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Suitably designed, hydrophilic Fischer carbene complexes

reduce HAuCl4 to produce stable gold nanoparticles localized

on proteins in aqueous buffer solution.

Accurate, robust, and highly selective detection of water-soluble

analytes, such as toxins, carbohydrates, ionic species, and various

biomolecules including proteins, peptides, and DNA remains a

highly sought after scientific goal with implications in healthcare,

safety, and defense applications. The past few years have witnessed

intense research activities aimed at the development of such

molecular diagnostics using nanomaterials that can address the

deficiencies of conventional technologies.1 A number of optical

methods such as colorimetric detection, fluorescence resonance

energy transfer (FRET)/quenching, surface plasmon resonance

analysis, and scattering-based sensing that are based on nanopar-

ticles have been developed towards this objective.2 The use of gold

nanoparticles in immunological staining for electron microscopy is

one such application.3 These particles are available in a range of

sizes, making them perfect contrast agents for identification of

cellular compartments or determination of protein localization or

addressing related biological questions.

The general route to protein–metal colloid conjugates involves a

simple solution mixing process of proteins with metal colloidal sols

formed prior to the mixing.4 The thiol or amine functional groups

in the protein bind with the metal nanoparticle surface, leading to

the formation of the bioconjugate. However, due to the

inhomogeneous dispersion between the protein and the metal

colloid, the resulting conjugates may show large aggregated

structures either in solution or in the dried state, which is not a

useful attribute in the context of their potential application.5 A

greater control of the generation and dimensions of nanoparticles

can perhaps be achieved if the gold nanoparticle is generated in situ

on a protein surface by use of a reducing component, either added

externally6 or already present on the surface of a protein.7

Although known for decades because of their rich and unique

chemistry,8 Fischer carbene complexes have seldom been used as

reducing agents for other metal salts. Hyeon et al.9 have used

Fischer carbene complexes as precursors of metal nanoparticles

that were generated by thermal decomposition and such synthesis

was only limited to chromium and tungsten. Our preliminary

experiments revealed that a Fischer carbene complex of

tungsten can reduce HAuCl4 to colloidal gold particles in

water{. To achieve efficiency, we designed a carbene complex

1 [(OC)5WLC(OCH3)CH{CH2CHLCHCH2(OCH2CH2)6OCH3}2]

that contains two hexaethylene glycol (HEG) tethers that were

expected to encapsulate the newly generated gold nanoparticle.10

Incorporation of the HEG tether also makes the carbene complex

water soluble and hence adaptable for applications in biology.11

As a proof of concept, 3 ml of 1 mM aqueous solution of

carbene complex 1 was added dropwise to 2 ml of 1 mM aqueous

hydrogen tetrachloroaurate solution with stirring for 1 minute

(Scheme 1). The solution instantly turned red with a very

characteristic surface plasmon centred at 523 nm in the UV-vis

spectrum (Fig. 1A) indicating the formation of gold nanoparti-

cles.12,13 This plasmon band did not show any red shift even after

several days indicating the stability of the nanoparticles against

spontaneous agglomeration.14 This stability is attributed to the

spontaneous assembly of the highly flexible HEG moiety forming

a ‘‘crown’’ type cage to encapsulate the nanoparticles.§ The

multipoint attachment of an ethylene glycol chain on a gold

surface was evident from a clear shift of IR peak position (C–O

stretch of the ether) from 1108 to 1031 cm21 upon complexation

accompanied by broadening of the signal (Fig. 1B).15 The

stabilizing role of the ethylene glycol chain was further established

by a simple control experiment. When an acylmetal complex 2,

(CO)5WLC(CH3)ONEt4
16 devoid of any oligoethylene glycol

tethers was used, rapid agglomeration of gold nanoparticles was

observed. Agglomeration did not occur if hexaethylene glycol

dimethyl ether was present in the medium prior to reduction

(Scheme 2).

Analysis of the images (Fig. 1C) from transmission electron

microscopy (TEM) showed that the particles have a mean

diameter of 10.1 ¡ 1.1 nm and are generally separated from each

other. Typical X-ray diffraction patterns of the Au nanocrystallites
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of the sample recorded from a nanoparticle film deposited on a

glass surface is shown in Fig. 1D. Diffraction features appear at

about 38.2, 44.3, 64.8, 77.7 and 81.7u, which correspond to the

(111), (200), (220), (311), and (222) planes of the cubic phase Au

nanocrystal, respectively. The average size of the gold nanopar-

ticles was also determined from the width of the reflection

according to the Scherrer formula, D = 0.9l/(bcosh ), where b is

the full width at half-maximum of the peak, h is the angle of

diffraction, and l is the wavelength of the X-ray radiation.17 The

value of D calculated from the (111) reflection of the cubic phase is

12 nm, which is in good agreement with the TEM results.

Interestingly, when acylmetal complex, (CO)5WLC(CH3)ONEt4

(2) was used as reducing agent and different oligoethylene glycols

of the same concentration were used externally as capping agent,"

the size of the generated nanoparticles was dependent on the chain

length (Scheme 2). This is in accordance with other observations18

where the size selective synthesis of gold nanoparticles is possible in

the presence of different chain length surfactants. Significantly, in

the present case a linear relationship between the size of the

nanoparticles and the chain length of the oligoethylene glycol was

observed when all other conditions were the same (Scheme 2 inset

picture).I The longer the ethylene glycol chain, the narrower the

particle size distribution (for TEM pictures, see ESI{).

It was recognized that Fischer carbene complexes can be

anchored on the protein surface by reacting with a pendent amino

group of the protein. For the generation of gold nanoparticles

in situ in the presence of a protein, the Fischer carbene complex 1

was initially grafted onto the surface of the protein BSA (Scheme 3)

using the method described by Jaouen and others.19 A character-

istic shift of the wavenumber of the two prominent nCO bands was

observed in the IR spectrum upon conversion of the methoxy-

carbene into the protein carbene conjugate (see ESI{). No change

was observed in the CD spectrum of BSA before or after the

grafting; revealing that there was no structural change of the

protein consequent to metalation (see ESI{).

Dropwise addition of a solution of the Fischer carbene complex

grafted onto protein to 2 ml of 1 mM aqueous hydrogen

tetrachloroaurate solution (Scheme 3) followed by incubation at

25 uC gave a solution of red color with a characteristic surface

plasmon band centered at 530 nm (Fig. 2B curve a).

A TEM image (Fig. 2A) demonstrated that the diameter of the

nanoparticles synthesized in situ is 4.1 ¡ 1.1 nm, which is half of

the size of the nanoparticles described above. The smaller particle

size and their stability in the absence of oligoethylene glycol

molecules, except those grafted onto the protein, strongly suggest

that the gold particles are localized on the protein surface where

HEG tentacles are present.

Fig. 1 (A) UV-vis absorbance spectra of Au nanoparticles prepared

using carbene complex 1, (B) IR spectra: (a) Fischer carbene complex 1

displays the ether C–O stretch at 1108.99 cm21; (b) complex 1 absorbed on

a Au nanocrystal shows broadening as well as a shift of the ether C–O

absorption band to 1031.85 cm21. (C) TEM micrograph of the same Au

nanoparticles. (D) XRD pattern recorded for the same gold nanoparticles.

Scheme 2 Synthesis of gold nanoparticles by an acylmetal complex in

the presence of oligoethylene glycol ether. Inset picture shows the linear

relationship between the size of the particles and the length of the ethylene

glycol unit.

Scheme 3 Synthesis of gold nanoparticles with the reducing agent

‘‘fixed’’ to the protein.

Fig. 2 (A) TEM micrograph of gold nanoparticles produced by the

BSA–carbene conjugate. (B) UV-vis spectra of: (a) gold nanoparticles

generated by BSA–carbene conjugate 3; (b) control experiment with

BSA – no gold nanoparticles formed.
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A control experiment with pure protein BSA and hexaethylene

glycol ether instead of the BSA–Fischer carbene conjugate

produced neither a red solution nor a surface plasmon band

(Fig. 2B, curve b).

In summary, the results of preliminary experiments described in

this paper provide: a) the first convincing example that a Fischer

carbene complex can behave as a reducing agent (a water soluble

metal(0) reductant) and reduce Au(III) to gold nanoparticles; b) a

convenient way to generate gold nanoparticles in situ for grafting

onto proteins to afford protein–metal nanoconjugates; and, c) a

clear evidence that oligo- or poly-ethylene glycol is an efficient

complexing agent that can stabilize and control the size of gold

nanoparticles in water. Further studies pertaining to the applica-

tion of such nanobioconjugates to biological problems are in

progress.
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1 T. G. Drummund, M. G. Hill and J. K. Barton, Nat. Biotechnol., 2003,
21, 1192; N. L. Rosi and C. A. Mirkin, Chem. Rev., 2005, 105, 1547;

J. L. West and N. J. Halas, Curr. Opin. Biotechnol., 2000, 11, 215;
A. Verma and V. M. Rotello, Chem. Commun., 2005, 303.

2 B. Dragnea, C. Chen, E.-S. Kwak, B. Stein and C. C. Kao, J. Am.
Chem. Soc., 2003, 125, 6374; H. Li and L. J. Rothberg, Anal. Chem.,
2004, 76, 5414; Y. C. Cao, R. Jin, J.-M. Nam, C. S. Thaxton and
C. A. Mirkin, J. Am. Chem. Soc., 2003, 125, 14676; W. C. W. Chan,
D. J. Maxwell, X. Gao, R. E. Bailey, M. Han and S. Nie, Curr. Opin.
Biotechnol., 2002, 13, 40.

3 V. J. J. Dongen, H. Hooijkaas, W. M. Comans-Bitter, K. Benne, T. M.
Van Os and J. De Josselin de Jong, J. Immunol. Methods, 1985, 80, 1.

4 J. M. Abad, S. F. L. Mertens, M. Pita, V. M. Fernandez and
D. J. Schiffrin, J. Am. Chem. Soc., 2005, 127, 5689; S. Brakmann,
Angew. Chem., Int. Ed., 2004, 43, 5730; I. Willner and E. Katz, Angew.
Chem., Int. Ed., 2003, 42, 4576.

5 C. M. Niemeyer, Angew. Chem., Int. Ed., 2001, 40, 4128; M. J. Mijiani
and Y. P.- Sun, J. Am. Chem. Soc., 2003, 125, 8015.

6 J. L. Burt, C. Gutierrez-Wing, M. Mikiyoshida and M. J.- Yacaman,
Langmuir, 2004, 20, 11778; T. G. Schaaff, G. Knight, M. N. Shafigullin,
R. F. Borkman and R. L. Whetten, J. Phys. Chem. B, 1998, 102, 10643.

7 Y. Zhou, W. Chen, H. Itoh, K. Naka, Q. Ni, H. Yamane and Y. Chujo,
Chem. Commun., 2001, 2518.
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