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ABSTRACT Although sub-100 nm nanoclusters of metal nanoparticles are of interest in many

fields including biomedical imaging, sensors, and catalysis, it has been challenging to control their

morphologies and chemical properties. Herein, a new concept is presented to assemble equilibrium

Au nanoclusters of controlled size by tuning the colloidal interactions with a polymeric stabilizer,
PLA(1k)-b-PEG(10k)-b-PLA(1k). The nanoclusters form upon mixing a dispersion of ~5 nm Au
nanospheres with a polymer solution followed by partial solvent evaporation. A weakly adsorbed
polymer quenches the equilibrium nanocluster size and provides steric stabilization. Nanocluster size

is tuned from ~20 to ~40 nm by experimentally varying the final Au nanoparticle concentration and
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the polymer/Au ratio, along with the charge on the initial Au nanoparticle surface. Upon
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biodegradation of the quencher, the nanoclusters reversibly and fully dissociate to individual ~5 nm primary particles. Equilibrium cluster size is

predicted semiquantitatively with a free energy model that balances short-ranged depletion and van der Waals attractions with longer-ranged

electrostatic repulsion, as a function of the Au and polymer concentrations. The close spacings of the Au nanoparticles in the clusters produce strong NIR

extinction over a broad range of wavelengths from 650 to 900 nm, which is of practical interest in biomedical imaging.
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equilibrium assembly

etal nanoclusters composed of pri-

mary nanoparticles are of interest

in a wide array of applications
such as biomedical imaging, catalysis, sensors,
and electromagnetic imaging of subsurface
reservoirs.' ~® Structure-directing agents in-
cluding polymers, dendrimers, proteins, or DNA
are often used to template the orientation of
the primary particles within the clusters.?
Typically, the amount of inactive templating
agents in the product must be 50% or more
to direct the assembly. Recently, sub-100 nm
nanoclusters of ~5 nm Au primary charged
nanoparticles with controlled size were as-
sembled by adding small amounts of stabilizing
polymers** Additionally, the “self-limiting” as-
sembly of citrate-stabilized cadmium sele-
nide (CdSe) nanoparticles into clusters was
observed upon the addition of cadmium
perchlorate and sodium selenosulfate pre-
cursors in water, as characterized by com-
puter simulation.® Furthermore, “kinetically
trapped” clusters of controlled size comprising
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poly(ethylene glycol) (PEG)-stabilized Au
nanoparticles have been reported by balanc-
ing van der Waals attractive forces with the
steric repulsion provided by the PEG layer,
which is modulated by the addition of an
alkanethiol to the Au nanoparticle surface.’

Although aggregates of nanoparticles may
be formed by kinetic assembly, the growth
often produces large, uncontrolled micropar-
ticle aggregates and/or gels upon varying
colloidal interactions through pH, salinity,'®
and the addition of polymers to induce deple-
tion attraction.'" Given the uncertainty in
control of the cluster size morphology via
kinetic assembly, it would be desirable to
devise a fundamental strategy to tune cluster
architecture and size by equilibrium assembly.
If this equilibrium assembly were fully rever-
sible, the clusters may dissociate all the way
to monomer upon changes in the solvent
conditions.

The equilibrium assembly of nanoparti-
cles into nanoclusters has been reported in
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Figure 1. Schematic of quenched equilibrium nanocluster formation and dissociation process. A polymer solution is added to
a Au nanoparticle dispersion, and the mixture is then concentrated through partial water evaporation in order to form Au
nanoclusters. Polymer degradation upon hydrolysis results in the dissociation of nanoclusters back to primary charged Au

nanospheres.

organic solvents'?'* and more recently in aqueous en-

vironments.>'* The size of clusters of poly(methyl-
methacrylate) (PMMA) spheres (~4—10 um)'? and
Boehmite rods (~350—450 nm)'® in organic solvents
with low dielectric constants is governed by a balance
of strong, short-ranged attraction and weak, longer-
ranged electrostatic repulsion, as described with a free
energy equilibrium model." In aqueous solvents, nano-
clusters of primary protein nanocolloids were found
to be extremely small'® and short-lived'” given strong
electrostatic repulsion between primary particles.'
However, for slightly charged proteins near the iso-
electric point, large (~100 nm), long-lived equilibrium
clusters of ~10 nm protein molecules were formed.'*
Here, crowder molecules (depletants) were added to
balance short-ranged depletion attraction between
the protein particles against the long-ranged electro-
static repulsion and thereby tune the cluster size.'*'>
Upon dilution, these clusters reversibly dissociated to
stable protein monomers.

To date, it is unknown whether equilibrium nano-
clusters may be assembled from inorganic nanoparticles
in aqueous media and whether they would reversibly
dissociate back to individual nanoparticles. Partially dis-
sociable Au nanoclusters, with sizes <100 nm in diameter,
were formed by mixing Au nanoparticle dispersions with
small amounts (~20%) of solid polylactic acid (PLA) and
PEG copolymer, PLA(1k)-b-PEG(10k)-b-PLA(1k). The shift
in the surface plasmon resonance (SPR) to the near-
infrared (NIR) indicated very close spacings between
the Au nanoparticles, consistent with the low polymer
loadings.*> The cluster formation was attributed to ki-
netic assembly upon screening the electrostatic repulsion
between the primary particles by the weakly adsorbed
polymer. Upon biodegradation of the polymer, the clus-
ters underwent significant, but not full, dissociation into
~5.5 nm Au primary particles, according to the measured
change in the SPR.

Herein, we demonstrate the assembly of Au nano-
clusters with tunable equilibrium sizes from ~20 to
~40 nm, whereby the equilibrium state is quenched
by weak adsorption of a triblock copolymer, PLA(1k)-
b-PEG(10k)-b-PLA(1k) stabilizer on the nanocluster
surface. Furthermore, the nanoclusters reversibly dis-
sociate completely to ~5 nm Au nanospheres upon
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biodegradation of the polymeric quencher, as shown
in Figure 1. The magnitude of the charge of the mixed
ligand monolayer on the Au surfaces was designed to
be small enough to enable formation of nanoclusters in
the presence of the copolymer, yet sufficiently large for
nanocluster dissociation upon dilution after polymer
biodegradation. The polymer is shown to induce de-
pletion attraction between the Au spheres to supple-
ment van der Waals attraction to drive assembly of the
charged Au nanoparticles into nanoclusters. The equi-
librium cluster size is predicted semiquantitatively
with a free energy model that balances short-ranged
attraction with long-ranged electrostatic repulsion, as
a function of the experimentally measured charges on
both the primary Au particles and the nanoclusters.
Remarkably, the same model describes both Au and
protein'® nanoclusters. The cluster size is tuned with
the Au and polymer concentrations in a new process
that utilized well-controlled mixing and partial solvent
evaporation, as shown in Figure 1. Additionally, polymer
adsorption to the Au nanocluster surface quenches the
nanoclusters such that their size does not change upon
dilution in deionized water. The close spacings of the
Au nanoparticles in the clusters produce strong NIR
extinction over a broad range in wavelength from 650
to 900 nm. This wavelength range, where blood is
weakly absorbing,'® is of interest in biomedical ima-
ging including photoacoustic imaging,'®™%' photo-
thermal therapy,®>*> and combined imaging and
therapy.?*~%° Furthermore, the nanoclusters are shown
to dissociate completely to 55 nm Au nanoparticles,
which would be small enough for kidney clearance.?”

RESULTS

Place Exchange of Citrate Ligands with Lysine To Design the
Surface Charge. The properties of primary Au nano-
spheres before and after lysine ligand exchange are
given in Table 1. The hydrodynamic diameter (Dy) of
nanospheres before ligand exchange was 4.3 £ 0.7 nm
(Table 1 and Figure S1a in the Supporting Information),
and the extinction at 800 nm, with a Au concentration
of 90 ug/mL, was 0.04. As a result, the extinction
coefficient at 800 nm (gg00) Was 0.44 cm?/ng. (Table 1
and Figure S1b). The & potential was —58.4 £+ 53 mV
(Table 1). The ligand coverage was determined to be
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4% w/w by thermogravimetric analysis (TGA) (Table 1),
which is similar to the theoretical weight percent of a
citrate monolayer on a 4 nm Au nanoparticle (see Sup-
porting Information). The concentration of the citrate-
capped Au particle dispersion was determined to be
3.0 £ 0.1 mg Au/mL by flame atomic absorption
spectroscopy (FAAS).

After place exchange, the Dy of the lysine/citrate-
capped Au nanoparticles was 4.7 & 0.8 nm (Table 1 and
Figure S1a), relatively close to the initial value, indicat-
ing that the nanospheres did not aggregate. In addi-
tion, the extinction was 0.06 at 800 nm, and the &g
value was similar to that of citrate-capped nanospheres
at 0.67 cm?/ng (Table 1 and Figure S1b). The slight red
shift of the peak of the extinction spectra on lysine/
citrate nanospheres from 512 to 520 nm (Figure S1b)
may be attributed to the change in surface properties
and thus local dielectric constants of the nanoparticles
upon lysine displacement of citrate.”® After place ex-
change, the magnitude of the { potential dropped
significantly to —16.0 & 6.6 mV (Table 1), indicating a
substantial degree of replacement of negatively
charged citrate ligands with positively charged lysine.
The ligand weight percentage did not increase from
4% w/w, as may be expected given the similar molec-
ular weights of lysine and citrate of 146 and 192 g/mol,
respectively. The XPS spectrum revealed characteristic
peaks at ~532 eV for O 1s, ~400 eV for N 1s, ~285 eV
for C 1s,and peaks at 88 and 84 eV for Au 4f (Figure S2a).
The atomic ratio of nitrogen to oxygen was determined
by integration of the O 1s peak (Figure S2b) and the N 1s
peak (Figure S2c). Integration of the N 1s peak yielded a
peak area of 2387, while integration of the O 1s peak

TABLE 1. Properties of Nanospheres before and after
Place Exchange

€800 G potential  ligand % by lysine/citrate

sample Dy (nm)  (cm?*/ng) (mV) weight (TGA) ratio (XPS)
citrate 43+07 044 —584+£53 4 n/a
ctrate/lysine 47 =08 067 —16.0 + 6.6 4 1.4

(a) b

yielded an area of 8574. On the basis of these peak
integrations, the nitrogen/oxygen atomic ratio was 0.28.
From this value, the lysine/citrate ratio was calculated to
be 1.4 (Table 1), as discussed in Supporting Information.

The reduction in nanosphere surface charge after
ligand exchange can be correlated to the XPS results of
the composition of the mixed surface layer. TGA results
on citrate-capped nanospheres (Table 1) indicate that
approximately 196 citrate ligands are present per
particles (Supporting Information), which corresponds
to 196 x 3 = 588 negative charges. Ligand exchange
with lysine replaces 3 negative charges with 1 positive
charge, such that the 114 lysine ligands and 82 citrate
ligands are present after ligand exchange (Supporting
Information), which corresponds to an equivalent of
(82 x 3) — (114 x 1) = 132 negative charges. Thus, the
surface charge magnitude after ligand exchange
would be expected to be 132/588 = 22% of the original
surface charge, which is in good agreement with the ¢
potential values, which dropped to 28% of its original
value after lysine ligand exchange. While the actual
number of negative charges on the surface cannot
be directly captured by ¢ potential measurements,
the amount of relative charge can be compared, as is
done here.

Nanocluster Formation by Equilibrium Assembly of the
Primary Au Nanoparticles. After ligand exchange, citrate/
lysine-capped primary nanoparticles were assembled
into nanoclusters, as shown schematically in Figure 1.
The morphologies of equilibrium nanoclusters formed
via the pathways depicted in Figure 1 are shown in
Figure 2, based on transmission electron microscopy
(TEM), for the Au and polymer concentrations given in
Table 2. Images of several 20—4.0 and 20—0.9 particles
are shown in Figure S5. These images show densely
packed primary Au nanoparticles within each nano-
cluster. Due to this dense Au packing and the polymer,
it can be difficult to discern the boundaries of indivi-
dual nanospheres. These nanoclusters were purified by
centrifugation and redispersed in DI water. Centrifuga-
tion removed unclustered primary nanospheres, ex-
cess polymer and ligands, and smaller and/or less closely

Figure 2. Representative TEM images of nanoclusters formed with a final Au concentration of (a) 0.9 mg/mL (20—0.9), (b) 1.7
mg/mL (20—1.7), and (c) 4.0 mg/mL (20—4.0). All samples had a final polymer/Au ratio of 20/1.
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TABLE 2. Properties of Nanoclusters®

sample final Au concn (mg/mL)  final polymer concn (mg/mL) Dy (nm)

20—-0.9 0.9 18 214+ 44
20—-1.7 1.7 34 294 £+ 32
20—4.0 4.0 80 40.1 + 43
10—1.7 1.7 17 240 £ 5.6
50—1.7 1.7 85 384+73

TEM diameter (nm) &g (cmzlng) ¢ potential (mV)  Au yield by mass (%)

240 £ 6.2 10.6 —123+11 17+6

311 £ 69 n7s —16.4 £ 36 3NNE12
4.7 +94 129 —132+£06 6115
210 £ 43 1.2 —16.7 £ 36 26+ 13
363 £ 5.6 13.0 —125+12 57 £18

“The final Au and polymer concentrations are after solvent evaporation but prior to dilution to harvest the nanoclusters. Sample names contain two numbers separated by a

dash: final polymer/Au mass ratio and final Au concentration in mg/mL.
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Figure 3. (a) DLS Dy distributions and (b) UV—vis—NIR
extinction spectra of nanoclusters formed with 0.9 mg/mL
(20—0.9), 1.7 mg/mL (20—1.7), and 4 mg/mL (20—4.0) final
Au concentrations. UV—vis—NIR spectra were taken at a Au
concentration of ~90 «g/mL. All samples had a polymer/Au
ratio of 20/1.

packed nanoclusters, yielding a substantial population of
densely packed nanoclusters (as seen by TEM). Nanoclus-
ter yields increased with Au concentration and polymer/
Au ratio, reaching 61%, as both of these factors will be
shown to drive equilibrium nanocluster formation.

The effects of increasing final Au concentration on
the Au nanocluster hydrodynamic diameter and opti-
cal properties are shown in Figure 3 and Table 2. In the
first set of experiments, the polymer/Au ratio was fixed
at 20/1. As the final Au concentration is increased from
0.9 to 1.7 mg/mL, the nanocluster Dy increased from
214+ 4410294 £ 3.2 nm (Figure 3a and Table 2). The
Dy increased to 40.1 + 4.3 nm (Figure 3a and Table 2) as
the final Au concentration was increased from 1.7 to
4.0 mg/mL. Secondary populations of large aggregates
were not observed in either volume-weighted Dy dis-
tributions or intensity-weighted Dy, distributions, which
are more sensitive to large aggregates (Figure S8a).
Nanocluster Dy distributions were highly reproducible,
as shown for 20—0.9 and 20—4.0 particles in Figure S10.
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Furthermore, analysis of TEM images of the nanoclusters
(at least 20 clusters in several images analyzed) indi-
cated reasonable agreement between the measured Dy
and the nanocluster size measured with TEM (Table 2).
For TEM analysis, it is somewhat challenging to discern
the boundaries between individual nanoclusters at
high surface coverages in the images, relative to simpler
geometries such as spheres or rods.*® Thus, we inten-
tionally used low surface coverage on the grids and
acquired multiple images of nanoclusters to conduct a
sizing analysis. Histograms which present a detailed
analysis of the TEM images for 20—0.9, 20—1.7, and
20—4.0 particles are shown in Figure S6. An increase in
the final Au concentration from 0.9 to 1.7 mg/mL also
increased the extinction at 800 nm from 0.95 to 1.05,
thus increasing the extinction coefficient eggo from 10.6
to 11.7 cm?/ng (Figure 3b and Table 2). Further increase
of the final Au concentration from 1.7 to 4.0 mg/mL
increased the nanocluster extinction at 800 nm and
€500 t0 1.16 and 12.9 cm?/ng (Figure 3b and Table 2),
respectively. The nanocluster ¢ potential increased in
magnitude slightly from —123 £+ 1.1 mV for 20—0.9
particles to —16.4 & 3.6 mV for 20— 1.7 particles (Table 2).
For 20—4.0 particles, the nanocluster { potential de-
creased very slightly in magnitude to —13.2 £+ 0.6 mV
(Table 2).

For a final Au concentration of 1.7 mg/mL, the
morphologies from TEM with increasing polymer/Au
concentration for samples 10—1.7,20—1.7,and 50—1.7
particles are shown in Figure 4. In each case, densely
packed Au nanoclusters are observed. The Au yields for
10—1.7,20—1.7,and 50—1.7 particles were 26 + 13,31 £
12, and 57 £ 18% by mass of Au, respectively, indicating
that the increase in polymer concentration facilitated
nanocluster formation.

The effects of polymer/Au ratio on nanocluster size
and extinction are shown in Figure 5 and Table 2. As the
polymer/Au ratio is increased from 10/1 to 20/1, the
nanocluster Dy increases modestly from 24.0 &+ 5.6 to
29.4 £ 3.2 nm (Figure 5a and Table 2), and increasing
the polymer/Au ratio further to 50/1 increased the Dy
to 38.4 £ 7.3 nm (Figure 5a and Table 2). Size analysis of
TEM images of 10—1.7 and 50—1.7 particles (at least 20
particles in several images analyzed) revealed agree-
ment between Dy, distributions measured by dynamic
light scattering (DLS) and the size measured by TEM
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(c)
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Figure 4. Representative TEM images of nanoclusters formed with a final Au concentration of 1.7 mg/mL and polymer/Au
ratio of (a) 10/1 (10—1.7), (b) 20/1 (20—1.7), and (c) 50/1 (50—1.7).
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Figure 5. (a) DLS Dy distributions and (b) UV—vis—NIR extinc-
tion spectra of nanoclusters formed with polymer/Au ratios of
10/1 (10—1.7), 20/1 (20—1.7), and 50/1 (50—1.7). UV—vis—NIR
spectra were taken at a Au concentration of ~90 ug/mL. All
samples had final Au concentrations of 1.7 mg/mL.

analysis (Table 2). TEM histograms for 10—1.7 and 50—
1.7 particles are shown in Figure S7. NIR extinction in-
creased with nanocluster Dy, as the extinction at 800 nm
increased slightly from 1.01 to 1.05 as polymer/Au ratio
was increased from 10/1 to 20/1 (Figure 5b). As a resullt,
the &g increased from 11.2 to 11.7 cm?/ng (Figure 5b
and Table 2). A further increase in polymer/Au ratio to
50/1 increased the extinction at 800 nm to 1.17 (Figure 5b)
and increased egq0 to 13.0 cm?/ng (Figure 5b and Table 2).
The nanocluster ¢ potential did not change significantly as
the polymer/Au ratio was increased from 10/1 to 20/1,
while the ¢ potential decreased slightly in magnitude
to —12.5 £ 1.2 mV for a polymer/Au ratio of 50/1
(Table 2). Large aggregates were not observed in any of
these nanocluster samples, even in intensity-weighted
Dy, distributions (Figure S8). TGA was conducted on
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20-0.9, 20—1.7, and 20—4.0 particles. The organic
content in the nanoclusters remained fairly constant
(Table S1) for 20—0.9 and 20—1.7 particles, but a de-
crease in organic content from 50 to 31.8% w/w was
observed as the nanocluster size increased.

In order to provide further evidence for equilibrium
formation of nanoclusters, a control experiment was
performed, in which 20—0.9 particles were synthesized
with solvent evaporation over approximately 4.5 h,
in contrast to only ~40 min for particles shown in
Figures 3 and 4. Here, the extinction spectrum and Dy
did not change with evaporation rate (Figure S9), sup-
porting the concept of equilibrium rather than kineti-
cally controlled assembly.

Nanocluster Dissociation. Dissociation of 20—4.0 parti-
cles was monitored over 48 h in pH 5 HCl by DLS and
UV—vis—NIR spectroscopy. As the incubation time
increased from 6 to 48 h, the Dy decreased mono-
tonically from 40.1 + 4.3 t0 5.0 £ 4.3 nm (Figure 6a and
Table 3), and the extinction at 800 nm (for a Au
concentration of 160 «g/mL) decreased from 1.85 to
1.00. As a result, £g50 decreased from 12.9 to 6.3 cm?/ng
(Figure 6b and Table 3). After 48 h in pH 5 HCl, 20—4.0
nanoclusters dissociated nearly completely to mono-
mer. The high standard deviation of the Dy, distribution
of dissociated nanoclusters indicates very small oligo-
mers are still present, which is supported by the small
(~3% by volume) peak in the size distribution centered
around 20 nm as well as the difference between the
dissociated nanocluster egoo and the primary particle
£g00 Value of 0.67 cm?/ng (Table 1). These differences
are attributed to dimers, trimers, and undissociated
nanoclusters that might still be present in solution and
which contribute to the NIR extinction and scattering
for DLS.? The variation of the natural logarithm of the
number of particles per nanocluster versus time is
shown in Figure 6¢. The number of particles in a cluster
n. is determined by eq S6 in Supporting Information.
The plot is quite linear with an R? value of ~0.98
(Figure 6c), indicating approximately first-order ki-
netics. The dissociation of 20—4.0 particles was also
highly reproducible for two separate samples, as
shown in the kinetics plots in Figure S11. TEM analysis
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Figure 6. (a) DLS Dy distributions, (b) UV—vis—NIR extinc-
tion spectra, and (c) kinetics of dissociation of nanoclusters
with a polymer/Au ratio of 20/1 and Au concentration of
4.0 mg/mL (20—4.0 particles) at various times after being
exposed to a pH 5 HCl environment. UV—vis—NIR spectra
were taken at a Au concentration of ~160 ug/mL. Error bars
in (c) correspond to the calculated standard deviation taken
from Dy, distributions measured by DLS.

TABLE 3. DLS Sizes and Extinction Coefficients of Nano-
clusters at Various Dissociation Time Points

incubation time (h) Dy (nm) £g00 (cm?/ng)
0 40.1 + 43 129
6 252+ 3.6 84
12 27 +26 74
24 16.1 + 1.6 6.4
48 50443 6.3

of dissociated 20—4.0 particles after 48 h incubation in
pH 5 HCl showed similar results as those given by DLS,
as the image showed small primary ~5 nm Au nano-
spheres (Figure S12a).

The nanocluster dissociation was further investi-
gated by also placing 20—1.7 particles into pH 5 HCI.
Interestingly, after only 24 h of exposure to HCl, the Dy
of 20—1.7 particles decreased all the way from 30.0 &
3.3 t0 4.0 £ 3.1 nm (Figure 7a), and the extinction at
800 nm (for a Au concentration of 60 xg/mL) dropped
from 0.71 to 0.06 (Figure 7b). As a result, the &gq
dropped from 11.8 to 1.0 cm?/ng, which is reasonably
close to the primary particle egq0 value of 0.67 cmz/ng

MURTHY ET AL.
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Figure 7. (a) DLS Dy distributions and (b) UV—vis—NIR
extinction spectra for nanoclusters with a polymer/Au ratio
of 20/1 and a final Au concentration of 1.7 mg/mL (20—1.7
particles) before and after being exposed to a pH 5 HCI
environment for 24 h. Dy distributions and UV—vis—NIR
spectra of lysine/citrate-capped nanospheres are also in-
cluded for reference. UV—vis—NIR spectra were taken at a
Au concentration of ~60 ug/mL.

(Table 1). Here, only 0.4% of the particles by volume
show a Dy above 5.5 nm, thus leading to the lower
standard deviation in the DLS distribution as well as the
lower egq relative to dissociated 20—4.0 particles. TEM
analysis of dissociated 20— 1.7 particles after 24 h in pH
5 HCl showed ~5 nm primary Au nanospheres, as
shown in Figure S12b.

DISCUSSION

Equilibrium Cluster Size Model. The equilibrium formation
of nanoclusters of primary nanoparticles may be shown
to be governed by a balance of short-ranged attractive
forces with longer-ranged electrostatic repulsion®*°
as described with a free energy model.'>'*7'3" An
equilibrium nanocluster with a diameter D is depicted
in Figure 8, along with primary nanoparticles with
charge of magnitude g. A fraction of the counterions
within the nanocluster dissociate and leave the cluster.
As the total nanocluster charge grows with added
monomer, eventually, the cluster reaches an equilibri-
um size when the electric field from the nanocluster
repels addition of further monomer. Here, short-ranged
attractive forces between individual nanoparticle
monomers which favor cluster growth are mediated
by longer-ranged electrostatic repulsion at the monomer-
cluster levels.

The free energy model describes the assembly of n.
primary particles into a cluster of radius R.."*'> Here,
the magnitude of attractive interaction between two
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Figure 8. Equilibrium nanocluster with diameter D. com-
posed of primary particles (of diameter D) each with ion pairs
and a negative charge of magnitude g. The highly charged
monomer coated with ligands (negligible ion pairing) on the
top left is repelled by the charged nanocluster (Vgjectrostatic)-
Bound and free counterions are represented by red dots.

primary particles with C nearest neighbors is repre-
sented by a. The surface energy of the cluster is 47R.%y,
where the surface tension y is approximated as a/47R?,
where R is the radius of the primary particle. The attrac-
tive component of the free energy is then

C R\?
FA _ _Gznc+a(_c) (—I)

The repulsive component to cluster free energy is
approximated by the expression for a uniform distribu-
tion of point charges within a sphere

_ 3lpksTnlq?

F
R 5R.

(2

where 4, is the Bjerrum length

e2

Ay = ——
® ~ AxeeoksT

(3)
Here, e is the elementary unit of charge, ¢, is the
dielectric constant within the nanocluster, and ¢, is
the relative permittivity of free space.

The minimization of the free energy with respect to
the cluster radius R. yields the following expression for
equilibrium cluster size:

_ 5aR
T 6ApksTq?

* (4)
where n* is the equilibrium number of monomers per
cluster. From eq 4, the cluster size increases with the
magnitude of attraction a between primary particles
and decreases with the magnitude of charge g. More
recently, this theory was extended to include the effect
of the fractal dimension of the cluster and was shown
to capture the trends in the size of protein nanoclus-
ters, by fitting ¢, and the number of dissociable ion sites
per primary particle, os (Supporting Information), as
adjustable parameters.'
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The experimentally observed correlation between
polymer concentration and nanocluster size led us to
postulate that polymer-induced depletion attraction
plays an important role in nanocluster formation. Upon
addition of the weakly adsorbing triblock copolymer,
an osmotic pressure gradient is produced from the
exclusion of the polymer from the gap between Au
particles. This pressure gradient creates an attractive
force (“depletion attraction”) between the Au nano-
particles. Depletion interactions, which have been
carefully characterized in other related systems (see,
e.g., Edwards and Bevan,*? Piech and Walz**® and
Kulkarni et al.>%), are strongly dependent on polymer
concentration and the distance between Au particles.>®
We estimate the depletion potential using the Asakura—
Oosawa potential,>**3” which can be written as>®

Vao _ (Ro) (%) (Ra _HY*(3, R H
kT R c*J\R 2R/ \2 R 4R
(5)

where Ry is the radius of gyration of the polymer
depletant, ¢, is the polymer concentration, and c* is
the overlap concentration where polymer chains begin
to overlap, which is defined as**

3M

* — 6
47[R3Nav ©

where M is the molecular weight of the polymer and N,
is Avogadro's number. Here, we assume that the poly-
mer micelles may be approximated by a PEG chain with
a hydrodynamic radius (Ry,) equivalent to the radius of
the micelle, which was measured to be 7 nm.> This
assumption is reasonable since the triblock copolymer
is mostly composed of PEG. The calculation of the
molecular weight of the micelle from the hydrodynamic
diameter is given in Supporting Information.

Equilibrium Assembly of Au Nanoclusters. The assembly
of ~5 nm Au nanoparticles into nanoclusters will now
be described in terms of the colloidal forces shown
schematically in Figure 8. The magnitude of the charge
on primary particles was initially reduced by replacing
some of the citrate ligands (charge of —3) with cationic
lysine ligands (charge of +1) to create a mixed charge
monolayer.3® The resulting reduction in the ¢ potential
magnitude from —58 to —16 mV will be shown to favor
nanocluster formation below.

Equilibrium nanocluster diameters (D) predicted
by the free energy model are shown to increase over a
selected range of 20—40 nm with increasing ca, and/or
¢p in Figure 9.'*"® The theoretical model, despite its
simplicity, semiquantitatively predicts the experimental
data. The parameters in the model, shown in Table S2,
are discussed in detail in the Supporting Information.
The total number of charges on the primary nanoparticles
in water, 2.78, was determined from ¢ potential measure-
ments on lysine/citrate-capped primary particles (Table 1)
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Figure 9. Cluster size contours for various values of poly-
mer and Au concentration, based on the equilibrium free
energy model discussed in the text. Hydrodynamic diam-
eters (DLS) shown by points are in reasonable agreement
with the model.

using eq S6. The charge on a Au nanoparticle within
the nanoclusters g was determined by calculating the
total number of charges per nanocluster from the mea-
sured ¢ potentials using eq S6, as shown in Supporting
Information, and the number of nanoparticles in a
cluster from eq S7. We chose a local dielectric constant
in the dense nanoclusters of 25, approximately captur-
ing the expected loss with respect to bulk water, as
described further in Supporting Information. This value
is the only adjustable parameter in the model. The
interparticle distance in the model was assumed to be
1 nm, which is reasonable because of the high NIR
extinction and dense morphologies observed within
the nanoclusters. Additionally, the equilibrium model
is not very sensitive to interparticle distance, as further
discussed in Supporting Information.

The rate of depletion-attraction-induced cluster as-
sembly is assumed to be much faster than the rate of
polymer adsorption on Au. This is a reasonable as-
sumption given the very low affinity of the dominant
PEG block for Au. While depletion attraction is the first
effect of the polymer during nanocluster formation,
the slower polymer adsorption quenches the final
nanocluster size. Thus, we treat the nanocluster forma-
tion process, prior to polymer adsorption, as a pseudo-
equilibrium process.

As the polymer concentration ¢, increases, depletion
attraction raises the overall attraction a in eq 4, con-
sequently increasing the nanocluster size. This trend is
shown in Table 2 and Figure 9 for a final Au concentration
of 1.7 mg/mL. Note that the theory mildly underpredicts
Dy, for the highest polymer concentration (50—1.7). As the
number of monomers in the cluster increases, the charge
per cluster determined from the & potential increases.
This experimental charge in the nanocluster, relative to
the total charge expected based on the initial charge on
each primary particle, was only 11.0% for the 10—1.7
cluster, indicating significant ion pairing. Furthermore,
this ratio decreased monotonically from 11.0 to 4.3%
(Table 4) as the cluster size increased with ¢,. Additionally,
an increase in final ca, leads to a decrease in the charge
per particle g since fewer counterions are required to
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TABLE 4. { Potentials and Charges Per Cluster (Exper-
imental, Based on { Potential and Aggregation Number)
Compared with Calculated Charge if All Monomers
Stayed Fully Charged upon Cluster Formation

¢ potential negative charges  negative charges % charge
sample (mV) per dluster per cluster calcd retained
20-09 —1234+11 15.1 157 10.0
20—-17 —164 136 33.0 407 8.1
20—40 —132406 44.2 1033 43
10-17 =167 £36 244 221 1.0
50—-17 —1254+12 388 907 43
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Figure 10. Schematic of equilibrium nanocluster formation
process followed by polymer quenching. Curves of constant
cluster diameter (D.) as a function of polymer and Au
concentrations are shown as countours predicted from
the equilibrium free energy model discussed in the text
and parameters in Table S2. Open symbols represent con-
centrations upon mixing of polymer and Au nanoparticle
solutions, and filled symbols represent Au and polymer
concentrations after evaporation of 50% of the solvent.
Solid lines represent the evaporation process, and dashed
lines represent the dilution of the quenched clusters, during
which nanocluster size is constant (i.e., quenched due to
polymer adsorption). Process lines are presented for 20—4.0
(triangles) and 10—1.7 particles (squares).

dissociate per volume to provide the same entropic
gain, as shown in eq S11. As the charge decreases, the
equilibrium nanocluster size increases, according to
eq 4. Thus, as the final ca, is increased, D, increases.

The combined effect of increased depletion attrac-
tion and reduction in charge is seen experimentally
through the variance in final Au concentration while
maintaining a constant polymer/Au ratio. As ca, is in-
creased from 0.9 mg/mL (20—0.9 particles) to 4.0 mg/mL
(20—4.0 particles), the enhanced depletion attraction as
well as the reduced Coulombic repulsion increases the D,
of the cluster. The decrease in g is shown in Table 4, as the
charge retained in a nanocluster decreases monotonically
from 10.0 to 4.3% (Table 4), due to entropic effects. Thus,
the experimental nanocluster sizes are predicted semi-
quantitatively by the theoretical model.

Nanocluster formation pathways are illustrated
schematically in Figure 10. Here, open symbols repre-
sent the Au and polymer concentrations resulting from
the mixing of polymer and Au nanoparticle solutions.
Evaporation of water from these mixed solutions is
shown by the solid lines with arrows, resulting in the
final Au and ¢, represented by the solid symbols
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(Figure 10). During solvent evaporation, the increase in
Cp increases the magnitude of polymer-induced deple-
tion attraction between particles, as is shown by eq 5.
In addition, the increase in cp, decreases the charge, as
shown in eq S11. Both of these factors increase the
cluster size.

Quenching of Nanodluster Size. After assembly of the Au
nanospheres into nanoclusters, this quasi-equilibrium
state is quenched by irreversible polymer adsorption.
The hydrophobic nature of the PLA groups in the PLA-
PEG-PLA triblock copolymer drives the polymer ad-
sorption on the hydrophobic Au surface.3® The rate of
this polymer adsorption, however, is expected to be
much slower than the rate of depletion-attraction-
induced equilibrium particle assembly. The weak driv-
ing force for adsorption reflects the large amount of
hydrophilic PEG in the polymer which interacts only
weakly with the hydrophobic Au surface. If polymer
adsorbed on individual Au spheres, which then formed
clusters, the Au primary particle spacings would be
too large for the intense NIR extinction observed in
Figures 3b and 5b. Instead, the slow kinetics of polymer
adsorption relative to rapid nanocluster formation led
to very closely spaced Au particles. Additionally, the
adsorbed polymer provided steric stabilization on the
nanoclusters' surface. To harvest the nanoclusters, they
were rapidly diluted in deionized water, as shown by
the dashed lines in Figure 10. Here, the cluster size did
not change. The high degree of dilution would lead
to Au monomer particles according the equilibrium
model (Figure 10). Instead, the irreversible polymer
adsorption on the nanocluster surface maintained a
“quenched” equilibrium cluster size. Furthermore, at-
traction between the highly ion paired Au primary
particles within the cluster with low charge prevented
nanocluster dissociation. The polymer played a multi-
functional role in (1) driving the depletion attraction to
assemble the primary Au particles into clusters, (2)
providing steric stabilization of the clusters, and (3)
quenching the nanoclusters with an equilibrium size.
The clusters were fairly dilute and colloidally stable
over weeks, so we did not calculate the interaction
potential between the clusters.

The concept of quenched equilibrium Au nanoclus-
ters presented in this work is substantially different
from our previous Au nanocluster studies, which at-
tributed nanocluster formation to a kinetic assembly
mechanism.” In our previous work, a kinetic stability
ratio was estimated based on the time required for a
qualitative color change in the nanocluster dispersion
by eye during formation.®> This approach was not
applicable to nanoclusters smaller than 50 nm, where
the color change was very rapid and heavily depen-
dent upon the evaporation rate of the solvent. The
previous work did not recognize the depletion force
was sufficiently strong to produce equilibrium assem-
bly (given the micelle concentration was unknown),
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and thus equilibrium assembly was not thought to be
present.’ Furthermore, the composition of the ligands
on the surface was not measured, and the charge on
the Au surface was not well-characterized, which lim-
ited the analysis of the formation mechanism.*> In
most cases, all of the water was evaporated to form Au-
polymer films which were later diluted to harvest the
clusters. This two-step approach may involve complex
cluster formation mechanisms. As a result, the present
study represents a major and novel advance over
previous work by demonstrating equilibrium nano-
cluster assembly and control over nanocluster size.

In an insightful related study, “self-limiting” clusters
of CdSe primary particles have been observed in water,
where cluster growth stopped upon reaching a bal-
ance between charge in the cluster and van der Waals
attraction between particles.® Both nanocluster size
and ¢ potential measurements showed cluster growth
followed by a plateau as the self-limited cluster state was
reached.® Building upon this self-limiting nanocluster
concept, a novel aspect of the present work is that de-
gradation of the polymer quencher allows for reversible
cluster dissociation to recover ~5 nm monomers, which is
critical for effective renal clearance. Moreover, the present
study demonstrates the ability to tune nanocluster size by
balancing effective colloidal interactions as well as the
ability to semiquantitatively predict this cluster size.

In the current study, we chose to form nanoclusters
at a desired evaporation extent of only 50% and from
primary Au nanospheres with a § potential of only —16 mV.
If the  potential of the primary nanospheres were
more negative, electrostatic repulsion would be too
dominant, and the size would be too small, as shown in
eq 4. For example, for highly charged Au particles with
only citrate ligands, the required evaporation extent
was 85% to form nanoclusters, as would be evident in
Figure 10. However, at such high evaporation amounts,
the particles form a viscous gel and it may become
difficult to redisperse the clusters with the desired size
and with low polydispersity.

For particular experimental pathways, other than
those in Table 1 and Figure 10, we observed kinetic
traps that prevented attainment of the sizes predicted
by the equilibrium model. For example, adding poly-
mer solution in one step, instead of iteratively, to the
Au solution led to large nanoclusters with weak NIR
extinction. Immediately after mixing the Au dispersion
with the polymer solution, we observed a large in-
crease in viscosity, which may have limited access to
equilibrium configurations, leading to relatively large
~120 nm aggregates with weak NIR extinction (Figure
S4). In addition, initial Au concentrations in excess of 6
mg/mL led to irreversible aggregation of nanoparticles
even without adding any polymer, indicating insuffi-
cient electrostatic stabilization.

These quenched equilibrium Au nanoclusters are
quite different from other clusters which are affected
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by dilution, such as protein nanoclusters'* as well as
clusters of cerium oxide*® and iron oxide*' nanoparti-
cles and oppositely charged diblock polymers. The size
of kinetically “frozen” clusters of cerium oxide, from
100 to 500 nm in diameter, has been shown to change
with dilution rate, with smaller clusters formed at faster
dilution rates.*° Equilibrium Au nanoclusters, if quenched
by irreversible polymer adsorption, in contrast, do not
change size after dilution.

Nanocluster Dissociation. For a Au dispersion without
polymer present, depletion attraction between Au
nanoparticles is not present and the equilibrium state
was found to be individual charged primary particles
(Figure 10). For polymer-coated Au nanoclusters, dis-
sociation was initiated by exposure to a pH 5 HCI
environment, which accelerates the degradation rate
of the PLA segments, relative to pH 7.2 As the poly-
meric quencher was gradually removed upon hydrolysis,
the cluster size decreased continuously as charged Au
primary particles left the nanocluster surface. After 48 h,
enough polymer had degraded for the 20—4.0 nanoclus-
ters to dissociate almost completely to monomer.

The plot of In(n.) versus time shown in Figure 6¢
indicates approximately first-order kinetics, as demon-
strated in eq 6:

E = _knc (6)
Here, n. is the number of particles in a cluster, given by
eq S7,and kis the first-order rate constant. The linear fit
to the data shown in Figure 6c reveals a k of ~0.12 h™".

The dissociation of the smaller 20—1.7 nanoclusters
was faster and more complete (Figure 7) relative to the
larger 20—4.0 ones. For the smaller nanocluter size, less
time is needed to degrade the smaller amount of poly-
meric quencher, for a fixed polymer/Au ratio. Addition-
ally, there are fewer chances for dissociating nanoclus-
ters to become trapped in metastable irreversible
states involving even a small number dimers, trimers,
and higher-order assemblies. The NIR extinction is sig-
nificant for dimers and trimers at close spacing,® as
seen in Figure 6 with 20—4.0 particles. The complete
dissociation to charged Au monomer nanospheres
supports the quenched equilibrium concept, whereby
the polymer no longer influences the Au particle size
after it is degraded. After PLA hydrolysis, the PEG central
block did not have a tendency to adsorb strongly on Au,*®
and during dissociation, the polymer concentration was
too low to produce depletion attraction.

Nanocluster Spectral Properties. The surface plasmon
resonance for Au nanoparticles is well-known to shift
to the NIR for various morphologies including nano-
shells, 324344 nanocages,*>*® high aspect ratio nano-
rods,*”*® nanoflowers,*>*° or nanostars.>'~2 These parti-
cles with NIR extinction, however, often have diameters
greater than 5.5 nm in diameter, which would be too
large for efficient kidney clearance from the body.?’
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Alternatively, the SPR has been experimentally demon-
strated to shift toward the NIR for dimers and trimers of
Au nanospheres,*® and broad NIR extinction has been
observed in larger clusters of Au nanospheres.*” The
amount of extinction broadening has been shown to
be dependent on the interparticle spacing between
constituent particles.*® In the present work, intense NIR
extinction is achieved via extremely close (less than a
particle diameter®>3) interparticle spacings within Au
nanoclusters. As the polymer/Au ratio is increased, the
corresponding increase in depletion attraction can
potentially decrease the interparticle spacing, while
simultaneously increasing nanocluster size. As a result,
the amount of NIR extinction increases, as is shown in
Figure 5b. In addition, as the final Au concentration was
increased (along with the final polymer concentration),
the charge per primary particle in a cluster was de-
creased, potentially decreasing the interparticle spacing
and increasing nanocluster size. The resultant increase
in cluster size and decrease in interparticle spacings
creates broader extinction spectra and greater NIR
extinction (Figure 3b).

The Au nanoclusters exhibited intense NIR extinc-
tion which is of interest in applications such as photo-
acoustic imaging®® and photothermal therapy.?2>34*
The fine control over nanocluster size demonstrated in
this study from ~20 to ~40 nm is in an optimal range
for cell uptake®* and blood circulation.>® In addition,
the biodegradability of these nanoclusters into ~5 nm
primary particles offers the possibility of clearance via
the kidneys.?’ In future applications, the nanoclusters
would potentially be targeted to cancer cells via bio-
markers such as epidermal growth factor receptor
(EGFR) and consequently undergo endosomal uptake.>®
Multiple studies have demonstrated that after intravas-
cular (IV) administration in tumor animal models, in-
jected nanoparticles accumulate mostly in the liver,
spleen, and tumor>’ Since nanoclusters have been
shown to dissociate within acidic endosomal and ly-
sosomal compartments,” we hypothesize that the
nanoclusters in this work will dissociate completely
to primary particles in the acidic endosomal/lysoso-
mal cellular compartments, and that these particles
will then be cleared from the body.

CONCLUSIONS

Equilibrium phenomena play a major role in govern-
ing the size of Au nanoclusters, which are quenched by
irreversibly adsorbed polymer on the surface. Upon
biodegradation of various amounts of the quencher,
PLA(1k)-b-PEG(10k)-b-PLA(1k), the clusters reversibly
become smaller and eventually dissociate completely
to ~5 nm Au monomer nanospheres. Nanocluster size
was tuned from ~20 to ~40 nm by varying the ratio of
polymer/Au from 10/1 to 50/1 w/w, to vary the deple-
tion attraction induced by the polymer, and also by
varying the Au nanoparticle concentrations from 0.9 to
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4 mg/mL. The surface charge on primary Au nano-
spheres was modified by the addition of positively
charged lysine to originally citrate-capped nano-
spheres to create a mixed charge monolayer on the
Au nanosphere surface. The incremental mixing of the
polymer solution with the initial Au dispersion, along
with solvent evaporation to raise Au and polymer
concentrations, provided exquisite regulation of the
nanocluster size. The size was predicted semiquanti-
tatively with an equilibrium free energy model as a
function of the Au concentration and the polymer/Au
ratio. The free energy model describes the balance
between long-ranged electrostatic repulsion between

METHODS

Materials. HAuCl,-3H,0 was obtained from MP Biomedicals
LLC (Solon, OH), and NasC3H50(COO0)s - 2H,0 was acquired from
Fisher Scientific (Fair Lawn, NJ). NaBH, was also obtained from
Fisher Scientific. .-(+)-Lysine was purchased from Acros Chemi-
cals (Morris Plains, NJ), and PLA(1k)-b-PEG(10k)-b-PLA(1k) was
obtained from Sigma-Aldrich (St. Louis, MO).

Synthesis of Citrate-Capped Au Nanospheres and Lysine Ligand Ex-
change. Citrate-capped Au nanospheres (~4 nm) were formed
by reduction of HAuCl, with NaBH,4 by scaling up an earlier
method and purifying synthesized particles with tangential flow
filtration, as described in Supporting Information.> The synth-
esis resulted in ~25 mL of 3 mg/mL Au.

Lysine place exchange was conducted by adding 20 uL of
freshly prepared aqueous solution of 5% w/v (50 mg/mL) lysine
to 1.2 mL of the 3 mg/mL citrate-capped Au nanosphere dis-
persion. Here the pH of the solution increased from pH ~6 to pH
~8.8 upon addition of the basic lysine ligand. At pH 8.8, lysine
has two positive charges and one negative charge.*® After lysine
addition, the mixture was stirred for 15 min at room tempera-
ture to enable place exchange. Immediately after this reaction,
nanosphere samples were either ultracentrifuged for X-ray
photoelectron spectroscopy (XPS) or thermogravimetric analysis
(TGA), diluted for dynamic light scattering (DLS), UV—visible—
NIR (UV—vis—NIR) spectroscopy, or { potential analysis, or used
to form nanoclusters.

Nanocluster Formation. Immediately after 15 min of lysine
place exchange, Au nanospheres were used to form nanoclus-
ters. An aqueous, 120 mg/mL solution of PLA(1k)-b-PEG(10k)-b-
PLA(1k) was freshly prepared. In the base case, the lysine/
citrate-capped Au dispersion was diluted to 1 mg/mL from
3 mg/mL. Then, 500 uL of the PLA(1k)-b-PEG(10k)-b-PLA(1k)
solution was then added to 3 mL of 1 mg/mL lysine/citrate-
capped Au nanospheres in five iterations of 100 uL each over
10 min. The addition of polymer solution was done under vigorous
stirring. After addition of the polymer solution, the resulting Au
concentration was 0.9 mg/mL, and the polymer concentration
was 17 mg/mL. This mixture was placed in a 19 x 48 mm glass
vial, and the vial was placed in a 40 °C water bath and stirred
using a magnetic stirrer. Dried air was blown gently over the
sample via a small tube that was inserted a few centimeters into
the vial. The combination of water bath and airflow kept the
sample temperature at 25 4 3 °C as the sample was evaporated
to 50% of its original volume over ~40 min, resulting in final Au
and polymer concentrations of 1.7 and 36 mg/mL, respectively.
These base case samples were denoted 20—1.7 particles, de-
signating to a polymer/Au ratio of 20/1 and a final Au con-
centration of 1.7 mg/mL (nomenclature adopted throughout).
After sample evaporation, the cluster formation was terminated
by adding 30 mL of DI water to dilute the Au. The solution was
then centrifuged at 10 000 rpm for 10 min in order to separate
unclustered and loosely bound particles from the ~30% (by
mass) dense Au nanoclusters.
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primary Au nanospheres with short-ranged van der
Waals and depletion attractive interactions. The equi-
librium size is quenched by an irreversibly adsorbed
polymer layer on the nanocluster surface and remains
constant even after removal of excess polymer. The
close spacings of primary nanospheres within the
nanoclusters resulted in high NIR extinction for all
sizes of nanoclusters explored in this work. Thus, a
general concept has been demonstrated for forming
quenched equilibrium nanoclusters with tunable
sizes (and in this case NIR extinction), which reversi-
bly dissociate upon biodegradation of the polymer
quencher.

The nanocluster formation process described above was
carried out at initial Au concentrations (after addition of poly-
mer solution) from 0.5 to 2.0 mg/mL, and initial polymer con-
centrations of 9, 40, 8.5, and 42.5 mg/mL (after polymer solution
addition). Evaporation, centrifugation, and redispersion were
carried out in a manner identical to 20—1.7 particles.

Characterization of Primary Au Nanospheres. After lysine place
exchange, samples were diluted to ~0.04 mg/mL in DI water for
DLS measurements, measurement of { potential, and UV—
vis—NIR spectroscopy measurements, without purification.
DLS measurements were taken using a custom-built apparatus
at a scattering angle of 45° using an avalanche photodiode at
~25 °C>° Data were analyzed using a digital autocorrelator
(Brookhaven BI-9000AT) and the CONTIN method. The Stokes—
Einstein equation was used to obtain a volume-weighted dis-
tribution of hydrodynamic diameters (Dy). UV—vis—NIR spectros-
copy was performed using a Varian Cary 3E spectrophotometer
with a 1 cm path length. UV—vis—NIR extinction measurements
were all conducted at a Au concentration of ~90 «g/mL. Extinction
values at 800 nm were used to calculate extinction coefficients
(£g00) for nanospheres, as described in Supporting Information. The
¢ analysis was conducted using a Brookhaven ZetaPlus ¢ potential
analyzer. Samples were diluted to ~0.02—0.04 mg/mLin T mMKCl
at pH 7, and the average and standard deviations for 30 single-
cycle measurements are reported. Due to the small size of the
nanospheres (see Results), the Huckel model was used to relate the
measured electrophoretic mobility to a & potential

For TGA and XPS analysis, nanosphere samples were ultra-
centrifuged for 45 min at 40 000 rpm in order to remove excess
citrate and lysine ligands, and the resulting pellet was dried.
TGA was performed using a Mettler Toledo TGA/DSC 1 STAR®
system with a gas controller (GC 200) and a temperature set at
22 °C (Julabo). TGA samples were initially heated to 100 °C and
held at that temperature for 10 min to eliminate any residual
moisture remaining in the samples. The samples were subse-
quently heated to 900 °C at a heating rate of 20 °C/min, and the
mass loss of organic content of the samples was determined.

XPS analysis was performed using a Kratos AXIS Ultra DLD
spectrometer equipped with a monochromatic Al X-ray source
(Al o, 1.4866 keV). High-resolution elemental analysis was per-
formed on the Au 4f, C 1s, N 1s, and O 1s regions with pass
energies of 30, 20,40, and 20 eV, respectively. A0.1 eV stepand a
4 s dwell time was used in all cases. Charge compensation was
not used because of the conductivity of each sample. Peak
positions and areas were calculated using a Gaussian + Lorentzian
fit and a Shirley background correction.

Au concentrations in nanosphere samples were determined
using flame atomic absorption spectroscopy (FAAS) using a GBC
FAAS analyzer (GBC Scientific Equipment Pty Ltd., GBC 908AA)
with an air-acetylene flame and at a wavelength of 242.8 nm.
Samples were diluted, without purification, in aqua regia to
between 1 and 5 ppm before analysis.

Nanoduster Characterization. Nanocluster morphologies were
observed by transmission electron microscopy (TEM) performed
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on an FEI TECNAI G2 F20 X-TWIN TEM using a high-angle
annular dark-field detector. Samples were prepared by dipping
200 mesh copper-coated carbon TEM grids (Electron Micro-
scopy Sciences, Hatfield, PA) into liquid nitrogen and then
pipetting 5 uL of a dilute nanocluster dispersion onto the grid.
The grid was then dried using a VirTis AdVantage tray lyophilizer
(VirTis, Gardiner, NY). Unless otherwise noted, DLS, UV—vis—NIR
spectroscopy, ¢ analysis, and FAAS were performed identically
to nanosphere characterization. DLS was conducted on a
Brookhaven ZetaPALS analyzer with a scattering angle of 90°.
Due to nanocluster size (see Results), the Huckel model was also
used to fit measured electrophoretic mobilities in & analysis.®°
TGA was conducted on nanoclusters after centrifugation with-
out the ultracentrifugation necessary for nanospheres, using a
Mettler-Toledo TGA/SDTA851e instrument.

Nanocluster Dissociation. Dissociation of 20—4.0 and 20—1.7
particles was performed via dilution in pH 5 HCI. Dissociation of
20—4.0 particles was monitored by adding ~200 uL of ~1.6 mg/mL
nanocluster dispersion to 2 mL of pH 5 HCl, such that the Au
concentration was ~160 ©g/mL. For 20—1.7 particles, ~200 uL
of a ~0.4 mg/mL nanocluster dispersion was added to 2 mL of
pH 5 HCI, such that the Au concentration was ~60 ug/mL.
Addition of the pH 7 nanocluster dispersion did not change the
mixture pH from pH 5 in either case. Nanoclusters were ana-
lyzed via UV—vis—NIR spectroscopy and DLS without further
dilution at 6, 12, 24, and 48 h time points for 20—4.0 particles
and after 24 h for 20—1.7 particles. DLS was performed at a
scattering angle of 45°, similar to the case for nanospheres.
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