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substrates led to dramatic reduction of fibroblast
cell attachment as compared with the unmodified
substrates (Fig. 3G and table S3). The polydopa-
mine coating itself was supportive of fibroblast
cell adhesion at a level similar to that of bare sub-
strates {for example, the total area of attached
cells on 1.08 mm2 of polydopamine-modified
SiO2 [(46 ± 1.4) × 103 mm2] was similar to that
of unmodified SiO2 [(55 ± 8.6) × 103 mm2]},
leading us to conclude that the observed de-
crease in cell adhesion was due to the grafted
mPEG-SH.

Finally, we engineered polydopamine surfaces
for specific biomolecular interactions by forming
an ad-layer of the glycosaminoglycan hyaluronic
acid (HA). HA/receptor interactions are important
for physiological and pathophysiological pro-
cesses, including angiogenesis, hematopoietic
stem cell commitment and homing, and tumor
metastasis (31, 32). Partially thiolated HA (33)
was grafted onto a variety of polydopamine-
coated substrates (Fig. 4), and HA ad-layer bio-
activity was measured via adhesion of the human
megakaryocyticM07e cell line.Unlike fibroblasts,
M07e cells did not adhere to polydopamine but
did adhere to HA-grafted polydopamine surfaces
in a dose-dependent manner (Fig. 4B). Together
with decreased binding in the presence of soluble
HA (Fig. 4C), these findings are consistent with
expression of the HA receptor CD44 by M07e
cells (fig. S8). Polydopamine andHA-grafted poly-
dopamine surfaces were biocompatible, as evi-
denced by similar levels of M07e cell expansion
as comparedwith cell expansion on tissue-culture
PS surfaces, although only the HA-grafted poly-
dopamine surfaces supported cell adhesion (Fig. 4,
D to F, and fig. S9).

We introduced a facile approach to surface
modification in which self-polymerization of do-
pamine produced an adherent polydopamine
coating on a wide variety of materials. Poly-
dopamine coatings can, in turn, serve as a ver-
satile platform for secondary surface-mediated
reactions, leading ultimately to metal, SAM, and
grafted polymer coatings. This two-step method
of surface modification is distinctive in its ease of
application, use of simple ingredients and mild
reaction conditions, applicability to many types
of materials of complex shape, and capacity for
multiple end-uses.
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Structure of a Thiol
Monolayer–Protected Gold
Nanoparticle at 1.1 Å Resolution
Pablo D. Jadzinsky,1,2* Guillermo Calero,1* Christopher J. Ackerson,1†
David A. Bushnell,1 Roger D. Kornberg1‡

Structural information on nanometer-sized gold particles has been limited, due in part to the
problem of preparing homogeneous material. Here we report the crystallization and x-ray structure
determination of a p-mercaptobenzoic acid (p-MBA)–protected gold nanoparticle, which comprises
102 gold atoms and 44 p-MBAs. The central gold atoms are packed in a Marks decahedron,
surrounded by additional layers of gold atoms in unanticipated geometries. The p-MBAs interact
not only with the gold but also with one another, forming a rigid surface layer. The particles
are chiral, with the two enantiomers alternating in the crystal lattice. The discrete nature of the
particle may be explained by the closing of a 58-electron shell.

Nanometer-size metal particles are of
fundamental interest for their chemical
and quantum electronic properties and

of practical interest for many potential applica-
tions (1, 2). With the development of facile
routes of synthesis (3), gold nanoparticles coated

with surface thiol layers have been studied in
most detail. The particles are typically hetero-
geneous as synthesized, and though their size
distribution may be narrowed by fractionation or
other means (4–9), no atomically monodisperse
preparation has been reported, and no atomic

structure has been obtained. Electron microscopy
(EM) (10, 11), powder x-ray diffraction (PXRD)
(12), and theoretical studies have led to the idea
of Marks decahedral (MD) and truncated octa-
hedral geometries of the metal core, with crys-
talline packing and {111} faces (13). According
to this idea, discrete core sizes represent “magic
numbers” of gold atoms, arising from closed
geometric shells (14). Alternatives of amorphous
(15), molten, or quasimolten (16) cores have also
been proposed. The structure of the surface thiol
layer is similarly obscure. The nature of the gold-
sulfur interaction (17), the fate of the sulfhydryl
proton (18), and the conformation of the organic
moiety all remain to be determined. The thiols are

1Department of Structural Biology, Stanford University School
of Medicine, Stanford, CA 94305, USA. 2Department of
Applied Physics, Stanford University, Stanford, CA 94305,
USA.

*These authors contributed equally to this work.
†Present address: Department of Chemistry and Bio-
chemistry, University of Colorado, Boulder, CO 80309, USA.
†Present address: Department of Chemistry and Biochem-
istry, University of Colorado, Boulder, CO 80309, USA.
‡To whom correspondence should be addressed. E-mail:
kornberg@stanford.edu

19 OCTOBER 2007 VOL 318 SCIENCE www.sciencemag.org430

REPORTS

 o
n 

N
ov

em
be

r 
5,

 2
00

7 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org


exchangeable and presumed to be mobile, further
impeding structural analysis (19, 20).

Through systematic variation of solution con-
ditions for gold nanoparticle synthesis, we have
obtained particles sufficiently uniform in size for
the growth of large single crystals, opening the
way to x-ray structure determination. We report
here on x-ray analysis of a nanoparticle whose
gold core and surface thiol structures differ
markedly from what had been anticipated. The
gold particles were coated with p-MBA and crys-
tallized from a solution containing 40%methanol,
300 mM sodium chloride, and 100 mM sodium
acetate, at pH 2.5 (21). The crystals were in the
centrosymmetric space group C2/c, so diffraction
showed no anomalous differences. We obtained
initial phases using dispersive differences between
data collected at the Au LIII edge and a low-energy
remote, giving an electron densitymap that revealed
102 gold atoms and 44 p-MBAs. All electron den-
sity was accounted for by the structure (except for
solvent water), so the clusters were entirely homo-
geneous and the numbers of gold atoms and p-
MBAs were precise (Fig. 1A). The structure was
refined at a resolution of 1.15 Å to Rwork and Rfree
of 8.8 and 9.5%, respectively. The particles proved
to be chiral, with half of an enantiomer in the
asymmetric unit of the crystal (Fig. 1B and table S1).

Most gold-gold distances in the core lie in the
range 2.8 to 3.1 Å (figs. S1 and S2). The core
may be described as a 49-atom MD (2,1,2) with
four atoms on the central axis, two 20-atom caps
with C5 symmetry on opposite poles (expanding
to 89 the number of gold atoms with fivefold
rotational symmetry), and a 13-atom band with
no apparent symmetry on the equator (Fig. 2A).
Alternatively, the MD may be described as five
twinned face-centered cubic (fcc) or hexagonal
close-packed (hcp) crystallites (Fig. 2, B to D)
(22). All 102 gold atoms are found in environ-
ments with 12 nearest neighbors—fcc, hcp,
icosahedral, or truncated decahedral—except that
atoms near the surface lack from 1 to 10 neigh-
bors. The 13 equatorial atoms occupy two different
environments, which deviate slightly from local
hcp or truncated decahedral (figs. S3 and S4). It is
the number and geometry of the equatorial atoms
that impart chirality to the core, and the deviations
from local symmetry may reflect the interaction of
the equatorial atoms with the p-MBA monolayer.

Gold atoms up to 5.5 Å from the center of
the particle do not contact sulfur, those in a shell
of radius 6.0 to 6.3 Å bind one sulfur, and those
in a shell of radius 7.5 to 8.0 Å bind two sulfurs
(Fig. 3A and fig. S5). All sulfur atoms lie in a
shell of radius 8.3 ± 0.4 Å and bind in a bridge
conformation (23) to two gold atoms; at least
one of the gold atoms binds two sulfurs, form-
ing a “staple” motif (Fig. 3, B and C). The gold-
sulfur distance ranges from 2.2 to 2.6 Å (fig. S6).
Gold-sulfur-gold angles are 80° to 115°, and sulfur-
gold-sulfur angles are 155° to 175° (fig. S7). If the
surface is taken as all gold atoms interacting with
sulfur, then the coverage by p-MBA (thiol:gold
ratio) is 70%, which is much higher than the val-

Fig. 1. X-ray crystal struc-
ture determination of the
Au102(p-MBA)44 nanopar-
ticle. (A) Electron density
map (redmesh) andatomic
structure (gold atoms de-
picted as yellow spheres,
and p-MBA shown as
framework and with small
spheres [sulfur in cyan,
carbon in gray, and oxy-
gen in red]). (B) View
down the cluster axis of
the two enantiomeric particles. Color scheme as in (A), except only sulfur atoms of p-MBA are shown.

Fig. 2. Packing of gold
atoms in the nanoparticle.
(A) MD (2,1,2) in yellow,
two 20-atom “caps” at the
poles in green, and the 13-
atom equatorial band in
blue. (B) View of the MD
with the axis horizontal,
showing the fcc planes
(a, b, g, and a′). When
viewed in the direction
of the arrow, the fourth
plane (a′) overlaps with
the first (a), conforming
to the definition of fcc
planes. (C) View of the
MD with the axis per-
pendicular to the page,
showing how it may be
regarded as five twinned
crystals. (D) Same view
as in (C) but showing hcp
crystallites. When viewed in the direction of the arrow, the third plane (d′) overlaps with the first (d),
conforming to the definition of hcp planes.
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ues of 31 and 33% for benzenethiol (24) and
alkanethiols (17) on Au(111) surfaces, reflecting
the curvature of the nanoparticle surface.

The thiol monolayer is stabilized not only by
gold-sulfur bonding but also by interactions be-
tween p-MBA molecules. These interactions are
of three types: phenyl rings stacked on one an-
other with the centers offset by the ring radius
(Fig. 4A), phenyl rings interacting at right angles
(T-stacking) (Fig. 4B), and sulfur interacting with
a phenyl ring (Fig. 4C). Eighteen of the sulfur
atoms are located over the face of a phenyl ring at
a distance of about 3.55 ± 0.25 Å, similar to sulfur
atoms engaged in aromatic-thiol p hydrogen bond-
ing in proteins (25). Almost all sulfur atoms are

also engaged in lone pair bonding to a phenyl edge
(25). Most p-MBAs are linked through chains of
such interactions extending from one pole of the
nanoparticle to the other (Fig. 4D). This ordering
of p-MBAs exemplifies the “self-assembly” of a
thiol monolayer on a gold surface (26).

The chains of p-MBA interactions extending
across the nanoparticle establish the chirality that
is apparent from the view of the nanoparticle
down the MD axis (Fig. 1B). Most sulfur atoms,
bonded to gold atoms in two different shells and
to a phenyl ring, are also chiral centers. One
enantiomer has 22 sulfur centers with R con-
figuration, 18 with S configuration, and 2 with
no readily assigned chirality, because they are
bonded to two gold atoms in the same shell.

The pairing of enantiomeric particles in the
crystal demonstrates a surface complementarity of
the particles (fig. S8). Interparticle interactions in
the crystal thus reflect the chirality of the surface
thiol layer. These interactions are of several types.
Hydrogen bonding between carboxylic acids oc-
curs at many crystal contacts (fig. S9), in some
cases mediated by water molecules (27). Such in-
teractions are frequent near the equator, where the
phenyl rings extend outward from the particle sur-
face. The p-MBAs from different nanoparticles in-
terdigitate through phenyl-phenyl interactions,
especially at the MD poles (fig. S10). Such in-
teractions can explain the common finding that
distances between neighboring clusters in two-
dimensional gold particle arrays are less than twice
the length of the fully extended thiol (28, 29).

The very existence of a discreteAu102(p-MBA)44
nanoparticle is a notable finding from this work.
Discrete sizes have been explained in the past by

geometrical or electronic shell closing. The arrange-
ment of gold atoms, with polar caps and an
equatorial band, argues against geometrical shell
closing. If, however, each gold atom (5d106s1)
contributes one valence electron, and 44 are
engaged in bonding to sulfur, then 58 electrons
remain, corresponding to a well-known filled shell.
Indeed, a naked cluster in the gas phase containing
58 gold atoms shows exceptional stability (30–32).

There are several connections of the Au102
nanoparticle structure with previous work. First,
structures of small gold, silver, and platinum clus-
ters, and of large platinum-palladium clusters,
include fivefold symmetry elements and, in one
case, also include thiols bridging between pairs of
gold atoms (33–36). Second, EM, PXRD, and
theoretical studies of large gold clusters have given
results that are consistent with a MD (10–12).
Third, theoretical studies have raised the possibil-
ity of distinct gold-sulfur units capping a central
gold core (37). Fourth, the fcc packing in the core,
with a gold-gold distance of 2.8 to 3.1 Å, corre-
sponds with the fcc packing in bulk metallic gold,
with a gold-gold distance of 2.9 Å. Fifth, the
staple motif, containing alternating gold and sulfur
atoms (Fig. 3C), resembles the gold-thiol poly-
mers believed to represent intermediates in the
process of nanoparticle formation (38). Finally, cir-
cular dichroismmeasurements on gold nanoparticle
preparations have shown chiro-optical activity (39).

We have screened 15 crystals derived from
multiple gold nanoparticle preparations and ob-
tained the same Au102 structure, so the unusual
arrangement in the 13-atom equatorial band is a
consistent result. Other nanoparticle preparations,
however, which have also given rise to large single

Fig. 4. p-MBA/p-MBA interactions in the surface of the nanoparticle. Color scheme as in Fig. 3B. (A)
Phenyl rings stacked with faces parallel. (B) Phenyl rings stacked edge-to-face. (C) Phenyl ring interacting
with sulfur. (D) Chains of interacting p-MBAs, extending across the surface of the nanoparticle, indicated by
a different color for each chain.

Fig. 3. Sulfur-gold interactions in the surface of
the nanoparticle. (A) Successive shells of gold
atoms interacting with zero (yellow), one (blue), or
two (magenta) sulfur atoms. Sulfur atoms are cyan.
(B) Example of two p-MBAs interacting with three
gold atoms in a bridge conformation, here termed
a staple motif. Gold atoms are yellow, sulfur atoms
are cyan, oxygen atoms are red, and carbon atoms
are gray. (C) Distribution of staple motifs in the
surface of the nanoparticle. Staple motifs are
depicted symbolically, with gold in yellow and
sulfur in cyan. Only the gold atoms on the axis of
the MD are shown (in red).
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crystals, will doubtless reveal other core structures,
from which rules or principles of core assembly
may ultimately be derived. It remains to investigate
the chemical and physical properties of the Au102
nanoparticle, as well as to explore the theoret-
ical basis of the gold packing and gold-thiol
interactions that we have observed.
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Constraints on Neon and Argon
Isotopic Fractionation in Solar Wind
Alex Meshik,1* Jennifer Mabry,1 Charles Hohenberg,1 Yves Marrocchi,1 Olga Pravdivtseva,1
Donald Burnett,2 Chad Olinger,3 Roger Wiens,4 Dan Reisenfeld,5 Judith Allton,6
Karen McNamara,6 Eileen Stansbery,7 Amy J. G. Jurewicz8

To evaluate the isotopic composition of the solar nebula from which the planets formed, the relation
between isotopes measured in the solar wind and on the Sun’s surface needs to be known. The Genesis
Discovery mission returned independent samples of three types of solar wind produced by different
solar processes that provide a check on possible isotopic variations, or fractionation, between the solar-
wind and solar-surface material. At a high level of precision, we observed no significant inter-regime
differences in 20Ne/22Ne or 36Ar/38Ar values. For 20Ne/22Ne, the difference between low- and
high-speed wind components is 0.24 ± 0.37%; for 36Ar/38Ar, it is 0.11 ± 0.26%. Our measured
36Ar/38Ar ratio in the solar wind of 5.501 ± 0.005 is 3.42 ± 0.09% higher than that of the terrestrial
atmosphere, which may reflect atmospheric losses early in Earth’s history.

Planetary materials formed from a disk of
gas and dust around the early Sun, which
we refer to as the solar nebula. As a stan-

dard model, planetary scientists assume that the
elemental abundances and especially the isotopic
compositions of elements in the nebula are
uniform and that the nebular composition is
preserved in the solar outer convective zone (1).
Thus, allowing for relatively well-understood
nuclear and physical/chemical isotope fractiona-
tion, terrestrial isotopic compositions should be
the same as in other solar-system materials. To
very high precision, this appears to be true for
nonvolatile elements (1). However, the standard

model fails for the isotopes of O, H, N, and the
noble gases where large variations (compared to
nonvolatile elements) are observed among ter-
restrial, lunar, meteoritic (asteroidal), and martian
materials (2–4). Because of the nuclear conver-
sion of D to 3He, solar H is monoisotopic, and
3He/4He is greatly enhanced. Despite these ex-
ceptions, the surface layers of the Sun should
preserve the nebular isotopic compositions of C,
N, O, and the noble gases (5, 6).

Plasma flowing from the Sun as the solar
wind permits the sampling of solar matter. The
Apollo Solar Wind Composition (SWC) exper-
iment (7) measured relatively precise He, Ne, and

Ar isotopic compositions for 1–to–3-day periods
in 1969–1972. Here, we address whether the
isotopic compositions of Ne and Ar, measured in
the solar wind, have changed (“fractionated”)
from those measured on the surface of the Sun.
Ulysses and Advanced Composition Explorer
(ACE) spacecraft data have shown that relative
proportions of elements in the solar wind are
fractionated by amounts correlated with the
elemental first ionization potential (FIP) (8). FIP
fractionation presumably arises because of the
preferential extraction of ions relative to atoms
during transport into the solar corona from lower
levels (9). Although the FIP is an atomic
property, FIP fractionation models (9) predict
some isotope effects, but in many specific
models, these effects are small. The acceleration
of heavier elements from the solar corona into the
solarwind canbe due to their collisionswith protons
(“coulomb drag”), and if the drag is incomplete,
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