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DNA-Directed Functionalization of Colloidal
Gold with Proteins**
Christof M. Niemeyer* and Bülent Ceyhan

The utilization of nucleic acids and proteins as building
blocks in the ªbottom-upº self-assembly of nanoscale func-
tional devices is of great current interest.[1] As an example,
DNA has been applied to fabricate nanostructured molecular
scaffolding and surface architectures,[2] and to selectively
position proteins[3] and nanoclusters[4] on the nanometer scale.
In earlier work, we reported the DNA-directed immobiliza-
tion of proteins,[5, 6] which concerned the binding of single-
stranded DNA-tagged immunoglobulins (IgG) or enzymes to
surface-immobilized complementary capture oligonucleoti-
des by means of the highly specific Watson ± Crick base
pairing. This method not only allows a surprisingly efficient
and fully reversible adsorption of the proteins, but also it
enables the simultaneous immobilization of many different
DNA-tagged components in a single, site-selective process
using a DNA microarray as a capture matrix. We here report
on the DNA-directed immobilization of proteins at colloidal
gold, as well as on applications of the resulting biofunction-
alized nanoparticles in immunological detection methods.

To allow the modular functionalization of gold nanoparti-
cles (Au-1) modified with oligonucleotide 1 (see Experimen-
tal Section), we chose the covalent DNA ± streptavidin (STV)
conjugate 4 as a molecular linker. 4 was obtained from the
biotin-binding protein STV 3 and 5'-thiol-modified oligonu-
cleotides 2, using the heterobispecific amino/thiol-reactive

proton transfer and the chlorine abstraction require the
surmounting of small barriers. A comparison of the energy
profiles shown in Figures 1 and 2 makes it clear that the three-
step mechanism offers a much faster pathway.

To our knowledge, this alternative reaction mechanism has
not been discussed before. However, the single steps can
easily be interpreted: the Lewis adduct H3N ´ BCl3, which
contains a fourfold coordinated nitrogen atom, is a Brùnsted
acid in liquid NH3. It loses a proton, which immediately forms
an ammonium ion with one of the solvent molecules. The
resulting anion is unstable and eliminates a chloride anion to
form the neutral and stable BCl2NH2.

Calculation Methods

For all static calculations, a valence-triple-zeta basis set with a polarization
function (TZVP) was used. The corresponding auxiliary basis sets were
used for the resolution of identity (RI) approximation of the two-electron
integrals.[7±9] The structures and energies were determined by RI-approxi-
mated second-order Mùller ± Plesset perturbation theory (RI-MP2)[10] by
employing the TURBOMOLE5.1[11, 12] and ef.x[13] programs. All simula-
tions were performed by using the Car ± Parrinello Molecular Dynamics
code, Version 3.0h.[14] For these calculations, we employed the Becke(88)
exchange and Lee ± Yang ± Parr correlation functionals (BLYP).[15, 16] The
reliability of various nonhybrid density functionals (SVWN, BLYP, HCTH,
PBE) was tested by comparing the relative energies of stationary points on
the potential energy hypersurface of the gas-phase reaction with results
from previous RI-MP2 calculations.[3] BLYP showed the best performance
of these functionals: the relative energies of the transition state and the
products with respect to the reactants agree very well (�1 kJ molÿ1). On
the other hand, the adduct formation energy is underestimated by
44 kJmolÿ1. An error of this size is typical for the description of dative
bonds with DFT methods and cannot easily be remedied.[17] The valence
electrons were described with a plane-wave basis set with an energy cutoff
of 60 Ry (�131� 10ÿ18 J). An extension of the energy cutoff to 70 Ry
(�153� 10ÿ18 J) has no significant effect on structure and energy.
Troullier ± Martins pseudopotentials were employed for the representation
of the inner electrons.[18] The simulations at the microcanonical (f(N,V,E))
ensemble were performed with time steps of 4 a.u. (0.0968 fs) and a
fictitious electron mass of 400 a.u (3.64� 10ÿ28 kg). One BCl3 and eleven
NH3 molecules were placed in a cubic box ((7.94 �)3). This corresponds to a
density of �1 gcmÿ3, comparable to the density of liquid BCl3 at 286 K
(1.4 g cmÿ3) and the density of liquid ammonia at 240 K (0.7 g cmÿ3). The
energies of the arbitrarily chosen starting geometries were optimized (T�
0 K), that is, they constitute local minima on the potential hypersurface.
The initial momenta of the ions were chosen according to a Maxwell ±
Boltzmann distribution. The delocalized molecular orbitals were trans-
formed into localized Wannier functions to investigate the spatial local-
ization of the electrons.[19, 20]
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cross-linker sulfosuccinimidyl-4-(maleimidomethyl)cyclohex-
ane-1-carboxylate (sSMCC).[5] The oligonucleotide moiety in
4 expands the tetravalent binding capacity of the native STV
for biotin by one highly specific binding site for complemen-
tary nucleic acids. Thus, 4 a can be used as a biomolecular
adapter in the coupling of biotinylated antibodies with Au-1,
which is modified with the complementary oligonucleotide
(Scheme 1).

Scheme 1. DNA-directed immobilization of proteins at gold colloids using
the covalent DNA ± STV conjugates 4, obtained from STV 3 and 5'-thiol-
modified oligonucleotides 2a, b. The oligonucleotide 2 a is complementary
to the gold colloid bound oligomer 1. The coupling of 4 a with biotinylated
antibodies directed against mouse IgG (aM-IgG) or rabbit IgG (aR-IgG)
leads to the DNA-tagged antibody conjugates 5 and 6, respectively, which
bind to Au-1 by specific nucleic acid hybridization. Complementary DNA
strands are drawn as helices. The 3'-ends are indicated by arrow heads.

To experimentally test our concept, we carried out gel
electrophoretic measurements (Figure 1) using oligonucleo-
tide 1 covered colloidal gold particles of a mean diameter of
34 nm (Au34-1), which were incubated with 100 molar equiv-
alents of the complementary DNA ± STV hybrid 4 a at room
temperature for 60 min. The comparison of the electropho-
retic mobility of Au34-1 and STV-coated Au34-4 clearly
indicated the coupling of the proteins at the gold particles
(lanes 1 and 2, in Figure 1). The specificity of the protein
coupling was demonstrated in lane 3, by using a control in
which the noncomplementary DNA ± STV hybrid 4 b was
mixed with Au34-1. To immobilize antibodies at the surface of
the gold nanoparticles, STV conjugate 4 a was initially
coupled with one molar equivalent of an antibody against
the mouse IgG antigen (aM-IgG), and without any further
purification, the resulting conjugate 5 was incubated with
1 mol % of Au34-1 at room temperature for 60 min. The
electrophoretic mobility of anti-mouse IgG functionalized
Au34-5 was less than that of the STV-modified Au34-4 (lanes 4

Figure 1. Electrophoretic analysis of the DNA-directed immobilization of
proteins at gold nanoparticles. Shown is a grayscale representation of a
nondenaturing 1.5% agarose gel (the bands are in fact reddish-purple
because of the characteristic absorption of the colloidal gold). The bands
indicate the mobility of Au34-1 (lane 1), Au34-1 coupled with the comple-
mentary DNA ± STV hybrid 4 a (lane 2), Au34-1 mixed with the non-
complementary DNA ± STV hybrid 4b (lane 3), Au34-1 coupled with the
complementary antibody conjugate 5 (lane 4), and Au34-1, which was
initially coupled with the complementary DNA ± STV hybrid 4 a and
subsequently treated with NaOH to remove the bound proteins (lane 5).
The mobility of the DNA fragments of a DNA molecular-weight marker is
given in base pairs.

and 2, in Figure 1), which indicates the successful binding of
the DNA-tagged antibodies at the gold nanoparticles. More-
over, comparison of the lanes 1, 2, and 5 in Figure 1 indicates
that the DNA-bound proteins can be removed from the
particles by washing with NaOH and collection of the
remaining Au34-1 by centrifugation. This reversibility of the
protein adsorption not only illustrates the remarkable stabil-
ity of DNA-coated gold nanoparticles, but it can also be
utilized for their regeneration on the preparative scale.

The functionality of the antibody-modified nanoparticles 5
was evaluated in a sandwich immunoassay, in which various
amounts of the model antigen mouse IgG were specifically
immunosorbed through surface-immobilized capture anti-
bodies (Scheme 2). The subsequent coupling Au34-5 to the
antigen led after a short incubation period, to the formation of
a characteristic reddish color at the surface, because of the
immobilization of the colloidal gold. A silver development
was carried out for signal amplification. The chemical
reduction of silver ions, which is promoted by gold colloids,
is a standard technique in histochemical analyses,[7] and it has
recently been applied in the scanometric detection of nucleic
acid hybridization,[8] as well as in the electrical detection of
immuno reactions.[9] Here, the development of the silver layer
was followed by spectrophotometry using a microplate read-
er, or else by imaging with a flatbed scanner (Figure 2). The
signal intensities obtained depended on the amount of antigen
present, which indicates that anti-mouse IgG functionalized
Au34-5 allowed the specific detection of the complementary
mouse antigen. Controls were carried out using anti-rabbit
IgG functionalized Au34-6, or else a mixture consisting of
Au34-1 and anti-mouse IgG coupled with the noncomplemen-
tary STV conjugate 4 b instead of Au34-5. No significant silver
development was observed in these controls. The measure-
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Scheme 2. Utilization of antibody/DNA-functionalized gold colloids as
reagents in a sandwich immunoassay. The model antigen mouse IgG,
(striped circles), is bound by surface-attached capture antibodies through
specific immunosorption, and the antigen is labeled with anti-mouse
functionalized Au-5. For signal generation, a silver development is carried
out. The generation of silver is monitored spectrophotometrically or by
imaging with a camera or a flatbed scanner.

Figure 2. Utilization of the antibody functionalized nanoparticles Au34-5
and Au13-5 as reagents in a sandwich-immunoassay (see Scheme 2).
a) Wells of a microplate with silver films developed to a varying extent;
b) the absorbance at 490 nm of the silver film depended on the amount x of
antigen present in the samples. The data points in the left side of the
diagram were obtained for Au34-5, the gray histograms represent signals
obtained with Au13-5. The controls were carried out with pure silver-
development solution, applied in the absence of other reagents.

mentof a serial dilution indicated that less than 10 fmol of the
antigen were detectable. Thus, the detection limit of this assay
is similar to that of conventional enzyme-amplified immuno-
assays.[10]

Further experiments concerned the influences of the
coupling ratio of Au34-1 and DNA-tagged antibody conjugate
5. Maximum signal intensities were obtained at a relative
stoichiometry of about 1:100 for Au34-1:5, and a decrease in
signal was obtained at the higher coupling ratio of 1:200. This
is a result of the competition between Au34-1-bound and
unbound 5, and correlates with earlier studies, which indicate
that the hybridization efficiency of colloidal gold surfaces is
about 6 % of the total number of oligonucleotides attached.[11]

Experiments currently in progress suggest that the optimiza-
tion of reagents and reaction parameters will further enhance
the detection limit of the immunoassay. For instance, the use
of smaller 13 nm gold colloids, functionalized with anti-mouse
IgG through a DNA bridge (Au13-5), already allowed us to
enhance the signal intensities in the sandwich immunoassay
(Figure 2). These experiments also clearly indicate that the
modular construction approach described here is fully appli-
cable to the functionalization of other colloidal particles.

Herein we reported the convenient and efficient DNA-
directed adsorption of proteins at colloidal gold. The bio-
functionalized Au nanoparticles not only reveal extraordinary
stability and regeneration properties, but they also possess the
undisturbed, specific recognition capabilities of the colloid-
bound proteins. In an initial application, the biometallic
hybrid components were used as reagents in an immunoassay
for the detection of proteins. Owing to the gold-particle
promoted silver development, low amounts of antigen were
detectable. Moreover, because of the lack of diffusion, the
development of a silver layer can be used for the site-specific
detection of surface-bound antigens.[12] Thus, the protein/
DNA-modified gold colloids are particularly suited for the
analysis of protein microarrays, which are increasingly applied
in immunological diagnostics[13] and proteom research.[14] The
biofunctionalized particles should also be suitable for surface-
plasmon resonance detection.[15] Moreover, since the specific-
ity of nucleic acid hybridization allows the simultaneous
functionalization of various different DNA-coated Au col-
loids, particle-bound combinatorial DNA-arrays[16] might be
transformed into corresponding protein arrays for parallel
immunoassays. In addition to these bioanalytical applications,
the approach described here has also implications for the
development of nanostructured hybrid materials.[17, 18]

Experimental Section

Covalent DNA ± STV conjugates 4a, b were prepared from 5'-thiolated
oligonucleotides (Interactiva, Ulm) and recombinant STV (IBA, Göttin-
gen) in 10 ± 15% yields using the heterobispecific cross-linker sSMCC
(Pierce).[5] The nucleotide sequences of the STV-coupled oligomers were:
5'-Thiol-AGC GGATAACAATTT CACACAGGA-3' (2a), 5'-Thiol-
CCG GGTACC GAGCTC GAATTC-3' (2 b), the sequence of the gold
colloid bound oligomer 1 was: 5'-Thiol-TCC TGT GTG AAATTG T-
TATCC GCT-3'. The preparation of the DNA-coated gold nanoparticles
Au-1 was carried out as previously described using 15 nm and 40 nm
colloids (ICN Biochemicals, Eschwege) with a diameter of 13.2� 0.6 (Au13)
or 34.2� 2.7 nm (Au34),[19] as determined by transmission electron micros-
copy.
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A wide variety of metallic compounds, especially borides,
carbides, and silicides[1] are attractive materials for technical
applications due to their hardness and high melting points. As
these compounds often are brittle, their preparation and
shaping are particularly demanding tasks. Sintering processes
require high temperatures and are thus energy- and time-
consuming. Herein, we report on a fast chemical reaction of a
metal with a nonmetallic compound, in which a metal silicide
is generated that surprisingly retains the original shape of the
metal. In this way, it is possible, in principle, to produce a
material from a tractable, deformable metal, which possesses
the shape of the metal employed.

During a chemical reaction of metals with nonmetals or
nonmetallic compounds, the outer shape of the utilized metal
is completely altered. Regardless of whether the metal is
subjected to the reaction as a powder, sheet, or wire, its
original shape is unrecognizable after the reaction and the
product is formed as a powder. The aim of our experiments
was to develop a method for the preparation of refractory
alloys, borides, carbides, and silicides that allows these
materials to be obtained in a homogeneous phase-pure form
and in a short time. Generally, the synthesis of the above-
mentioned species from the elements is very inefficient even
at high temperatures because the diffusion coefficients are
low; therefore, the reaction often leads to nonhomogeneous
products. Our idea was to increase the mobility of both
components of the synthesis, metal and nonmetal (B, C, Si), to
produce a homogeneous metal ± nonmetal compound in a

To prepare the DNA ± STVantibody conjugates 5 : a solution of 4 a (150 mL,
28 nm) in Tris-buffer (10 mm, pH 7.3), containing EDTA (1 mm), and 0.05 %
Tween-20 (Tris ± EDTA ± Tween buffer solution, TETBS) were mixed with
solution of biotinylated goat anti-mouse IgG (Sigma, Deisenhofen; 150 mL
of a 28 nm) in TETBS, and the mixture was incubated for 10 min at room
temperature (Tris� tris(hydroxymethyl)aminomethane, EDTA� ethyle-
nediaminetetraacetic acid, Tween-20�polyoxyethylenesorbitanmonolaur-
ate). In a similar way, conjugate 6 was prepared from biotinylated goat anti-
rabbit IgG (Sigma, Deisenhofen). To couple 5 or 6 with Au-1, 275 mL of the
above solution were mixed with the same volume of a solution of Au34-1
(0.14 nm), or else, with the same volume of a solution of Au13-1 (1.16 nm),
and the mixture was incubated for 1 h at room temperature.

To carry out the sandwich immunoassay, microplates were coated with a
solution of goat anti-mouse IgG (Sigma, Deisenhofen; 50 mL, 20 nm), and
subsequently blocked with milk powder to avoid nonspecific binding.[20]

50 mL of a solution containing varying amounts of the model antigen mouse
IgG were added to each well of the microplate, and subsequent to
incubation for 45 min, the plate was washed to remove unbound reagents.
Coupling of Au-5 was achieved by adding a solution of Au34-5 (50 mL,
0.07 nm), or else, a solution of Au13-5 (50 mL, 0.58 nm), and incubation for
45 min. Subsequent to washing, 50 mL of a silver enhancement kit
(BioRad)[21] were added to the wells, and the development of silver was
monitored spectrophotometrically at 490 nm or by imaging with a flatbed
scanner.
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