Formation and pH-controlled assembly of amphiphilic gold nanoparticles
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Alkanethiolate-protected gold nanoclusters are solublized
through place exchange reaction with o-thiocarboxylic
acids.

Thiolate monolayer-protected gold clusters (MPCs) provide
versatile precursors for the fabrication of nanoscale systems.t
These colloidal MPCs can be readily modified through place
exchange reactions,? providing a direct route to mixed mono-
layer-protected clusters (MMPCs) featuring a broad array of
functionality. This functional diversity, coupled with the
combinatorial nature of the place exchange process, has made
MMPCs central in the creation of numerous nanoparticle-based
materials and devices.

One potentially powerful application of MMPCs is bio-
molecular recognition.® In recent investigations, we have
demonstrated that the mobility of thiolate ligands on nano-
particles can be exploited to create templated multivalent
receptors.4 The extension of this methodology to the recogni-
tion of protein surfaces® has been limited by the inaccessibility
of water-soluble amphiphilic MMPCs. Recently, Murray and
co-workers have demonstrated the formation of water-soluble
MPCs and place exchange reactions to produce the correspond-
ing MMPCs.5 |n both the colloid formation and place exchange
steps, however, purification of the resulting colloids required
lengthy dialysisto remove unreacted thiols. More significantly,
attempts to exchange hydrophaobic groups into water-soluble
MPCs resulted in the formation of insoluble aggregates.6c To
provide an alternative route to the formation of amphiphilic
colloids we have explored the exchange of polar functionality
with gold nanoparticles featuring non-polar monolayer cov-
erage. We report here the direct formation of water-soluble
amphiphilic colloids through place exchange of alkanethiolate
MPCs with an w-thiol carboxylic acid.

To obtain a system that would provide water solubility with
non-polar groups present, we prepared the carboxylic acid-
functionalized colloid AUCOOH through place exchange of 2
nm octanethiol colloids” with 11-thioundecanoic acid 1
(Scheme 1).8 After washing with dichloromethane, the Au-
COOH nanoparticles were dissolved in D>O/NaOD, and
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characterized by NMR. The end-group analysis of the'H NMR
spectrum of the resulting AuCOO— colloids indicated that the
ratio of w-thiol carboxylic acid to octanethiol was ca. 1:1.

The functionalized colloids were also characterized by pH
titration. Acid/base titrations of nanoparticles with ionizable
monolayer moieties have been carried out previously.6¢® Fig.
1A shows the titration of AuCOO—, which exhibited a pK, of
about 4.0. This corresponds closely to previous work done on
carboxylate-terminated MPCs featuring a C;», monolayer,
whereapK, of 4.5 wasreported,8 and is considerably lower than
the pK, of 5.56 observed with tipronin (C,)-functionalized
MPCs. This disparity in pH provides further evidence of the
distance dependence of sidechain—sidechain interactionsarising
from the radial nature of MPC systems.10

During titrations, aggregation of particles was observed at
pH < 5. Thisisattributed to interparticle interactions: at low pH
the carboxylic acid groups facilitate interparticle interactions
through both hydrogen bonding and an increase in hydro-
phobicity, resulting in the formation of particle aggregates. At
high pH, however, particle aggregation is disfavored due to
repulsive interactions between negatively charged carboxylate
particles.11 Transmission electron microscopy (TEM) was used
to better understand the aggregation process.8® Samples were
prepared by initially dissolving AUCOOH nanoparticles in pH
10 buffer. A portion of this solution was neutralized to pH ~ 7
with 0.1 M HCI which was then diluted with pH 7 or pH 4
buffer, producing three solutions with pH 10, 7, and 4. All the
solutions were diluted with sufficient buffer to yield a final
colloid concentration of 1 mg mL—1. A single drop of the
desired solution wasdeposited onaTEM grid.12 At pH 10, there
was very little aggregation, as would be expected for a highly
charged colloid (Fig. 28). When this system was deposited from
a neutral pH 7 solution (Fig. 2b) both small loosely packed
aggregates and individual particles were observed. At pH 4,
(Fig. 2c), aggregation was increased, with very few free
particles observed. Additionaly, these aggregates are much
larger and denser than those observed at pH 7.
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Fig. 1 Titration curves of AUCOOH. The colloid was first dissolved in a
small amount of 0.1 M NaOH and brought up to a volume of 3.3 ml with
distilled water. (A) Original solution titrated with aliquots of 10-50 uL 0.01
M HCI. (B) Back titration of solution. Titrated with aliquotsof 10uL 0.1 M
NaOH. The pH was recorded initially and after each addition of either the
acid or base.
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Fig. 2 TEM micrographs of w-thiol carboxylic acid functionalized colloid
at (a) pH 10, (b) pH 7, and (c) pH 4. Scale bars represent 10 nm, 25 nm, and
50 nm, respectively.

In summary, we have demonstrated the effective fabrication
of awater-soluble amphiphilic MMPC through place-exchange
processes. We have also shown that aggregation of these
particles can be directly controlled through modulation of pH.
The application of these water-soluble MMPCs to molecular
and biomolecular recognition is currently underway, and will be
reported in due course.
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