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ABSTRACT: In the present work, reduced graphene oxide (rGO)/
poly(N-isopropylacrylamide) (PNIPAA) composite films were |
electrodeposited onto the surface of Au electrodes in a fast and .

one-step manner from an aqueous mixture of a graphene oxide
(GO) dispersion and N-isopropylacrylamide (NIPAA) monomer
solutions. Reflection—absorption infrared (IR) and Raman spectros-
copies were employed to characterize the successful construction of
the rGO/PNIPAA composite films. The rGO/PNIPAA composite
films exhibited reversible potential-, pH-, temperature-, and sulfate-
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sensitive cyclic voltammetric (CV) on—off behavior to the

electroactive probe ferrocenedicarboxylic acid (Fc(COOH),). For instance, after the composite films were treated at —0.7 V
for 7 min, the CV responses of Fe(COOH), at the rGO/PNIPAA electrodes were quite large at pH 8.0, exhibiting the on state.
However, after the films were treated at 0 V for 30 min, the CV peak currents became much smaller, demonstrating the off state.
The mechanism of the multiple-stimuli switchable behaviors for the system was investigated not only by electrochemical methods
but also by scanning electron microscopy and X-ray photoelectron spectroscopy. The potential-responsive behavior for this
system was mainly attributed to the transformation between rGO and GO in the films at different potentials. The film system was
further used to realize multiple-stimuli responsive bioelectrocatalysis of glucose catalyzed by the enzyme of glucose oxidase and
mediated by the electroactive probe of Fc(COOH), in solution. On the basis of this, a four-input enabled OR (EnOR) logic gate

network was established.
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1. INTRODUCTION

In recent years, switchable bioelectrocatalysis based on a
combination of enzymatic reactions and stimuli-responsive
films that are modified on the electrode surface has attracted
considerable attention among researchers because it can offer a
model to better comprehend the activation/deactivation
mechanism of enzymatic reactions in real biological systems
and can be used to fabricate switchable and tunable biofuel
cells, biosensors, and other bioelectronic devices."™ A variety
of external stimuli have been applied in this area, such as the
pH,4 temperature,5 electric ﬁeld,6 magnetic field,” and light.8
Herein, the multiple-stimuli responsive bioelectrocatalysis
systems” "> have extraordinary advantages over the single-
stimulus triggered ones since the addition of new stimuli or
dimensions causes the system to become more complicated,
making it similar to real biological systems. In addition, on the
basis of the multiple-stimuli sensitive bioelectrocatalysis, more
elaborate logic-gate networks could be established, which would
be helpful to realize information transduction/amplification and
to solve some biomedical problems,'? as well as to achieve data
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processing/storage at the nanometer-sized or even molecular
levels in chemical/biomolecular computing.”"*

The general strategy to construct multiple-stimuli responsive
films is to couple various single-stimulus sensitive components
or constituents together. For example, copolymer™ and semi-
interpenetrating polymer network (semi-IPN)® films with two
stimulus-sensitive polymer components were fabricated on an
electrode surface by our group, and based on these,
multiresponsive bioelectrocatalysis was realized. However, as
we know, the multiple stimuli-sensitive electrochemistry system
based on graphene or its derivatives has not been reported until
now.

Graphene oxide (GO), which is regarded as one of the most
significant derivatives of graphene, has aroused great interest
recently due to its outstanding thermal, electronic, and
mechanical properties as well as its potential value in
applications.'®'” Because GO has plenty of hydrophilic
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oxygenated groups, it can be facilely dispersed in water."® Thus,
GO is often used as a building block or precursor for
synthesizing various functional materials."®'” GO has also been
used to prepare pH-sensitive materials because the proto-
nation/deprotonation of carboxylic acid groups on the GO
surface can be controlled by using different pH levels in
solution.'”~* In particular, GO could be easily reduced into its
reduced form (rGO) on the electrode surface by electro-
chemistry.”>** We thus expected that the number of oxy-
genated groups of GO and the corresponding states of the
graphene derivatives (GO or rGO) at the electrodes should be
easily modulated by different applied potentials. However, the
potential-responsive switch based on GO-related system has
not been reported until now.

Poly(N-isopropylacrylamide) (PNIPAA), as a model of the
thermosensitive polymers, is usually used to prepare thermo-
and anion-triggered materials.>>* PNIPAA experiences a phase
transition at its lower critical solution temperature (LCST) of
~32 °C in water solution.”**” Below the LCST, PNIPAA has a
swollen structure in solution mainly owing to the absorption of
large amounts of water. Above the LCST, the PNIPAA network
collapses and has a contracted structure because of the
destruction of the hydrogen bonding interaction between
PNIPAA networks and water molecules, while the intra- and
intermolecular hydrophobic interactions within PNIPAA
become predominant. Recently, various GO/PNIPAA or
rGO/PNIPAA composite hydrogel materials were prepared,
and their temperature-sensitive properties were investi-
gated.zs_33 However, in these studies, GO or rGO did not
act as the stimulus-sensitive component. For example, Ye and
co-workers prepared PNIPAA/SA/GO hydrogel with pH- and
thermoresponsive property, where SA represents sodium
alginate.”® However, GO in the hydrogel only functioned as a
cross-linker, while SA was the pH-sensitive component in the
composite.

In this work, rGO/PNIPAA thin films were electrodeposited
onto the surface of Au electrodes. After cyclic voltammetric
(CV) scans in the aqueous dispersion of GO sheets and N-
isopropylacrylamide (NIPAA) monomers, NIPAA was electro-
polymerized into PNIPAA on the electrode surface, and GO
was entrapped into the PNIPAA networks and transferred to
rGO. The potential-, pH-, temperature-, and SO} -responsive
electrochemical behaviors of the electroactive probe Fc-
(COOH), at the rGO/PNIPAA electrodes was realized,
where the Fc(COOH), represents ferrocenedicarboxylic acid.
The pH- and potential-responsive behavior originated from the
rGO constituent, and the temperature- and SO} -responsive
property was from the PNIPAA component. This multistimuli
responsive CV property of Fc(COOH), at the rGO/PNIPAA
electrodes could be further employed to modulate the oxidation
of glucose electrocatalyzed by GOx and mediated by Fc-
(COOH), in solution, where GOx represents glucose oxidase.
The multiple-stimuli responsive bioelectrocatalysis system was
also employed to fabricate the distinctive four-input enabled
OR (EnOR) logic gate circuit. As we know, this work is the first
study reporting the multiply switchable bioelectrocatalysis on
the basis of graphene derivatives. The present study may
provide a new possibility for the application of GO/rGO and
open up a novel avenue toward the development of
multiresponsive biosensors and logic gate networks.
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2. EXPERIMENTAL SECTION

2.1. Chemicals. Glucose oxidase (GOx, E.C. 1.1.3.4, type VII from
Aspergillus niger, 192000 units g~'), ferrocene methanol (FcOH),
methylene blue (MB), and N,N-methylenebis(acrylamide) (BIS) were
obtained from Sigma—Aldrich (Shanghai). N-isopropylacrylamide
(NIPAA) and 1,1-ferrocenedicarboxylic acid (Fc(COOH),) were
obtained from TCI. Graphite was bought from Tianjin BoDi Co.
Na,$,053 was from Aladdin Reagents. Potassium permanganate
(KMnO,) was purchased from Tianjin Haiguang Chemical Plant.
The other chemicals were all of analytical grade and used as received.
The Britton—Robinson buffers containing 0.1 M NaCl were used as
buffer solutions from pH 5.0 to 9.0. Solutions were prepared with
ultrapure water purified with a Millipore purification system (18.2 MQ
cm).

2.2. Preparation of Graphene Oxide. Graphene oxide was
prepared from graphite with the modified Hummers method.** In
brief, graphite powder (S g) and 2.5 g of NaNOj; were placed into 115
mL of concentrated H,SO, in a beaker at 0 °C. KMnO, (15 g) was
added gradually with powerful stirring under 20 °C. After it was stirred
for 2 h, 230 mL of water was slowly added into the mixture. The
temperature of the mixture was rapidly increased to 98 °C, and then,
the brown yellow suspension was allowed to react further for 30 min.
Then, 700 mL of water and 50 mL of a 30% H,O, solution were
slowly added in 15 min to terminate the reaction. The yellow-brown
graphite oxide was washed with a dilute HCI solution, and its
dispersion was then dialyzed to remove the acids and metal ions
completely. Twenty milliliters of the dispersion was dried at 40 °C for
36 h, and then, the graphite oxide was obtained. A certain amount of
graphite oxide was dispersed and exfoliated in a pH 5.0 buffer by
ultrasonication for 3 h to obtain a homogeneous and stable dispersion
of GO, which was then stored in the refrigerator at 4 °C. The
characterization of GO was performed using various techniques, which
are described in detail in the Supporting Information.

2.3. Preparation of rGO/PNIPAA Composite Films. The Au
disk electrodes (¢ = 2 mm, from CH Instruments) were polished and
cleaned according to the previously reported method.’ For the
electrodeposition of composite films on Au electrodes, a typical
precursor solution containing 0.1 mg mL™' GO dispersion, 0.8 M
NIPAA, 0.01 M initiator Na,S,0g, 2 mg mL™" cross-linker BIS, and
0.15 M NaNO; was adopted after optimization. The electrodeposition
was performed in a nitrogen-saturated atmosphere with CV scans
between —0.1 and —1.3 at 0.1 V s™! for 20 cycles. In the procedure,
not only was NIPAA polymerized into PNIPAA but also GO was
entrapped into the PNIPAA films and electrochemically reduced to
rGO. After the electrodeposition, the rGO/PNIPAA film electrodes
were flushed with pure water to remove the unreacted chemicals. The
pure PNIPAA films were also electropolymerized onto the Au
electrode surface using the same method, except that there was no GO
in the precursor solution.

2.4. Apparatus and Procedures. All of electrochemical tests
were carried out on a CHI 660A electrochemical workstation, using a
three-electrode cell system with a platinum foil as the counter
electrode, a saturated calomel electrode (SCE) as the reference
electrode, and the modified Au electrode as the working electrode.
CVs were usually performed at rGO/PNIPAA film electrodes between
0.1 and 0.8 V at the rate of 0.1 V s™! under different conditions in 0.05
mM Fc(COOH), solutions. For bioelectrocatalysis, 1.0 mg mL™" GOx
and 6.0 mM glucose were added into the above solutions, and CVs
were scanned at 0.01 V s™". Before CV tests, the high-purity nitrogen
was bubbled into the buffers in the cell for more than 15 min. The N,
environment was then kept during the experiment.

Reflection—absorption infrared (IR) spectra were collected using an
IFS-66v/S IR spectrometer (Bruker) at a resolution of 4 cm™!. Raman
analyses were carried out on a Raman spectrometer (Jobin Yvon)
equipped with a He—Ne laser emitting 632.8 nm wavelength light.
The PNIPAA and rGO/PNIPAA films electrodeposited onto indium
tin oxide (ITO) electrodes were used as the samples for the IR and
Raman measurements.
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Scanning electron microscopy (SEM) was performed using an X-
650 scanning electron microanalyzer (Hitachi) operating at 5.0 kV.
The rGO/PNIPAA films electrodeposited onto gold-film modified
quartz crystal disks were served as samples for SEM tests. After they
were exposed to different Na,SO, solutions, temperature, and pH for 5
min, the samples were immediately placed into liquid N, to make the
structure “frozen”. Afterward, the samples were placed in a lyophilizer
(Boyikang, Beijing) for 24 h to remove all of the water in the
composite films. The samples were coated by a thin platinum layer
using an E-1045 sprayer (Hitachi) before SEM tests.

X-ray photoelectron spectroscopy (XPS) was performed using an
ESCSLAB 250Xi X-ray photoelectron spectrometer (Thermo Fisher)
equipped with a monochromatized Al Ka radiation source (2721 eV).
The PNIPAA, rGO/PNIPAA, and rGO films electrodeposited onto
ITO electrode surfaces were used as the samples.

3. RESULTS AND DISCUSSION

3.1. Characterization of rGO/PNIPAA Films. The
formation of PNIPAA by the electropolymerization of
NIPAA monomers at the Au electrodes using CV was reported
previously>® and was also confirmed by the IR spectra in the
present work (Figure S1 and Table S1 in the Supporting
Information). The absorption peak of the C=C vibration at
1625 cm™! for NIPAA was not found for the PNIPAA films,
indicating that the NIPAA was successfully electropolymerized
into PNIPAA. For rGO/PNIPAA films, while the IR results
could not provide direct evidence for the formation of PNIPAA
due to the interference of rGO in the films, the formation of
PNIPAA during electrodeposition should be certain and
positive. The network architecture observed using SEM and
the thermosensitive property observed using SEM and CV for
the films provided strong supporting evidence for the formation
of PNIPAA in the rGO/PNIPAA films, which will be described
and discussed in detail in subsection 3.5.

The entrapment of GO into PNIPAA networks and the
reduction of GO into rGO in the rGO/PNIPAA films were
confirmed by IR (Figure S1 and Table S1) and Raman
spectroscopy (Figure 1). The typical IR absorption peaks of
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Figure 1. Raman spectra of the (a) GO, (b) rGO/PNIPAA, and (c)
PNIPAA samples.

Vec) Voo and Ve_g at 1620, 1728, and 1054 cm™ for GO,
respectively, were also found in the rGO/PNIPAA samples,
suggesting that GO is successfully entrapped into the PNIPAA
films.

The Raman peak at 1580 cm ™", which was ascribed to the G-
band from the vibration of sp>-bonded carbon in the graphene
skeleton,>® and the peak at 1350 cm™!, which was ascribed to
the disorder-related D-band from the breathing mode of A,
symmetry of sp® carbon,”** were observed for both the GO
and rGO/PNIPAA samples. Meanwhile, for the pure PNIPAA
samples, the Raman absorption peaks in the same range were
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very weak under the same condition (Figure 1). These results
imply that the GO is successfully electrodeposited into
PNIPAA films. The D/G intensity ratio for rGO/PNIPAA
(1.83) was obviously higher than that for GO (1.19),
suggesting the reduction of the GO in the composite
films.**** In addition, a weak two-dimensional peak at 2700
cm™" was observed for the rGO/PNIPAA samples but was not
detected for GO, also supporting the reduction of GO into
rGO in the films.”® All of these results suggest that during the
electrodeposition, GO not only is entrapped into PNIPAA films
but also mainly takes the reduced form of GO (rGO) in the
films.

3.2. Potential-Controlled Cyclic Voltammetric Behav-
ior of Fc(COOH), for rGO/PNIPAA Films. The potential
applied on the rGO/PNIPAA films had a significant effect on
the film properties and the CV signal of the electroactive probe
Fc(COOH), at rGO/PNIPAA composite film modified
electrodes. First, the influence of different applied potentials
and applied time on the CV response of Fc(COOH), was
explored (Figure S3 in the Supporting Information). After
optimization, —0.7 and 0 V were chosen as two typical
potentials to study the potential-sensitive electrochemical
property of Fc(COOH), at the rGO/PNIPAA film electrodes.
After treatment at —0.7 V for 7 min in pH 7.0 buffers, the rGO/
PNIPAA film electrode was transferred into pH 8.0 buffer
solutions in the presence of Fc(COOH),. CV was then
performed between 0.1 and 0.8 V at 0.1 V s™" and 25 °C. A
couple of quasi-reversible CV peaks were observed at ~0.42 V
with relatively large peak currents (Figure 2, curve b), which is

a— 0V 30 min, pH 8.0
b—-0.7 V 7 min, pH 8.0
¢=—0 V 30 min, pH 5.0

(5] w £
N 1 1

Figure 2. CVs of 0.5 mM Fc(COOH), for rGO/PNIPAA films at 0.1
V s™!and 25 °C (a) in pH 8.0 buffers after the films were treated at 0
V for 30 min, (b) in pH 8.0 buffers after the films were treated at —0.7
V for 7 min, and (c) in pH 5.0 buffers after the films were treated at 0
V for 30 min.

characteristic of the ferrocene redox couple. However, after the
film electrode was treated at 0 V for 30 min in pH 7.0 buffers
and then placed into the pH 8.0 buffers containing
Fc(COOH),, the CV peak currents became much smaller
(Figure 2, curve a). If the CV oxidation peak (I,) of
Fc(COOH), at the film electrode after treatment at —0.7 V
was defined as the on state and the I, for the films treated at 0
V was defined as the off state, then the system demonstrated
potential-sensitive on—oft property. This switchable behavior
was found to be reversible. When the potential was switched
between —0.7 and 0 V, the corresponding CV I, of the probe
could transform between the on and off states several times in
pH 8.0 solutions (Figure 3A).

The control experiments were performed to test the
possibility whether the probe exhibited similar potential-
sensitive CV on—off behaviors for PNIPAA films under the
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Figure 3. Dependence of I, of 0.5 mM Fc(COOH), at 0.1 Vs~ for
rGO/PNIPAA films on (Ag the potential switched between —0.7 and
0V at pH 8.0 and 25 °C, (B) the solution pH switched between 5.0
and 8.0 at 25 °C after the film electrodes were treated at 0 V for 30
min, (C) the solution temperature switched between 25 and 35 °C at
pH 5.0, and (D) the Na,SO, concentration cycled between 0 and 0.28
M at pH 5.0 and 25 °C.

same conditions. The probe in the pH 8.0 solution exhibited
almost the same CV peak potentials and currents after the
PNIPAA film electrodes were treated at —0.7 and 0 V (Figure
S4 in the Supporting Information), indicating that the
potential-sensitive CV property of Fc(COOH), for rGO/
PNIPAA films should be ascribed to the rGO component in the
films.

3.3. pH-Responsive Behavior of Fc(COOH), at rGO/
PNIPAA Film Electrodes. After treatment at 0 V for 30 min,
the rGO/PNIPAA films exhibited a pH-responsive behavior
toward Fc(COOH),. In pH 8.0 buffers, the CV peak currents
of Fc(COOH), were very small (Figure 2, curve a). However,
in pH 5.0 solutions, the CV peak currents became fairly large
(Figure 2, curve c), similar to those for the films treated at —0.7
V for 7 min and then tested by CV at pH 8.0 (Figure 2, curve
b). The CV I, of the probe at the rGO/PNIPAA film
electrodes exhibited a decreasing trend with the increase of
solution pH from pH 5.0 to 9.0, and the peak potential
difference (AE,) increased correspondingly (Figure 4),
indicating that Fc(COOH), diffuses through the rGO/
PNIPAA films with more difficulty when the solution pH
increases. If, after the rGO/PNIPAA film electrodes were

a—m I
1.6 " m A Los2
b-‘-AEp
12 \ L0.51
< / N
- L0.50 o=
0.8 — g
— L0.49
AT~ ’
0.4 A ~—n
. . . r . 0.48
4 5 6 7 8 9 10
pH

Figure 4. Effect of the solution pH on (a) I,, and (b) AE, of 0.5 mM
Fc(COOH), at 25 °C and 0.1 V s™* for rtGO/PNIPAA films after
treatment at 0 V for 30 min.
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treated at 0 V, the I, was considered as the on state at pH 5.0
and as the off state at pH 8.0, then this pH-responsive switching
behavior could be duplicated many times with a response time
of less than 1 min (Figure 3B), suggesting that the pH-
responsive property of the system is reversible.

The control experiments were designed to investigate
whether the probe exhibited a similar pH-sensitive CV behavior
at bare Au or PNIPAA film electrodes under the same
conditions. The probe exhibited almost the same CV peak
positions and heights between pH 5.0 and 8.0 with very similar
CV shapes at either bare Au or PNIPAA film electrodes after
the electrodes were treated at 0 V for 30 min (Figure SS in the
Supporting Information), indicating that the pH-responsive
behavior for the rGO/PNIPAA film system should be caused
by the rGO constituent in the films.

3.4. The Mechanism Study. Two representative mecha-
nisms are usually used to explain the pH-responsive CV
property of electroactive probes at the film modified electrodes:
(1) the film structure is responsive to the surrounding pH and
changes along with the solution pH;* (2) the electrostatic
attraction/repulsion between the probes and films is sensitive
to the surrounding pH.*"** To test the first possibility for the
present system, SEM was used to examine the rGO/PNIPAA
films after the films dealt with 0 V for 30 min and then with
different pH. After the rtGO/PNIPAA films were immersed into
pH 5.0 and 8.0 buffers for S min and then dried, respectively,
SEM examination of the films revealed very similar surface
morphologies (Figure SA,B), suggesting that the change of

Tt 5. 065, {mi 1D OkiSE IS

5:0kV. 5.1mm % 10,0k SE)

Figure 5. Top-view SEM images of rGO/PNIPAA films after
treatment at 0 V for 30 min, then by successive treatment with (A)
pH 5.0 buffers at 25 °C, (B) pH 8.0 buffers at 25 °C, (C) pH 5.0
buffers at 35 °C, and (D) pH 5.0 buffers containing 0.28 M Na,SO, at
25 °C.

solution pH cannot cause the significant structural change of
the films with the current magnification. Thus, the second
mechanism is most probably responsible for the pH-sensitive
property of the system.

After treatment at 0 V for 30 min, the rGO in the rGO/
PNIPAA films is oxidized to GO with more oxygen-containing
functional groups, such as phenolic hydroxyl and carboxylic
acid groups on the surface. On one hand, under the condition
of pH above 5.0, Fc(COOH), becomes ionized and always
carries negative charges.43’44 At pH 8.0, the GO carries negative
charges due to the deprotonation of the carboxylic acid

DOI: 10.1021/am5075002
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groups.*® Thus, the electrostatic repulsion between the
negatively charged GO in the films and the similarly charged
probe in buffers would lead to the difficulty of the Fe(COOH),
to diffuse into the films and transfer electrons with the
electrodes, leading to the very small peak currents. On the
other hand, in pH 5.0 solutions, the more acidic pH
environment is unfavorable to the jonization of the —COOH
groups on the GO surface. The GO in the films carries less or
even no negative charges at this pH. The electrostatic repulsion
between GO in the films and Fc(COOH), in solution thus
would become very weak, and the probe could pass through the
rGO/PNIPAA films much more easily, leading to a lager CV
signal. This mechanism was also confirmed by the CV
measurements of differently charged probes (neutral FcOH,
positively charged MB, and negatively charged Fe(CN)Z™) at
different pH values for rtGO/PNIPAA films after the films were
treated at 0 V for 30 min (Figure S6 in the Supporting
Information). The electrostatic attraction/repulsion between
the GO in the composite films and Fc(COOH), at different pH
is thus responsible for the pH-responsive CV behavior of the
system.

The electrostatic interaction between the probe and the films
could also be used to interpret the mechanism of the potential-
sensitive CV property of this system. After treatment at 0 V for
30 min, the rGO in the rGO/PNIPAA films is oxidized to GO,
and its charge situation becomes sensitive to the solution pH, as
discussed above. However, after treatment at —0.7 V for 7 min,
the GO in the films is reduced back to rGO. The amount of
phenolic hydroxyl and carboxylic acid groups on the GO
surface thus become very limited, and the rGO in the films
becomes neutral and carries no charge at any pH. The
electrostatic repulsion between the rGO in rGO/PNIPAA films
and the probe in solution becomes very weak. This explains
why the probe could diffuse into the films more easily and then
exchange electrons with the electrode more smoothly after the
films were treated at —0.7 V, leading to the lager CV response
or the on state, even at pH 8.0, while, in the same pH 8.0
solution, the system exhibited the off state after the films were
treated at 0 V (Figures 2 and 3A). The mechanism of the pH-
and potential-responsive behavior of the system is schematically
illustrated in Scheme 1.

The above explanation for the potential-sensitive CV
behavior of the system was further supported by the XPS
results (Figure S7 in the Supporting Information). The oxygen/

Scheme 1. Charge Situation of rGO/PNIPAA Films at
Different pH and Applied Potentials
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cartbon (O/C) atomic ratio from the XPS spectra for
electrodeposited PNIPAA, rGO/PNIPAA, and rGO films
after the films were treated at —0.7 and 0 V is listed in Table
1. The rGO films after treatment at 0 V for 30 min exhibited a

Table 1. O/C Ratio Extracted from the High-Resolution XPS
Spectra and the C(0)/C(C) Ratio from the C 1s XPS
Spectra for rGO, rGO/PNIPAA, and PNIPAA Films after
the Treatment at Different Potentials

o/c C(0)/c(C)
sample oV -0.7V ov -0.7V
rGO 0.492 0.370 1.46 0.997
rGO/PNIPAA 0.392 0.331 0.744 0.626
PNIPAA 0.243 0.279 0.177 0.178

much higher O/C ratio than that of the same films after
treatment at —0.7 V for 7 min, suggesting that the majority of
rGO is oxidized into GO in the films after the films are treated
at 0 V and that the state of graphene derivatives (rGO or GO)
in the films can be modulated by applied potentials.”® The same
trend and the similar situation were also observed for rGO/
PNIPAA films, but the difference of the O/C ratio between 0
and —0.7 V for the rGO/PNIPAA films was not as obvious as
that for the rGO films. This result is understandable because
the PNIPAA films after treatment at 0 V exhibited a smaller O/
C ratio than the same films after treatment at —0.7 V. The
detailed XPS spectra in the C 1s range are shown in Figure S8
in the Supporting Information. The ratio of C(O)/C(C) for
different films treated at different potentials is also listed in
Table 1, where C(C) represented the sum of peak area
centered at 284.8 eV (C=C) and 285.5 eV (C—C), while
C(O) denotes the sum of the peak area at 286.2 eV (C—0),
286.9 €V (C=0), and 288.3 eV (C(0)0).* The assignment
of these XPS peaks for the rGO samples after treatment at 0 V
is shown in Figure S8A, as an example. In brief, C(O)
represents the amount of carbon bonded with oxygen, and
C(C) represents the amount of carbon bonded with carbon.
The ratio C(0)/C(C) for the rGO films after treatment at 0 V
was obviously larger than that for the films treated at —0.7 V
because of the oxidation of rGO. For the rGO/PNIPAA films,
the trend was the same, but the difference of the C(O)/C(C)
ratio between 0 and —0.7 V was not as obvious as that for the
rGO films, which is most likely because of the interference of
PNIPAA. All of these XPS results support our speculation that,
after treatment at 0 V, the majority of rGO in the rGO/
PNIPAA films is oxidized to GO, while after treatment at —0.7
V, most of these GO sheets are reduced back to rGO.

The CV of Fc(COOH), at the rGO/PNIPAA film electrodes
without potential treatment did not exhibit any pH-sensitive
behavior (Figure S9 in the Supporting Information), implying
that the majority of rGO in the films indeed takes the reduced
form of GO. The result is in agreement with those of the IR
(Figure S1), Raman (Figure 1), and XPS analyses (Figure
S8C).

3.5. Thermo- and Salt-Responsive Cyclic Voltammet-
ric Property of Fc(COOH), at rGO/PNIPAA Films. The
present system also exhibited reversible thermoresponsive CV
behavior at pH 5.0 (Figure 6A). Below 32 °C, the CV signals of
Fc(COOH), were relatively large, and the I, remained almost
the same high level, whereas above 32 °C, the CV I, of the
probe decreased sharply with the temperature (Figure 6B). The
critical phase-transition temperature was observed at ~32 °C,
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Figure 6. (A) CVs of 0.5 mM Fc(COOH), in pH 5.0 buffers at 0.1 V
s~! for rGO/PNIPAA films at (a) 25 °C, (b) 30 °C, (c) 32 °C, (d) 33
°C, and (e) 35 °C. (B) Influence of the solution temperatures on I, of
Fc(COOH), in pH 5.0 buffers for the rGO/PNIPAA films.

the same as the LCST for the pure PNIPAA hydrogel.*” This
result suggests that the thermosensitive property of the rGO/
PNIPAA films originates from the PNIPAA component but not
rGO and that rGO has little effect on the LCST of the PNIPAA
films.

According to Figure 6, two representative temperatures, 25
and 35 °C, were chosen to investigate the switching behavior of
Fc(COOH), for the rGO/PNIPAA films. At 25 °C, Fc-
(COOH), exhibited quite large CV peaks for rGO/PNIPAA
films, showing the on state (Figure 6A, curve a). In contrast, at
35 °C, the probe exhibited the off state, with a very small CV I,
(Figure 6A, curve e). This temperature-sensitive switching
behavior was found to be quite reversible (Figure 3C). By
cycling the tGO/PNIPAA film electrode in the Fc(COOH),
solution between 35 and 25 °C, the corresponding CV I, could
switch between the off and on states many times in only a few
tens of seconds.

The thermosensitive switching property of the rGO/
PNIPAA films to the probe is attributed to the temperature-
sensitive structural transformation of the PNIPAA component
in the films. Below the LCST, the PNIPAA hydrogel network in
the films adopts a swollen state in aqueous solution, mostly
owing to the strong hydrogen bonds between amide groups of
PNIPAA and the surrounding water molecules.>*” Thus, it is
easier for Fc(COOH), to pass through rGO/PNIPAA films,
resulting in the larger CV response. Above the LCST, such as at
35 °C, the PNIPAA network collapses and adopts a contracted
structure in aqueous solution due to the destruction of the
hydrogen bonding between PNIPAA and water, and the inter-
and intramolecular hydrophobic attractions within the PNIPAA
networks become predominant.>**** In this case, it is difficult
for the probe to diffuse through the films, resulting in the lower
CV response.

The structural transformation of the rGO/PNIPAA films
with temperature was also ratified by SEM observations. The
surface morphologies of the rGO/PNIPAA films treated at 25
and 35 °C were obviously different (Figure SA,C). At 25 °C,
the films exhibited a network structure with larger-sized holes
on the surface. However, at 35 °C, the films exhibited a more
contracted structure with much smaller holes.

The CV signal of Fe(COOH), for the rGO/PNIPAA films in
pH 5.0 solution was also strongly influenced by the type and
concentration of the salts in the testing solution (Figure S10 in
the Supporting Information). The critical phase transition
concentration for various anions was observed with the
sequence of Br~ (0.75 M) > CI~ (0.50 M) > SO3~ (0.15 M),
which is well consistent with the Hofmeister series.”**"'
Because SO; exhibited the smallest critical phase transition
concentration among the three anions, SOi_ was chosen as a
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representative to investigate the salt-responsive CV on—off
behavior of the probe for the rGO/PNIPAA films. When the
concentration of SO~ switched between 0 and 0.28 M, the CV
I, of the probe cycled between the on and off states reversibly

Figure 3D). The structural change of the rtGO/PNIPAA films
with SO}~ concentration was observed using SEM (Figure
SAD), which was similar to the structural change with
temperature. The mechanism of the salt-sensitive property for
the films should also be similar to that of the thermosensitive
behavior.>** For example, after the addition of 0.28 M Na,SO,
into the pH 5.0 solution, the PNIPAA in the rGO/PNIPAA
films adopts a contracted and compact structure. As a result, it
was difficult for the Fc(COOH), in solution to pass through
the rGO/PAIPAA films and arrive at the electrode surface,
leading to the off state with a smaller CV response.

3.6. Switchable Bioelectrocatalysis of Glucose by GOx
for the System. When a suitable amount of glucose and GOx
was injected into Fc(COOH), solutions at 25 °C and pH 5.0,
the I,, of Fc(COOH), at rGO/PNIPAA film electrodes at
~0.45 V increased remarkably compared with that without
glucose. At the same time, the reduction peak of the probe
decreased or even disappeared. When the concentration of
glucose was below 6 mM, the CV I, increased with the
addition of glucose, while, when the glucose concentration was
above 6 mM, the I, leveled off (Figure S11 in the Supporting
Information). The results are an obvious indication of the
oxidation of glucose electrocatalyzed by GOx and mediated by
electroactive Fc(COOH),:**%*

GOx(FAD) + glucose

— GOx(FADH,) + gluconolactone (1)
GOx(FADH,) + 2Fc(COOH),,

— GOx(FAD) + 2Fc(COOH),p.q @)
Fc(COOH),p.q — € = Fc(COOH),p,atelectrode  (3)

where GOx(FAD) and GOx(FADH,) denote the oxidized and
reduced forms of GOx, respectively, and Fc(COOH),z.q and
Fc(COOH),0, represent the reduced and oxidized forms of
Fc(COOH),, respectively.

On the basis of the bioelectrocatalysis of glucose, the
multiple-stimuli responsive CV switching behavior of Fc-
(COOH), at the rGO/PNIPAA film electrodes could be
greatly amplified. For example, at pH 8.0, after the rGO/
PNIPAA film electrode was treated at —0.7 V, the CV I, of
Fc(COOH), was very large in the presence of glucose and
GOx (Figure 7A, curve a) because the system is at the on state
and the bioelectrocatalytic cycle can be realized. However, after
the same rGO/PNIPAA film electrode was treated at 0 V, the
CV I,,, of Fc(COOH), for the films became very small (Figure
7A, curve b). This behavior occurred because the diffusion of
Fc(COOH), through the films becomes difficult, and then the
bioelectrocatalytic cycle is interrupted. Hence, the electro-
catalytic oxidation of glucose by GOx could be cycled between
activation and inactivation states by switching the applied
potential between 0 and —0.7 V. If I} and I;ff are defined as the
CV oxidation peak current at the on and off state, respectively,
then the ratio of I[‘,’:/I[‘,’f could be amplified by the
bioelectrocatalysis. In the presence of glucose and GOx in
solution, the I;:/I;gf ratio was 7.5, which is ~2 times larger than
that in the absence of glucose and GOx for the system.

DOI: 10.1021/am5075002
ACS Appl. Mater. Interfaces 2015, 7, 5168—5176


http://dx.doi.org/10.1021/am5075002

ACS Applied Materials & Interfaces

Research Article

1.5 .
A a—-0.7 V7 min a a—pH5.025 'C B
b—pH 8.025°C a
1.0 1.04c—pH5.035°C
< d— pH 5.0
e < )
"'0 5 <05 0.28 M Na,SO, b
’ b d
0.04 0.0
02 04 06 00 02 04 06
E/V E/V

Figure 7. CV of 0.5 mM Fc(COOH), at rGO/PNIPAA film
electrodes at 0.01 V s™' in buffers containing 6.0 mM glucose and
1.0 mg mL™" GOx (A) at pH 8.0 after the films were treated at (a)
—0.7 V for 7 min and (b) 0 V for 30 min at 25 °C; (B) after the films
were treated at 0 V for 30 min at (a) 25 °C and pH 5.0, (b) 25 °C and
pH 8.0, (c) 35 °C and pH 5.0, and (d) 25 °C and pH 5.0, with 0.28 M
Na,SO,.

Similar amplification for the on—off CV behavior by the
bioelectrocatalysis was also observed for the pH-, temperature-,
and sulfate-sensitive system (Figure 7B). The multiple-stimuli
switchable bioelectrocatalysis was found to be reversible and
could be switched for many cycles (Figure S12 in the
Supporting Information).

3.7. Logic Gate Circuit Based on the Multiple-Stimuli
Switchable System. The quadruply switchable bioelectroca-
talysis system was employed to build a four-input logic gate
circuit. In the present study, pH was considered as Input A with
pH 8.0 and 5.0 as the “0” and “1” states, respectively; potential
was defined as Input B, and 0 and —0.7 V were defined as the
“0” and “1” states, respectively; temperature was considered as
Input C with 35 °C and 25 °C as the “0” and “1” states,
respectively; and the concentration of Na,SO, was defined as
Input D, where 0.28 and 0 M were defined as the “0” and “1”
states, respectively. The I,, of Fc(COOH), for the rGO/
PNIPAA films in buffers containing glucose and GOx was
defined as the Output: the I, greater than 6 A is considered as
the “1” state, and the I, less than 6 uA is considered as the “0”
state, with 6 pA as the threshold. There would be totally 16
possible combinations of the 4 inputs, and the combinations
and the corresponding outputs are listed in the truth table
(Table 2). Only the three input combinations (1,1,1,1; 1,0,1,1;
and 0,1,1,1) led to the output “1” or the on state, while the

Table 2. Truth Table of the Four-Input Logic Gate Circuit
for the System

Input A Input B Input C Input D Output
pH potential temperature [Na,S0,] L,
1 1 1 1 1
1 0 1 1 1
0 1 1 1 1
0 0 1 1 0
1 1 0 1 0
0 1 0 1 0
1 0 0 1 0
0 0 0 1 0
1 1 1 0 0
1 0 1 0 0
0 1 1 0 0
0 0 1 0 0
1 1 0 0 0
0 1 0 0 0
1 0 0 0 0
0 0 0 0 0
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other 13 input combinations correspond to the output “0” or
the off state (Figure 8).

1.24
pH
1.0 Potential AND
Temperature ——— ™
< 98 N2,80, —————|
e/ BB o ______
2
0.4
0.2
0.0- 9, 2, G, 4,9, 2,
7, 4 g, 4, p O 2, O, 4, G
7, ‘0, %, 0, v, 2, 7, 0,7, ‘0,7, Z,%, 0%,
W Y Y YT Y % % Y % Yy
Inputs

Figure 8. I, of 0.5 mM Fc(COOH), for the rGO/PNIPAA films at
0.01 V s7" in the buffer solution containing 6 mM glucose and 1.0 mg
mL™ GOx as the output, with all possible 16 combinations of the 4
inputs. The threshold is marked by dashed line. (inset) The symbolic
representation of the logic gate circuit.

Note that the potential-responsive CV on—off property of
the probe at the rGO/PNIPAA film electrodes could not be
observed under the condition of pH 5.0. In other words, the
system was always in the on state at pH 5.0, regardless of
whether the film electrodes were treated by any potential. The
potential-responsive property of this system could only be
realized at pH 8.0. This unique behavior is in good agreement
with an enabled OR (EnOR) logic gate circuit. That means,
only when both Input C and Input D are activated to the “1”
level, the gate can be enabled by either Input A or Input B at
their “1” levels (Figure 8, inset).>>57%7

4. CONCLUSIONS

In this work, rGO/PNIPAA films are electrodeposited onto the
surface of Au electrodes in less than 10 min. The probe
Fc(COOH), exhibits reversible potential-, pH-, thermo- and
SO} -responsive CV on—off behavior at the rGO/PNIPAA film
electrodes. The film system can also be used to realize multiple-
stimuli switchable bioelectrocatalysis of glucose catalyzed by
GOx and mediated by Fc(COOH), in solution. The novel
findings and breakthroughs of this work include: (1) the fast
and “green” one-step electrodeposition method is used to
synthesize the rGO/PNIPAA thin films on the electrode
surface; (2) rGO is used as the sensitive component of the films
to realize the multiswitchable bioelectrocatalysis; (3) the
potential-responsive behavior of the system is based on the
transformation between GO and rGO in the films at different
potentials; and (4) the pH-sensitive property of the system is
observed only after the films are treated at 0 V, thereby
enabling the building of the unique EnOR logic gate with four
inputs. At the present stage, this study just exhibits the proof-of-
concept. However, it shows a significant step forward to the
actual applications. For instance, this type of logic gate circuit
can accept multiple inputs and lead to the binary output of
YES/NO, which may be applied to some biomedical diagnosis.”
This type of study may also settle the foundation for developing
a new kind of intelligent decision-making logic network in
biocomputing.
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Discussion of characterization of GO with IR and TEM. Table
of the assignment of all of the characteristic IR absorption
peaks of NIPAA, PNIPAA, rGO/PNIPAA, graphite, and GO
samples. Twelve figures showing the IR spectra of the above-
described samples, a TEM image of GO, the CV I, of
Fc(COOH), for rGO/PNIPAA films at different potentials, the
CVs of Fc(COOH), at PNIPAA electrodes after treatment at 0
V and —0.7 V, the CVs of Fc(COOH), at the bare Au and
PNIPAA electrodes at pH 5.0 and 8.0 after treatment at 0 V for
30 min, the CVs of FcOH, Fe(CN)?~, and MB for rGO/
PNIPAA films at different pH after treatment at 0 V for 30 min,
the XPS spectra and the XPS profiles in the C 1s region for the
PNIPAA, rGO/PNIPAA, and rGO films observed after
treatments at different potentials, the CVs of Fc(COOH), at
different pH for rGO/PNIPAA films without treatment by the
potentials, the concentration influence of Na,SO,, NaCl, and
NaBr on the CV I, of Fe(COOH), at pH 5.0 and 25 °C at the
rGO/PNIPAA film electrodes, the CVs of Fc(COOH), at 25
°C for the rGO/PNIPAA films in pH 5.0 buffers containing
GOx and different concentration of glucose, the dependence of
the CV I, of Fc(COOH), for the same rGO/PNIPAA films in
buffers containing GOx and glucose at 25 °C for the following
cases: (1) when the solution pH switched between 5.0 and 8.0
after the films were treated at 0 V for 30 min, (2) in pH 8.0
buffers after the potential switched between —0.7 and 0 V, (3)
in pH 5.0 buffers when the solution temperature switched
between 25 °C and 35 °C, and (4) at pH 5.0 and 25 °C when
the Na,SO, concentration switched between 0 and 0.28 M.
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