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Abstract

Clusters of metal nanoparticles with an overall size less than 100 nm and high metal loadings for
strong optical functionality, are of interest in various fields including microelectronics, sensors,
optoelectronics and biomedical imaging and therapeutics. Herein we assemble ~5 nm gold
particles into clusters with controlled size, as small as 30 nm and up to 100 nm, which contain
only small amounts of polymeric stabilizers. The assembly is kinetically controlled with weakly
adsorbing polymers, PLA(2K)-6-PEG(10K)-4-PLA(2K) or PEG (MW = 3350), by manipulating
electrostatic, van der Waals (VDW), steric, and depletion forces. The cluster size and optical
properties are tuned as a function of particle volume fractions and polymer/gold ratios to modulate
the interparticle interactions. The close spacing between the constituent gold nanoparticles and
high gold loadings (80-85% wi/w gold) produce a strong absorbance cross section of ~9x10715 m?
in the NIR at 700 nm. This morphology results from VDW and depletion attractive interactions
that exclude the weakly adsorbed polymeric stabilizer from the cluster interior. The generality of
this kinetic assembly platform is demonstrated for gold nanoparticles with a range of surface
charges from highly negative to neutral, with the two different polymers.

Introduction

Optical and electronic properties of 1D, 2D, and 3D clusters of metal nanocrystals, 20 to
500 nm in diameter, have been studied extensively, especially for applications involving
sensors, memory devices, microelectronics2—#, and more recently, for cellular imaging and
therapy®~2. For a variety of applications, robust and broadly applicable synthetic strategies
are needed to pack high levels of functionality (i.e. high metal loadings) into clusters with an
overall size smaller than ~30 to 100 nm. Most often, clusters are formed by thermodynamic
self assembly. Rotello and co-workers developed a “bricks and mortar” technique for the
templated assembly of metal nanoparticles into clusters using polymers, proteins, and
DNAZ 10 and Glotzer et al. and Miles et al.1! have demonstrated assembly with polymer-
tethered nanoparticles!2. Gold nanoparticles have been assembled in the cores of block
copolymer micelles!3-16 and on the surface of micelles!’: 18, Amphiphilic gold Janus
spheres, containing hydrophobic and hydrophilic domains self-assemble into clusters19-22
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upon manipulation of pH or solvent quality. For clusters formed thermodynamically, high
concentrations of templating agents and strong interactions between these agents and the
particles are typically required to drive the self-assembly. Consequently, these agents are
usually highly retained in the final cluster and limit the metal loading, typically well below
50% wiw.

An alternative approach is to form clusters of metal nanoparticles by kinetic assembly to
achieve extremely high metal loadings by manipulating van der Waals (VDW), electrostatic,
and steric interactions. For example, variation of pH or ionic strength of dilute dispersions of
citrate-capped gold nanoparticles screens electrostatic repulsion and induces cluster
growth?3: 24, Similarly, lysine-25-28 and cysteine-2° capped gold nanoparticles at high
loadings aggregate reversibly in response to changes in charge with pH. Gold nanoparticles
coated with associating proteins, such as biotin and streptavidin3?, or with complementary
DNA strands31: 32 also form clusters. However, in each of these cases, uncontrolled growth
often yields irregularly shaped aggregates greater than several hundred nanometers in
diameter. Therefore, a conflict arises in both thermodynamically- and kinetically-controlled
assembly between the need for sufficient levels of stabilizers to arrest growth to produce
small sub-100 nm clusters, while simultaneously achieving high metal loadings for high
functionality.

Metal nanoparticles with high NIR absorbance are of great interest in biomedical imaging
and therapy because soft tissues and water are relatively transparent from 650 to 900 nm.
The surface plasmon resonance (SPR) of a spherical gold particle exhibits a maximum at
530 nm, but undergoes a red shift to the NIR for particles with a hollow or non-spherical
geometry, such as nanoshells33-35, nanorods3® 37, and nanocages38: 39. These particles are
typically 50-100 nm in diameter. NIR absorbance has rarely been achieved for particles
smaller than 50 nm, where it becomes challenging to synthesize the types of asymmetric
morphologies needed for strong red-shifts?C. Significant NIR absorbance also has been
demonstrated /n vitroand in vivo for the assembly of 40 nm gold spheres, conjugated with
antibodies, by receptors in cancer cells into clusters® 8 8 41 Small gold clusters that have
been formed by equilibrium self assembly methods often contain high concentrations of
templating agents, which result in particle separations greater than one particle diameter and
thus small red shifts?2 43,

Nanoparticle components may be assembled into clusters with properties that are
challenging to achieve including, sizes below 50 nm3: 7- 13. 44 strong optical absorbance: 44,
multifunctionality’, and/or biodegradability® 44. Recently, there has been great interest in
the development of sub-30 nm particles, which penetrate cell membranes and leaky
vasculature in cancerous tumors more efficiently than particles >50 nm#>-49, Furthermore,
these small nanoparticles elicit profound changes in biological pathways in targeted cells.
Sub-30 nm particles have been reported for gold nanocages®® and multifunctional
nanocluster hybrids containing gold and iron oxide, referred to as nanoroses’. Despite their
small sizes, both types of nanoparticles absorb strongly in the NIR. The nanorose clusters,
composed of nanocomposite primary particles, are formed by kinetic assembly during the
reduction of gold precursors onto iron oxide nanoparticles. They exhibit intense magnetic
relaxivity as well as NIR absorbance’. To further advance the functional properties in
nanoclusters, especially biodegradability, we recently introduced a physical, rather than
chemical, method for the kinetically controlled colloidal assembly of ~5 nm gold spheres
into ~100 nm NIR plasmonic clusters stabilized by PLA(2K)-6-PEG(10K)-6-PLA(2K).
These clusters were shown to biodegrade nearly completely in solution and in macrophage
cells back to the original 5 nm primary spheres, which are small enough for renal clearance®.
This physical, kinetic, colloidal assembly method is general and likely to enable synthesis of
many types of clusters over a wide size range.
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Herein we assemble kinetically sub-5 nm gold particles into clusters of controlled sizes, as
small as 30 nm and up to 100 nm, stabilized by small amounts of a weakly adsorbing
polymer, either PLA-6-PEG-6-PLA or PEG 3350. The physical cluster assembly process,
introduced recently in Tam et al.%, is illustrated in Fig. 1. The gold nanoparticles are
nucleated rapidly at high volume fractions in the presence of a weakly adsorbing polymer to
form small clusters®. The nucleation and growth of the gold clusters is controlled by
increasing gold and polymer concentrations simultaneously, either by solvent evaporation or
by mixing of a concentrated gold dispersion with a concentrated polymer solution. A
mechanism is presented to describe the cluster growth and gold particle spacing in terms of
the electrostatic, VDW, steric and depletion forces. The combination of high gold particle
volume fractions and exclusion of the weakly adsorbed polymeric stabilizer from the cluster
interior towards the exterior surface are utilized to produce low polymer loadings and
closely spaced gold particles for strong NIR absorbance. In contrast, high polymer loadings
and larger gold particle spacings are typically obtained in equilibrium assembly processes
that rely on strong interactions with templating agents, such as micelles!3-18. 51,52 Finally,
the small amount of polymer on the exterior surface provides sufficient steric stabilization to
prevent unregulated cluster growth, in contrast with previous studies without polymer
stabilizers24-29, Relative to our previous study?, the size of the clusters is over three fold
smaller, and furthermore, a wider range of ligands (to modify particle charge), polymers,
and polymer/gold ratios are examined. An advantage of this kinetic assembly approach is its
use of readily available polymer stabilizers and simple ligands on the gold surface, such as
citrate and lysine, in contrast to templating agents that often require complicated synthetic
approaches.

Experimental

Materials

HAUCI4+3H,0 was purchased from MP Biomedicals LLC (Solon, OH) and
NazC3Hs0(COO0)3 2 H,0 and NaBH,4 were acquired from Fisher Scientific (Fair Lawn,
NJ). L(+)-lysine was obtained from Acros Chemicals (Morris Plains, NJ). PEG (MW=3350)
was ordered from Union Carbide (Danbury, CT) and PLA(2K)-4-PEG(10K)-4-PLA(2K)
was purchased from Sigma Aldrich (St. Louis, MO).

Nanocluster formation

Gold nanoparticles (3.8-nm) stabilized with citrate ligands were synthesized based on a well
known method®3. Briefly, DI water (100 mL) was heated to 97°C. While stirring, 1 mL of
1% HAUCI4#3H,0, 1 mL of 1% Na3zC3H50(COO)3 *2 H,0, and 1 mL of 0.075% NaBHj, in
a 1% Na3zC3H50(C0O0)3+2 H,0 solution were added in 1 minute intervals. The solution was
stirred for 5 minutes and then removed to an ice bath to cool to room temperature. The gold
particles were then centrifuged at 10,000 rpm for 10 minutes at 4°C to remove any large
aggregates. Centrifugal filter devices (Ultracel YM-30, Millipore Co.) were used to remove
unadsorbed citrate ligands as well as concentrate the gold dispersion to ~3.0 mg Au/mL.
Gold concentrations were determined using flame atomic absorption spectroscopy (FAAS).

In most cases, lysine ligands were added to the citrate stabilized gold nanoparticles by
adding a 1% lysine in pH 8.4 phosphate buffer (10 mM) solution to 1.2 mL of the colloidal
citrate-capped gold solution to yield a final lysine and gold concentration of 0.4 mg/mL and
3.0 mg/mL, respectively. In the cases where a 1.0 mg/mL gold solution was used to produce
nanoclusters, the 3.0 mg/mL stock gold solution was diluted using deionized (DI) water. The
dispersion was stirred for at least 12 hours26: 4, PLA-/-PEG-6-PLA was added to the
aqueous dispersion of ligand capped gold nanoparticles to yield polymer/gold ratios ranging
from 1/10 — 40/1. The dispersions were then sonicated in a bath sonicator for 5 minutes.

Langmuir. Author manuscript; available in PMC 2013 November 05.
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Unless otherwise noted, the concentration of the gold solutions used in this study to produce
nanoclusters was 3.0 mg/mL with a polymer/gold ratio of 16/1.

In some cases, the polymer/gold dispersion was placed under an air stream and a certain
percentage of the solvent, between 50-100%, was evaporated. The extent of solvent
evaporation was determined volumetrically, by comparing the initial and final volume of the
dispersion before and after evaporation, using the height of liquid in the vial as a measure of
volume. When the dispersion was not dried to completion, it was quenched with DI water
after the chosen amount of solvent evaporation. Upon quenching, the concentration of the
dispersion was approximately an order of magnitude lower than that of the original gold
stock prior to solvent evaporation. In the case of 100% solvent evaporation, which took
place over ~20-30 minutes, the dried film was redispersed with 10 mL of DI water to yield a
blue dispersion of ~0.30 mg Au/mL. Nanoclusters were also formed using a mixing
procedure, in which highly concentrated solutions of gold colloid and polymer were mixed
together using a probe sonicator (Branson Sonifier 450, Branson Ultrasonics Corporation,
Danbury, CT) with a 102 converter and tip operated in pulse mode at 35 W.

Nanocluster characterization

Nanocluster morphology was observed by transmission electron (TEM) and scanning
electron microscopy (SEM). TEM was performed on a FEI TECNAI G2 F20 X-TWIN TEM
using a high-angle annular dark field detector. TEM samples were prepared using a “flash-
freezing” technique, in which a 200 mesh carbon-coated copper TEM grid was cooled using
liquid nitrogen and then dipped into a dilute aqueous nanocluster dispersion. The TEM grid
was dried using a Virtis Advantage Tray Lyophilizer (Virtis Company, Gardiner, NY) with
2 hours of primary drying at —40°C followed by a 12 hour ramp to +25°C and then 2 hours
of secondary drying at 25°C. Separation distances between primary particles within the
nanoclusters were measured by analyzing TEM images using Scion Image software
(Frederick, Maryland). A Zeiss Supra 40VP field emission SEM was operated at an
accelerating voltage of 5-10 kV. SEM samples were prepared by depositing a dilute
aqueous dispersion of the nanoclusters onto a silicon wafer. The sample was dried in a hood,
washed with DI water to remove excess polymer, and dried again. UV-visible spectra were
measured using a Varian Cary 5000 spectrophotometer for a 1 cm path length. Dynamic
light scattering (DLS) measurements of hydrodynamic diameter and zeta potential
measurements were performed in triplicate on a Brookhaven Instruments ZetaPlus dynamic
light scattering apparatus at a scattering angle of 90° and temperature of 25 °C2. Dispersion
concentrations were adjusted with either DI water for DLS measurements or pH=7.4 buffer
(10 mM) for zeta potential measurements to give a measured count rate between 300-400
kcps. For DLS measurements, all dispersions were filtered through a 0.2 um filter and probe
sonicated for 2 min prior to measurement. The data were analyzed using a digital
autocorrelator (Brookhaven BI-9000AT) with a non-negative least-squares (NNLS) method
(Brookhaven 9KDLSW32). A distribution of hydrodynamic diameters was obtained based
on the Stokes-Einstein equation for the diffusion coefficient of a sphere. All distributions
were weighted by volume. Reported average diameters correspond to the Dsg, or diameter at
which the cumulative sample volume was under 50%. For zeta potential measurements, the
average value of at least three data points was reported. Thermogravimetric analysis (TGA)
was used to determine the amount of adsorbed ligand mass on the primary gold
nanoparticles and the final polymer/gold ratio of the nanoclusters. TGA was performed
using a Perkin—Elmer TGA 7 under nitrogen atmosphere at a gas flow rate of 20 mL/min.
Excess, unadsorbed organic material, either ligands and/or polymer, was removed from
particles, either colloidal gold or nanoclusters, by centrifuging the dispersions at 10,000 rpm
for 5 minutes at 4°C. For the colloidal gold particles, which were too small to settle
efficiently during centrifugation, centrifugal filter devices were used to separate and filter
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the particles from the smaller unadsorbed ligands. The supernatants were discarded and the
pellets were dried to a powder. The powder samples were held at 50°C for 120 minutes to
remove any moisture in the sample and then heated at a constant rate of 20 °C/min from
50°C to 800 °C and held at 800°C for 30 minutes. The loss in mass after heating accounted
for the organic component of the particles. Flame atomic absorption spectroscopy (FAAS)
was used to determine the gold concentration in the dispersion and the yield for the gold
particles that were incorporated into the clusters. A GBC 908AA flame atomic absorption
spectrometer (GBC Scientific Equipment Pty Ltd) was used to determine the amount of gold
present in a sample. All measurements were conducted at 242.8 nm using an air-acetylene
flame. To determine clustering efficiency, a dispersion of nanoclusters of known
concentration was centrifuged at 10,000 rpm for 10 minutes at 4°C. FAAS measurements
were conducted on the supernatant.

Determination of stability ratio and half-life for aggregation

Results

The stability of the nanoparticles may be quantified using a stability ratio, W, defined as the
ratio of the rate of fast, diffusion controlled aggregation to slow, kinetically-controlled
aggregation?4 %6_ Alternately, W/ may also be determined using the respective half-lives for
fast and slow aggregation.

ki t1/os
We ot /2,
ke tijof

where krand k;are the rate constants for fast and slow flocculation, respectively, and £
and #;, s are the half-lives for fast and slow flocculation, respectively. The half life for fast,
diffusion-controlled aggregation according to Smoluchowski24 56 is given as:

A
V2 TN, @

where 1 is the solution viscosity, and Apis the initial number density of nanoparticles. Slow
flocculation half-lives were estimated experimentally based on the observed time required
for a visual color change in the nanocluster dispersion to occur, ¢,,. The observed ¢, may
be used to estimate half-lives using the assumption that a color change corresponds to the
collision of 11 particles®’ and solving the equation for second order reaction kinetics, 1/N(t)
=kt + 1/Ng, to yield:

t1/2,s=tcol /10 (3)

where Nis the number of particles in the system at time, £ and & is the reaction rate
constant. A more accurate half-life may be determined for particle conversions in excess of
20% via the numerical solution to the Smoluchowski equation, which utilizes a constant
collision frequency factor (reaction kernel). Since the half-life for this approach was within a
factor of two of the value for the second order kinetics for these conditions, we did not use
this more complex model®8.

Effect of particle volume fraction on nanocluster size and optical properties

The amount of ligands on the surface of the gold particles was determined prior to the
formation of nanoclusters. For the citrate-capped gold nanoparticles, the average diameter
was 3.8 £ 1.0 nm (data not shown) and the zeta potential was —44.0 + 4.7 mV (Table 1) ata
pH of ~7.2. The citrate coverage on the gold nanoparticles was estimated to be about 6.3%
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wi/w, based on calculations assuming saturated ligand coverage on the 4 nm gold particle
surface in good agreement with the 7% w/w citrate measured by TGA(See supplementary).
The adsorption of lysine to gold did not significantly change the particle size, which was 4.1
+ 0.8 nm (Fig. 2a), nor the pH of the gold dispersion. Lysine contains two NH3* charges and
one COO~ charge over a pH range from 3 to 1026 (Fig. S1). The ligand exchange with the
positively charged lysine increased the zeta potential to —30.1 + 2.4 mV (Table 1),
indicating about 30% of the adsorbed citrate was exchanged(See supplementary). The
citrate/lysine-capped particles were coated with 11% total ligand, according to TGA results,
compared with 7% for the citrate-only stabilized nanoparticles. The color did not vary for
the citrate-only and citrate/lysine-capped gold nanoparticle dispersions for ~1 month,
corresponding to a very high Wof ~7x109 (Table 2) for an N of ~10%! particles/m? and
ty/p ¢ Of 3.93x107° s, which is based on a gold loading of 3 mg/mL. The high stability is due
to strong repulsive charges on the ligands of the particles, in good agreement with previous
reports in literature25: 59,

To form gold clusters, interactions between citrate/lysine gold particles were mediated with
a weakly adsorbing polymer, either PLA-6-PEG-5-PLA, as shown in Fig. 1, or PEG
(MW=3350) homopolymer. Without any solvent evaporation, the addition of either polymer
to the ligand-capped gold particles at a 16/1 polymer/gold ratio (gold concentration = 3 mg/
mL) did not produce a color change over a period of one hour, indicating that clusters of
closely-spaced gold were not formed®. After an hour, the color slowly changed. A one hour
stability (£;,;=1 hr) corresponds to a maximum Wof ~4x10°, as determined from Egs. 1-3
(Table 2). To more fully probe the kinetics of nanocluster formation, the nanocluster size
was monitored as a function of solvent evaporation by quenching cluster growth with the
addition of DI water after a specified level of solvent evaporation. The harvested
nanoclusters were observed by TEM (Fig. 2) and their sizes determined by DLS (Fig. 3a).
For PLA-6-PEG-56-PLA, the formation of dimers and trimers was detected, indicating
nucleation, after 50% solvent evaporation (Figs. 2, 3a), which occurred over ~5 minutes for
a 1.4 mL sample. This time corresponds to a maximum Wof ~2.5x10°, as ty/2,s could have
been even smaller than 5 minutes. These small oligomers produced a shoulder in the DLS
size distribution. When the suspension, from which 50% of the solvent had been evaporated,
was allowed to sit over the course of one week, still no color change was observed,
indicating that the oligomers did not grow to produce larger clusters. However, additional
solvent reduction to 60% evaporation, approximately one minute later, led to clusters 35-60
nm in size, as seen both by TEM and DLS. Further solvent evaporation, to 80% and 100%,
produced additional growth, with Dsq values of 60 nm and 80 nm, respectively, with low
polydispersities between 1.1-1.8 (See supplementary for calculation). From 50 to 95%
evaporation, the cluster size was monotonic with the extent of evaporation. The small, but
distinct secondary peaks observed in the particle size distributions for the nanoclusters may
indicate coagulation of clusters. These large aggregates composed a very small percentage
of the total nanocluster population and were easily filtered out in subsequent experiments.
Yields of gold in the clusters, or the percent of the loaded primary particles that are
incorporated into clusters after quenching the growth, was determined using FAAS (Table
3). After 60% and 100% solvent evaporation, 95.1% and 99.7%, respectively, of the initially
loaded gold nanoparticles by mass were incorporated into clusters. Therefore, cluster yields,
as well as size, continued to increase with the extent of solvent evaporation. The ability to
tune the cluster size over a wide range and to achieve low polydispersities is of great
scientific and practical interest.

Extents of solvent evaporation greater than 60% resulted in a color change of the dispersion
to blue, but it was difficult to observe the kinetics given the dark, opaque dispersions at the
high volume fractions. Thus, the spectra were measured after the clusters were quenched by
dilution. The increase in the NIR absorbance was consistent with the morphologies observed
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by TEM and the sizes measured by DLS. Before polymer was added, the characteristic
spectrum for individual gold particles exhibited a maximum at 530 nm (Fig. 3b). For the
dimers and trimers (Fig. 2b), the red-shift was modest as expected42 43. 60, A much larger
increase in the NIR absorbance was observed for 60% evaporation (Fig. 3b), where sizable
clusters of 35-60 nm were observed by TEM and DLS, as expected from theoretical
calculations*2 43.60_ The NIR absorbance continued to increase as the extent of evaporation
and nanocluster size increased.

Complete solvent evaporation produced a smooth blue film on the glass surfaces of the vials,
indicating a shift in the absorbance spectra of gold to the NIR. Reconstitution of the film
with DI water yielded a dark blue dispersion of sub-100 nm clusters composed of primary
gold nanoparticles (Fig. 2)°. SEM images of nanoclusters formed after 100% solvent
evaporation reveal a polymer-rich shell a few nanometers thick surrounding the exterior of
each cluster. The spectra of the nanoclusters formed after 100% solvent evaporation
exhibited a broad, relatively constant, absorbance in the important NIR region from 700 to
900 nm, corresponding to an extinction coefficient at the maximum absorbance, €7q3, of
0.017 cm?/ug for a 56 pg/mL gold dispersion. Assuming that the gold nanoparticles occupy
~72% of the cluster volume (based on SEM and TEM images in Fig. 2), characteristic of a
closest-packed volume fraction, the estimated particle extinction cross section was
9.0x10715 m2 (See supplementary), comparable to the value for nanoshells*2, nanocages3?,
nanorods#2, and nanoroses’. The mean spacing between primary gold particles within the
clusters was estimated to be 1.80 + 0.6 nm?, well within the range of interparticle spacing
known to produce a significant red-shift in the SPR1: 42:43, The ability of the gold
nanoparticles to pack tightly together is supported by TGA results, which indicated that after
100% solvent evaporation, nanoclusters contained only 20 + 5% organic material. From the
known amount of ligand reported above, 10-15% of this material was polymer. The ability
to reproducibly produce nanoclusters using 100% evaporation, with respect to both size and
optical properties, is shown in Fig. S2. Furthermore, these nanoparticles exhibited excellent
stability in terms of particle size and optical properties over the course of 3 weeks, as
determined by DLS and UV-vis measurements (data not shown). Nanoclusters were stored
in a refrigerator at 4°C between measurements.

The zeta potentials of the resultant nanoclusters of citrate-only and citrate/lysine-capped
nanoparticles were —13.0 £ 3.3 mV and -16.3 + 4.0 mV, respectively, approximately half
that of the initial colloidal gold nanoparticles (Table 1). Interestingly, the zeta potential of
clusters formed using citrate-only and citrate/lysine-capped gold, stabilized with PLA-&-
PEG-4-PLA, had similar zeta potential values, somewhat larger than that of the pure
polymer. The value of —8.0 £ 0.2 mV for the PLA-6-PEG-6-PLA polymer is attributed to
the ionized PLA end groups.

Nanoclusters were also formed using PEG (MW=3350), instead of PLA-6-PEG-6-PLA, as
the stabilizing polymer. The PEG-stabilized clusters were, on average, ~1.5 times larger
than those stabilized using PLA-6-PEG-6-PLA, as reported by DLS and TEM (Fig. 4a—c).
Similar to observations for PLA-5-PEG-6-PLA-stabilized clusters, a reduction in solvent
evaporation from 100% to 60% yielded a ~30% reduction in cluster size and slightly lower
NIR absorbances. The strong NIR absorbance of the PEG-stabilized clusters indicated that
tight packing of gold nanoparticles within the cluster was achieved (Fig. 4d). In fact, the
clusters formed at 60% solvent evaporation show a slightly stronger NIR absorbance than
the clusters formed after 60% solvent evaporation using PLA-6-PEG-6-PLA, likely due to
the larger cluster size. Similar trends were obtained for nanoclusters produced using citrate-
only capped gold nanoparticles and PEG 3350 (data not shown).
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Clusters of lysine/citrate particles with PLA-b-PEG-b-PLA formed by mixing

Assembly of nanoclusters was also demonstrated without solvent evaporation by mixing
together highly concentrated gold and polymer solutions. The resulting concentrations of
gold particles and polymer corresponded to those achieved by certain solvent evaporation
extents. For example, a 6 mg/mL dispersion of gold nanoparticles was mixed with a 100 mg/
mL polymer solution to produce clusters that were equivalent to the concentrations achieved
after 50% evaporation. However, the cluster sizes were at least 2.5 times larger than those
where the particle volume fractions were increased gradually by solvent evaporation (Fig.
5a). Furthermore, nanoclusters formed by mixing, instead of solvent evaporation, tended to
form a larger amount of aggregates of nanoclusters, as indicated by the more prominent
secondary peaks in the particle size distributions. Because of their larger sizes, nanoclusters
produced by this method displayed even more shifted NIR absorbance (Fig. 5b). Similar
trends in optical properties were observed when clusters of citrate-only-capped gold
nanoparticles were produced using this mixing method (Fig. S3). The high viscosities of the
extremely concentrated polymer solutions, ranging from 9x1074 Pa s (~10 times that of
water) to 0.8 Pa s (~900 times that of water) for solutions corresponding to 60% and 90%
solvent evaporation (Fig. S4), respectively, resulted in inadequate mixing rates, poorer
polymer diffusion, and thus the larger clusters with an increased propensity to form
aggregates.

Clusters formed with citrate-only capped particles and PEG-SH coated particles

Nanoclusters were produced using gold nanoparticles capped with two other types of
ligands: negatively charged citrate, and neutral PEG-SH to compliment the above studies
which used lysine (positively charged) and citrate ligands, simultaneously. Clusters of gold
primary particles capped with either citrate or a citrate/lysine mixture exhibited strong NIR
absorbance (Fig. 6). However, nanoparticles capped with PEG-SH did not produce a
significant red-shift, although the shift was larger for PEG-SH with a MW of 0.13K versus
5K. PEG-SH 5K has a reported radius of gyration of 3.1 nm8. Therefore, the corresponding
particle separations between two PEG-SH coated particles of at least 6.2 nm is larger than
the diameter of a gold primary particle and the strongly bound PEG-SH 5K ligands
prevented the gold nanoparticles from packing together tightly enough for a strong red shift.

Relative to citrate/lysine-capped particles, very similar behavior was observed for clusters
assembled with citrate-only capped gold nanoparticles and PLA-6-PEG-6-PLA upon solvent
evaporation, according to DLS, TEM, and UV-vis/NIR measurements (Fig. S5). Again,
there was a very strong correlation between cluster size and NIR absorbance. However, the
clusters did not form until ~ 85% solvent evaporation, as compared to 60% for citrate/lysine
capped gold (Fig. 7). The greater repulsion for the citrate-only-capped particles, as is evident
in the larger zeta potentials, appeared to delay cluster formation. The slightly smaller sizes
and larger SPR red-shifts of the nanocluster composed of citrate/lysine nanoparticles may be
influenced by the attractive electrostatic attraction between the positive and negative charges
on the lysine (Fig. S1)%6. These interactions may further promote polymer exclusion from
the cluster interior.

Tuning cluster size with polymer/gold ratio

To demonstrate the ability to tune the cluster size, the gold loading was lowered to 1.0 mg/
mL, compared to 3.0 mg/mL in our previous study?, and the polymer/gold ratio was varied
over a wide range for 100% solvent evaporation. Cluster sizes decreased considerably as
polymer/gold ratios were reduced from 16/1 to 1/1 (Fig. 8a), with an average diameter of
28.4 nm for the 1/1 ratio. Despite the reduction in cluster size, clusters produced at a
polymer/gold ratio between 1/1 to 16/1 still exhibited a broad and intense NIR absorbance,
similar to that shown in Fig. 3b. However, for polymer/gold ratios below 1/1, the absorbance
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did not shift significantly from that of colloidal gold (Fig. 8b). For a given polymer/gold
ratio, similar results were obtained for the cluster size and spectra for the higher gold
loading of 3.0 mg/mL, as shown in Fig. S6, although the sizes were slightly smaller for the
1.0 versus the 3.0 mg/mL loading. As an example of the extent by which the cluster sizes
could be tuned, the much smaller clusters formed with a 1/1 polymer/gold ratio at a gold
loading of 1.0 mg/mL versus a 16/1 polymer/gold ratio at a 3.0 mg/mL loading is shown in
TEM micrographs (Fig. 8c—d). Additionally, a small decrease in the absorbance spectra was
observed for clusters formed at a 40/1 polymer/gold ratio and a 3.0 mg/mL gold loading
(Fig. S6b). Here, an extremely high polymer concentration of 1200 mg/mL was generated
when the level of solvent evaporation reached 90%, resulting in excessive polymer that
likely interfered with close-spacing between the gold nanoparticles, and thus, lowered the
red shift*3. This interference was not present for lower polymer/gold ratios. Further
decreasing gold loadings as low as 0.19 mg/mL and increasing the polymer/gold ratio up to
260/1 led to the formation of increasingly larger clusters with reduced NIR absorbance
(Table S1, Fig. S7). Nanoclusters produced at a 1/1 gold/polymer ratio and a 1.0 mg/mL
gold concentration were approximately 85% gold w/w, comparable to 80% w/w gold in
nanoclusters formed with a 16/1 gold/polymer ratio and a starting gold concentration of 3.0
mg/mL, as determined by TGA.

Discussion

Interaction potential and stability ratio

The kinetic assembly of nanoparticles into clusters may be controlled by adjusting the
stability ratio for a pair of particles, which is dependent upon the total interaction potential
between particles:

Viotal=Velectrostatic T VVDW +Vsteric +Vdepletion 4)

The first two terms are described by DLVO theory, as discussed in the supplementary
section. The addition of a weakly or non-adsorbing polymer introduces attractive depletion
interactions, which arise from the exclusion of polymer from the gap region between two
particle surfaces. The depletion potential for hard sphere colloids and polymers treated as
“penetrable hard spheres” is given by®%2-6:

Vdepletion (H 4 H2 H3
%T(): — PooT §r3+2r2a —1?H - 2raH+aT+ﬁ ,0<H2r (5

where H s the distance between particle surfaces, ris the polymer radius, ais the
nanoparticle radius, and p, is the number density of polymer particles in solution. If the
polymer forms micelles, the micellar properties are used (See supplementary). The ability of
depletion forces to cause particle flocculation, and even phase separation, in colloid-polymer
mixtures is well known both experimentally and theoretically86-68, The kinetic stability
ratio, in terms of Vg, is described by®°

WzZaT ]g)(?f) [exip(%ﬂ dH ©)
%a

where v is a dimensionless variable defined as (H-2a)/a, and the ratio D,, /D(u) is the
hydrodynamic correction factor:
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Do 76u2+13u+2
D(u)  6uZ+4u

The first parts of the discussion section compare the kinetically controlled nanocluster
assembly with previous studies based on the terms for Vj,,yand the manipulation of the
particle concentrations. A quantitative expression is not presented herein for V., given
the complexity of hydration of PEG at high concentrations where gels are formed.

Cluster assembly in the absence of polymer (VDW and electrostatic forces)

In the absence of a polymer, the VDW and electrostatic terms play a primary role in cluster
formation, whereas steric and depletion interactions are small. Electrostatic repulsion of the
nanoparticles may be weakened by a change in pH or salinity to reduce the charge. For
dilute dispersions of gold coated with citrate (0.1 mg gold/mL), the growth from attractive
VDW forces may be controlled over a period of hours to form clusters >100 nm in size23: 24,
For these dilute conditions, the clusters are typically relatively low density with a low fractal
dimension. In contrast, clusters formed at high particle concentrations are more likely to be
composed of gold particles with close spacing that favors strong NIR absorbance. However,
for concentrated gold dispersions (20-50 mg/mL), it becomes difficult to balance the
electrostatic repulsion and VDW attraction to control the growth, and substantial
aggregation has been observed over a period of several minutes?®. For instance, when gold
nanoparticles are capped with lysine ligands, a change in pH simultaneously produces both
positive and negative charges (Fig. S1) that result in electrostatic attraction and irregularly
shaped aggregates up to several microns in diameter23: 25-28 Additional concepts in kinetic
assembly are needed to better control Vot and thus the particle size and gold spacing

Cluster assembly in the presence of polymer

The key challenge in this study was to control nanocluster size and gold particle spacing
within the clusters by manipulation of the particle concentration pathways and V. High
gold particle concentrations (>>0.1 mg/mL) were utilized in order to achieve sufficiently
close gold particle spacing for strong NIR absorbance. However, they can also cause
unmitigated cluster growth. This dilemma was addressed by the addition of a weakly
adsorbing polymer to manipulate the electrostatic, steric, and depletion forces. The polymer
initiates nucleation and growth, while simultaneously providing steric stabilization, but with
low final polymer loadings.? 18. 51

The initial citrate-only and citrate/lysine-capped gold nanoparticles in this study were
extremely stable, evidenced by large negative zeta potentials of —44 and -30 mV,
respectively, and a Vg 0f at least 23 kgT (Fig. 9) (See supplementary). Nanocluster
formation was initiated by raising the polymer and gold particle concentrations either by
solvent evaporation or mixing to raise the adsorption of the polymer on gold. The weakly
adsorbed polymer decreases the local dielectric constant near the charged ligands and thus
weakens the ion hydration, causing ion pairing. This decrease in particle charge is directly
evident in the decrease in the zeta potential with the addition of polymer (Table 1). The
decrease in electrostatic repulsion causes a marked decrease in the experimentally
determined W (Table 2) from ~1010 for the citrate/lysine-capped primary particles to ~10°
after the addition of polymer and 50% solvent evaporation. At this condition, the polymer
adsorption did not reduce the particle charge enough to produce clusters larger than dimers
or trimers within several hours.

At an extent of 50% solvent evaporation, the charge on an individual gold particle was
regressed from the theoretical Win Eq. 6, given the known experimental W/ described above
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(Table 2). In this regression, Vs included electrostatic, VDW, and depletions terms, as
described in the supplementary section. V- was not included in the regression because its
role during the aggregation process was assumed to be relatively small, given the much
larger magnitude of the electrostatic repulsion for the weakly adsorbed polymer. However,
the role of steric stabilization for the fully-formed nanoclusters is more significant, as the
polymer is excluded towards the outside of the clusters. All of the properties were known
except the surface potential (and thus surface charge) on a gold nanoparticle. The reduction
in the regressed surface charge of 1.6 after 50% solvent evaporation, relative to that of the
initial colloidal gold particles, was found to be comparable to the reduction in zeta potential
given in Table 1. The loss in charge is further characterized by the large decrease in Vg to
about 11 kgT (Fig. 9), which may be attributed to the significant drop in Vijecsrostatic Upon
charge reduction caused by the polymer, as Vpy/did not change. Thus, this large decrease
iN Vijectrostatic: @and consequently Vi, produced a decrease in Wat 50% solvent
evaporation of 5 orders of magnitude, relative to the initial colloidal gold particles (Fig. 10).
It was not possible to regress any changes in the particle charge with higher extents of
solvent evaporation because the dispersions were too turbid to determine W experimentally.
The regressed charge at 50% was used to calculate the Vqia and thus W for greater solvent
evaporation levels. Vi decreased as solvent evaporation increased, primarily due to a
reduction in Wjectrostatic- USing EQ. 6, the steady decrease in Vijecirostatic and thus Vigeas
with solvent evaporation (i.e. increasing particle volume fraction) was found to cause a
further decrease in W (Fig. 10). The Vijectrostatic decreases with an increase in the number
density of charged gold nanoparticles as the extent of evaporation increases. For electro-
neutrality, the resulting increase in counter-ion concentration reduces the Debye length
according to Eq. S12. However this change in Vijecrrostaric changes W by less than an order
of magnitude, significantly smaller than the changes observed with polymer induced ion
pairing. Therefore, the initial cluster growth is driven primarily by the attractive VDW
forces upon reduction of particle charge and electrostatic repulsion upon weak polymer
adsorption86. 69, As the number of closely-spaced gold particles in the cluster increases, the
number of water molecules in the coordination shells about each particle decreases, given
that the gold surface is hydrophobic. This decrease in hydration may further contribute to
ion pairing and weakened electrostatic repulsion.

The smaller clusters produced using PLA-4-PEG-b-PLA as a stabilizer versus PEG
homopolymer may be attributed to the stronger adsorption of the more hydrophobic PLA-6-
PEG-6-PLA16. 70 which produces greater charge reduction and thus more rapid nucleation.
The larger number of nuclei and greater steric stabilization for reduced growth would lead to
small clusters. Furthermore, the presence of micelles for PLA-4-PEG-5-PLA may provide
greater steric stabilization than the homopolymer in the early stages of growth. Similarly,
smaller clusters formed for the less charged citrate/lysine-capped gold versus citrate-only
capped gold (Fig. 7) may also be attributed to more rapid nucleation. In addition, the
attractive electrostatic interactions between the lysine ligands may enhance polymer
exclusion from the cluster interior.

The decrease in Vijectrostatic t0 drive cluster growth may also be achieved simply by adding
salts. However, without the steric and depletion contributions to the potential, control over
the final cluster size for high initial gold particle concentrations has not been

successful?3 24, Thus, manipulation of these additional terms with polymer concentration
and structure is important to achieve greater control over kinetic self-assembly. The
nucleation of clusters via an adsorbed polymer to reduce the surface charge and
simultaneously provide steric stabilization enables significantly improved control over
cluster growth even with the high gold particle concentrations.
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Spacing between gold particles in the nanoclusters

The final polymer weight fraction in the clusters was only on the order of 10 to 15% w/w
according to TGA, even with starting polymer/gold ratios well above unity, for example our
most common case of 16/1. The small spacing between the gold particles of only 1.80 nm®
for PLA-H-PEG-5-PLA stabilized nanoclusters is considerably smaller than the size of a
PLA-b-PEG-H-PLA polymer micelle, measured to be 10-14 nm (Fig. S8) or the Ry of the
PEG homopolymer of 6.1 nm’L. Thus, the polymers were excluded from the cluster interior.
Various properties of gold contribute to the low polymer loadings, which favor small
interparticle distances. The Hamaker constant is 60 kgT for Au versus only 0.6 kgT for the
PEG, calculated using Lifshitz theoryl2. The gold surface is not highly hydrophilic given
that polypropylene oxide adsorbs more strongly to gold than PEG?0. Thus, the gold particles
are strongly attracted to each other by VDW and hydrophobic forces. Additionally, the
polymer chains are depleted from the overlap regions in the interior of the clusters towards
the cluster exterior in order to raise their conformation entropy, as described by Eq. 5. These
depletion forces, along with the propensity for hydrophilic PEG segments to orient towards
the aqueous exterior, drive the weakly adsorbed and hence highly mobile polymer away
from the cluster interior and towards the exterior cluster interface with water and into bulk
water. This mechanism is supported by the polymer shell observed in the SEM image (Fig.
2f), as well as the low polymer loadings. Thus, the hydrophilic PEG segments of the
polymer, which are oriented preferentially towards the exterior cluster interface, extend into
the aqueous environment and provide steric stabilization. In essence, the close spacing of the
gold particles is driven by the strong VDW attraction between the gold particles and the
depletion forces which exclude the polymer.

In the case where a strongly adsorbing polymer is used to regulate cluster formation and
growth, the polymer is often retained at significantly higher levels within the final cluster
than in the present study. Prud’homme et al. have developed a “flash nanoprecipitation”
method to mix an organic dispersion of gold and an aqueous phase containing a polymeric
stabilizer. The process resulted in relatively high 35% wi/w particle loadings in clusters by
inducing high supersaturation with rapid “micro-mixing” to kinetically control nucleation
and growth®1: 52, The polymer adsorption was sufficiently strong to passivate the surface of
nucleating particles under high supersaturation conditions to produce clusters as small as 80
nm>®1, However, the resultant clusters did not exhibit a shift into the NIR. It is possible that
the interactions between the polymer and the gold were too strong to achieve close-packing
between the gold particles. In addition, the organic phase may have attracted too much
polymer to the gold.

Condensation versus coagulation

Size distribution moments calculated from DLS results (Fig. 3a) suggest that the
nanoclusters were formed more by condensation than by coagulation, yet some coagulation
was present (See supplementary, Table 3). A high yield of 95% of gold in the cluster was
observed after only 60% solvent evaporation. Here, exhaustion of primary particles slows
down nanocluster growth by condensation. The substantial growth in cluster size from 60%
to 100% solvent evaporation cannot be caused by the remaining 5% gold, since the mass of
the clusters is proportional to the diameter cubed. Thus, coagulation was the primary cause
of growth at this stage. Close inspection of the TEM images in Fig. 2 shows that the larger
nanoclusters, formed after larger extents of evaporation (i.e. greater than 60%), are more
irregular in shape relative to a spherical geometry. In fact, one may even discern that the
larger clusters are partially composed of smaller, 35-60 nm, clusters, indicating a small
degree of coagulation. By quenching the nanocluster dispersion with DI water soon after
cluster formation, after only 60% solvent evaporation, the potential for additional
coagulation was reduced, thus preserving smaller nanocluster sizes and low polydispersities.

Langmuir. Author manuscript; available in PMC 2013 November 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 13

Tuning cluster size with polymer/gold ratio

A reduction in the polymer/gold ratio from 16/1 to 1/1 resulted in a marked decrease in
cluster size from ~80 nm to ~30 nm (Fig. 8), as well as a reduction in polymer loading from
20 to 15%, as shown by TGA. This decrease is the opposite of what is expected for steric
stabilization alone, indicating other factors were operative. For lower initial polymer/gold
ratios and thus polymer concentrations, the lower adsorption onto gold produces a smaller
degree of ion pairing and thus a larger Vgjectrostatic- 1he greater repulsion will favor slower
growth as observed. Furthermore, the lower polymer concentration reduces the collision
frequency between polymer chains and gold clusters, leading to less trapping of polymer in
the clusters. Rheological factors are also present. The viscosity of PLA-6-PEG-4-PLA
solutions increases markedly with concentration in the dilute to semi-dilute transition (Fig.
S4). During gold cluster formation via solvent evaporation, the viscosity of the dispersion
will increase sooner for higher polymer/gold ratios, increasing the amount of entangled
polymer that may get trapped within the gold clusters. This behavior was observed as the
polymer/gold ratio was raised from 1/1 to 16/1, and was even more prevalent for the 40/1
polymer/gold ratio (Fig. S6). Coagulation was particularly evident at this highest ratio,
according to size distribution moment calculations (u1=1.55, p3=0.81). To examine the
effect of polymer gelation, a 50 mg/mL solution of PLA-4-PEG-5-PLA without gold
particles was dried by solvent evaporation. The precipitate was redispersed to give large
aggregates (> 500 nm) that did not break up into block copolymer micelles, indicating that
gelation was not fully reversible (Fig. S8). For the formation of gold clusters, the gelation of
the polymer may make the polymer less available for steric stabilization. Finally, the
depletion attraction forces mediate cluster growth both during condensation and coagulation.
For smaller polymer/gold ratios, the depletion attraction will decrease, which would favor
smaller clusters, as observed (Fig. 8a). As the volume of the gap region increases between
particles, the depletion attraction also increases. Thus, the depletion attraction will be larger
for two 20 nm, growing clusters than for two primary colloidal 5 nm gold particles. Thus
depletion attraction may play a larger role in the later coagulation stage than for the initial
growth of the smallest embryos.

Comparison to thermodynamic self assembly methods

The mechanism by which our nanoclusters are formed is fundamentally different from
equilibrium-based processes, in which particles are assembled into the cores of micelles or
at the interface between the core and the corona. In the case of thermodynamic self-
assembly, the polymer-gold interactions are inherently stronger and play a much more
dominant role, leading to higher polymer loadings and larger gold spacings. The loadings
into micelles are governed by entropic and enthalpic interactions between the solute and the
micelle core, as well as the interfacial free energy between the core and corona of a
micelle’2. This interfacial free energy increases as the micelle size decreases, due to larger
Laplace pressures, especially for micelles smaller than 200 nm?2. The loadings of small
molecules such as pharmaceuticals in the cores of micelles are often less than 25% by
weight’2 and typically less than 10%. The loading of a gold particle in a micelle will be even
lower because the entropic interactions will be less favorable, given the high molecular
weight of the particle. For example, loadings of only < 2% w/w of ~2.4 nm gold particles in
~20 nm polymer micelles has been observed using small angle x-ray scattering (SAXS)"3.
Thus, thermodynamic assembly methods are not likely to incorporate sufficient gold
loadings to yield a strong red-shift in the SPR for clusters, especially for sizes smaller than
50 nm. The kinetic nanocluster assembly method in the present study is not restricted by the
thermodynamic constraints of micelle encapsulation. The strong van der Waals interactions
between the gold particles were the primary driving force for cluster growth, in the presence
of the weakly adsorbing polymer. Furthermore, depletion effects promote exclusion of the
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polymer to the cluster surface. These interactions lead to much higher loadings than for
thermodynamic assembly of gold particles with micelles.

Application to biomedical imaging and therapeutics

Gold nanoparticles with intense NIR absorbance, including nanoshells33-3°, nanorods36: 37,
and nanocages38: 39, have received extensive attention as biomedical imaging and
therapeutic agents. However, while these particles are within the optimal size range of 6—
100 nm to exhibit sufficiently long blood residence times for accumulation at disease sites,
they are above the threshold size of 5.5 nm required for efficient clearance by the
kidneys’4-76. Furthermore, the metallic bonds between the gold atoms in these particles do
not biodegrade. In contrast, our gold nanoclusters, using PLA-b-PEG-b-PLA as the
stabilizer, were shown to biodegrade nearly completely in solution and in macrophage cells
back to the original 5 nm gold spheres®. The ability to further tune the size to 30 nm and to
vary composition, as demonstrated in the current study, broadens the scope of biodegradable
nanoclusters significantly.

Conclusions

A general kinetic self-assembly method has been introduced to tune the size of hybrid
polymer/gold nanoclusters, as small as 30 nm, with closely-spaced gold particles along with
unusually low polymer loadings. These properties are achieved by the combination of high
initial gold particle volume fractions and the depletion of the weakly adsorbed polymeric
stabilizer from the cluster interior. Either evaporation or mixing may be utilized to produce
high initial gold particle and polymer concentrations simultaneously to manipulate growth.
Here, the polymer adsorbs weakly on the gold and thereby reduces the electrostatic
repulsion to nucleate cluster growth. The growth is arrested by small amounts of polymer on
the exterior cluster surface, as characterized by SEM and TGA, which provide steric
stabilization and minimize coagulation. The closely-spaced particles provide intense NIR
absorbance even in clusters as small as 30 nm, a size which is of great interest for
manipulation of biological pathways and signaling at the cellular level”’. This kinetic
assembly platform may be used to tune the size, morphology, and optical properties of a
widespread variety of clusters with high metal loadings, simply by varying the particle
concentration pathways to adjust the colloidal forces. Additionally, the method has been
generalized for initial gold particles with varying surface charge. In contrast, higher polymer
loadings along with more widely spaced metal particles are often obtained in nanoclusters
formed by thermodynamic self-assembly, which requires stronger metal particle-polymer
interactions. Kinetically-controlled nanocluster assembly using physical methods offers
broad opportunities for the design of nanoclusters for sensors, optoelectronics and
biomedical applications, including multi-modal imaging/therapeutic systems, cell-specific
targeting, and biodegradable clusters for rapid clearance from the body.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic of kinetically controlled assembly process of nanocluster formation, in which
primary gold nanoparticles aggregate in the presence of a weakly adsorbing polymer, PLA-
b-PEG-b-PLA micelles, in a controlled manner to yield sub-100 nm clusters. Weak polymer

adsorption increases counter ion binding and reduces the surface charge on the gold

nanoparticles to facilitate cluster nucleation. Cluster growth is facilitated by increasing the
volume fraction of particles, @, via solvent evaporation. PEG blocks on the polymer extend
into the aqueous environment and provide steric stabilization to clusters.
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Figure2.

TEM images of nanoclusters produced after (a) 0%, (b) 50%, (c) 60%, (d) 80%, (e) 100%
solvent evaporation. (f) SEM image of nanoclusters produced after 100% solvent
evaporation. The nanoclusters were formed at an initial gold concentration of 3 mg/mL and
a PLA-b-PEG-5-PLA concentration of 50 mg/mL.
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Figure 3.

(a) Particle size measurements, by DLS, and (b) UV-vis absorbance spectra for nanoclusters
composed of citrate/lysine-capped gold nanoparticles produced after different extents of
evaporation. Nanoclusters were produced at a starting gold concentration of 3 mg/mL and
bound together with PLA-6-PEG-5-PLA at a polymer/gold ratio of 16/1.
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Figure4.

(a) Particle size measurements, by DLS, TEM images of nanoclusters after (b) 60% and (c)
100% solvent evaporation, and (d) UV-vis absorbance spectra of nanoclusters composed of
citrate/lysine-capped nanoparticles assembled using PEG homopolymer (MW=3350). The
starting gold and polymer concentrations were 3 mg/mL and 50 mg/mL, respectively.
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(a) Particle size distribution, as measured by DLS, and (b) UV-vis spectra of clusters of
citrate/lysine-capped nanoparticles made with the mixing protocol. The conditions of cluster
formation are equivalent to that for clusters formed by solvent evaporation at a starting gold
concentration of 3 mg/mL and a PLA-6-PEG-6-PLA/Au ratio of 16/1. In (b), the UV-vis
spectra are compared to that for nanoclusters produced using solvent evaporation.
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UV-vis absorbance spectra for clusters made with gold primary particles capped with
different ligands. The clusters were produced using a starting gold concentration of 3 mg/
mL and bound together using PLA-#PEG-6-PLA at a 16/1 polymer/Au ratio. The clusters
were formed under 100% solvent evaporation.
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Figure7.

Hydrodynamic diameter (D80) and absorbance values for nanoclusters composed of primary
particles capped with citrate (m) or a combination of citrate and lysine (®) ligands. The
clusters were produced using a starting gold concentration of 3 mg/mL and bound together
using PLA-56-PEG-6-PLA at a 16/1 polymer/Au ratio.
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Figure8.

(a) Particle size distribution, as measured by DLS, and (b) UV-vis absorbance spectra of
nanoclusters of citrate/lysine-capped nanoparticles produced with varying PLA-b6-PEG-4-
PLA/gold ratios at an initial gold concentration of 1 mg/mL and 100% solvent evaporation.
TEM images of nanoclusters: (c) 16/1 polymer/gold ratio and an initial gold concentration of
3 mg/mL and (d) a 1/1 polymer/gold ratio with an initial gold concentration of 1 mg/mL
after 100% solvent evaporation.
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Figure9.

Van der Waals and total interaction potentials describing the stability of citrate/lysine-
capped gold nanoparticles in the absence of PLA-6-PEG-6-PLA and after the addition of
PLA-b-PEG-6-PLA. Effects of solvent evaporation on the total interaction potentials are
shown.
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Figure 10.

Stability ratio of a system of citrate/lysine-capped gold nanoparticles in the absence and
presence of PLA-6-PEG-4-PLA determined using DLVO theory, as a function of particle
volume fraction.
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Table 1
Zeta potentials of gold primary particles and nanoclusters capped with citrate or a combination of citrate and
lysine ligands.
Ligand Zeta potential (mV)
Citrate (primary particle) -44.0+49
Citrate/lysine (primary particle) -30.1+24
PLA(2K)-#-PEG(10K)--PLA(2K) -8.0+0.2
Citrate/lysine 16/1 PLA-5-PEG-5-PLA/Au (nanocluster — 100% evaporation) -16.3+4.0
Citrate 16/1 PLA-4-PEG-5-PLA/Au (nanocluster — 100% evaporation) -13.0+3.3
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Size distribution moments and cluster yields, as determined by FAAS, for nanoclusters produced using

Table 3

Page 31

different extents of evaporation. The initial gold concentration was 3 mg/mL and the PLA-6-PEG-6-PLA /

gold ratio was 16/1.

Sample Cluster yield (%) M1 U3
Citrate/lysine-capped nanoclusters 100% evaporation 99.7 1.11 | 0.93
Citrate/lysine-capped nanoclusters 80% evaporation 96.8 1.04 | 0.97
Citrate/lysine-capped nanoclusters 60% evaporation 95.1 1.09 | 0.93
Citrate-capped nanoclusters 100% evaporation 98.5 1.01 | 0.99
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