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Prussian blue (PB) modified g-Fe2O3 magnetic nanoparticles (MNPs) featuring varying PB proportions

were synthesized and characterized by TEM, FTIR, UV-vis, EDS, XRD and XPS. The magnetic

properties and peroxidase-like catalytic activity of the synthesized nanoparticles were investigated.

With increasing PB content, the magnetism could still maintain a high level. Peroxidase-like activity

was enhanced as the PB proportion increased. Catalysis was found to follow Michaelis–Menten

kinetics. The calculated kinetic parameters exhibited strong affinity with substrates and high catalytic

activity, which are three orders of magnitudes larger than that for magnetite nanoparticles of similar

size. Based on the high activity, an enzyme immunoassay model was established: staphylococcal protein

A (SPA) was conjugated onto the surface of the nanoparticles to construct a new nanoprobe which was

employed to detect IgG immobilized to 96-well plates. The results presented a linear absorbance

enhancement with concentration of IgG, suggesting that PBMNPs serve as an inexpensive horseradish

peroxidase (HRP) mimic enzyme with potential applications in bio-detection.
Introduction

Magnetic iron oxide nanoparticles (NPs) have showed attractive

prospects mainly in biomedical applications including protein

immobilization and separation,1,2 magnetic targeting and drug

delivery,3–6 cancer hyperthermia,7,8 magnetic resonance imaging

(MRI),9–14 and so on. Recently, it was also reported that Fe3O4

NPs could possess intrinsic peroxidase-like activity.15,16 This

surprising finding makes magnetic Fe3O4 NPs powerful analytic

tools to simultaneously realize capture, separation and detection.

The peroxidase-like activity originates mainly from ferrous ions

at the surface of NPs. The mechanism may follow the Fenton

reaction.15 The reaction can be written as (1) and (2), where k1

and k2 are reaction rate constants.

Fe2+ + H2O2 / Fe3+ + cOH + OH�; k1 ¼ 76 L mol�1 s�1 (1)

Fe3+ + H2O2 / Fe2+ + cOOH + H+; k2 ¼ 0.002 L mol�1 s �1(2)

Step (2) has a low rate constant and is thus a rate-limited

reaction process. The formed hydroxyl radical (cOH) plays an

important role in oxidation of enzyme substrates, such as

3,30,5,50-tetramethylbenzidine (TMB), to lead to a color reaction.

Fe3O4 NPs are characterized by good compatibility, simple

preparation, low cost, and mass production. As a result, Fe3O4
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NPs could have a wide range of potential applications in chem-

ical catalysis and biomedicine. However, magnetite (Fe3O4) is

not very stable and is sensitive to oxidation, resulting in changes

of the both magnetic properties and catalytic activity. Compared

with Fe3O4 NPs, g-Fe2O3 NPs are more stable with similar

magnetism. Unfortunately, the peroxidase-like activity of

g-Fe2O3 NPs was demonstrated to be extremely weak in our pre-

experiment due to the lack of ferrous ions at nanoparticle

surfaces as indicated in eqn (1) and (2). Therefore, modification

of g-Fe2O3 NPs is needed, which can not only preserve its strong

superparamagnetism but more importantly can improve cata-

lytic activity. As a candidate for a surface modification agent,

Prussian blue, FeIII
4[FeII(CN)6]3, could provide the ferrous ions

contributing to the catalytic reaction, and it has attracted much

interest by many researchers.17,18 Moreover, Prussian blue has

exhibited excellent electrochemical behavior that can accelerate

the electron transfer19 and good catalytic property that could

catalyze the reduction of hydrogen peroxidase.20 Currently, it

was reported that catalytic activity of NPs could be improved by

optimizing their affinity toward substrates which could be

enhanced by increasing electrostatic interaction between

substrates and the nanoparticle surfaces.21 TMB carries two

amine groups with positive charge, likely yielding stronger

affinity towards negatively charged nanoparticle surfaces. Hence,

the modified g-Fe2O3 should be of negative charge and the

employed [Fe(CN)6]4� might provide the source of negative

charge at appropriate pH values.

We envisaged that when modified with PB, based on the

excellent electrochemical behavior and catalytic property of PB

as well as on the high stability and superparamagnetism of

g-Fe2O3, the resultant nanocomposites might show both super-

paramagnetism and peroxidase-like activity. In this study, we

present a simple approach to synthesize g-Fe2O3 nanoparticles

modified by PB at different levels. The influence of the level of PB
This journal is ª The Royal Society of Chemistry 2010



Fig. 1 Schematic illustration of preparation of PBMNPs and immu-

noassays based on PBMNPs conjugated with SPA.
on the magnetism and peroxidase-like activity is investigated.

Based on the high catalytic activity, the PBMNPs were further

conjugated with staphylococcal protein A (SPA), to confirm its

potential application in enzyme immunoassays. The total

synthesis procedure of this study is as illustrated as Fig. 1.

Experimental

Chemicals and reagents

All chemicals used in this work were of analytical reagent grade.

Deionized water was used throughout the study. Ferric chloride

(FeCl3$6H2O), ferrous sulfate (FeSO4$7H2O), hydrochloric acid,

hydrogen peroxide (30%), dimethyl sulfoxide (DMSO), 3,30,5,50-

tetramethyibenzidine (TMB), potassium ferrocyanide (K4[Fe-

(CN)6]$3H2O), anhydrous sodium acetate and acetic acid were

purchased from Sinopharm Chemical Reagent Co. Ltd. Tetra-

methylammonium hydroxide, sodium dihydrogenphosphate,

sodium hydrogencarbonate, anhydrous sodium carbonate,

potassium chloride, sodium chloride, potassium dihydro-

genphosphate and hydroxylammonium chloride were reagents

from Shanghai Lingfeng Chemical Reagent Co. Ltd. Tween-20

and bovine serum albumin (BSA) were obtained from Sunshine.

IgG, staphylococcal protein A (SPA) and bovine calf serum were

purchased from Nanjing Booker Bio-Technology Co., Ltd.

Preparation and characterization of pure and Prussian blue

modified g-Fe2O3 nanoparticles

The g-Fe2O3 NPs were first prepared according to our previous

work.22 The particle concentration was then diluted to

0.1 mg mL�1 and pH was adjusted to 2.0 with hydrochloric acid.

The PBMNPs were prepared by an improved method16 using the

as-synthesized g-Fe2O3 NPs as seeds under stirring, followed by

adding dropwise varying amounts of an aqueous solution of

10 mg mL�1 K4[Fe(CN)6]$3H2O with different volumes. The

resultant mixture was continuously stirred for 1 h and the

obtained composites were collected and washed three times by

magnetic decantation. In this work, different amounts of

K4[Fe(CN)6]$3H2O (1, 1.5, 2.5 mg) were selected to vary the PB

content. The resultant PB modified g-Fe2O3 magnetic nano-

particles are denoted as PBMNPs1, PBMNPs2 and PBMNPs3,

respectively.

The particle size and morphology of the NPs obtained above

were characterized by transmission electronic microscopy (TEM,

JEOL JEM-2100). Fourier transform infrared spectroscopy

(FTIR) analysis was performed using an infrared spectrometer

(Nicolet AVATAR 360 FTIR). Ultraviolet–visible (UV-vis)

absorption spectra were measured on an UV-VIS-NIR
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spectrophotometer (Shimadzu UV-3600, Japan). The structure

and composition were detected by an X’TRA X-ray diffrac-

tometer (l ¼ 1.54056 �A) and X-ray photoelectron spectroscopy

(XPS, Thermo ESCALAB 250), respectively. Energy dispersive

spectrometer (EDS) was used to determine the element ratio of

iron and nitrogen. Magnetic measurements were carried out with

a Lakeshore 7407 vibrating sample magnetometer (VSM).

Steady-state kinetic analysis

The steady-state kinetic assays were carried out at room

temperature in a reaction system with 5 mL of 3.09 � 10�10 M (in

terms of nanoparticle molar concentration) PBMNPs3 in 1 mL

of reaction buffer (0.1 M NaAc, pH ¼ 4.6) in the presence of

H2O2 and TMB. The kinetic analysis of PBMNPs3 with TMB as

the substrate was performed by adding 64mL 30% H2O2 and

different amounts (0, 1, 2, 4, 8, 12, 16, 20, 24mL) of TMB solution

(10 mg mL�1, dissolved in DMSO). The kinetic analysis of

PBMNPs3 with H2O2 as the substrate was performed by adding

20 mL TMB and different amounts (0, 4, 8, 12, 16, 32, 64, 96 mL)

of 30% H2O2 solution. All the reactions were monitored in

timescan mode at 650 nm using the UV-VIS-NIR spectropho-

tometer. Catalytic parameters were determined by fitting the

absorbance data to the Michaelis–Menten equation (3).

v ¼ vmax½S�
Km þ ½S�

(3)

The Michaelis–Menten equation describes the relationship

between the rates of substrate conversion by an enzyme and the

concentration of the substrate. In this equation, v is the rate of

conversion, vmax is the maximum rate of conversion, [S] is the

substrate concentration, and Km is the Michaelis constant. The

Michaelis constant is equivalent to the substrate concentration at

which the rate of conversion is half of vmax and Km approximates

the affinity of the enzyme for the substrate.

Preparation of PBMNPs–SPA bioconjugates

In this study, both staphylococcal protein A (SPA) conjugating

and BSA blocking were performed based on the electrostatic

adsorption method, which is a common strategy used to graft

protein onto the iron oxide nanoparticle surface.23 SPA (100 mg)

was dissolved in deionized water after which an equal amount of

PBMNPs3 was added and the mixture was shaken at 37 �C for

1 h. Then the SPA conjugated PBMNPs3 was characterized by

FTIR to confirm the successful conjugation. The blocking

reaction was started by adding 5% BSA solution with continually

shaking at 37 �C for 1 h. The resultant solution was stored at 4 �C

for 12 h after which it was centrifuged at 10000 rpm for 30 min.

The precipitation was resuspended in 1% BSA solution for

further blocking and finally stored at 4 �C for use.

IgG immunoassay

The suitability of the synthesized PBMNPs–SPA conjugates in

bioaffinity assays was studied by performing an enzyme immu-

noassay for IgG. The immunoassay was carried out by incu-

bating 100mL of various concentrations of IgG (1, 1.5, 2 and

2.5 mg mL�1) suspended in carbonate buffer (CB, pH ¼ 9.0) at

37 �C for 1 h. After that, the wells were washed three times by
J. Mater. Chem., 2010, 20, 5110–5116 | 5111



Fig. 2 TEM photographs of (a) g-Fe2O3 NPs, (b) PBMNPs1,

(c) PBMNPs2 and (d) PBMNPs3.

Fig. 3 FTIR spectra of (a) g-Fe2O3 NPs and (b) PBMNPs.
PBS-T (pH ¼ 7.4, Tween-20 ¼ 0.05 mass%) and 200 mL of 10%

bovine calf serum (BCS) was added into wells at 37 �C for 1 h to

block the possible remaining binding sites. The wells were

washed again by PBS-T and the SPA conjugated nanoparticles

were added into 100 mL wells for 1 h. After washing the wells

three times, the substrate solution was added to the wells for

30 min and the absorbance was measured by a microplate reader

(BIO-RAD model 680). In this study, two blank controls and

a negative control were set. One of the blank controls was that

the wells were untreated and the other blank control was treated

at the last PBMNPs-SPA incubating step with 1% BSA solution

(no PBMNPs-SPA). The negative control was treated at the first

step with no IgG incubation and the same volume of carbonate

buffer. All the settings of control groups and procedure to treat

the wells are given in Table S1 in the ESI†.

Results and discussion

Formation mechanism of the PB modified g-Fe2O3 nanoparticles

Since there is a large surface/volume ratio, high surface activity,

and a high amount of dangling bonds on the NP surfaces, the

atoms on the surface are apt to adsorb ions. In dilute acidic

solution, the surface charge of g-Fe2O3 NPs is positive (zeta

potential was measured to be about 30 mV), and [Fe(CN)6]4� can

be attracted on the surface of g-Fe2O3 NPs for the electrostatic

interactions; on the other hand, CN� can stably complex to ferric

ions at the surface of MNPs, resulting also in [Fe(CN)6]4�

adsorption. Both of the two factors promote the adsorption of

[Fe(CN)6]4�, resulting in the formation of a PB coating. Further

coordination with Fe3+ which was released from g-Fe2O3 NPs in

the reaction system (pH ¼ 2) will generate more PB coating on

the surface of the NPs. The dissolved Fe3+ in the reaction mixture

was confirmed by using a well known spot test.24 This method is

based on the fact that FeIII can be reduced to FeII by hydroxyl-

amine hydrochloride and FeII salts in acidic solutions react with

a,a-phenanthroline to give a soluble, dark red complex. The

structure and composition of the nanocomposites were further

confirmed by FTIR spectra, UV-Vis spectra, XRD, EDS and

XPS analysis as below.

Structural and compositional characterization of pure and

PB-modified g-Fe2O3 nanoparticles

TEM images (Fig. 2) shows the particle size and corresponding

distribution of the as-synthesized samples. Before modification,

the average size of g-Fe2O3 NPs is about 9.5 nm. After modifi-

cation with PB, the particles tend to be slightly larger and the size

is approximately 9.8, 10 and 10.5 nm for PBMNPs1, PBMNPs2

and PBMNPs3, respectively. This may be due to the modified PB

on the surface of g-Fe2O3 NPs but the size increases a little with

increasing PB proportion due likely also to the surface decom-

position of g-Fe2O3 NPs in the reaction process. The obtained

PBMNPs could be stably dispersed in aqueous solution. The

average hydrodynamic diameter of PBMNPs was in the range of

120 and 160 nm as characterized by dynamic light scattering

(DLS). A typical curve is presented in the ESI† (Fig. S1).

The FTIR absorption spectra (Fig. 3) give a comparison

between PB-modified and pure g-Fe2O3 NPs. The spectrum of

the PBMNPs exhibited a peak at 2110 cm�1 attributed to the CN
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stretching in the formed [FeII–CN–FeIII] structure,25 and an

absorption band at 494 cm�1 is also due to the formation of [FeII–

CN–FeIII],26 which indicates the presence of PB. The bands near

468 and 547 cm�1 were characteristic absorptions of Fe–O bond

for bulk g-Fe2O3.27 However, in Fig. 3, the bands shift to higher

wavenumbers of 586 and 633 cm�1. A basic effect of the finite size

of NPs is the breaking of a large number of bonds for surface

atoms, resulting in the rearrangement of dissociative electrons on

the particle surface. Hence, when particles are reduced to

nanoscale dimensions, the absorption bands of FTIR spectra

shift to higher wavenumbers.28 In addition, the absorption bands

near 3415 and 1610 cm�1 refer to the O–H stretching mode and

H–O–H bending mode, respectively, indicating the presence of

interstitial water in the samples.29

UV-vis absorption spectra (Fig. 4) present the typical curves of

g-Fe2O3 and PBMNPs with different proportion of PB. In the

case of unmodified maghemite particles, no obvious absorption

peak could be observed, while for PB modified g-Fe2O3, the

mixed-valence charge-transfer band at 700 nm of the polymeric

[FeII–CN–FeIII] sequence can be observed, which is in accordance

with the literature previously reported.30,31 Further, it is clear that
This journal is ª The Royal Society of Chemistry 2010



Fig. 4 UV-vis absorption spectra of (a) g-Fe2O3 NPs, (b) PBMNPs1,

(c) PBMNPs2 and (d) PBMNPs3.

Fig. 5 XRD pattern of PBMNPs3.
at the same nanoparticle molar concentration, the band at

700 nm for PBMNPs increases with the amount of coated PB on

the nanoparticle surfaces. The elemental distribution for the iron

and nitrogen in PBMNPs was tested by energy dispersive spec-

trometry (EDS) and the data (Table S2, ESI†) shows both the

atom and weight ratios for nitrogen to iron increase when the PB

proportion increases. The molar ratio of coated PB to core

g-Fe2O3 was calculated by EDS results, as 0.087, 0.179 and 0.240

for PBMNPs1, PBMNPs2 and PBMNPs3 respectively. The PB
Fig. 6 XPS (A) wide spectra and (B) Fe 2p core-level spectra for
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loading capacity was consistent with the UV-vis spectra indi-

cating the fact that g-Fe2O3 NPs were coated with PB.

The phase structure of the MNPs and PBMNPs were identified

by XRD. From a typical XRD pattern (in Fig. 5) for PBMNPs3,

we can see the characteristic peaks of (220), (311), (400), (422),

(511) and (440) indicating the cubic spinel structure of g-Fe2O3.22

The peaks of (100), (110) and (210) are the characteristic peaks of

PB,32 suggesting that the coating layer indeed was of PB. XPS

was used for evaluating the composition and element valence

state of the pure and PB-modified g-Fe2O3 NPs. Wide range (or

survey XPS) spectra for pure and modified nanoparticles are

shown in Fig. 6A. Comparison of the two curves reveals that

curve b has a distinctive N (N 1s) peak (396 eV) and shows

a relative increase of the C (C 1s, 284 eV) signal, indicating the

existence of –CN groups. The detailed Fe 2p spectra of the

products corresponding to the binding energies are depicted by

Fig. 6B, which shows that the binding energies relating to Fe 2p3/2

and Fe 2p1/2 are about 710 and 725 eV, respectively. For g-Fe2O3

NPs, it can be clearly seen that shakeup satellites occur in the

716–720 eV region (curve a in Fig. 6B), which is characteristic for

Fe3+ ions in Fe2O3.33 After employment of PB (curve b in

Fig. 6B), the shakeup satellites became weakened, implying the

formation of a PB coating on the surface of g-Fe2O3 NPs. A

weak shoulder of the main Fe 2p3/2 peak at lower binding ener-

gies (708.4 eV) occurs for the PB-modified g-Fe2O3 NPs

(Fig. 6B(b)), indicating the existence of Fe2+ ions in Prussian

blue.34 From these results, the structure of the PBMNPs is

further confirmed and the ferrous ions actually exist with no

oxidation to ferric ions in the nanocomposites. As described

above, the catalytic activity is mainly due to ferrous ions.
Magnetism

Magnetic measurement indicates superparamagnetic behavior at

room temperature for all samples (Fig. 7), with no hysteresis and

perfect Langevin behavior. The saturation magnetization value

(Ms) for g-Fe2O3 NPs is 47.52 emu g�1 while Ms for PBMNPs1,

PBMNPs2 and PBMNPs3 are decreased to 44.13, 39.4 and

34.73 emu g�1, respectively. The presence of weak magnetic PB

on the surface of the modified nanoparticles leads to decrease of

Ms while partial dissolution of the magnetic g-Fe2O3 cores in the

synthetic process also results in a decrease of Ms. Although there

is a small decrease, the nanocomposites still maintain a sufficient
both (a) g-Fe2O3 and (b) PB modified g-Fe2O3 nanoparticles.

J. Mater. Chem., 2010, 20, 5110–5116 | 5113



Fig. 7 Hysteresis loops at room temperature of (a) g-Fe2O3 NPs,

(b) PBMNPs1, (c) PBMNPs2 and (d) PBMNPs3.

Fig. 9 UV-vis absorption–time course curves of (a) a control for

PBMNPs in the same buffer without TMB–H2O2 and reaction system

catalyzed by (b) g-Fe2O3 NPs, (c) PBMNPs1, (d) PBMNPs2 and

(e) PBMNPs3.

value of Ms for magnetic application when modified with Prus-

sian blue.
Peroxidase-like activity

The peroxidase-like behavior of the synthesized NPs was exam-

ined using TMB as a chromogenic substrate. TMB has been

proved to be a noncarcinogenic derivative35 and can be oxidized

to a blue reaction product with maximum absorbance at 370 and

650 nm in the presence of H2O2. 36 Fig. 8 shows the UV-vis

absorption spectra of the g-Fe2O3 and PBMNPs catalytic reac-

tion systems upon reaction for 15 min. As shown in Fig. 8, two

peaks are observed at 369 and 650 nm, indicating that TMB was

oxidized. Fig. 9 presents the time course curves of the different

reaction systems catalyzed by pure MNPs, PBMNPs1,

PBMNPs2 and PBMNPs3 within 25 min. After the color reac-

tion, PBMNPs3 were also examined by UV-vis spectroscopy and

presented similar characteristic absorption peaks to that of

unreacted PBMNPs3 (ESI†, Fig. S2), suggesting a relatively

good stability of the PB coating in the reaction process. Since the

intrinsic color of PB may contribute to the absorption of the

color reaction a control was established by incubating an equal

quantity of PBMNPs3 in the same buffer with no TMB and

H2O2 for the same time (curve a in Fig. 9). It is obvious that the

influence of PB color is negligible owing to the very low absor-

bance of the control group. At the same molar nanoparticle
Fig. 8 UV-vis absorption spectra of the TMB–H2O2 reaction system

catalyzed by (a) g-Fe2O3 NPs, (b) PBMNPs1, (c) PBMNPs2 and

(d) PBMNPs3 for 15 min.
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concentration, MNPs can scarcely catalyze the reaction (as

characterised by low absorbance) compared to the PBMNPs;

when modified with PB, the absorbance reached much higher

value. The PBMNPs showed different levels of activity towards

TMB in the order PBMNPs3 > PBMNPs2 > PBMNPs1, that is,

the higher the level of PB, and the higher the catalytic activity.

This phenomenon may be due to the more PB providing more

ferrous ions as catalysis centers to interact with substrates. Based

on much higher catalytic activity, PBMNPs3 was applied in the

kinetic analysis and immunoassays.
Steady-state kinetics

The apparent steady-state kinetic parameters for the reaction

were determined at room temperature and PBMNPs3 were

employed as the catalytic agent. Absorbance data were back-

calculated to concentration by the Beer–Lambert Law using

a molar absorption coefficient of 39000 M�1cm�1 for TMB-

derived37 oxidation products. Apparent steady-state reaction

rates at different concentrations of substrate were obtained by

calculating the slopes of initial absorbance changes with time.

The curves shown in Fig. 10 indicate that the reaction catalyzed

by PBMNPs3 displayed Michaelis–Menten kinetics.

Data was fitted to the Michaelis–Menten equation (curves

shown in Fig. 10) to obtain the catalytic parameters, as shown in

Table 1. The Km value of PBMNPs3 with H2O2 as the substrate

was significantly higher than that for HRP, consistent with the

observation that a higher concentration of H2O2 was required to

obtain maximal reaction velocity for PBMNPs3. The Km value of

the PBMNPs3 with TMB as the substrate was a little lower than

for HRP (Table 1), suggesting that the PBMNPs3 have a slightly

higher affinity for TMB than HRP. At the same molar concen-

tration, the kcat value of PBMNPS3 and HRP showed a similar

level of activity. The kcat/Km value of the PBMNPs3 and HRP

with TMB as substrate appeared similar. The kcat/Km value of the

PBMNPs3 with H2O2 as substrate was significantly smaller than

that for HRP, corresponding to the larger Km value for H2O2.

As a catalytic agent, compared with HRP, PBMNPs3 exhibits

similar catalytic efficiency. There may be many ferrous ions at the

surface of PBMNPs3, providing more active sites for catalysis

while HRP has only one active site. Supposing that, the high
This journal is ª The Royal Society of Chemistry 2010
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Fig. 10 Kinetic analysis for PBMNPs3 with (a) TMB and (b) H2O2 as substrates, respectively. A steady-state catalysis rate was calculated from the

initial slopes of absorbance vs. time curves.

Table 1 Comparison of the kinetic parameters of PBMNPs3 and HRPa

[E]/M Substrate Km/mM vmax/M s�1 kcat/s
�1 (kcat/Km)/M�1 s�1

PBMNPs3 3.09 � 10�10 TMB 0.307 1.06 � 10�6 3.43 � 103 1.1 � 107

H2O2 323.6 1.17 � 10�6 3.79 � 103 1.2 � 104

HRP15 2.5 � 10�11 TMB 0.434 10.00 � 10�8 4.00 � 103 9.2 � 106

H2O2 3.7 8.71 � 10�8 3.48 � 103 9.4 � 105

a [E] is nanoparticle and HRP concentration, Km is the Michaelis constant, vmax is the maximal reaction velocity and kcat is the catalytic constant, where
kcat ¼ vmax/[E]. Note that the kcat value shows the catalytic efficiency per nanoparticle.
catalytic efficiency can be attributed to the collective effect of

ferrous ions. The collective effect may be a function of the

nanoparticle size, that is, there are more ions at the larger

nanoparticle surface than at the smaller ones. Therefore, it can be

explained why the kcat value with TMB of Yan’s15 Fe3O4 MNPs

is higher than that of our PBMNPs3. PBMNPs3 were about

10 nm while Yan’s Fe3O4 MNPs were about 300 nm in size.

Normalization processing was thus made for the kcat value

according to surface area S. The value of kcat/S was 9.9 s�1 nm�2

for PBMNPs3, much greater than 0.11 s�1 nm�2 for Yan’s Fe3O4

MNPs. An additional comparison with a similar size of Fe3O4

nanoparticles21 was made to emphasize the role of PB coating in

enhancement of peroxidase-like activity. Yang’s group21 studied

the impact of six different coatings on the peroxidase activity of

Fe3O4 NPs. The kcat value was in the range of 0.43–2.45 s�1 by

a rough calculation in terms of nanoparticle concentration,

which was about three orders of magnitudes lower than our PB

modified g-Fe2O3 nanoparticles. In general, the high catalytic

efficiency of PBMNPs3 may be due to (i) Fe2+ ions in the

PBMNPs3 playing a dominant role in the catalytic peroxidase-

like activity, which is consistent with Yang’s viewpoint of that

Fe2+ in the Fe3O4 MNPs contributes to the catalytic activity;

(ii) the zeta potential of PBMNPs was measured to be at the

range of �27 and �32 mV, which can enhance the affinity

between the catalyst and the positively charged TMB substrate.
Fig. 11 Concentration dependency of peroxidase-like activity for

PBMNPs3.
IgG immunoassay

Fig. 11 shows the nanoparticle concentration dependency of the

peroxidase-like activity. There is a linear absorbance increase

with a correlation coefficient of 0.988 as a function of PBMNPs3

concentration, indicating that PBMNPs3 can be used as a mimic
This journal is ª The Royal Society of Chemistry 2010
enzyme label in bioanalysis. The PBMNPs3-SPA conjugates

were successfully prepared, as demonstrated by FTIR measure-

ment (Fig. S3, ESI†). The PBMNPs-SPA nanoparticles were

applied in the enzyme immunoassays to further confirm the

potential application in bio-detection. As shown in Fig. 12, the

control 1 displayed an absorption of about 0.1, which may be

attributed to spontaneous oxidation of TMB in the presence of

H2O2. Absorption for control 2 was a litter lower, due to the

extra treatment leading to a possible change of refraction. The

negative control exhibited a little higher absorption than controls

1 and 2, a possible reason may be that incubated PBMNPs-SPA

nanoparticles could not be washed thoroughly and remained at

the bottom or on the wall of the wells, resulting in inevitable

catalytic reaction. From the results of the four positive groups,

we can see that, the absorbance increases linearly with the

concentration of IgG with a correlation coefficient of
J. Mater. Chem., 2010, 20, 5110–5116 | 5115



Fig. 12 Immunoassays based on the peroxidase-like activity of

PBMNPs3.
0.999 (Fig. 12, inset), suggesting that PBMNPs-SPA can retain

peroxidase-like activity and specifically bind to IgG immobilized

at well plates. The linear increase of the absorbance as a function

of IgG concentration is of significance for biological detection.

Conclusion

Prussian blue modified g-Fe2O3 nanoparticles were prepared by

a simple method and characterized by TEM, FTIR, UV-vis,

EDS, XRD, XPS and VSM. The resultant nanocomposite not

only retained strong superparamagnetism but also possessed

intrinsic peroxidase-like activity. Peroxidase-like catalytic

activity was enhanced as function of PB level. Catalysis by

PBMNPs showed typical Michaelis–Menten kinetics, and

exhibited high catalytic efficiency. As nanoparticle enzyme

mimetics, Prussian blue modified g-Fe2O3 nanoparticles display

the highest kcat value to the best of our knowledge. An enzyme

immunoassay was performed based on the catalytic activity;

upon conjugation with SPA, PBMNPs could specifically

combine with IgG immobilized in the wells. These studies show

potential application of PBMNPs in bio-detection.
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