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Gold nanoparticle-assembled capsules (GNACs) with controllable size and tunable morphology were fabri-
cated through a simple two-step mixing procedure. Cationic polyelectrolyte was first induced to self-
assemble into spherical aggregates in the presence of multivalent anions. Then, the aggregates served as an
effective template for the self-assembly of gold nanoparticles to form size-controllable capsules. By adjusting
the quantity of gold nanoparticles, capsules with various morphologies could be obtained. Because of their
unique nanoporous features, the capsules with intact shells were further used to load hemoglobin (Hb) for
the fabrication of a novel H2O2 biosensor. The results of UV–vis spectroscopy and cyclic voltammetry indicat-
ed that the capsules provided a suitable matrix for the immobilization of Hb. Additionally, the resulting bio-
sensor showed a high affinity and good catalytic activity to H2O2. With the advantages of the large surface
area, good conductivity and biocompatibility, the GNACs can offer a promising platform for the development
of biosensors. Moreover, on the basis of the capsule structure, this material may also be expected to apply in
some fields such as drug delivery, medical diagnostics and bio-encapsulation.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

In the past few decades, nanoparticles attracted considerable
interest due to their unique photonic, electronic,magnetic, and catalytic
properties. Numerous efforts have been devoted to the synthesis of
various nanoparticles. With the tremendous success in precise control
over the size and shape of nanoparticles, more attention has been
paid to exploiting highly structured nanoparticle assemblies [1–4],
which exhibit unique structure-dependent physical properties and are
very promising for the construction of novel functional devices [5].
Especially, well-designed gold nanoparticle assemblies have emerged
as exciting materials for optical, electronic, catalytic, and sensing appli-
cations [6]. To date, a number of strategies have been developed to or-
ganize gold nanoparticles into well-defined structure [6–11].

Since a variety of interactions such as hydrogen bonding, biospecific
recognition, coordination, electrostatic, hydrophobic and dipole–dipole
interactions can be employed in the process [12], self-assembly pre-
sents a particularly powerful tool for the preparation of structurally
well-defined nanoparticle-based materials [13]. Recently, Wong et al.
developed a facile and versatile route termed ‘tandem self-assembly’
or ‘polymer aggregate templating’ [14]. In their design, negatively
charged nanoparticles effectively self-assemble into closed-shell struc-
ture through a simple two-step mixing procedure. Two kinds of hierar-
chically ordered microcapsules composed of silica (SiO2) [15] and tin
rights reserved.
oxide (SnO2) nanoparticles [16] were prepared with this method. For
further application, the SiO2 nanoparticle-assembled capsules acting
as a new type of delivery vehicle were used for the encapsulation and
release of the indocyanine green (ICG) [17]. However, some drawbacks
such as poor electro-conductivity and low catalytic activity may limit
their further applications.

Herein, we developed the ‘tandem self-assembly’ strategy to fabricate
the gold nanoparticle-assembled capsules (GNACs). By adjusting the syn-
thetic conditions, controllable size and tunable morphology were
achieved. The scanning electron microscopy (SEM) results revealed that
the intact gold shell possessed a unique nanoporous structure, which of-
fered a promising matrix for biomolecular loading. By using hemoglobin
(Hb) as a model, the Hb-GNACs 3D architecture was constructed. Once
the bioconjugates were incorporated into a biosensor, a fast and effective
direct electron transfer between the heme center of Hb and electrodewas
realized. The resulting biosensor showed good catalytic performance to
hydrogen peroxide (H2O2) with a linear range of 1–140 μM and a detec-
tion limit of 0.93 μM at a signal-to-noise ratio (S/N) of 3. In addition, the
small apparent Michaelis–Menten constant (KMapp) indicated a high bio-
logical affinity of the immobilized Hb to H2O2.

2. Experimental

2.1. Chemicals

Poly (allylamine hydrochloride) (PAH) (Mw≈15,000) was pur-
chased from Aldrich Chemical Co. H2O2 (30% w/v solution) of
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Fig. 1. TEM image of GNACs.
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analytical grade was obtained from Shanghai Biochemical Reagent
Company (China). Nafion (5% w/w solution) was purchased from
Alfa Aesar. Hb was purchased from Sigma and was used without
further purification. All other reagents were of analytical grade. Ultra-
pure fresh water obtained from a Millipore water purification system
(MilliQ, specific resistivity>18 MΩ cm, S. A. Molsheim, France) was
used throughout this work.

2.2. Apparatus

The morphology of the GNACs was characterized by transmission
electron microscopy (TEM, JEOL JEM 2100) and field-emission scan-
ning electron microscopy (FESEM, HITACHI S4800). UV–vis spectra
were recorded on a Shimadzu UV-3600 spectrophotometer. Cyclic
voltammetry (CV)measurements were performed on a CHI660B elec-
trochemical workstation (Shanghai Chenhua, Shanghai, China). A
conventional three-electrode system with the modified glassy carbon
electrode (GCE) as the working electrode, a platinumwire as the aux-
iliary electrode, and a saturated calomel electrode (SCE) as the refer-
ence electrode was used in all electrochemical experiments. All
electrolyte solutions were deoxygenated by bubbling highly pure ni-
trogen prior to experiments, and a nitrogen atmosphere was kept
over the solutions during measurements.

2.3. Preparation of GNACs

Gold nanoparticles were prepared according to the literature [18]
by using NaBH4 as reductant and stabilized with sodium citrate, with
the concentration of about 5.45×10−4 M (M=mol/L). GNACs were
prepared through a simple two-step mixing procedure. In brief,
0.5 mL of Na2HPO4 solution with special concentration (0.01 M,
0.015 M or 0.02 M) was added to equal volume of 0.5 mg/mL PAH
solution. After that, the mixture turned turbid, indicating the forma-
tion of polyelectrolyte-aggregates. The resulting suspension was
shaken for 10 s and left to age for 30 min. Then, it was added to the
colloidal gold solution and mixed for 40 min. After centrifugation
and washing, the GNACs were finally obtained.

2.4. Preparation of Hb-GNACs bioconjugates

For the combination of Hb, the as-prepared GNACs were dispersed
in 2 mL of 0.01 M phosphate buffer solution (PBS, pH=6.0) contain-
ing 4 mg of Hb and shaken at room temperature for 12 h, followed by
centrifugation and washing. The obtained bioconjugates were resus-
pended in 1 mL of 0.01 M PBS (pH=7.0) and stored at 4 °C for further
use.

2.5. Fabrication of the biosensor

A GCE with diameter of 3 mm was polished with 1.0, 0.3, and
0.05 μm alumina powder successively, followed by successive sonica-
tion in acetone and water. Then, 5 μL of the bioconjugates suspension
prepared above was dropped on the surface of the pretreated GCE
and left to dry in a silica gel desiccator. Finally, 2 μL of 0.5% Nafion
aqueous solution was deposited to form a membrane. The resulting
electrode was stored at 4 °C when not in use.

3. Results and discussion

3.1. Characterization of GNACs and Hb-GNACs

GNACs were fabricated through a simple two-step mixing proce-
dure involving the admixture of cationic polymers (PAH) and multi-
valent anions (Na2HPO4) and the subsequently combination with
negatively charged gold nanoparticles. The capsule structure can be
directly observed in the transmission electron microscopy (TEM)
image (Fig. 1).

The formation mechanism is illustrated in Scheme 1. In the first
step, multivalent anions acted as ionic cross-linkers leading to the for-
mation of globular polyelectrolyte-aggregates with positively charged
surfaces [17]; then negatively charged gold nanoparticles assembled
around the polyelectrolyte-aggregates by the electrostatic attractions
so that the GNACs were obtained. In brief, the synthetic route can be
described as a self-assembly process with multivalent anions induced
polyelectrolyte-aggregates as template. Therefore, the resulting
capsules are sensitive to the conditions for the aggregation of
polyelectrolyte.

Fig. 2 shows the scanning electron microscopy (SEM) images of
the GNACs obtained at different R, which is defined as the ratio of
total negative charges from the multivalent anion to the total positive
charges from the cationic polyelectrolyte. The resulting capsules were
uniform in size and morphology at each R value, while the average di-
ameter of the capsules increased with R rising, which was 300 nm at
R=4, 700 nm at R=6, and 1200 nm at R=8, respectively. This indi-
cated that size-controllable GNACs could be prepared by varying the
value of R. Herein, the GNACs with small size (prepared at R=4)
were chosen for the further study due to their high specific surface
area.

To investigate the self-assembly behavior of gold nanoparticles,
various quantities of the colloidal gold solutions were introduced,
and the capsules with tunable morphologies were obtained accord-
ingly. In order to get a clear observation, the capsules with large
size (R=8) were chosen as models. As shown in Fig. 3(a), numerous
gold floccules spread around the globular polyelectrolyte-aggregates
template when the polyelectrolyte-aggregates suspension was
mixed with twice volume of the colloidal gold solution. With the
quantity of the colloidal gold increasing to 4 times that of the
polyelectrolyte-aggregates suspension, many hill-like gold
nanoparticle-assemblages formed on the template surface, as can be
seen in Fig. 3(b). Further increase in the quantity of the colloidal
gold led to a rough gold shell with several cracks surrounding the
polyelectrolyte-aggregates template, as shown in Fig. 3(c). When
the quantity of the colloidal gold was up to 10 times, capsules with in-
tact shells were obtained as shown in Fig. 3(d), and it was worth not-
ing that the supernatant liquor after centrifugation was no longer
colorless but kept the color of the colloidal gold solution. This phe-
nomenon indicated that the self-assembly of gold nanoparticles
reached saturation. Although all the cracks were filled up, it was obvi-
ous that the intact gold shell still possessed a nanoporous feature,
which offered a promising interface with good conductivity and con-
siderably large surface area. Thus, the capsules with intact shells were
expected to be an effective candidate for biomolecular immobiliza-
tion and biosensor fabrication. By using Hb as a model, the Hb-
GNACs composite was prepared to construct a novel H2O2 biosensor.
As can be observed in Fig. 4, the surface texture of the composite be-
came indistinct after the immobilization of Hb.



Scheme 1. Formation process of the gold nanoparticle-assembled capsule.

Fig. 2. SEM images of GNACs obtained at different R: (a) R=4; (b) R=6; (c) R=8.

Fig. 3. Typical SEM images of GNACs prepared at R=8 with different quantities of the colloidal gold solution: (a) twice the volume of the polyelectrolyte-aggregates suspension;
(b) 4 times the volume of the polyelectrolyte-aggregates suspension; (c) 8 times the volume of the polyelectrolyte-aggregates suspension; (d) 10 times the volume of the
polyelectrolyte-aggregates suspension.
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Fig. 4. SEM image of the Hb-GNACs composite prepared at R=8.

Fig. 6. CVs of (a) Hb-GNACs/Nafion, (b) Hb/Nafion, and (c) GNACs/Nafion modified
GCEs in 0.1 M PBS (pH=7.0) at 100 mV s−1.
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UV–vis spectroscopy was used to monitor the modification
process. As shown in Fig. 5, the as-prepared GNACs exhibited a wide
absorption band from 500 nm to 750 nm (curve c), while the charac-
teristic surface plasmon resonance band of colloidal gold appeared at
512 nm (curve b). This red shift as well as the broadening of the band
could be attributed to the formation of gold nanoparticle assemblies,
which led to a collective surface plasmon oscillation [10]. After the
loading of Hb, a characteristic Soret band of prosthetic heme group
appeared at 408 nm (curve a), while that of native Hb was located
at 406 nm (curve d). This slight red shift of 2 nm indicated the inter-
action between Hb and GNACs. What's more, such a small difference
also suggested that the immobilized Hb was not grossly denatured
and the GNACs provided a suitable microenvironment for Hb to retain
its native structure.

3.2. Direct electrochemistry of Hb-GNACs/Nafion modified electrode

The electrochemical behavior of the immobilized Hb was studied.
Fig. 6 shows typical cyclic voltammograms (CVs) of different modi-
fied GCEs in 0.1 M PBS (pH=7.0) at 100 mV s−1. No obvious redox
peaks were observed at the GNACs/Nafion modified GCE (curve c), in-
dicating electro-inactivity of the material in the potential range. A
couple of unconspicuous redox peaks were observed at the Hb/Nafion
modified GCE (curve b), which could be ascribed to the direct
electron transfer between Hb and the electrode. In contrast, a pair
of stable and well-defined redox peaks could be observed at the Hb-
GNACs/Nafion modified GCE (curve a), which indicated that the
GNACs not only provided a favorable microenvironment for the
Fig. 5. UV–vis spectra of (a) Hb-GNACs, (b) gold nanoparticles, (c) GNACs, and (d) Hb
solution.
immobilized Hb molecules to retain their activity, but also greatly
facilitated the direct electron transfer between the immobilized Hb
and the electrode. The cathodic and anodic peak potentials observed
at the Hb-GNACs/Nafion modified GCE were located at −0.405 V
(vs. SCE) and −0.357 V (vs. SCE) respectively. This small peak-to-
peak separation of 48 mV suggested a fast and quasi-reversible
electron-transfer process [19]. When the peak-to-peak separation
was less than 200/n mV, the apparent heterogeneous electron trans-
fer rate constant (ks) could be calculated according to the equation
ks=mnFv/RT [20], where m is a parameter related to the peak-to-
peak separation, n is the number of electrons, F is Faraday constant,
v is the scan rate, R is ideal gas constant, and T is the temperature.
For the Hb-GNAC/Nafion modified GCE, the value of ks was estimated
to be 2.64 s−1, which was much larger than those reported pre-
viously [21–23]. This result further demonstrated that the GNACs
acted as conducting channels helping to realize a faster and more ef-
fective direct electron transfer between the immobilized Hb and the
electrode.

To study the electron transfer process further, the effect of scan
rate on the electrochemical response of the immobilized Hb was
also discussed. As shown in Fig. 7, both cathodic and anodic peak cur-
rents increased linearly with the scan rate rising from 50 mV s−1 to
600 mV s−1. The linear regression equations were ip/μA=0.00148v/
(mV/s)−0.02489 for cathodic currents and ip/μA=−0.00137v/
(mV/s)+0.01952 for anodic currents. This linearity with respect to
v, and not to v1/2, indicated a surface-controlled electrochemical pro-
cess. According to Faraday's law, Q=nFAΓ, where Q can be obtained
by integrating the reduction peak of Hb, F is Faraday constant, n and
A stand for the number of electrons and the surface area of the elec-
trode, respectively, the average surface concentration of electroactive
Hb(Γ) at the Hb-GNACs/Nafion modified GCE was estimated to be
2.17×10−10 mol cm−2, which was about 11 times that of the theo-
retical monolayer coverage of Hb (≈1.89×10−11 mol cm−2 [19]).
Such a large quantity of electroactive Hb molecules participating in
the electron-transfer process suggested that the GNACs offered a suit-
able matrix for Hb loading.

3.3. Electrocatalytic properties of the Hb-GNACs/Nafion modified
electrode towards H2O2

The electrocatalytic activity of the immobilized Hb towards H2O2

was investigated by cyclic voltammetry, as shown in Fig. 8(a).
With the successive addition of H2O2, the cathodic current of the
Hb-GNACs/Nafion modified GCE gradually increased, while the
corresponding anodic current decreased, indicating a typical
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Fig. 7. (a) CVs of Hb-GNACs/Nafion modified GCE in 0.1 M PBS (pH=7.0) at different scan rates (mV s−1): (a) 50, (b) 100, (c) 150, (d) 200, (e) 250, (f) 300, (g) 350, (h)400, (i) 450,
(j) 500, (k) 550, (l) 600. (b) Plots of anodic and cathodic peak currents vs. scan rates.

Fig. 8. (a) CVs of Hb-GNACs/Nafion modified GCE in 0.1 M PBS (pH=7.0) containing: (a) 0, (b) 10, (c) 30, (d) 50, (e) 70, (f) 90, (g) 110, and (h)130 μM H2O2 at 100 mV s−1.
(b) Calibration curve of electrocatalytic current to H2O2 concentration.
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electrocatalytic reduction process of H2O2. Since this phenomenon
was not observed at the GNACs/Nafion modified GCE, it can be
concluded that the catalytic reduction of H2O2 was attributed to the
presence of Hb. A possible mechanism of the catalytic reaction
might be expressed as follows [19,24]:

Hb½HemeðFeIIIÞ� þ H2O2→Compound I þ H2O ð1Þ

Compound I þ H2O2→Hb½HemeðFeIIIÞ� þ H2O þ O2 ð2Þ

Hb½HemeðFeIIIÞ� þ Hþ þ e−→Hb½HemeðFeIIÞ�ðat electrodeÞ ð3Þ

Hb½HemeðFeIIÞ� þ O2→Hb½HemeðFeIIÞ� � O2 fast ð4Þ

Hb½HemeðFeIIÞ� � O2 þ Hþ þ e−→Hb½HemeðFeIIIÞ� þ H2O2ðat electrodeÞ
ð5Þ
The overall reaction of (1)–(5) would be:

H2O2 þ 2Hþ þ 2e−→2H2O: ð6Þ

With the addition of hydrogen peroxide, it diffuses to the surface
of the electrode and oxidizes Hb[Heme(FeIII)] to compound I, which
is quite instable and immediately reacts with H2O2 to return to Hb
[Heme(FeIII)]. In this process, oxygen is formed. As the potential
decreased negatively, Hb[Heme(FeIII)] is reduced to Hb[Heme(FeII)],
which reacts rapidly with the oxygen to give Hb[Heme(FeII)]-O2

[24]. And then H2O2 is regenerated by the electrochemical reduction
of Hb[Heme(FeII)]-O2. Therefore, oxygen and the resulted Hb[Heme
(FeII)]-O2 promotes the catalytic cycle and is extremely important
to the catalytic current in this reaction. What's more, to ensure the
linear relationship between the electrocatalytic current and the con-
centration of the H2O2, deoxygenation is necessary in this system.

Fig. 8(b) shows the calibration curve of the catalytic current to the
concentration of H2O2. Here the catalytic current (icat) is defined as
the difference between the cathodic peak currents in the presence and
in the absence of H2O2. It can be observed that the catalytic current in-
creased linearly with the concentration of H2O2 increasing from 1 to
140 μM. The linear regression equation was icat/μA=0.0281c(H2O2)/
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μM(M=mol/L)+0.0752 with a correlation coefficient of 0.998, and
the detection limit was estimated to be 0.93 μM at a signal-to-noise
ratio (S/N) of 3. When the concentration of H2O2 was higher
than 140 μM, a response plateau was observed, indicating a typical
Michaelis–Menten kinetic characteristic. The apparent Michaelis–
Menten constant (Kapp M) was determined to be 0.21 mM according
to the electrochemical version of Lineweaver–Burk equation [25]. This
value is much smaller than those of 2.87 mM for the Hb/Au-SBA-15
modified GCE [26], 1.4 mM for the Hb/Chit-Aus/Cys modified Au elec-
trode [27] and 0.77 mM for the Hb-CdTe-CaCO3@PEs modified GCE
[28], suggesting a higher affinity of the immobilized Hb to H2O2.

As a H2O2 biosensor, the reproducibility and stability of the Hb-
GNACs/Nafion modified GCE were investigated. The relative standard
deviation (R.S.D.) of the responses to 50 μΜ H2O2 was 3.7% for six
successive measurements, indicating an acceptable reproducibility.
Stability of the biosensor was investigated by consecutive calibrations
curves at a constant potential of −0.40 V and the result also demon-
strated a good stability. When not in use, the electrode was stored at
4 °C. It retained 93.6% of its original response after one-month stor-
age, demonstrating a good long-term stability.

4. Conclusions

A rapid two-step mixing procedure was employed to fabricate
gold nanoparticle-assembled capsules (GNACs). The rough surface
with a nanoporous feature of the capsule offered an ideal interface
for Hb loading. The results of UV–vis spectroscopy and cyclic voltam-
metry indicated that the capsules not only provided a suitable micro-
environment for Hb to retain its activity, but also acted as conducting
channels facilitating the direct electron transfer between the heme
center of Hb and the electrode. As a biosensor, the resulting electrode
showed a high affinity and good catalytic activity to H2O2 with good
reproducibility and stability. Hydrogen peroxide is not only an essen-
tial mediator in food, clinical, environmental and many other fields,
but also a by-product of various enzymatic reactions. Therefore, the
as-prepared sensor could be used in the detection of H2O2 in real
samples like disinfector, commercial contact lens solution or environ-
mental samples, and it could also be used in the detection of antigen
or antibody in real serum samples based on the peroxidase labeled
immunoassay. Although deoxygenation is needed, the prepared sen-
sor still owes an acceptable sensitivity due to the mechanism of the
catalytic reaction. It was believed that the prepared GNACs provided
a promising platform for the development of novel biosensors. More-
over, as its unique capsule structure, the material may also be an ef-
fective candidate for wide potential applications in encapsulation,
protection and drug delivery.
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