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Nanostructures

Self-Assembled Aggregates of IgGs as Templates
for the Growth of Clusters of Gold
Nanoparticles**

Jerry Yang,* Michael Mayer, Jennah K. Kriebel,
Piotr Garstecki, and George M. Whitesides*

This paper describes a procedure for generating clusters of
gold nanoparticles by using as templates oligomers (dimers,
trimers, and tetramers) formed by self-assembly of immuno-
globulin Gs (IgGs) with bivalent antigens, and by growing the
nanoparticles from redox-active centers (aldehydes) derived
from the integral carbohydrates located in the F, portion of
the IgGs. In this procedure, a significant fraction (15 +5%) of
these gold nanoparticles occurs in multimeric clusters (mostly
dimers), with a distance of about 30 nm between particles in a
cluster. This distance is consistent with the spacing between
carbohydrate groups in separate antibody molecules when the
antibodies are preassembled into aggregates. This method
combines molecular recognition (to assemble nucleating
centers for growth of nanoparticles) with redox-active func-
tional groups on the biomolecule (to generate the nucleating
centers for electroless growth of gold) to form locally ordered
sets of nanoparticles.

Nanoparticles of various shapes (e.g., wires, rectangles,
stars, octahedra, truncated boxes, and spirals),“] compositions
(e.g., metals or minerals),” and arrangements of clusters
(e.g., small multimeric aggregates or large superlattices)®! are
interesting for their potential uses for the miniaturization of
optical and electronic devices (e.g., optical filters, optical
detectors, conducting wires, molecular electronics,
MEMS).I"*¢] New techniques for the fabrication of metallic
and hybrid nanostructures with defined geometry may be
useful for further realization of these types of devices.

The groups of Finn, Ben—Porat, Mann, Francis, and others
have used biomolecular building blocks as the basis for
bottom-up fabrication of metallic nanostructures and assem-
blies of nanoparticles.""* Viral particles and DNA modified
with thiols on their exterior surface are useful in positioning
gold nanoparticles; assemblies of nanoparticles based on
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organization by using DNA duplexes®™! show characteristic

shifts in plasmon absorption in aqueous solutions upon
clustering of nanoparticles.®! Feldheim and co-workers used
synthetic thiol-based molecular templates to generate multi-
mers (dimers, trimers, and tetramers) of preformed gold and
silver nanoparticles for the study of the shifts in plasmon
absorption that results from the formation of small aggregates
of nanoparticles.’®”! Several groups have grown metallic
nanostructures by processes that assume coordination of
metal ions from solution to biomolecular or synthetic
polymeric templates; reduction of the adhering metal ions
afforded metallic nanostructures that reflect the structure of
the templates from which they were derived.!**!

Although several strategies successfully generate metallic
structures from molecular templates, so far the variety of
shapes of metallic nanostructures remains limited (mostly to
large arrays and lines)."® To demonstrate the combination of
molecular self-assembly”” with the generation of metallic
nanostructures, we produced linear and cyclic aggregates of
IgGs from a divalent interaction of a compound that
contained two fluorescein groups with monoclonal IgGs
derived from fluorescein isothiocyanate as antigens (anti-
FITC; Figure 1).) We subsequently grew clusters of gold
nanoparticles using these aggregates as templates. We show
that pairs of redox-active functional groups (carbohydrates)
present in biomolecular (IgG) aggregates can (after periodate
oxidation) provide nucleation sites for the electroless depo-
sition of gold, and that the resulting pairs of gold nano-
particles reflect the geometry of these aggregates. This
approach provides a new, bottom-up route to metallic nano-
structures.

We incubated a divalent derivative of fluorescein (1,
Figure 1) in a solution of monoclonal anti-FITC IgG in
various relative concentrations, and determined the size of the
aggregates in the resulting mixture by size-exclusion
HPLC."8 We observed high conversion of IgGs into aggre-
gated species (=73 % of the protein in solution aggregated
into ~91% dimers, 8% trimers, and ~1 % tetramers) when
we incubated a 2 um solution of 1 with a 1 um solution of IgG
at 4°C for 3 hrs.l') Transmission electron microscope (TEM)
imaging of the aggregates of antibodies deposited on a
carbon-coated Formvar substrate revealed numerous cyclic
structures (Figure 2a), consistent in size with oligomers
(predominantly cyclic) of antibodies, but with indistinct
shape (Figure 2b). The Supporting Information summarizes
the experimental details of procedures used to form the
aggregates of IgGs and to prepare the samples for imaging by
TEM.

We formed individual gold nanoparticles on the IgG
molecules by using the carbohydrate units present on IgGs to
nucleate the growth of metal particles. All IgGs contain N-
linked carbohydrate groups attached to the Cy2 domains in
the F. regions.”” These carbohydrates are used routinely to
link molecules to the F, region by initial oxidation with NaIO,
to produce aldehyde groups, followed by subsequent con-
jugation reactions.”!! Aldehydes derived from carbohydrates
have also been used to reduce silver ions for silver-enhanced
staining of biological tissues.”? We used the aldehyde
moieties derived from periodate oxidation of the carbohy-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1555



Communications

1556

: N t)L/\/\/M N
o AN nwo»\,o‘/\,‘ N
HO,C NMqT H O P>

carbohydrates
- ~4 nmP-

c)

| || difluorescein
molecule (1)

Figure 1. Schematic representation of complexes between anti-FITC IgGs and difluorescein antigen 1: a) A reconstructed crystal structure of an
IgG with the location of the carbohydrates shown in black;*! b) schematic molecular representation of difluorescein molecule 1 (represented in
an extended conformation); and c) schematic representation of cyclic oligomeric structures formed between anti-FITC 1gGs and 1 (the 1gGs and

difluorescein antigens are drawn approximately to scale).

drates in the aggregates of IgGs to reduce a small group of
silver atoms; the resulting cluster of silver atoms acted as the
nucleus for electroless deposition of a gold nanoparticle.

We deposited a solution of aggregated IgG (2 um 1 and
1 puM anti-FITC in 0.1m phosphate buffer: pH 7.0, 0.3m NaCl)
on a SizN, membrane that had been cleaned with an air
plasma. We treated the aggregates of IgGs on the surface with
a solution of 10 mm NalO, (in 0.02M acetate buffer, pH 5.0,
0.15M NaCl) for 60 min at 23 °C, followed by incubation of the
surface with a 1M solution of ethylene glycol for 20 min (to
quench the excess periodate). We incubated the IgGs (for
90 min at 23 °C in the dark) with a 0.1m solution of AgNO; (in
28-33% aqueous NH,OH, adjusted to pH 10.5) and subse-
quently treated the surface (for 0.5 to 2min) with an
electroless Au plating solution."**!

TEM examination revealed many clusters of nanoparti-
cles (Figure2e). We analyzed several large-area images
(2320x 1840 nm up to 3590x2843 nm) of substrates that
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contained these assemblies of nanoparticles by using software
written to identify the distribution of nearest-neighbor
distances for particles deposited on a surface (see Supporting
Information for details). The image-analysis software identi-
fied a statistically significant excess in the number of particles
(154+5%)PY with the centers of the particles having a
distance of nearest neighbors of 15 to 45 nm (with a maximum
at ~33 nm, Figure 3a). These distances are consistent with
the expected distances (estimated from TEM examination of
aggregates of IgGs, Figure 2a) between the carbohydrates in
the F, regions of adjacent antibodies in cyclic and linear
aggregates (Figure 1). Similar analysis of substrates contain-
ing nanoparticles grown from deposited IgGs that were not
preincubated with difluorescein 1 did not indicate a signifi-
cant excess in the number of particles with a distance between
nearest neighbors of 15 to 45 nm (Figure 3b). Instead, the
analysis indicated a random distribution of distances between
nearest neighbors.

Angew. Chem. Int. Ed. 2004, 43, 15551558
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Figure 2. TEM images of aggregated antibodies. a) Image of anti-FITC 1gG anti-
bodies deposited from a solution of 1 um protein after incubation with 2 pum sol-
ution of difluorescein antigen 1; the substrate was negatively stained with a 2%
uranyl acetate solution in water. Notice the numerous cyclic structures present.
b) Magnified images of (from left to right) a single 1IgG molecule, cyclic dimer,
cyclic trimer, and cyclic tetramer. c) Schematic representation of the correspond-

ing IgG monomer, dimer, trimer, and tetramer in row (b) (obtained by hand-trac-

ing threshold enhanced images of row b; the dotted lines were manually
inserted to illustrate our interpretation of divisions between the individual anti-
body units in each aggregate structure). d) Magnified images of (from left to
right) gold nanoparticles presumably grown from a single 1gG molecule, a cyclic
dimer, a cyclic trimer, and a cyclic tetramer after treatment with sodium period-
ate (60 min), ethylene glycol (20 min), silver nitrate (90 min), and electroless
gold plating solution (2 min). These nanoparticles were grown to a diameter of
15-30 nm to clarify their geometric arrangement. e) Larger area of a sample of
anti-FITC IgG deposited in the presence of difluorescein antigen 1 after they had
been subjected to the metal-growth conditions (1 min exposure to gold electro-
less plating solution, clusters of nanoparticles are circled in white).
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Figure 3. a) Comparison of the distribution of distances of nearest
neighbors (DDNN) of particles grown from aggregated IgG templates
(dotted line) with the theoretical DDNN for uniformly distributed,
uncorrelated particles of the same number density (dashed line) and a
density equal to 85% of the experimentally measured one (solid line).
The shaded area corresponds to the excess in the density of particles
incorporated into multimers compared to a random distribution of
particles with a density approximated under the solid line. p (parti-
clespm™) is the density of particles with nearest neighbors at a dis-
tance r +Ar/2. The scale bar of the inset corresponds to a distance of
~30 nm. The bin size (Ar) is equal to 5 nm. b) Comparison of the
DDNN of nanoparticles grown from 1gGs (that were not previously
incubated with difluorescein antigen 1) (dotted line) with the reference
DDNN for uniformly distributed, uncorrelated particles of the same
number density (solid line). The bin size (Ar) is equal to 25 nm.

We have thus demonstrated that monoclonal
anti-FITC IgGs spontaneously assemble into cyclic
and linear oligomers in the presence of a divalent
fluorescein antigen. These aggregated IgGs form
nanostructures with linear, triangular, and square-
planar geometries, and can serve as templates for the
growth of clusters of nanoparticles. Further optimi-

We did not observe nanoparticles when we omitted any of
the steps in the metal growth procedure—that is, NalO,
oxidation of the carbohydrate, reduction of Ag*, or electro-
less deposition of Au*. We observed few nanoparticles on the
surface under the metal-growth conditions in the absence of a
deposited protein, or in the presence of bovine ubiquitin—a
protein that does not contain a carbohydrate.
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zation is necessary to improve the disparity in shape, size, and
distance between nanoparticles within an assembly.

The realization of growth of metal nanoparticles from a
self-assembled molecular template, however, is a step towards
generating a variety of tailored geometric metallic structures
by using molecular precursors. Assemblies of nanoparticles
show promise, for instance, for improved light-attenuating
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pigments (owing to more efficient scattering of UV light
compared to conventional dye-based inks?') and for sensitive
molecular diagnostic devices (owing to the colorimetric
change upon binding of ligands!'**")).

Received: October 27, 2003 [Z53161]

Keywords: antibodies - antigens - gold - nanostructures -
self-assembly

[1] a) D. V. Goia, E. Matijevic, New J. Chem. 1998, 22,1203;b) D. L.
Feldheim, C. A. Foss, Metal Nanoparticles: Synthesis, Character-
ization, and applications, Marcel Dekker, New York, 2002; c) A.
Kiriy, S. Minko, G. Gorodyska, M. Stamm, Nano Lett. 2002, 2,
881; d) T. Scheibel, R. Parthasarathy, G. Sawicki, X. M. Lin, H.
Jaeger, S. L. Lindquist, Proc. Natl. Acad. Sci. USA 2003, 100,
4527; e) A.J. Haes, R. P. Van Duyne, J. Am. Chem. Soc. 2002,
124, 10596.

[2] K. 1. Klabunde, Nanoscale materials in Chemistry, Wiley, New
York, 2001.

[3] a) W. P. McConnell, J. P. Novak, L. C. Brousseau, R. R. Fuierer,

R. C. Tenent, D. L. Feldheim, J. Phys. Chem. B 2000, 104, 8925;

b) C. A. Mirkin, R. L. Letsinger, R. C. Mucic, J.J. Storhoff,

Nature 1996, 382, 607; c) W. Shenton, S. A. Davis, S. Mann, Adv.

Mater. 1999, 11, 449.

a) Q. Wang, T. Lin, L. Tang, J. E. Johnson, M. G. Finn, Angew.

Chem. 2002, 114, 477; Angew. Chem. Int. Ed. 2002, 41,459;b) Q.

Wang, T. Lin, J. E. Johnson, M. G. Finn, Chem. Biol. 2002, 9, 813;

¢) Q. Wang, E. Kaltgrad, T. Lin, J. E. Johnson, M. G. Finn, Chem.

Biol. 2002, 9, 805; d) K. Keren, M. Krueger, R. Gilad, G. Ben-

Yoseph, U. Sivan, E. Braun, Science 2002, 297, 72; ¢) C. Joachim,

J. K. Gimzewski, A. Aviram, Nature 2000, 408, 541; f) W.

Shenton, D. Pum, U. B. Sleytr, S. Mann, Nature 1997, 389, 585;

g) C. Mao, C.E. Flynn, A. Hayhurst, R. Sweeney, J. Qi, G.

Georgiou, B. Iverson, A. M. Belcher, Proc. Natl. Acad. Sci. USA

2003, 700, 6946; h) C. M. Niemeyer, W. Burger, J. Peplies,

Angew. Chem. 1998, 110, 2391; Angew. Chem. Int. Ed. 1998, 37,

2265;1) S. Mann, W. Shenton, M. Li, S. Connolly, D. Fitzmaurice,

Adyv. Mater. 2000, 12, 147.

[5] A.P. Alivisatos, K. P. Johnsson, X. Peng, T. E. Wilson, C.J.
Loweth, M. P. Bruchez, P. G. Schultz, Nature 1996, 382, 609;
Professor Matthew B. Francis, personal communication.

[6] E. Dujardin, S. Mann, Adv. Mater. 2002, 14, 775.

[7] a) L. C. Brousseau, J. P. Novak, S. M. Marinakos, D. L. Feld-
heim, Adv. Mater. 1999, 11, 447; b) J. P. Novak, L. C. Brousseau,
F. W. Vance, R.C. Johnson, B.1. Lemon, J. T. Hupp, D.L.
Feldheim, J. Am. Chem. Soc. 2000, 122, 12029; c) J. P. Novak,
D. L. Feldheim, J. Am. Chem. Soc. 2000, 122, 3979.

[8] a) M. Mertig, L. C. Ciacchi, R. Seidel, W. Pompe, A. De Vita,
Nano Lett. 2002, 2, 841; b) S. Minko, A. Kiriy, G. Gorodyska, M.
Stamm, J. Am. Chem. Soc. 2002, 124, 10192.

[9] E. E. Simanek, J. P. Mathias, C. T. Seto, D. Chin, M. Mammen,
D. M. Gordon, G. M. Whitesides, Acc. Chem. Res. 1995, 28, 37.

[10] Green,"! Valentine,'” and others!" described the spontaneous
formation of linear and cyclic nanoscale complexes between
polyclonal IgGs!" (or IgEs) and divalent antigens.

[11] a) N. M. Green, Adv. Immunol. 1969, 11, 1; b) R. C. Valentine,
N. M. Green, J. Mol. Biol. 1967, 27, 615.

[12] a) R. C. Valentine in Nobel Symposium, Vol. 3, Wiley-Inter-
science, New York, 1967, p. 251; b) R. C. Valentine in Proceed-
ings of the European Regional Conference on Electron Micro-
scopy, Vol. 2, Rome, 1969, p. 3.

[13] a) M. Mammen, S.-K. Choi, G. M. Whitesides, Angew. Chem.
1998, 110, 2909; Angew. Chem. Int. Ed. 1998, 37, 2755; b) B.
Baird, B. Goldstein, R. Posner, K. Subramanian, B. Hashemi, D.

[4

[}

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Holowka, J. Cell. Biochem. 1994, Suppl. 18C, 241; ¢) M. Dembo,

B. Goldstein, A. K. Sobotka, L. M. Lichtenstein, J. Immunol.

1978, 121, 354; d) J. W. Erickson, R. G. Posner, B. Goldstein, D.

Holowka, B. Baird, Biochemistry 1991, 30, 2357; ¢) R. G. Posner,

J. W. Erickson, D. Holowka, B. Baird, B. Goldstein, Biochemistry

1991, 30, 2348; f) R. Schweitzerstenner, A. Licht, 1. Pecht,

Biophys. J. 1992, 63, 563.

IgGs are proteins that comprise four polypeptide chains joined

by disulfide bonds to give a Y-shaped glycoprotein.I'”) There are

two antigen-binding F,, fragments and one crystallizable F.

fragment, which make up the three arms of the Y in the IgG

molecules. The F,, arms join the F, region at a flexible hinge
region; the angle between the two F,, regions can vary from 40 to
over 180 degrees;' the flexibility at the hinge allows for the
generation of several different sizes and shapes of cyclic
oligomers of IgGs. The length of the F,, and F, regions varies
from organism to organism, but on average the F,, fragment is
about 12 nm long and the F, fragment is about 11 nm long,['%!7!

[15] C. A. Janeway, P. Travers, M. Walport, J. D. Capra, Immunobi-
ology, 4th ed., Garland, New York, 1999.

[16] M. Gerstein, A. M. Lesk, C. Chothia, Biochemistry 1994, 33,
6739.

[17] D. M. Crothers, H. Metzger, Immunochemistry 1972, 9, 341.

[18] We will report the details of these studies in solution elsewhere.
The supporting information includes a representative size-
exclusion HPLC chromatogram illustrating the conversion of
IgGs to aggregated species.

[19] We separated these aggregates from the non-aggregated protein
by FPLC (data not shown). Images of gold nanoparticles grown
from a mixture of these purified aggregates appeared indistin-
guishable from images of particles grown from aggregates of
IgGs that were not purified by FPLC.

[20] C.Branden, J. Tooze, Introduction to Protein Structure, 2nd ed.,
Garland, New York, 1999.

[21] H. W. Morehead, K. W. Talmadge, D.J. O’Shannessy, C.J.
Siebert, J. Chromatogr. 1991, 587, 171.

[22] a) A. Rambourg, C. P. Leblond, J. Cell Biol. 1967, 32, 27;b) J. J.
Bozzola, L. D. Russell, Electron Microscopy, 2nd ed., Jones &
Bartlett, Boston, 1999.

[23] Staining and TEM-imaging experiments of IgGs on Si;N,
substrates indicate that washing the surfaces in aqueous
solutions does not completely remove protein from the sub-
strates.

[24] We believe the difference in the fraction of aggregated IgGs in
solution (=73 % of the protein) and the fraction of clusters of
nanoparticles grown from the carbohydrates on the IgGs (15 +
5%) reflects the less than quantitative yield of the chemical
reactions that generate the metal nanoparticles—that is, the
oxidation of the carbohydrate units, the reduction of silver ions,
and the electroless growth of gold.

[25] Adapted from J. Koolman, Color Atlas of Biochemistry Thieme,
Stuttgart, 1996.

[14

—_—

Angew. Chem. Int. Ed. 2004, 43, 15551558


http://www.angewandte.org

