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B
ased on the rapid development of
their controlled synthesis, assembly,
and modification, nanomaterials

have been proved promising in a wide
range of biotechnological applications, es-
pecially as highly sensitive and selective
sensors and separators.1–3 Among them,
gold nanoparticles have been widely used
in extremely sensitive biodetection for DNA
and proteins. This is not only because their
facile and robust interaction with thiol and
disulfide groups enables functionalization
of gold particles with various molecules
which are capable of specifically recogniz-
ing biological substances, but also due to
their exceptional optical properties that are
influenced remarkably by their chemical en-
vironment, their agglomeration, their kinds,
or even their conformational
differences.1,4–11 Meanwhile, magnetic
nanoparticles are also attractive and strong
candidates for applications such as diagno-
sis, therapeutics, separations, and magnetic
resonance imaging for detections.12 Some
important progress in cancer diagnosis, pro-
tein separation, and detection has been
made based on well-synthesized and func-
tionalized iron oxide nanoparticles.13–17

As a form of bifunctional nanomaterials,
nanoparticles combining gold and iron ox-
ides inherit from the two components ex-
cellent surface chemistry, special optical
properties, and superparamagnetic proper-
ties, all of which would greatly enhance the
potential and broaden the application of
such composite bifunctional nanomateri-
als. As a result, successful strategies for the
synthesis of bifunctional gold�iron oxide
nanoparticles are recognized as one of the
major advances in nanobiotechnology.18

Current successful synthetic protocols for
such bifunctional nanomaterials include, for
example, reducing Au3� onto Fe3O4 nano-

particle surfaces via iterative hydroxylamine
seeding, decomposing Fe(CO)5 on the sur-
face of the Au nanoparticles followed by
oxidation in 1-octadecene solvent, and
Au3� reduction onto Fe3O4 nanoparticles
deposited on silica cores to form a three-
layer composite nanoparticle.18–20

Here, we report our recent success in
the synthesis of bifunctional Au-Fe3O4

nanoparticles that are formed by simply
linking two separately prepared nanomate-
rials by chemical bonds, rather than using
chemical deposition processes. Compared
to the Fe3O4 nanoparticles (4 –20 nm) being
used in the fabrication of dumbbell-like
nanoparticles,20 the particles we used were
larger. As a result, stronger magnetic force,
sufficient for the separation of bigger mol-
ecules, can be achieved. In order to prove
their practicability and great potential in
bioapplications, we further demonstrate the
validity of such material for protein separa-
tion. The result showed that not only was
highly efficient separation of the targeted
protein obtained, but the as-separated
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ABSTRACT In this article, we report the synthesis of bifunctional Au-Fe3O4 nanoparticles that are formed by

chemical bond linkage. Due to the introduction of Au nanoparticles, the resulting bifunctional Au-Fe3O4

nanoparticles can be easily modified with other functional molecules to realize various nanobiotechnological

separations and detections. Here, as an example, we demonstrate that as-prepared Au-Fe3O4 nanoparticles can

be modified with nitrilotriacetic acid molecules through Au–S interaction and used to separate proteins simply

with the assistance of a magnet. Bradford protein assay and sodium dodecyl sulfate–polyacrylamide gel

electrophoresis were performed to examine the validity of the separation procedure, and the phosphate

determination method suggested that the as-separated protein maintained catalytic activity. This result shows

the efficiency of such a material in protein separation and suggests that its use can be extended to magnetic

separation of other biosubstances. Moreover, this synthetic strategy paves the way for facile preparation of diverse

bifunctional and even multifunctional nanomaterials.
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protein also maintained catalytic activity. The success
of our experiment indicates that the diversity of bifunc-
tional Au-Fe3O4 nanomaterials can be realized by
chemically linking various Au and Fe3O4 nanomaterials
synthesized separately. In a broader sense, various bi-
functional or even multifunctional nanomaterials could
be easily synthesized through the linkage of chemical
bonds.

RESULTS AND DISCUSSION
Fe3O4 nanoparticles of different sizes have been pre-

pared successfully by several methods. Some use
Fe(acac)3 as iron precursor with necessary
surfactants,21,22 while some find it possible to synthe-
size monodispersed Fe3O4 nanoparticles in aqueous so-
lution without surfactant.23 Here, the amino-
functionalized Fe3O4 nanoparticles were prepared in
the way we have reported previously24 and were used
without further modification. Because of the existence
of 1,6-hexadiamine in the reaction system and the coor-
dination of amino groups to Fe atoms, the Fe3O4 nano-
particles have some amino groups on their surfaces. In
order to conjugate Au particles to them, we then modi-
fied the surfaces of Fe3O4 nanoparticles with cysteine
molecules by the formation of amide bonds between
the surface amino groups of Fe3O4 and the carboxylic
groups of cysteine. So the Fe3O4 nanoparticles were
functionalized by thiol groups on their surfaces. The Au
nanoparticles were synthesized in aqueous solution
through the reduction of HAuCl4 by NaBH4. The thiol-
modified Fe3O4 particles were then mixed with Au par-
ticles under ultrasonic conditions, and the Au particles
were conjugated to the Fe3O4 particles by the strong in-
teraction between Au and the thiol group. This strat-
egy is shown schematically in Figure 1A. After being
vigorously washed, the product was redispersed in eth-
anol. From Figure 1B, we can see clearly the color
change of Fe3O4 nanoparticles before and after Au con-
jugation. The original color of Fe3O4 particles (0.2 mg/
mL) is black, and that of Au (0.01 mg/mL) is red-purple,
while the resulting bifunctional Au-Fe3O4 nanoparti-
cles (0.2 mg/mL) turned to reddish brown. This sug-
gests that the resulting Fe3O4-Au nanoparticles have in-
herited the colorimetric character of gold nanoparticles.

Magnetic measurements, which were taken at 298
K, showed that there is no significant change in the
magnetic moment and coercivity of Fe3O4 nanoparti-
cles before and after conjugation of Au particles. As
shown in Figure 2A, the magnetization of Fe3O4 nano-
particles is about 58 emu/g, and that of Au-Fe3O4 nano-
particles is about 51 emu/g. The 12% decrease in mag-
netization suggests that the gold and cysteine
molecules introduced to the original Fe3O4 nanoparti-
cles were about 12% in weight. The coercivity of both
materials can be found in the enlarged view of the cen-
tral loop shown also in Figure 2A, 105 Oe for Fe3O4

and 95 Oe for Au-Fe3O4. Upon placement of a magnet

besides the vials, both materials were quickly attracted

to the walls of the vials within a few seconds, leaving

the solution transparent, as shown in Figure 2B. The

morphology of the product was characterized by tran-

sition electron microscopy (TEM) and scanning electron

microscopy (SEM). From the images shown in Figure

3a,b, we can see that the 60 nm Fe3O4 particles are well

surrounded by the 10 nm Au particles, and the ratio of

Fe3O4 to Au nanoparticles is 10 –15/1, based on estima-

tion from Figure 3a. The high-resolution TEM images

(Figure 3c) show that the Au particle and the Fe3O4 par-

ticle are in close contact with each other. Energy-

dispersive analysis of X-rays (EDAX; Figure 3d) of se-

lected areas of Au-conjugated Fe3O4 particles further

reveals their elemental composition. Fe, Au, O, C, N, and

S can all be easily found in the EDAX graph. Among

those elements, Cu, C, and O are influenced by the cop-

per grid, the carbon film, and their degree of oxida-

tion. Fe and Au signals result from the Fe3O4 and Au

particles which form the product, while N and S sig-

nals proved the existence of amino groups and cysteine

molecules that function as Au immobilizer. Control ex-

periments, in which we mixed amino-functionalized

Fe3O4 nanoparticles that were not modified with thiol

groups with gold particles under the same conditions,

showed that Fe3O4 nanoparticles without surface thiol

groups do not form bifunctional Au-Fe3O4 nano -

Figure 1. (A) Schematic illustration of bifunctional Au-Fe3O4

nanoparticle synthesis. Amino-functionalized Fe3O4 nano-
particles (a, simplified as b for the convenience of illustra-
tion) were first modified by Boc-L-cysteine to have surface
thiol groups (c, simplified as d). Gold nanoparticles were the
conjugated onto the surface of Fe3O4 nanoparticles to form
the expected Fe3O4-Au bifunctional nanoparticles (f, simpli-
fied as e). (B) Color comparison of Au, Fe3O4, and Au-Fe3O4

nanoparticles.
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particles. It proved that such a composite material is

formed by Au�S bonds.

To use these materials for protein separation, we

took advantage of the protocol of metal chelate affin-

ity chromatography (MCAC).25 We connected nickel ion

(Ni2�)-coordinated N-[N�,N�-bis(carboxymethyl)-L-

lysine]-16-mercaptohexadecanamide to the unoccu-

pied binding sites of Au particles of the bifuncational

nanoparticles using the strong Au�S interaction. The

nickel ions (Ni2�) can then attach to the six consecu-

tive histidine residues (6xHis). Any protein (in this case

arginine kinase (AK), �43 kD) that is modified with

6xHis by genetic engineering would be easily sepa-

rated in this way.

The separately collected imidazole wash buffer solu-

tions were used in the following tests to confirm the ex-

istence of protein. The Bradford protein assay protocol

(Coomassie Blue G-250)26 was used as an instant

method to examine for the existence of protein in those

wash buffers. If a certain wash buffer contains pro-

teins, it will turn the originally brown Coomassie Blue

G-250 solution into a blue color, while wash buffer with-

out protein in it will leave Coomassie Blue G-250 brown.

As shown in Figure 4A, sample 1 is the last portion of

wash buffer which was used to remove unbound pro-

tein residual. It contained no protein since the color of

Coomassie Blue solution remained brown. Sample 2 is

10 mM imidazole wash buffer which was used to release

the bound proteins. It changed the color only slightly.

Sample 3 is 500 mM imidazole wash buffer. It released

bound proteins effectively since it turned the solution

into blue. Comparison between samples 2 and 3 shows

that sample 2 contained much fewer proteins than

sample 3, which suggests that protein was bound firmly

thus not easy to lose. Sample 3 also released bound pro-

teins thoroughly since, immediately after we washed it

again with 500 mM imidazole wash buffer (sample 4),

no more protein was found to be released. By compar-

ing samples 2 and 3 to samples 2* and 3*, whose color

did not change after 10 and 500 mM imidazole buffer

was added, respectively, we confirmed the existence of

protein in the wash buffer of samples 2 and 3.

Sodium docecyl sulfate�polyacrylamide gel electro-

phoresis was then applied according to the literature28

to examine the purity of the separated protein. As

shown in Figure 4B, compared to the marker in lane 0,

the original protein mixture solution (as shown in lane

Figure 3. Characterization of bifunctional Au-Fe3O4 nanoparticles: (a,b)
TEM images, (c) SEM image, (d) HRTEM image, and (e) EDAX.

Figure 2. Magnetic property of bifunctional Au-Fe3O4 nano-
particles. (A) Magnetization curves of Fe3O4 and Au-Fe3O4

nanoparticles. (B) Both materials are attracted to the walls
of the vial when a magnet is present.
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1) contained proteins of various molecular sizes. As the
amount of the target protein to be separated exceeds
the amount that could be held by those bifunctional
nanoparticles during the separation process, there are
still various proteins in the solution after some of them
have been separated (as shown in lane 2). The nanopar-
ticles holding proteins on their surfaces were first
washed with buffer solution a few times so that no non-
specifically bound proteins remained (as shown in lanes
3 and 4 for comparison between the first and the last
time of washing). The nanoparticles were then washed
by 10 and 500 mM imidazole buffer solutions to disso-
ciate the target protein. As shown in lanes 5 and 6, 43
kD AK of high purity was effectively separated and
collected.

In order to test the practicability of using Au-

conjugated Fe3O4 particles to separate protein, we fur-

ther examined the activity of the separated AK in cata-

lyzing the magnesium-dependent reversible phosp -

horylation of L-arginine by adenosine triphosphate. We

chose to use the phosphate determination method

based on an ascorbic acid-reduced ternary heteropoly-

acid system to examine the protein catalytic

activity.26,27 The blue ternary heteropolyacid was com-

posed of bismuth, molybdate, and phosphate. Phos-

phate was released from N-phospho-L-arginine, which

was formed during a certain period in the catalytic reac-

tion. Standard AK of known concentration was used

for L-arginine phosphorylation, and the absorbance of

ternary heteropolyacid formed during the following re-

duction reaction at 700 nm was measured to give a

standard curve of absorbance versus AK concentration

(as shown in Figure 4C). The separated AK sample was

then taken for phosphate determination, and the result-

ing absorbance was 0.15, suggesting that the sepa-

rated AK sample maintained as much activity as that

of 0.05 mg/mL standard AK. Assuming the separated

protein maintains 100% activity, the loading capacity

of the nanoparticles used in this experiment was 0.05

mg of protein per 1 mg of nanoparticles.

The bifunctional Au-Fe3O4 nanoparticles will not be

destroyed by the separation process and can be re-

used readily. However, the loading capacity would de-

crease, and that is where further efforts should be

made.

CONCLUSION
In this paper, we reported the synthesis of bifunc-

tional Au-Fe3O4 nanoparticles and their use in separat-

ing protein which maintained high catalytic activity af-

ter being separated. The as-prepared bifunctional

nanoparticles combined the merits of both gold and

Fe3O4 nanoparticles and were formed by chemical

bond linkage. Possessing around 12% gold by weight,

the resulting bifunctional nanoparticles maintain excel-

lent magnetic properties. Additionally, the ease of func-

tionalizing them further facilitates wide and effective

applications of this nanomaterial in various biological

separations and detections. Furthermore, this experi-

ment also suggested a new way to synthesize various

bifunctional or multifunctional composite nanomateri-

als through simply linking two or several kinds of nano-

materials by chemical bonds.

METHODS

General Information. All chemicals were of analytical grade and
used as received without further purification. Deionized water
was used throughout. Chemicals for the synthesis of N-[N�,N�-
Bis(carboxymethyl)-L-lysine]-16-mercaptohexadecanamide and

for the preparation of protein mixture solution were purchased

from Sigma-Aldrich or Alfa-Aesar. Other chemicals were all sup-

plied by the Beijing Chemical Reagent Co. The TEM images were

taken by using a Hitachi model H-800 transmission electron mi-

croscope with a tungsten filament at an accelerating voltage of

Figure 4. (A) Bradford protein assay of the separation
efficiency: 1, the last portion of residual wash buffer, main-
tained the Coomassie Blue G-250 solution a brown color,
contained no protein; 2, 10 mM imidazole wash buffer,
turned the color slightly to blue, (compared with 2*, in which
10 mM imidazole buffer solution without protein was
added), contained a few proteins; 3, 500 mM imidazole wash
buffer, turned blue (compared with 3*, in which 500 mM im-
idazole buffer solution without protein was added), con-
tained proteins; 4, 500 mM imidazole wash buffer added
again, solution remained brown, no protein. (B) SDS�PAGE
analysis of the separated protein: lane 0, marker; lane 1,
original protein mixture solution; lane 2, protein mixture
solution after separation; lane 3, first residual wash buffer;
lane 4, last residual wash buffer; lane 5, 10 mM imidazole
wash buffer; lane 6, 500 mM imidazole wash buffer. (C) Stan-
dard curve of absorbance versus AK concentration.
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200 kV. The morphology of Au-Fe3O4 nanoparticles was further
characterized by using a JSM-6301F scanning electron micro-
scope. High-resolution transmission electron microscopy (HR-
TEM) and energy-dispersive X-ray analysis spectroscopy (EDAX)
were performed on a Tecnai F20 HRTEM. Magnetic measure-
ments were carried out on a Lakeshore-7307 vibrating sampling
magnetometer. The UV�vis absorption in the protein catalytic
activity assay was measured with a Specord 200 UV�vis analytic
spectrophotometer (Jena, Germany).

Preparation of Bifunctional Au-Fe3O4 Nanoparticles. A mixture of
1.0 g of FeCl3 · 6H2O, 2.0 g of anhydrous sodium acetate, and
6.0 g of 1,6-hexadiamine in 30 mL of glycol was heated at 200
°C for 6 h to give Fe3O4 nanoparticles (Supporting Information,
Figure S1). In a 5 mL dimethylformamide (DMF) solution of 0.1 g
of dispersed Fe3O4 nanoparticles were dissolved 0.1 g of Boc-L-
cysteine and 0.18 g of O-benzotriazole-N,N,N=,N=-
tetramethyluroniumhexafluorophosphate (HBTU). Then, 0.9 mL
of triethylamine was added at drop speed under vigorous stir-
ring, and the mixture was allowed to react overnight. The prod-
uct was separated magnetically and washed with DMF (5 mL �
2) and water (5 mL � 2). Au nanoparticles were synthesized fol-
lowing the report28 by Jana et al., with some modifications. First,
we mixed 5 mL of 0.5 mmol/L HAuCl4 aqueous solution with 5
mL of 0.2 mol/L cetyltrimethylammonium bromide (CTAB). Next,
0.6 mL of 0.01 mol/L NaBH4 was added, and the solution was
stirred to react for 5 min and allowed to settle overnight. Then,
1.0 mg of Fe3O4 nanoparticles, prepared as described above,
were dispersed in 3 mL of ethanol and added dropwise into a
10 mL aqueous solution of Au particles under ultrasonic condi-
tion. After a further 5 min of reaction, the reddish-brown Au-
Fe3O4 nanoparticles were separated magnetically and washed
with ethanol to remove the unbound Au particles.

Preparation of Nitrilotriacetic Acid (NTA)-Modified Au-Fe3O4 Nano -
particles. Au-Fe3O4 nanoparticles (1.0 mg; the average number of
gold nanoparticles per Fe3O4 nanoparticle is around 15) were
dispersed in 5 mL of ethanol and mixed with 0.6 mg of N-[N�,N�-
bis(carboxymethyl)-L-lysine]-16-mercaptohexadecanamide,
which was synthesized according to the literature29 (Support-
ing Information, Figures S2�S4), in 1 mL of acetone. After the re-
action mixture was stirred for 12 h, the product was separated
magnetically and washed with deionized water three times. The
particles were then mixed with 10 mL of 100 mM NiCl2 aque-
ous solution and allowed to react for 30 min for the coordina-
tion of Ni2� ions to NTA molecules. They were then washed with
deionized water three times to remove extra nickel ions. The fi-
nal product was redispersed in 10 mL of Tris�HAc buffer solu-
tion (20 mM Tris�HAc, pH 8.10) and stored for later use.

Arginine Kinase Separation Using Au-Fe3O4 Nanoparticles. NTA-
modified Au-Fe3O4 nanoparticles (1.0 mg) were dispersed in 1
mL of cell lysate from which had been removed cell debris by
centrifugal separation. [The cells were Escherichia coli cells which
had been transfected with plasmid encoding arginin kinase
modified with six consecutive histidines (6xHis-AK) and induced
by isopropyl �-D-thiogalactoside (IPTG) for high AK expression.
The lysate was obtained by sonication.] After the reaction mix-
ture was shaken for 5 min, the Au-Fe3O4 nanoparticles were
separated using a magnet and washed several times with
Tris�HAc buffer solution to remove the residual protein solu-
tion and nonspecifically bound proteins on the surface of nano-
particles until the wash buffer contained no protein. Next, 10 and
500 mM imidazole buffer solutions, which are capable of dissoci-
ating proteins from the nanoparticles, were added in turn to
wash the 6xHis-AK-bound Au-Fe3O4 particles, and the wash buff-
ers were collected separately.

Analysis of Separated Protein. Bradford protein assay was per-
formed according to the literature as an instant detection
method.30 The denaturing polyacrylamide gel electrophoresis
(SDS�PAGE) was performed as reported31 for each sample to ex-
amine the purity of the separated protein. For protein catalytic
activity assay, we used the phosphate determination method
and followed the procedures as reported.26,27
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