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A three-dimensional network PAMAM-Au nanocomposite (3D-PAMAM-Au NC) was prepared by
using the first generation polyamidoamine dendrimer (G1 PAMAM) as the dispersant agent. The
resultant 3D-PAMAM-Au NC was successfully used as an immobilization matrix for the construction
of a reagentless mediator-free horseradish peroxidase (HRP)-based H,0O, biosensor on a multi-walled
carbon nanotubes (MWCNTSs) modified glassy carbon electrode. With the advantages of the three-
dimensional network, the organic-inorganic hybrid materials dramatically facilitate the direct electron
transfer of HRP, and good bioelectrocatalytic activity towards H,O, was demonstrated. Under
optimum conditions, the current response of the enzyme modified electrode at —0.30 V was detected.
The current response is linearly correlated to H,O, concentration within the range of 18.00 uM to
20.80 mM with a correlation coefficient of 0.9992 and a sensitivity of 377.78 pA mM ' cm 2. The
detection limit was down to 6.72 uM (S/N = 3). Furthermore, the biosensor exhibits some other
excellent characteristics, such as high selectivity, short response time, and long-term stability. The
3D-PAMAM-Au NC has proved to be a promising biosensing platform for the construction of
mediator-free biosensors, and may find wide potential applications in biosensors, biocatalysis,

bioelectronics and biofuel cells.

1. Introduction

As an essential mediator, hydrogen peroxide (H,0,) is of great
importance in industry, food, clinical control, and environmental
protection.’® Numerous techniques have been employed for the
determination of H,O», such as titrimetry,* chemiluminescene,®
spectrometry,® and electrochemistry.”** Horseradish peroxidase
(HRP)," a heme enzyme, is generally used as a model system for
the study of electron transfer in enzyme reaction systems and
shows perfect catalysis activity to the reduction of H,O, due to
the interior electroactive iron hemes. However, the direct
adsorption of HRP onto an electrode surface often results in
denaturization and a consequent loss of the bioactivity. More-
over, HRP does not display electroactivity on bare electrodes due
to the deep burying of electroactive groups within the protein
structure.' Therefore, it is necessary to select a host matrix which
can both provide a suitable microenvironment for proteins and
also accelerate the direct electron transfer between proteins and
the underlying electrode. Various materials have been employed
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for this purpose, such as nanoparticles,'!¢ conductive polymer

films,"” carbon nanotubes (CNTs),' DNA films,' ionic liquids,*®
mesoporous silicates** and so on. However, the lifetime and
sensitivity of H,O, biosensors still need to be improved in
bioanalysis.

As a new type of macromolecule, dendrimers have been
attracting increasing interest in many fields due to their excellent
characteristics such as a regularly branched treelike structure,
a high density of surface active groups, good structural homo-
geneity, high internal porosity and so on.?** Poly(amidoamine)
(PAMAM) has a three-dimensional structure and good
biocompatibility. With high generation numbers (G = 4),
PAMAM possesses a nearly spherical shape®® and is usually
applied in the construction of organic or hybrid nanostructure
films or as templates for the synthesis of nanoparticle
complexes.?® In aqueous solution, PAMAM with terminal amino
groups has different surface charges at different pH*” and can be
used to construct layer-by-layer assembly films with other species
by electrostatic interactions.”®? For instance, Shi and co-
workers developed a pesticide biosensor prepared by layer-by-
layer assembly of acetylcholinesterase (AChE) and PAMAM-Au
on a CNTs modified electrode.® In Hu’s work,** G4-PAMAM
was used to assemble multi-layer {PAMAM/protein}, films
containing heme proteins and heme proteins’ direct electro-
chemistry was realized. However, a novel material with
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three-dimensional network structure, high specific surface area,
and high loading capacity for enzyme, good catalytic properties,
and perfect conductivity for electrons, is still required for the
development of a highly sensitive and selective biosensor.

In this work, a novel three-dimensional network PAMAM-Au
nanocomposite (3D-PAMAM-Au NC) was first prepared and
utilized as a host matrix for constructing an HRP biosensor (see
Fig. 1). The stable 3D-PAMAM-Au NC in aqueous medium was
synthesized by the chemical reduction of HAuCl, in the presence
of G1-PAMAM. In the preparation of 3D-PAMAM-Au NC,
G1-PAMAM acted as a stabilization reagent or template due to
its plentiful surface functional groups. On the one hand, Au
nanoparticles could act as a good electronic conductor to promote
the electron transfer of electroactive proteins and the three-
dimensional network PAMAM-Au nanocomposite could serve as
a biocompatible material and provide a suitable microenviron-
ment for retaining the HRP activity. The electrostatic interaction
of oppositely charged species was utilized to enhance the stability
of the enzyme modified electrode. As compared to other biosen-
sors, the 3D-PAMAM-Au NC is a promising biosensing platform
for the construction of mediator-free biosensors with higher
sensitivity and a fast response for the determination of H,O,.

2. [Experiments
2.1 Instruments and chemicals

A Varian-500 high resolution NMR spectrometer (Bruker
AVANCE DRX500, Switzerland) and a Thermo-Finnigan
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Fig. 1 (A) Illustration for the synthesis process of PAMAM-Au nano-
composite and (B) the preparation of the enzyme modified electrode.

LCQ-Advantage mass spectrometer (GCMS-QP2010, Japan)
were used to confirm the structure of the compounds. All
absorbance measurements were carried out on a UV-2450 spec-
trophotometer equipped with 1.0 mL quartz cells (Shimadzu,
Japan). The FTIR spectra were obtained with a Nicolet 670 IR
spectrophotometer (Nicolet, USA). The morphology and
particle size distribution were characterized using a transmission
electron microscope at 100 kV (TEM, JOEL-1230, Japan).

PAMAM-NH, (G1) was synthesized according to ref. 31 and
characterized by NMR, mass spectrometry and FT-IR spec-
troscopy. '"HNMR (CDCl;, 500 MHz): 52.47 (4H, s), 82.70 (8H,
t), 82.36 (8H, t), 83.26 (8H, t), 32.78 (8H, s), 81.96 (8H, s). '*C
NMR (CDCls, 500 MHz): 350.8 (2C), 49.7 (4C), 33.4 (4C), 41.7
(4C), 40.8 (4C), 172.2 (ANC=0). m/z (%): 517 (100). IR (KBr):
2950, 2900 (-CH,-), 3250, 3050 (-NH-), 1650, 1550 (-NH-CO-)
cm™'. Horseradish peroxidase (HRP, EC 1.11.1.7, 300 U mg™")
was purchased from Shanghai Jiehui Engineering Co., Ltd. and
was used without further purification. MWCNTs (multi-walled
carbon nanotubes; diameter: 20-40 nm, length: ~20 um) were
purchased from Chengdu Organic Chemical Co. Ltd., Chinese
Academy of Science. All other chemicals were of analytical
grade. Double-distilled water and freshly prepared solutions
were used throughout the experiments.

2.2 Synthesis of PAMAM-Au nanocomposite

PAMAM-Au nanocomposite was prepared as follows:*> 10 mL
HAuCl, (0.5 mM) was added to 10 mL PAMAM (0.25 mM)
solution and vigorously stirred for 1 h at room temperature.
Then, 0.5 mL of NaBH, (0.01 M) was added dropwise into the
solution. When gold nanocomposite was formed, the color
changed from pale yellow to reddish brown. The pure gold
nanoparticles were synthesized for comparison.*

2.3 Preparation of the HRP-PAMAM-Au/CNT/GCE
modified electrode

A 3 mm diameter glassy carbon electrode (GCE) was polished
to a mirror-like surface with 0.1 and 0.03 pm alumina slurries
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Fig. 2 UV-vis absorption spectra of (a) 0.25 mM HAuCly; (b) 0.25 mM
PAMAM-NH,; (c) the mixture of HAuCly and PAMAM after stirring
for 1 h; (d) PAMAM-Au nanocomposite.
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Fig.3 TEM images and particle size distribution diagrams of pure nano
gold (A, C) and 3D-PAMAM-Au NCs (B, D).

and washed with double-distilled water. The electrode was then
pretreated electrochemically in 0.2 M HCIO,4 aqueous solution
by potential cycling within the potential range of 0 to 1.6 V at
a scan rate of 50 mV s~' until a stable cyclic voltammogram
was obtained. 4 pL of acid-treated MWCNT suspension
(10 mg mL~") was dropped onto the surface of the pretreated
GC electrode and dried under an infrared lamp to form the
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b : CNTs-GCE
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CNT modified electrode. 10 pL. of HRP-PAMAM-Au nano-
complex was dropped onto the MWCNT modified electrode
and dried in a refrigerator at 4 °C and then the enzyme-
modified electrode was obtained. The HRP-PAMAM-Au
nanocomplex was obtained as follows: 500 pL. of PAMAM-Au
nanocomplex solution was mixed with different volumes of
HRP solution (I mg mL~', dispersed in 0.05 M PBS, pH 6.90).
The mixture was stored in a refrigerator at 4 °C overnight.
Excess HRP was removed by centrifugation. Then the precip-
itates were washed with 0.05 M PBS and redispersed in double-
distilled water (pH 5.0). The enzyme-modified electrode was
stored in a refrigerator at 4 °C.

2.4 Electrochemical determination

Electrochemical measurements were performed on a CHI 660C
electrochemical workstation with a conventional three-electrode
cell. A GCE served as the working electrode. A Pt foil and a KCl-
saturated calomel electrode (SCE) were used as the counter
electrode and the reference electrode, respectively. All the
potentials were reported with respect to the SCE. Except as
specifically stated, the electrochemical experiments were carried
out in a 0.05 M phosphate butter solution (PBS, with 0.2 M
NaSOQy, as the supporting electrolyte, pH 6.90) at room temper-
ature (25 °C + 1). All electrochemical experiments were per-
formed under a nitrogen atmosphere and the solution was
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Fig.4 (A) Cyclic voltammograms of different electrodes in 0.05 M deoxygenated PBS (pH 6.90) at a scan rate of 50 mV s~'. (a) Bare GCE; (b) CNT/GCE;
(c) (PAMAM-Au)/CNT/GCE; (d) HRP/CNT/GCE; and (¢) (HRP-PAMAM-Au)/CNT/GCE. (B) Cyclic voltammograms of (HRP-PAMAM-Au)/CNT/
GCEin 0.05M pH 6.90 PBS at different rates. (C) The relationship of peak currents vs. scan rates. (D) Cyclic voltammograms of the (HRP-PAMAM-Au)/
CNT/GC electrode in 0.05 mM PBS solution (pH = 6.90) with (dashed lines) and without (solid lines) 0.2 mM H,0,. Scan rate: 50 mV s~'.
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deoxygenated by bubbling with high-purity nitrogen prior to the
experiments.

3. Results and discussion
3.1 Three-dimensional network PAMAM-Au nanocomposite

Fig. 2 shows the absorption spectra of the prepared
3D-PAMAM-Au NC. Curve a, b, ¢ and d are the UV-vis
absorption spectra of PAMAM, HAuCl,, and the mixture of
PAMAM-HAuCI, after stirring for 1 h and PAMAM-Au
nanocomposite, respectively. As shown in Fig. 2, the PAMAM-
HAuCl, has a ligand-to-metal charge-transfer band at 221 nm, at
the same time the characteristic absorption peak of [AuCly]™ at
289 nm** disappeared after stirring, which indicated the forma-
tion of a new complex.’ After the addition of NaBHy, a new
absorption peak at 519 nm appeared which was attributable to
the nanometre gold plasma resonance absorption. The appear-
ance of the peak indicates the formation of gold nanoparticles in
the system. The TEM image also confirms the formation of
nanocomposites as shown in Fig. 3. The mean size of the nano-
composite particles is approximately 6.59 nm and is mainly
within the 5-7 nm range (Fig. 3D). The nanocomposite exhibits
a three-dimensional network structure (Fig. 3B). As a compar-
ison, pure gold nanoparticles were also synthesized and charac-
terized. The particle size of the pure gold nanoparticles is mainly
within the range of 2-4 nm as shown in Fig. 3 A and C.

3.2 Direct electrochemistry of HRP immobilized in PAMAM-
Au/CNTI/GC electrode

Fig. 4A presents the cyclic voltammograms of the bare GC,
CNT/GC, (PAMAM-Au)/CNT/GC, HRP/CNT/GC and (HRP-
PAMAM-Au)/CNT/GC electrodes in a 0.05 M deoxygenated
PBS (pH 6.90) at a scan rate of 50 mV s~'. It can be seen that the
background current of the CNT modified electrode is larger than
that of the bare GC electrode, suggesting that the surface area of
the CNT/GC must be greater than the effective area of the bare
GC electrode. As shown in Fig. 4, a couple of redox peaks can be
observed on all the modified electrodes containing carbon
nanotubes. At a scan rate of 50 mV s~!, the cathodic and anodic
peak potentials are —0.109 and —0.004 V vs. SCE, respectively.
This couple of peaks correspond to the redox of the carboxylic
acid group.*® As shown in Fig. 4A (curves d and e), after the
immobilization of HRP, another pair of well-defined and nearly
reversible peaks was observed, which indicated that the direct
electron transfer between the HRP and modified electrode was
realized. The anodic peak potential (Ep,) and cathodic peak
potential (E},c) are —0.24 V and —0.37 V (vs. SCE), respectively,
which are close to the characteristic values of the Fe(in)/Fe(ir)
redox couple of the HRP heme prosthetic group reported
previously.!!t1* Obviously, the peak current obtained from
(HRP-PAMAM-Au)/CNT/GC electrodes was higher than that
obtained from the HRP/CNT/GC electrode. The experiment
results demonstrated that the three-dimensional network
PAMAM-Au provided a biocompatible microenvironment for
HRP. This direct electrochemical response of HRP should be
attributed to the cooperative effect of HRP, PAMAM-Au,
and CNT.

The effect of the scan rate on the cyclic voltammetric perfor-
mance of (HRP-PAMAM-Au)/CNT/GCE was also investigated.
Fig. 4B shows the CV curves of the enzyme electrode at various
scan rates and the plot of the peak currents vs. scan rates. It can
be seen that the redox peak currents increase with an increase in
scan rate. As shown in Fig. 4C, the anodic (curve a) and cathodic
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Fig. 5 The effect of applied potential (A), solution pH (B) and HRP
volume (C) on the stable response current of (HRP-PAMAM-Au)/CNT/
GC electrode in 0.05 mM PBS (pH 6.90). The error bars indicate the S.D.
of three independent experiments. Hydrogen peroxide concentration:
0.2 mM. Scan rate: 50 mV s™'.
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(curve b) peak currents are found to be linearly related to the
scan rate within the range of 30 mV s~! to 300 mV s/, indicating
that the tested cyclic voltammetric performance is a typical
surface-controlled electrochemical process. It has been reported
that heme-proteins, such as myoglobin, cytochrome ¢, and HRP,
can catalyze the reduction reaction of H,O,. In order to check
the catalytic activity of HRP in the (HRP-PAMAM-Au)/CNT/
GCE, the electrocatalytic reduction of H,O, was tested with
cyclic voltammetry. With the addition of 0.20 mM H,O, into pH
6.90 PBS, a significant increase in the cathodic peak at about
—0.37 V and a decrease in the anodic peak current are observed
as shown in Fig. 4D. This suggests that the immobilized HRP can
catalyze the reduction of H,0,.

3.3 Optimization of experimental conditions

In order to optimize the experimental conditions, some factors
such as applied potentials, pH, and enzyme content were inves-
tigated. The effect of applied potentials on the reduction of H,O,
was studied by chronoamperometry, as shown in Fig. SA. It can
be observed that the response current at the (HRP-PAMAM-
Au)/CNT/GC electrode with an applied potential of —0.3 V is
about 6.6 times than that at —0.1 V. When the potential was
negatively shifted to —0.4 V, the response of the currents
decreased a little and the noise increased observably. Therefore,
a potential of —0.3 V was selected as the applied potential. The
effect of pH on the enzyme electrode response was also investi-
gated while varying the pH value from 5.86 to 8.98 in the pres-
ence of 1 mM H,0, (Fig. 5B). The chronoamperometry results
show that the maximum value of the current response at —0.3 V
was obtained at pH 6.90. Thus, a buffer solution of pH 6.90
containing 0.05 M PBS was chosen throughout this work. The
effect of HRP content in PAMAM-Au nanocomposites on the
enzyme electrode response was studied by varying the HRP
concentration in 500 pL PAMAM-Au nanocomplex solution (as
shown in Fig. 5C). When the HRP concentration increased, the
current response increased, and the maximum response was
obtained at 4 ug mL~" of the HRP solution. When the HRP
concentration was increased further, there was almost no change
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in the response. Thus, 4 ug mL~' HRP solutions were used to
construct the enzyme electrode.

3.4 The electrocatalytic properties of (HRP-PAMAM-Au)/
CNT/GCE toward the reduction of H,O,

In order to investigate the electrocatalytic properties of (HRP-
PAMAM-Au)/CNT/GCE towards the reduction of H,O,, the
current-time response curve of the electrode under the optimum
conditions were recorded while continuously adding H,O,
solution to the test solution and the results are shown in Fig. 6.
The steady state current was linear relative to the H,O,
concentration within the range of 18 uM to 20.80 mM. The linear
regression equation was i/pA = 26.8¢ + 2.3, with a correlation
coefficient of 0.999 (n = 20), where i refers to the steady state
current and ¢ refers to the H,O, concentration. The detection
limit and sensitivity of the biosensor were estimated to be
6.72 uM (S/N = 3) and 377.78 pA mM~! cm~2, respectively. A
steady state current of 95% of the maximum was achieved at
about 3 s. Compared with other methods, the sensitivity is
higher,'*?*37 the response is faster'*!'” and the upper limit of
detection is higher.'”?**” The results mentioned above demon-
strate that the HRP immobilized on (HRP-PAMAM-Au)/CNT/
GCE exhibited good catalytic ability and fast response for H,O,.

3.5 Stability and reproducibility of the biosensor

The stability of the (HRP-PAMAM-Au)/CNT/GCE was evaluated
by examining the cyclic voltammetric peak currents of HRP after
continuously scanning for 100 cycles over the potential range of
—0.7t0 0.3 V at a scan rate of 50 mV s~' in 0.05 M PBS (pH 6.90).
Fig. 7A shows the normalized current response at —0.37 V. Obvi-
ously, the current response at —0.37 V remained almost unchanged,
indicating that the enzyme modified electrode was stable in the
buffer solution (represented in Fig. 7A). After the enzyme modified
electrode was stored in 0.05 M PBS (pH 6.90) at 4 °C for 1 week, and
4 weeks, the peak current of the modified electrode retained 96%
and 82% of its initial value, respectively. As shown in Fig. 7B, 5
modified electrodes were fabricated using a similar method to
investigate the reproducibility of the biosensor. The normalized
current responses of 5 modified membrane-electrodes for the
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Fig.6 (A) Current-time responses for successive addition of 5 mL of 250 mM H,O, (a) or 10 uL of 250 mM H,0, (b) at the (HRP-PAMAM-Au)/CNT/
GC electrode recorded in 0.05 mM PBS (pH 6.90). (B) The current responses vs. HO, concentration. Potential applied: —0.3 V vs. SCE.
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Fig. 7 (A) Normalized current response of the (HRP-PAMAM-Au)/CNT/GC electrode at —0.37 V during cyclic scanning for 100 cycles over the
potential range of —0.7 to 0.3 V at a scan rate of 50 mV s~' in 0.05 M PBS (pH 6.90). The current at —0.37 V for the first scan is defined as 1. (B)
Normalized current response of five similar sensors for the determination of 1 mM H,O; in 0.05 mM PBS solution (pH = 6.90). Mean current of five

sensors is defined as 1. n refers to the electrode numbers.

determination of 1 mM H,O, are almost equal. The relative stan-
dard deviation was 3.1%. This result suggested that the responses of
the proposed biosensor are reproducible.

4. Conclusion

In summary, we demonstrated that 3D-PAMAM-Au NC can be
synthesized by using the first generation polyamidoamine den-
drimer (G1 PAMAM) as the dispersant agent. Specifically, we
showed that 3D-PAMAM-Au NC can be successfully used as an
immobilization matrix for the construction of a reagentless medi-
ator-free horseradish peroxidase (HRP)-based H,O, biosensor on
a multi-walled carbon nanotubes (MWCNT) modified glassy
carbon electrode. The unique capability of this biosensor is due to
the advantages of the three-dimensional network of the organic—
inorganic hybrid materials which dramatically facilitate the direct
electron transfer of HRP resulting in good bioelectrocatalytic
activity towards H,O,. The sensor displays a high sensitivity
(377.78 hA mM ' cm 2 and a linear response within a concentration
range up to 20.80 mM for H,O, determination. Furthermore, the
biosensor exhibits some other excellent characteristics, such as high
sensitivity and selectivity, short response time, and long-term
stability. 3D-PAMAM-Au NC has been proved to be a promising
biosensing platform for the construction of mediator-free biosen-
sors, and may find wide potential applications in biosensors, bio-
catalysis, bioelectronics and biofuel cells.
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