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The triethylenetetramine-functionalized graphene (TFGn) was prepared using graphene oxide (GO) and
triethylenetetramine as raw materials through a one-step reaction under alkaline condition. The
triethylenetetramine not only acted as cross-linker to combine GO, but also as reductant of GO. The TFGn was
characterized by its ultraviolet spectrum (UV), Fourier transform infrared spectroscopy (FTIR), X-ray photoelec-
tron spectroscopy (XPS), X-ray diffraction (XRD), Raman spectroscopy and Scanning electron microscopy (SEM).
The results showed that triethylenetetramine was successfully grafted onto the surface of the GO through cova-
lent bonding between amine and epoxy groups. The resultant TFGn was uniformly dispersed in water over sev-
eral weeks, suggesting that the introduction of amino groups greatly increased the hydrophilicity of TEGn. The
triethylenetetramine-functionalized graphene was then applied to fabricate glucose biosensors with 105 oxi-
dized glucose oxidase (GOx) through layer-by-layer (LBL) self-assembly by the covalent bonding between the al-
dehyde groups of GOx and amino groups of TFGn. The gold electrodes modified with the (GOx/TFGn),, multilayer
films were studied by cyclic voltammetry (CV) and showed outstanding electrocatalytical response to the oxida-
tion of glucose when ferrocenemethanol was used as an artificial redox mediator. The response increased with an
increasing number of GOX/TFGn bilayers, indicating that the analytical performance, such as the sensitivity of the
glucose biosensor, could be adjusted by tuning the number of deposited GOx/TFGn bilayers. The linear response
range of the biosensor constructed with six bilayers of GOX/TFGn to the concentration of glucose can extend to at
least 8 mM with a sensitivity of 19.9 yA mM ™! cm™2. In addition, the sensor exhibited good stability due to the
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covalent interactions between the GOx and TFGn.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Recently, a new two dimensional nanomaterial, denoted as
graphene, has attracted considerable attention, and its applications are
being widely explored. Graphene exhibits excellent electrical conduc-
tivity, strong mechanical strength, high thermal conductivity and a
high surface area [1-6]. The planar morphology and larger surface
area together with its excellent electrical conductivity make graphene
an ideal material for electrochemical sensors [7-9], and graphene may
perform better than any other carbon-based electrodes as a sensor ma-
terial [10]. Recently it was shown that the graphene-based electrodes
can provide excellent capability in ultra sensitive electrochemical detec-
tion of single nucleotide polymorphisms of DNA [11] and early detec-
tion of leukemia using DPV [12-13].

The graphene prepared by chemical reduction has a strong tendency
to stack and easily form irreversible agglomerates through van der
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Waals interactions. As a result, graphene is poorly dispersible in most
solvents, leading to the limited applicability of chemically reduced
graphene. For biomedical applications, it is extremely important that
prepared graphene is water-dispersible. This property is achievable by
the appropriate surface functionalization of graphene through covalent
and noncovalent methods [14-17]. The covalently-functionalized
graphene is more stable compared with the noncovalently-modified
graphene, which is functionalized through m-m interactions and van
der Waals interactions.

Glucose oxidase (GOx) has been widely used in the construction of
glucose sensors by virtue of its high selectivity for glucose and high ac-
tivity over a broad range of pH values. Among various enzyme immobi-
lization methods for the construction of glucose biosensors, the layer-
by-layer technique through covalent and noncovalent approaches has
intrinsic advantages for the assembly of ultrathin films due to the sim-
plicity of the procedure and thickness controllability in the nanometer
range [18]. The reports about graphene-based LBL film glucose sensors
are very few in the literature [19-20]. Liu's group reported that the
pyrene-functionalized GOx was utilized to fabricate enzyme electrodes
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by alternating layer-by-layer self-assembly of graphene and pyrene-
functionalized GOx via noncovalent -1 stacking interactions. Gu and
co-workers prepared a composite material {IL-RGO/S-RGO},, through
the layer-by-layer method using amine-terminated ionic liquid (IL-
NH,) and sulfonic acid (SO*~)-functionalized graphene along with
immobilized glucose oxidase on {IL-RGO/S-RGO},, films to fabricate a
glucose sensor through electrostatic interaction. The driving force of
the assembly processes of glucose oxidase described above is
noncovalent interactions, which are not stable or strong enough, most
certainly leading to their poor limited application. Meanwhile, in the
work of Gu's group a monolayer of glucose oxidase was immobilized
on a composite material, which affected the sensitivity of the sensor.
To overcome these drawbacks, direct LBL enzymic covalent attachment
for the fabrication of ordered multilayer films is believed to be more ad-
vantageous since they are robust enough to withstand elevated temper-
atures, attack by a polar solvent, mechanical abrasion, etc.

In this work, we demonstrate an effective method for preparing
water-soluble triethylenetetramine-functionalized graphene, which
was prepared using GO and triethylenetetramine as raw materials
through a one-step reaction. The advantage of this preparation
process is not using the EDC/NHS [21] as activator, and the hydrazine
hydrate [16,22] as reductant. This avoids the aggregation of the
triethylenetetramine-functionalized graphene under the complicated
steps. The triethylenetetramine not only acted as cross-linker to com-
bine GO, but also as reductant of GO. We attempt to apply the TFGn
with many amino groups to construct glucose biosensors via the
layer-by-layer covalent self-assembly method without any cross-linker.
The amino groups of TFGn can react with the aldehyde groups of GOx
through the formation of a Schiff base. Multilayer film electrodes were
fabricated by alternating the deposition between TFGn and GOx until
the desired number of bilayers was achieved. The electrochemical be-
haviors of the Au/CA/(GOx/TFGn),, electrode and its electrocatalysis ac-
tivity for glucose were investigated. The resulting electrode exhibited
outstanding bioelectrocatalytic response to the oxidation of glucose
and very effective electrochemical communication between the succes-
sive layers. Furthermore, the covalent attachment technology overcame
the stability drawback of multilayer films based on the layer-by-layer
electrostatic adsorption technique. The TFGn involved cannot only im-
mobilize GOx without the loss of biological activity but also enhance
the measurement signal because of its fast electron-transfer and large
working surface area.

2. Experimental
2.1. Reagents

Glucose oxidase (GOx, EC 1.1.3.4, from Aspergillus niger,
100 U mg~ ') was purchased from Amresco. Natural graphite flakes
and triethylenetetramine came from the Sinopharm Chemical Reagent
Co., Ltd. The cystamine dihydrochloride (CA) and ferrocene methanol
were obtained from Aldrich. The other chemicals were of analytical
grade. All of the solutions were prepared using doubly distilled water.
Phosphate buffer solutions (PBS, 0.1 M, pH = 6.82) were employed as
a supporting electrolyte. The glucose stock solutions were prepared
with 0.1 M PBS and were allowed to sit overnight before use.

2.2. Apparatus

UV-vis absorption spectra were recorded on an Agilent Cary 300
spectrophotometer (Agilent Cary, Australia). The spectra were plotted
in the wavelength range from 200 nm to 400 nm. Fourier transform in-
frared spectroscopy characterization of GO and TFGn was performed
using a Perkin Elmer 2000 spectrophotometer (Perkin Elmer Inc.,
USA). The spectra were recorded using KBr pellets in the IR range of
4000-400 cm ™ '. The surface composition and functional groups pres-
ent in the GO and TFGn were determined using an X-ray photoelectron

spectroscopy (XPS) system (Thermo VG ESCALAB250, USA). The scan-
ning electron microscope (SEM) used in this work was a Hitachi TM-
3000 SEM (Hitachi Limited, Tokyo, Japan). A X-ray diffraction (XRD)
system (Rigaku Co., Tokyo, Japan) was used for the X-ray analysis
with Cu Ko radiation (N = 1.54051 A). Step scanning was used with
26 intervals from 6° to 60° and a residence time of 1 s. The Raman spec-
tra of the GO and TFGn were carried out using the DXR smart Raman
spectrometer (Thermo Fisher, USA) under the 532 nm laser excitation.

The cyclic voltammetric and amperometric measurements were
performed on a CHI 760E electrochemical workstation (Shanghai
Chenhua, China). Experiments were performed in a standard three-
electrode cell (10 mL) with a modified Au as the working electrode, a
saturated calomel electrode (SCE) as the reference electrode, and a plat-
inum wire as the auxiliary electrode. The amperometric experiments of
the Au/CA/(GOx/TFGn), electrode with the sequential addition of a
desired amount of glucose were carried out in a gently stirred air-
saturated 0.1 M PBS buffer solution. The electrochemical impedance
spectroscopy (EIS) measurements were performed in the presence of
5.0 mM K;[Fe(CN)g]/K4[Fe(CN)g] (1:1) mixture as a redox probe in
the frequency range between 0.1 and 100,000 Hz. All experiments
were performed at room temperature.

2.3. Preparation of GO and TFGn

The GO was prepared by a modified Hummers method using ex-
panded graphite as the precursor [23]. The GO (20 mg) was dispersed
in doubly distilled water (20 mL) and sonicated for 1 h to homoge-
neously disperse the GO sheets in solution. Two milliliters of 1% NaOH
and 20 pL of triethylenetetramine were sequentially added dropwise
to the above-mentioned solution, and the reaction mixture was
refluxed and stirred at 60 °C for 24 h. Then, the mixture was centrifuged
and washed with doubly distilled water three times. The preparation
process is shown in Scheme 1A.

2.4. Synthesis of aldehyde glucose oxidase

The aldehyde glucose oxidase was prepared by the methodology al-
ready demonstrated by Zaborsky [24] with slight modifications. A
74.4 mg sample of GOx was dissolved in 10 mL of phosphate buffer so-
lution (0.1 M, pH = 6.8) and was reacted with 120 mg of sodium
metaperiodate at O °C in the dark for 1 h. Then, 31 pL of ethylene glycol
was added to the above solution, and the reaction was continued at
room temperature for 30 min. The product was purified and concentrat-
ed with ultrafiltration (molecular weight cutoff of 30,000).

2.5. Fabrication of the Au/CA/(GOx/TFGn), electrode

The gold electrode was polished to a mirror-like surface with 1.0, 0.3,
and 0.05 um alumina powder sequentially and then washed with water
and ethanol for a few minutes in an ultrasonic bath, respectively. The
electrode was dried with nitrogen steam for the next decoration. The
clean electrode was immersed into an aqueous cystamine solution
(20 mg/mL) in darkness for 2 h. After thiol adsorption, multilayer
films of GOx/TFGn were fabricated by alternatively dipping the modi-
fied electrode into the GOx solution and the above TFGn solution each
for 1 h. After each dipping step, the electrode was carefully washed
with doubly distilled water and then dried with nitrogen. This process
was repeated until the desired GOx/TFGn bilayer number was achieved.
The modified electrode was denoted as Au/CA/(GOx/TFGn),. The as-
sembly process is shown in Scheme 1B. In comparative experiments,
the multilayer film was fabricated following the same process using a
GO solution instead of a TFGn solution. The resulting electrode was ab-
breviated to Au/CA/(GOx/GO),. The Au/CA/(GOx/GO), electrode was
stored at 4 °C when not in use.
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Scheme 1. (A) Preparation process of triethylenetetramine-functionalized graphene. (B) Stepwise assembly of the Au/CA/(GOX/TFGn)e.

3. Results and discussion
3.1. Characterization of GO and TFGn

Fig. 1(A) shows the UV-vis absorption spectra of prepared graphene
oxide and triethylenetetramine-functionalized graphene dispersed in
doubly distilled water by means of an ultrasonication bath (1 h). The
UV-vis spectrum of graphene oxide exhibited the following two charac-
teristic features that can be used as a means of identification: a maxi-
mum at 231 nm, corresponding to the m — m* transitions of aromatic
C—C bonds, and a shoulder at 300 nm, which can be attributed to
n — 1" transitions of (=0 bonds [25]. In TFGn, the absorption band of
the aromatic C—C bonds at 230 nm shifted to 257 nm indicating the res-
toration of a m-conjugated network. The shoulder peak of GO at 300 nm
disappeared, most likely due to a decrease in the concentration of car-
boxyl groups [26].

The FT-IR spectra of different samples were recorded (as shown in
Fig. 1(B)). The characteristic features related to GO were observed at

3367 cm™ ! (O—H stretching vibrations), 1731 cm™! (C=0 stretching
vibrations from carbonyl and carboxylic groups), 1621 cm~! (C=C
stretching vibrations of aromatic rings) [27], 1222 cm~! (C—O
stretching vibrations) [28], 1051 cm™ ' (symmetric C—O—C stretching
vibrations) and 853 cm™ ! (asymmetric C—0—C stretching vibrations).
The FT-IR spectrum of TFGn exhibited additional peaks due to N—H
stretching vibrations at 3400 cm™!, N—H bending vibrations at
1582 cm ™! [29] and the peak due to C—N stretching vibrations at
1357 cm™ !. The absorption peaks at 1731 cm ™' (C=O0 stretching),
1051 cm ™! (symmetric C—O—C stretching), and 853 cm ™! (asymmet-
ric C—O—C stretching) disappeared. The FT-IR results not only demon-
strated that the triethylenetetramine was successfully grafted onto GO,
and the grafting reaction occurred between the amine groups of
triethylenetetramine and the epoxy groups on the GO surface, but also
confirmed that GO was reduced.

The GO and TFGn were characterized by XPS (Fig. 2). The full scan re-
sult of the GO showed two strong peaks at 284 and 532 eV, which were
corroborated to C1s and O1s peaks. The grafting of triethylenetetramine
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Fig. 1. UV-vis absorption spectra (A) and FTIR spectra (B) of prepared graphene oxide
(GO) and triethylenetetramine-functionalized graphene (TFGn). (a) GO, (b) TFGn.

onto the GO surface resulted in an increase in the peak intensity of the
Cl1s peak (284 eV) with a decrease in the O1s peak (532 eV). The peak
intensity ratio of C1s/O1s greatly increased up to 1.83 (TFGn) from
0.58 (GO), indicating that most of the oxygen functional groups were re-
moved. This result further confirmed that the graphene oxide was re-
duced. Moreover, the XPS spectrum of the TFGn showed a new peak
at a binding energy of approximately 399 eV, which could be assigned
to N1s, indicating the reaction between triethylenetetramine and GO.
To better study the effect of the triethylenetetramine on the deoxy-
genation of the GO, the C(1s) peaks of the GO and TFGn was
deconvoluted (Fig. 2(C, D)). In the peak deconvolution, the peak cen-
tered at 284.5 eV was attributed to the C—C and C=C bonds. Other
deconvoluted peaks located at the binding energies of 286.6, 287.8
and 289.0 eV were assigned to the C—0, (=0, and O=C—OH oxy-
gen-containing functional groups, respectively [30]. From Fig. 2(C, D)
it appears that the peak area ratios of the C—0, (=0 and O=C—O0H
peaks to the C(1S) for the TFGn significantly decrease compared to
that for the GO. The result means that most of the oxygen-containing
functional groups of the GO were removed after the
triethylenetetramine functionalization. Another peak component at
285.6 eV was assigned to the C—N bonds. In fact, the survey XPS spec-
trum of the GO reduced by the triethylenetetramine (Fig. 2(B)) con-
firmed presence of nitrogen in the TFGn. To further confirm the
formation of the C—N bonds in the TFGn, the high resolution N(1s)
peak was also deconvoluted, as shown in Fig. 2(E). In the peak
deconvolution, the peaks centered at 400.9 and 399.1 eV were assigned

to N-sp?C and N-sp>C [31-32], respectively. For triethylenetetramine
functionalized graphene, the N-sp?C peak is due to nitrogen incorporat-
ed in the graphitic structure of the sheets and the N-sp>C peak can be
assigned to existence of nitrogen in the triethylenetetramine and for-
mation of the C—N bonds between the triethylenetetramine and the re-
duced GO sheets [31]. The high resolution N(1s) peak for the TFGn
indicates the formation of C—N bonds in the TFGn, this conclusion is
consistent with the results obtained based on the deconvolution of the
C(1s) peak.

Changes in the chemical structure due to the grafting of
triethylenetetramine were investigated using X-ray diffraction charac-
terization, and the results are included in Fig. 3(A). The XRD pattern of
GO shows a very intense narrow peak at approximately 10.8°, which
is attributable to the (001) diffraction plane of GO [33], and a weak
broad peak at approximately 22°, which is attributable to the (002) dif-
fraction plane of the graphite. The presence of the (002) diffraction
plane indicates that the GO partly reserved structure of the original
graphite. Following modification with triethylenetetramine, the (001)
diffraction peak of TFGn shifted to a smaller angle region (9.5°) and
had a very weak intensity compared to that of GO, indicating that the
triethylenetetramine was inserted into the GO sheets to increase the in-
terlayer distances and most of the oxygen functional groups were
removed.

Raman spectroscopy is a widely used and powerful technique for the
characterization of graphene products [34-37]. The TFGn was further
characterized by Raman spectroscopy, as shown in Fig. 3(B). The
peaks located at 1346 cm™! and 1586 cm™ ! correspond to the D peak
and G peak. The D band caused by a breathing mode of k-point phonons
of A¢ symmetry of the defects involved in the sp>-hybridized carbon
bonds, and the G band originated from the first-order scattering of the
E,¢ phonons of the sp?-hybridized carbon atoms [38]. The intensity
ratio of the D band to the G band (Ip/Ig) is a measure of disorder degree.
The intensity ratio Ip/Ig for the TFGn (1.1) is larger than that for the GO
(0.9), indicating the generation of localized sp> defects within the sp?
carbon network upon triethylenetetramine modification of the GO. In
addition, the Raman spectrum of the TFGn displays a shoulder D + G
band at 2916 cm™ ! and a 2D band at 2683 cm™ . The former is related
to the defect of graphene and the latter is much sensitive to stacking of
graphene sheets. For single-layer graphene sheets, the 2D band general-
ly appears as a Lorentzian peak centered at 2679 cm™ ', while for multi-
layer graphene sheets (including 2-4 layers) the 2D band shows a wider
peak with 19 cm ™! shift to higher wavenumbers [31]. In this work, the
2D peaks of the as-prepared GO and TFGn centered about 2690 cm ™!
and 2683 cm™ !, respectively. The wavenumber position of the 2D
peak for the TFGn is lower than that for the GO, indicating that the
triethylenetetramine was inserted into the GO sheets to increase the in-
terlayer distances.

Sample dispersion in water was studied. GO and TFGn dispersions
(1.0 mg/mL) were sonicated for 10 min and allowed to settle for a
week. Fig. 4(a) shows photographs of the dispersions of prepared
graphene oxide and triethylenetetramine-functionalized graphene in
doubly distilled water. The results showed that the prepared samples
exhibited good dispersion properties in water. SEM was used to observe
the dispersion. GO and TFGn dispersions were sonicated for 10 min and
dropped onto silicon wafers. Fig. 4(b, c) shows SEM images of the GO
and TFGn after drying. As shown in this figure, the GO and TFGn exhib-
ited wrinkled graphene sheets. The appearance of GO and TFGn re-
vealed the fact that the resulting samples were uniformly dispersed in
water and exhibited no aggregation.

3.2. LBL covalent assembly of the Au/CA/(GOx/TFGn),, electrode

Here the LBL covalent self-assembly method was used to construct
Au/CA/(GOx/TFGn),, multilayer film sensors. The assembly process is
shown in Scheme 1B. First, the cystamine was immobilized onto the
gold electrode surface through the formation of covalent S—Au bonds
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and provided a batch of amino groups directed towards the solution.
Second, the amino groups of cystamine were allowed to react with the
aldehyde groups of GOx molecules through the formation of a Schiff
base. Then, TFGn molecules were covalently attached to GOx in the
same manner. The successive repetition of the deposition of GOx and
TFGn generated homogeneous and stable multilayer films with the de-
sired number of bilayers. Different from other literature, in which the
graphene and enzymes were generally cast or pasted onto the electrode
surface [28,39-41], a feature of this assembly process is the formation of
a covalent bond between the amino groups of cystamine and TFGn and
the aldehyde groups of GOx.

3.3. Electrochemical impedance spectroscopy of the TFGn/GOx multilayer
films

The assembly process of TFGn/GOx multilayer films on the Au elec-
trode was confirmed by EIS, which is an effective method for probing

the features of surface modified electrodes [42]. The Nyquist plot of
the impedance spectrum includes a semicircle portion at high frequency
and a linear portion at low frequency. The former corresponds to the
charge transfer limited process and the latter corresponds to the diffu-
sion process. The electron transfer resistance (R.) at the electrode sur-
face is equal to the semicircle diameter, which can be used to describe
the interface properties of the electrodes. Fig. 5 shows the impedance
spectra represented as Nyquist plots (Z” versus Z’) of electrodes modi-
fied with different numbers of TFGn/GOx in the presence of equimolar
Ks3[Fe(CN)g]/K4[Fe(CN)g]. It can be seen from Fig. 5 that the bare gold
electrode exhibited an almost straight line (Fig. 5(a)), which is charac-
teristic of a diffusion limited electrochemical process. Assembly of GOx
on the aminated electrode generated an insulating layer on the elec-
trode surface that functioned as a barrier to the interfacial electron
transfer. When the electrode was further modified by another insulat-
ing layer, TFGn/GOx, some significant differences were observed. This
was shown by the increasing of Rct (Fig. 5(b-g)), and the charge
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transfer resistances (R¢) increased proportionately with an increasing
number of attached bilayers, as shown in inset of Fig. 5. These results in-
dicate that TFGn/GOx multilayer films have been immobilized onto the
electrode in a uniform manner.

3.4. Electrochemical behavior of the Au/CA/(GOx/TFGn),, electrodes

Fig. 6 shows the cyclic voltammograms of an Au/CA/(GOx/TFGn)g
multilayer film electrode in a 0.1 mol/L PBS solution with a pH of 6.8
containing 0.25 mmol/L ferrocenemethanol at different scan rates. As
shown in Fig. 6, with an increasing scan rate, the CV peak currents of
the Au/CA/(GOx/TFGn)g-modified electrode increased in the scan rate
range of 10-130 mV/s. The anodic and cathodic peak currents increased
linearly with the square root of the scan rate (inset of Fig. 6), indicating
that the electrochemical reaction of the (GOxX/TFGn)g-modified elec-
trode was a diffusion controlled process.

b

3.5. Electrocatalytic oxidation of glucose at the Au/CA/(GOx/TFGn),
electrodes

Fig. 7 shows the cyclic voltammetric responses obtained from the Au
electrodes modified with different numbers of GOx/TFGn bilayers in the
presence of 20 mM glucose and 0.25 mM ferrocenemethanol. At a bare
Au electrode, a pair of well-reversible redox waves with a peak potential
separation of 0.06 V was observed, which was characteristic of the one-
electron reversible redox reaction of Fc*/Fc. When a significant amount
of active enzyme was covalently assembled on the electrodes, the anod-
ic current elevated with an increase in the number of GOx/TFGn bilayers
at the same glucose concentration, and the cathodic current decreased
(Fig. 7). When the number of GOx/TFGn bilayers reached 4, the cathodic
current completely disappeared. This result suggested that the GOx had
been successfully assembled onto the electrode surface and that the as-
sembled GOx remained active. The electrocatalytic oxidation mecha-
nism of glucose can be described by Egs. (1)-(3) when
ferrocenemethanol was used as an artificial redox mediator [43].

Fc=Fc' +e (1)

k
GOX(FAD) + G==2= GOX(FAD-G)~2> GOx(FADH,) + GL

t_ Tk

|
GOx(FADH,) + 2Fc" sy GOx(FAD) + 2Fc

In a comparative experiment, GO is used to construct a multilayer
film sensor instead of TFGn. The electrocatalytic current of the resulting
modified electrode did not show any improvement with an increasing
number of bilayers because covalent bonds between the GOx and GO
could not form.

In the absence of mass transport limitations, the surface coverage of
active enzyme, T'gr, can be derived from ferrocenemethanol-mediated
cyclic voltammograms using kinetic models reported in the literature
[43-44], and plateau current I,, is expected to obey the following equa-
tion:

11 11
I, 2FSTer \ks[Fc] ' k2 " Keq[G]

Here F is the Faraday's constant, S is the electrode area, I'ey is the sur-
face concentration of active enzyme, [Fc] is the mediator concentration,
[G] is the glucose concentration in the solution. Using the equation and
the known rate constant values (k, = 7005~ !, ks =1.2x 10’ M~ s},
krea = 1.1 x 10* M~' s71), the surface concentration of GOx
immobilized at the enzyme electrode was determined. As shown in
Table 1, the total coverage of active glucose oxidase, I'et, was linearly
proportional to the number of immobilized bilayers, indicating that
the multilayer structure involving TFGn and GOx was formed in a spa-
tially ordered manner. It can be seen that the increment of the amount
of GOx I'; per GOx/TFGn bilayer was 1.52 x 10~ 2 mol/cm?, which is
2.5-fold higher than that of the multilayer films containing glucose oxi-
dase reported in another literature [45]. The higher active GOx amount

Fig. 4. (a) Photograph of the GO and TFGn dispersed in doubly distilled water. (b) SEM image of GO. (c) SEM image of TFGn.
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Fig. 5. The electrochemical impedance spectra for the modified gold electrode with different numbers of TFGn/GOx bilayers in 5 mM Ks[Fe(CN)g]/K4[Fe(CN)g] (1:1) solution: (a) bare Au,
(b) one bilayer, (c) two bilayers, (d) three bilayers, (e) four bilayers, (f) five bilayers and (g) six bilayers. Inset shows the relationship of Rct vs. the number of bilayers.

on the Au/CA/(GOx/TFGn), should be caused by three aspects. First, the
TFGn have large specific surface area, which can immobilize more en-
zyme. Second, the biocompatible TFGn provide a favorable microenvi-
ronment, which can retain the bioactivity of glucose oxidase. Third,
the layer-by-layer covalent assembly avoids the loss of glucose oxidase.

3.6. Analytical performance of the biosensor

Amperometric analysis was used for the evaluation of the biosensor
for glucose detection. Fig. 8(A) shows a current versus time plot for the
Au/CA/(GOx/TFGn), for successive additions of 1 mM glucose with an
applied potential at 0.20 V. As the glucose solution was added to the stir-
ring buffer solution, the biosensor responded rapidly to the substrate.

The time required to reach the steady-state current platform was within
6 s, indicating faster charge transport in films with TFGn.

To address the analytical performance of the biosensor, calibration
curves were obtained for the Au/CA/(GOx/TFGn),,, where n = 2, 4 and
6 (Fig. 8(B)). The current responses were significantly amplified with
an increase in the number of GOx/TFGn bilayers. The sensitivities, calcu-
lated from the linear regions of the calibration curves, were
10.25 pA mM~ ! cm™2 for Au/CA/(GOX/TFGn),, 15.10 pA mM~! cm ™2
for Au/CA/(GOx/TFGn), and 19.9 pA mM~ ' cm™?2 for Au/CA/(GOx/
TFGn)g. Therefore, the analytical performance of the Au/CA/(GOx/
TFGn),, can be regulated by adjusting the number of GOx/TFGn bilayers.
This is significantly different from other graphene-based glucose bio-
sensors, in which glucose oxidase was immobilized in a monolayer of
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Fig. 6. Cyclic voltammograms of (GOx/TFGn)¢ multilayer film electrodes in 0.1 mol/L PBS with a pH 6.8 containing 0.25 mmol/L ferrocenemethanol at the following different scan rates: 10,
30, 50, 70, 90, 110 and 130 mV/s (from inside to outside), respectively. Inset: plot of the anodic and cathodic peak current vs. V'/2,
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Fig. 7. Cyclic voltammograms of the (GOx/TFGn), multilayer electrodes in 0.1 M
phosphate buffer solution (pH = 6.8) containing 0.25 mM ferrocenemethanol and
20 mM glucose with the following numbers of bilayers: (a) zero, (b) one, (c) two, (d)
three, (e) four, (f) five and (g) six. Scan rate: 50 mV/s.

graphene and thus the amperometric response could not be modulated
[7,10,46].

Meanwhile, the layer-by-layer covalent assembly greatly improved
the sensitivity of the sensor due to an increase in the fixed glucose oxi-
dase. The sensitivity reached 19.9 p)A mM ™! cm™? for Au/CA/(GOx/
TFGn)g, which is higher than that of the previously reported
graphene-based glucose biosensor [20,41,47-49].

3.7. The stability of the sensor

The long-term storage stability of the modified Au/CA/(GOX/TFGn)s
multilayer electrode was evaluated when stored at 4 °C and measured at
intervals over five days. About 4% decrease in the catalytic current re-
sponse to glucose was observed after 2 weeks, and the catalytic current
response maintained 90% of its initial value after 30 days, indicating
good operational stability. Such excellent stability is attributed to the
following aspects: the covalent interaction between TFGn and GOx is
strong and not affected by changes such as the temperature, solution
pH, and ionic strength. Furthermore, the good biocompatibility of
TFGn maintains the biological activity of the enzyme immobilized on
the electrode. Finally, the construction process is mild, and no damage
is inflicted on the enzyme molecules.

4. Conclusion

The triethylenetetramine-functionalized graphene was successfully
prepared from the graphene oxide. FT-IR, XPS and UV spectral charac-
terization corroborated that the triethylenetetramine was grafted onto
the GO surface through covalent bonding between amine and epoxy

Table 1
The coverage of active enzyme for different numbers of GOx/TFGn bilayers calculated from
the cyclic voltammetric data®.

Bilayers Ter Ie’

(GOX/TFGn), (10~ '2 mol/cm?) (10~ '2 mol/cm?)
1 1.30 £ 0.01 -

2 2.82 +£0.01 1.52

3 433 £ 0.01 1.51

4 5.86 + 0.01 1.53

5 7.38 £ 0.01 1.52

6 8.91 4+ 0.01 1.53

@ Plateau currents were measured by subtracting the glucose-free voltammograms
from the mediated (20 mM glucose in solution) voltammograms.
b Active enzyme coverage of each layer was calculated from the respective values of Tgr.
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Fig. 8. (A) I versus t curve of the Au/CA/(GOx/TFGn), multilayer electrodes upon
successive addition of 1 mmol/L glucose to stirred PBS (pH = 6.8) containing 0.25 mM
ferrocenemethanol. Applied potential: 0.20 V. (B) Calibrations for the number of (GOx/
TFGn), bilayers as a function of the glucose concentration: (a) Au/CA/(GOx/TFGn)», (b)
Au/CA/(GOx/TFGn), and (c) Au/CA/(GOx/TFGn)g. Bioelectrocatalytic signal values were
obtained from the respective current versus time curves. Error bars have been deduced
from measurements in triplicate.

groups, and GO was reduced. XRD and Raman spectra showed that the
triethylenetetramine molecules were inserted in the GO sheets to in-
crease the interlayer distances. The resultant TFGn was uniformly dis-
persed in water and exhibited no aggregation over several weeks,
indicating that the introduction of amino groups greatly increased the
hydrophilicity of TFGn. Here we applied such TFGn for the construction
of glucose biosensors based on layer-by-layer covalent bonding without
any cross-linker. The electrodes modified with the (GOx/TFGn), multi-
layer films displayed an outstanding electrocatalytical response to the
oxidation of glucose when ferrocenemethanol was used as an artificial
redox mediator, and the catalytic response of the resulting Au/CA/
(GOx/TFGn),, electrodes to glucose enhanced significantly with an in-
creasing number of bilayers, revealing that the sensitivity is tunable by
controlling the multilayer film thickness.
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