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04597

ACS Applied Materials & Interfaces

N 0.06 4 B 0.06 J
0.06 1 0.04 1
X —
0.04 0.04 - L
0.02 1
< < <
= 0.02 1 |
= 7 § 0.02 § 0.00 -
0.00 —
002 4 ( 0.00{ — // -0.02 A p’_\/
é 20.04 -
-0.04 4 -0.02 1 0.0
-0.1 0.0 0.1 0.2 03 04 05 0.0 0.1 02 03 04 05 06 -0.2  -0.1 0.0 0.1 0.2 0.3
E/V (vs. SCE) E/V (vs. SCE) E/V (vs. SCE)
0.09
0.06 D H oo F
0.04 0.06 1 0.04 -
< 0.02 1 < 0.03 4 < 0.03
E 7 | E E
< 0.00 4 < —/\ < 002
7’ 0.00 1 e
-0.02 4 // 0.01 1
-0.03 1
-0.04 1 0.00
0.1 00 01 02 03 04 05 0.1 0.2 0.3 0.4 0.5 0.6 05 06 07 08 09 1.0 1.1
E/V (vs. SCE) E/V (vs.SCE) E/V (vs. SCE)

Figure 6. CVs of bare GCE (black curve, a), PDA-rtGO/GCE (red curve, b), and Fc-NH-PDA-rGO/GCE (green curve, c) in buffer solution (pH 7)
containing DA (A), UA (B), HQ (C), CC (D), AC (E), and NaNO, (F) . Concentration: 10 4#M; scan rate: S0 mV/s.

improve the conductivity and accelerate the electron transfer determination of DA and UA is selected as a model system. As
speed. For the Fc-NH-PDA-rGO/GCE (Figure SB, d), the R, shown in Figures SSA and B in the Supporting Information, the
value further decreased to 25 Q. Therefore, the conductivity individual detection of DA or UA was conducted. It was shown
was obviously improved on the Fe-NH-PDA-rGO/GCE, which that, in a wide detection range, the peak currents increased with
agreed with the CV results. Similarly, the CV and EIS of GOx- the concentrations of DA or UA, and the detection limits can
PDA-rGO/GCE (Figure S3, Supporting Information) and cys- be calculated as 0.025 and 0.06 uM, respectively. Considering

PDA-rGO/GCE (Figure S4, Supporting Information) were the coexistence of DA, AA, and UA in real biological samples,
also compared with PDA-rGO, GO/GCE, and GCE. The CV the selective detection of DA and UA was then investigated

and EIS results indicated that the GOx and the cysteine were accordingly in the triplex solution. Figures 7A and B show the
successfully anchored on PDA-rGO, and the conductivity was responses of the Fc-NH-PDA-rGO/GCE upon addition of
much better than others. different concentrations of DA or UA with the coexistence of
Application of the Multifunctional Electrochemical fixed concentrations of the other two species. The peak
Platforms. Application of the Functional Platform of Fc-NH- potentials are located at 0.15 and 0.31 V, respectively, which are
PDA-rGO/GCE. Some electroactive molecules were selected as well separated from each other. The peak currents of DA and
the models to investigate the electrocatalysis property of the Fc- UA increased with their concentrations, while the peak of AA
NH-PDA-rGO/GCE, as shown in Figure 6. It was found that did not appear.
DA (A), UA (B), HQ (C), CC (D), AC (E), and NaNO, (F) As the concentrations of DA and UA increased simulta-
can be easily oxidized on the Fc-NH-PDA-rGO/GCE (c), and neously as shown in Figure 7C, the characteristic oxidation
much larger oxidation currents can be obtained compared with peak currents of them increased accordingly. The calibration
GCE (a) and PDA-rGO/GCE (b). The reasons may result curve corresponding to the oxidation peak currents of DA and
from the catalysis of the Fc-NH-PDA-rGO composite. First, UA at variable concentrations is depicted in the inset plots. The
PDA is a conductive polymer and the rGO-PDA has large detection ranges and detection limits for DA and UA are 0.03
surface area and good conductivity property. Furthermore, the and 0.07 yM in Figure 7C, which were summarized in Table S2
electron transfer speed further accelerated after grafting of the in the Supporting Information. In order to estimate its
ferrocene derivative electron mediator. Therefore, the syner- performance, the sensitivity was calculated according to the
getic catalysis effect of PDA-rGO and ferrocene derivative make slope of the calibration curve,”” given the results of 260 and 152
the oxidation peak current enhanced on the Fc-NH-PDA-rGO/ AL ug' cm™? for DA and UA, respectively. The platform was
GCE. also compared with those of the counterparts reported in the
Another application of the Fc-NH-PDA-rGO/GCE platform literature, and the results are shown in Table S3 in the
is detection of some specific electroactive molecules or Supporting Information.
simultaneous detection of two species in the complex samples. Furthermore, similar results were obtained for detection of
The selective detection of neurotransmitters is of substantial HQ and CC. Figures S6A and B in the Supporting Information
interest for the rapid and early detection of neural disorders. show the detection of HQ and CC in the individual samples,
Therefore, owing to the different oxidation peak potentials for respectively. It is shown that the peak currents increased with

DA and UA on the Fc-NH-PDA-rGO/GCE in Figure 6, the the concentrations of HQ and CC. In Figures 7D and E, for the
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Figure 7. DPVs of Fc-NH-PDA-rGO/GCE in mixtures of (A—C) DA, UA, and AA and of (D—F) CC and HQ in 0.1 M PBS (pH 7).
Concentrations: (A) DA ranging from 0.1 #M to 1 mM in the presence of 300 M AA and 30 uM UA; (B) UA ranging from 0.25 M to 1.5 mM in
the presence of 300 uM AA and 30 uM DA; (C) Various concentrations of DA and UA in the presence of 300 uM AA in PBS. (D) CC with
concentrations from 0.2 uM to 1 mM in the presence of 30 uM HQ; (E) HQ with concentrations from 1.5 M to 1.5 mM in the presence of 30 uM
CC; (F) Various concentrations of HQ and CC in PBS. Inset: the relationship between the peak currents and concentrations.

individual analysis of CC and HQ_on the Fc-NH-PDA-rGO/
GCE in the two-component system, they can be well separated
with the AE, of 120 mV and the peak currents were linear
relative to their concentrations. The respective calibration
curves for the DPV are depicted in the inset plots of Figures 7D
and E.

As the concentrations of HQ and CC increased simulta-
neously, as shown in Figure 7F, the characteristic oxidation
peak currents increased accordingly. The detection limits for
HQ and CC were 0.3 and 0.07 yM with simultaneous
determination of the two species. According to the slop of the
calibration curves, the sensitivity can be calculated to be 103
and 209 yA L pug™' ecm™® for HQ and CC, respectively. The
linear range and determination limit of this sensor were also

17943

compared with those in the literature, as shown in Table $4 in
the Supporting Information. The results indicated that the
platform was better or the same as many of the reported
Sensors.

Application of the Functional Platform of cys-PDA-rGO/
GCE. A sensitive platform for the simultaneous electrochemical
determination of Cd** and Pb*" in aqueous solution has been
developed based on the cys-PDA-rGO/GCE. Figure 8A shows
the SWASV curves of GCE (a), PDA-rGO/GCE (b), and cys-
PDA-rGO/GCE (c) by in situ plating bismuth film for Cd**
and Pb** determination. The detection was conducted in the
media of 0.1 M of pH 4.5 acetate buffered saline containing 20
ug L' Cd*, 20 ug L' Pb**, and 400 ug L™" Bi**. The anodic
stripping peaks of Cd** at —0.76 V and Pb** at —0.52 V were
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Figure 9. (A) CVs of bare GCE (a), PDA-rGO/GCE (b), and GOx-PDA-rGO/GCE/GCE (c) in N, saturated 0.1 M PBS (pH 7.4) in the absence
of glucose at a scan rate of 400 mV s™'; (B) CV responses of GOx-PDA-rGO/GCE with different concentrations of glucose in air-saturated 0.1 M

PBS (pH 7.4).

presented in the bismuth film-modified GCE. The peak
potentials of Cd** and Pb** positively shifted on the bismuth
film-modified PDA-rGO/GCE. In the meantime, the peak
potentials of Cd** and Pb** on the cys-PDA-rGO/GCE further
positively shifted and took 191% and 137% peak height
enhancement compared with that of GCE. The main reasons
for the amplifying effect were as follows: The thiol groups
maintained their original state after grafting onto the PDA-
rGO, which can coordinate with Cd** and Pb** to collect the
metal ion and enhance the sensitivity. On the other hand, the
enlarged, activated surface and good electrical conductivity of
PDA-rGO contributed to the collection and deposition of Cd**
and Pb** on the electrode surface. The synergistic coordination
effect of cysteine as well as the enrichment effect of PDA-rGO
makes the cys-PDA-rGO/GCE show good performance upon
detection of ions. Under the optimal conditions (Figure S7,
Supporting Information), the simultaneous analysis of Cd*" and
Pb** was performed on the Bi/cys-PDA-rGO/GCE with
increasing metal ion concentrations from 0.40 ug L™ to 80
ug L™!, as shown in Figure 8B. The linear relationship existed
between the currents and the concentrations of Cd** and Pb**
in the range of 040 ug L' to 45 ug L™' with the detection
limits of 0.10 ug L' for Cd** and 0.12 ug L' for Pb*,
respectively, based on the signal-to-noise ratio of 3 (S/N = 3).
The sensor shows good sensitivity, and the linear range and
determination limit of this sensor are better or the same as
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those listed in the literature (Table SS, Supporting
Information).

Application of the Functional Platform of GOx-PDA-rGO/
GCE. As shown in the Supporting Information (Figure S2),
after being grafted onto the PDA-rGO, the amide I and amide
IT peaks of GOx were observed in the IR spectra of GOx-PDA-
rGO/GCE, confirming that the GOx was effectively grafted
onto the PDA-rGO surface and retained its native states. The
direct electron transfer behavior of GOx-PDA-rGO/GCE was
investigated by CV. Figure 9A shows the CVs of bare GCE (a),
PDA-rGO/GCE (b), and GOx-PDA-rGO/GCE (c) in N,-
saturated PBS. A pair of distinct and nearly symmetric redox
peaks was observed at the GOx-PDA-rGO/GCE (c), which
could be originated from the electron transfer between GOx
and the underlying electrode. The formal potential is —0.468 V,
which is in good agreement with the previously published data
for the FAD/FADH, redox center of GOx in a neutral
solution.***® The oxidation of peak current increased with the
scan rate, as shown in Figure S8, which means that the
oxidation is a mass-transfer controlled process. Therefore, the
PDA-rGO could provide a biocompatible and conductive
microenvironment which can promote direct electron transfer
between GOx and GCE with the aid of PDA-rGO. The direct
bioactivity of the immobilized GOx to glucose was investigated
and characterized by CVs at the GOx-PDA-rGO/GCE in the
air-saturated PBS. As depicted in Figure 9B, when glucose was
added, the shape of the CVs of the GOx-PDA-rGO/GCE
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changed and an obvious decrease in the reduction peak current
can be found. The larger the amount of glucose was added, the
smaller the reduction current obtained, indicating the
consumption of oxygen. Based on this phenomenon, the
concentration of glucose may be determined on the GOx-PDA-
rGO modified electrode.

B CONCLUSION

In summary, a new strategy for construction of multifunctional
electrochemical platforms by grafting of thiols and amines on
the PDA modified reduced graphene oxide via Michael
addition/Schiff base reaction was developed. The multifunc-
tional electrochemical platforms can be easily obtained by
simply changing the grafted molecules on the PDA-rGO. When
casting the as prepared composites on an electrode, multifunc-
tional electrochemical platforms can be fabricated for direct
catalysis or determination of some electro-active species. The
method will also allow anchoring other thiol- or amino-
functionalized molecules, polymers, and proteins, thus
providing a versatile means for the preparation of multifunc-
tional graphene-based materials and sensors. This stepwise
chemical reaction strategy can also provide a powerful tool to
design biosensing approaches for the highly selective detection
aims.
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