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ABSTRACT: We report a systematic study of the controlled
formation of discrete-sized gold nanoparticle clusters (GNCs) by
interaction with the reducing agent dithiothreitol (DTT).
Asymmetric-flow field flow fractionation and electrospray differ-
ential mobility analysis were employed complementarily to
determine the particle size distributions of DTT-conjugated
GNCs (DTT−GNCs). Transmission electron microscopy was
used to provide visualization of DTT−GNCs at different states of
aggregation. Surface packing density of DTT and the corresponding molecular conformation on the Au surface were
characterized by inductively coupled plasma mass spectrometry and X-ray photoelectron spectroscopy. Results show that DTT
increases the aggregation rate of gold nanoparticles (AuNPs) up to ≈100 times. A mixed conformation (i.e., combining vertically
aligned, horizontally aligned, and cross-linking modes) exists for DTT on the Au surface for all conditions examined. The
primary size of AuNPs, concentration of DTT, and the starting concentration of AuNPs influence the degree of aggregation for
DTT−GNCs, indicating that the collision frequency, energy barrier, and surface density of DTT are the key factors that control
the aggregation rate. DTT−GNCs exhibit improved structural stability compared to the citrate-stabilized GNCs (i.e.,
unconjugated) following reaction with thiolated polyethylene glycol (SH-PEG), indicating that cross-linking and surface
protection by DTT suppresses disaggregation normally induced by the steric repulsion of SH-PEG. This work describes a
prototype methodology to form ligand-conjugated GNCs with high-quality and well-controlled material properties.

1. INTRODUCTION

Gold nanoparticle clusters (GNCs) are attractive for a variety
of applications in nanotechnology and specifically bionano-
technology.1−12 The functional response is fundamentally
governed by the interparticle coupling, especially the creation
of electromagnetic hot spots by the coupling of surface plasmon
resonance (SPR), which may lead to the magnification of
optically allowed in-phase modes.1,7−17 The SPR-enhancement
of optical signals can be further improved by choosing suitable
physical properties of GNCs, including the primary size of
particle, dimensions, orientation, and interparticle spacing
between primary particles.1,8,9,13,14,17 With controlled size and
dimension through assembly of gold nanoparticles (AuNPs),
the discrete-sized GNCs (i.e., n < 5, where n is the number of
primary particle per GNC) can be applied to the rational
fabrication of nanoscale devices, including biodetection,
bioimaging, and optoelectronic devices, with ultrahigh
sensitivity.3,4,6,9−12,15,18

Surface functionalization via ligand conjugation is frequently
utilized as a method to provide control over the physical
properties of GNCs and also to enhance their functionality
during the formation of GNCs.5,6,9−12,15,16,19,20 Recent

advances have been achieved in morphology-controlled syn-
thesis of discrete-sized GNCs (i.e., dimers and trimers) using
ligand conjugation. For example, Maye et al.,16 Guo et al.,6 and
Park et al.20 used DNA to functionalize the surface of AuNPs
and to perform controlled aggregation with a designed
interparticle spacing. Because of the ability to tailor surface
chemistry, ligand conjugation by design provides the
opportunity to form more defined GNCs.2,9,11,12,16,20 Addi-
tionally, the binding between primary particles and the
molecules present in the medium can be effectively controlled
through the concept of surface functionalization, providing a
route to enhance the structural stability of fabricated GNCs and
thus prevent further aggregation or disaggregation.19

Although the physical (e.g., polydispersity, interparticle
binding) and surface properties (e.g., state of charge, hydro-
phobicity) of GNCs have been modified through surface
modification via ligand conjugation, the quality of the resulting
GNCs has been less than ideal.2,9,11,13,21 An effective way to
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improve the homogeneity of discrete GNC species is to apply
hydrodynamic fractionation following fabrication.2,13 Chen et
al.2 and Tsai et al.13 have demonstrated the use of density
gradient centrifugation and asymmetric-flow field flow fractio-
nation (A4F), respectively, in order to obtain dimeric or
trimeric GNCs with a high degree of purity, yielding a
substantial improvement (e.g., up to 90% purity for dimers).
However, the size discrimination process may result in loss of a
significant fraction of product, thus restricting the capacity for
potential applications requiring, for example, gram quantities of
purified product. Hence, understanding the mechanism that
controls ligand-induced aggregation prior to size-classification is
essential for improving formulation and yields of discrete-sized
GNCs with desired properties (i.e., to maximize the population
of selected materials prior to classification). This will be
especially critical for colloidal systems characterized by a
dynamic and unstable nature during the solution phase
formation of size-controlled GNCs.
Our present objective is to develop a systematic method-

ology, including synthetic approaches and traceable character-
ization methods, to optimize the formation process of ligand-
functionalized GNCs. We chose a suite of orthogonal
measurement approaches, including A4F, electrospray differ-
ential mobility analysis (ES-DMA), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
and inductively coupled plasma mass spectrometry (ICP-MS),
to provide a robust and comprehensive analysis of the
formation process for functionalized GNCs. Dithiothreitol
(DTT) was employed as the functional ligand. As shown in
Figure 1, DTT has two thiol groups which can bond with Au in
three ways:22,23 bridging two AuNPs by forming a S−Au bond
between each surface (cross-linking mode, Figure 1A), forming
a dithiolate−Au bond (horizontally aligned mode, Figure 1B),
or forming a single S−Au bond (vertically aligned mode, Figure
1C). The conformation of surface-bound DTT can be derived
from the surface packing density (σDTT).

24 In comparison to
van der Waals attraction for the unconjugated GNCs,13,25 the
energy for the interparticle DTT cross-linking (i.e., two S−Au
bonds per DTT, >100 kJ/mol)26−28 is expected to be higher,
resulting in a more stable structure for DTT-conjugated GNCs
(DTT−GNCs). Thiolated polyethylene glycol (SH-PEG) was
chosen to test the structural integrity of as-formed GNCs; SH-
PEG has been widely used to provide steric repulsion against
aggregation and to mask drug delivery vectors to reduce renal
clearance (thereby providing increased blood circulation time)
in targeted drug delivery.24,29−32 With the capacity to detect,
control, and assess the physical and dimensional properties of
GNCs simultaneously, one should be able to synthesize
functional GNCs (e.g., dimers and trimers) with good

structural stability (i.e., no disaggregation upon interactions
with the ligands in the medium).

2. EXPERIMENTAL METHODS
2.1. Materials. Nominally 10, 30, and 60 nm citrate-stabilized

monomodal colloidal AuNPs (denoted as 10AuNP, 30AuNP, and
60AuNP, respectively) were obtained from Ted Pella Inc. (Redding,
CA).33 Aqueous DTT (99%, Sigma-Aldrich, St. Louis, MO)
concentration (CDTT) ranged from 0.016 to 942 mmol/L. SH-PEG
with a molecular mass of 1 kDa (SH-PEG1K) was obtained from
Nanocs (New York, NY). Aqueous ammonium acetate (99.9%, Sigma-
Aldrich) solution was prepared at pH 7 and 10−20 mmol/L and then
used to adjust the ionic strength of samples and to perform
electrospray ionization. Biological grade 18.2 MΩ·cm deionized (DI)
water (Aqua Solutions, Jasper, GA) was used to prepare solutions and
colloidal suspensions.

2.2. A4F. The A4F system consists of a high-performance liquid
chromatography isocratic pump (1100 series, Agilent Technologies,
Santa Clara, CA), manual injection valve (Rheodyne 7725i, IDEX
Corp., Oak Harbor, WA) with a 100 μL stainless steel sample loop,
field/flow control module and A4F separation channel (Eclipse 3+,
Wyatt Technology), multiangle light scattering (MALS) detector
(Dawn Heleos, Wyatt Technology), and ultraviolet−visible (UV−vis)
absorbance diode array detector (1200 DAD, Agilent Technologies).
The cross-flow rate was 2 mL/min and the channel flow was 0.5 mL/
min. Details of the A4F method and operation have been described in
our previous publications.13,34 The particle size distributions measured
by A4F were repeated at least once for each condition.

2.3. ES-DMA. The electrospray aerosol generator (ES) (model
3480, TSI Inc., Shoreview, MN) generates an aerosol using a fused
silica capillary (40 μm inner diameter tip) directed into an electric field
by a stream of dry air. The aerosolized AuNPs are delivered to the
DMA (model 3080, TSI Inc.) with a sheath flow carrying the AuNPs
downstream. The particles of a specific size are then counted using a
condensation particle counter (CPC) (model 3776, TSI Inc.). A
Bertan power supply (205B-10R, Valhalla, NY) is used to apply
voltage to the DMA in our customized system. The electric field of the
DMA and data acquisition for the CPC are controlled using a
customized LabView program (National Instruments, Austin, TX).
The ES-DMA-CPC was used to obtain a number-based particle size
distribution. The step size used in the particle size measurements was
0.2 nm and the time interval between each step size was 10 s. Sheath
flow rate (10 L/min) and sample flow rate (1 L/min) of the DMA
were controlled by a mass flow controller (MKS Instruments,
Andover, MA) and a customized laminar flow element (CME,
Davenport, IA), respectively. Both argon and air were used as the
sheath gas in the DMA. The resolution of the particle size
measurements has been estimated previously at about 10% of the
mean mobility size.28,35,36

2.4. XPS. XPS was performed on a Kratos Axis Ultra DLD
spectrophotometer (Kratos Analytical, Manchester, UK) using an Al
Kα monochromatic X-ray source at 150 W (10 mA, 15 kV) and a
hemispherical analyzer located at the surface normal. The DTT−GNC
samples were prepared on argon ion sputter cleaned silicon wafers by

Figure 1. Cartoon depiction of DTT conjugation on AuNPs: (A) cross-linking mode, (B) horizontally aligned mode, and (C) vertically aligned
mode.
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drop-casting a suspension and pumping down in a separate vacuum
chamber overnight prior to introduction into ultrahigh vacuum
(UHV) conditions (Pbase < 10−9 Torr). High-resolution spectra were
acquired at a pass energy of 40 eV, with the hybrid lens and slot
aperture with photoelectron intensity measured at 0.1 eV increments
in triplicate for each sample analyzed. All data analysis was performed
using CasaXPS software (Teignmouth, UK). All spectra were energy
referenced to the Si (2p) photoelectron peak at 99.3 eV representative
of zerovalent silicon.37 As a result of interference from a silicon
plasmon at approximately 168 eV, all S (2p) regions had the plasmon
feature subtracted out of the spectra, on the basis of a control
measurement from a clean Si wafer, prior to fitting with a Shirley
background and peak-fitting. Thus, only qualitative variations in the S
concentration have been reported.
2.5. ICP-MS. An ICP-MS (model 7700x, Agilent Technologies)

was used to measure the mass fraction of Au and S using calibration
curves generated from standard solutions. Details of experimental
conditions are described in previous publications24,35,36 and
summarized in the Supporting Information (SI).
2.6. TEM. Particles for imaging were aerosolized and deposited

onto a TEM grid with carbon film using an electrostatic aerosol
sampler (model 3089, TSI Inc.). The deposition-induced aggregation
can then be minimized due to the electrostatic repulsion between the
deposited AuNPs and the to-be-deposited AuNPs.25,28 The morphol-
ogy and quality of deposited AuNPs were imaged using a JEM-1400
(JEOL Inc., Peabody, MA) at an acceleration voltage of 80 kV.
Because of the low surface coverage, the GNC images were analyzed
after using visual inspection to locate multiple areas on each sample.
2.7. Zeta Potential Analysis. The zeta potential of gold colloids

was determined using a palladium dip cell with a Zetasizer Nano ZS
(Malvern Instruments Inc.) and converted from the electrophoretic
mobility using the Smoluchowski approximation.38

3. RESULTS AND DISCUSSION

3.1. Formation of DTT−GNCs. Figure 2a shows the
particle size distribution (PSD) of 10AuNPs, after treatment
with DTT. The concentration of DTT (CDTT) was 0.94 mmol/
L. To minimize the interference from the remnant particles
induced by the drying process of electrospray-generated
droplets (denoted as S-NP), all aerosolized particles were
first transmitted through a tube furnace at T = 300 °C prior to
size classification.36 Several distinct peaks are apparent at a
reaction time of t = 22 min, indicative of DTT−GNCs with
different degrees of aggregation: mobility diameter (dp,m) =
12.8 nm for monomers (n = 1), dp,m = 15.0 nm for dimers (n =
2; determination of the peak size and conformation of GNCs
are described in previous publications),13,25 dp,m = 16.8 nm for
trimers (n = 3), and dp,m = 18 nm for tetramers (n = 4). The
peak size for DTT−GNCs was almost identical to the values of
citrate-stabilized (i.e., unconjugated) GNCs,28 indicating that
the layer thickness of the DTT corona on the Au surface is
negligible (i.e., below the resolution of DMA). As t increased,
we found that the PSD was shifted toward larger sizes, where
the peaks representing the discrete-sized GNCs (i.e., n < 5)
became indistinguishable. Visual inspection showed that the
corresponding AuNP solution had changed in appearance from
ruby red (t = 0 min) to blue (t > 85 min). The colorimetric
change (i.e., red-shift of AuNP plasmon bands)39 confirmed the
formation of GNCs, even though the aggregation state could
not be discerned quantitatively by simple visual inspection.13,25

Microscopic methods confirmed the aggregation process
induced by DTT. As shown in Figure 2b-1, we found that
10AuNPs aggregated significantly after interacting with DTT,

Figure 2. DTT-induced aggregation of AuNPs over time. Sample: 10AuNP. (a) PSDs measured by ES-DMA: squares, t = 22 min; diamonds, t = 60
min; triangles, t = 98 min; crosses, t = 136 min; circles, t = 174 min. (b) TEM images of DTT−GNCs: 1, without size-classification (collected right
after all ES-DMA measurements, t > 174 min); 2, collected from peak n = 2; 3, collected from peak n = 3. The legend in part a gives the reaction time
for each peak. (c) Change in number concentration of GNCs, Np,n versus t. CDTT = 0.94 mmol/L. Np,1,t=0 = 5.7 × 1012 cm−3. Ar was used as the
sheath gas in the DMA measurements.
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as compared to previous studies that reported only a small
amount of aggregation for monodisperse 10AuNPs without
DTT.28 By collecting the NPs under conditions corresponding
to the peaks shown in Figure 2a, we were able to confirm that
peak 2, or the n = 2 fraction, contained mainly dimerized
10AuNPs (Figure 2b-2) and that peak 3, or the n = 3 fraction,
contained mainly trimers (Figure 2b-3). It is important to point
out that the size discrimination of DTT−GNCs decreases as
the cluster size increases, mainly due to an increase in the
complexity of the cluster conformation (i.e., the number of
possible configurations increase with cluster size, leading to
overlapping peaks).
Figure 2c summarizes the number concentration of DTT−

GNCs in gas phase as a function of reaction time. The number
concentration of monomers decreased drastically until t = 58
min. At the same time, the concentration of dimers, trimers,
and tetramers reached a maximum at t = 22 min, and then
continually decreased due to the formation of large-sized
(nondiscrete) GNCs (n > 4). These results indicate that the
aggregation process begins with depletion of monomers to
form discrete-sized GNCs (n = 2−4),25,35 and then the reaction
mechanism transitions toward cluster−cluster interactions to
form large-sized clusters or aggregates (n > 4). Note that the
peak concentration representing n = 4 was chosen at dp,m = 18
nm in Figure 2c.
We then calculated the aggregation rate constant for AuNPs,

k0, using the irreversible population balance equation attributed
to the Smoluchowski model25,40
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where Np,n,total is the total number concentration (i.e., of all
particle populations) at time t and Np,1,t=0 is the number
concentration of primary AuNPs at t = 0 min (i.e., equal to the
total starting concentration of particles). Using a linear fitting of

Np,1,t=0/Np,n,total versus t for the 10AuNPs (see SI), one obtains
k0 ≈ 10−16 cm3/s. Thus, the k0 value here is ≈100 times larger
than in the absence of DTT at the same ionic strength (further
details on the derivation of k0 are described in the SI). The
results show that the presence of DTT enhances the rate of
aggregation; further modifications to the aggregation rate via
changes to CDTT, primary particle size (dp,1), and particle
concentration (Np,n) are investigated in the ensuing sections.

3.2. Effect of DTT Concentration on Formation of
GNCs. We investigated the effect of CDTT on the aggregation
state of GNCs using 30AuNPs. Visual inspection (Figure 3a)
shows a color change (i.e., becomes more purplish or red-
shifted39) when CDTT increases from 0 to 0.94 mmol/L.
However, the colorimetric response reverses course (i.e., a blue-
shift is observed) when CDTT increases from 0.94 to 178.9
mmol/L. These results indicate that 30AuNPs had the highest
level of aggregation when 0.38 mmol/L < CDTT < 1.9 mmol/L.
To quantify the effect of aggregation as a function of CDTT,

we used A4F coupled with a MALS detector (using 90° angle)
to measure the PSDs of GNCs in the solution phase. The
advantage of A4F is the high sensitivity to detect the presence
of a small quantity of clusters;13 this should be especially useful
when the population of discrete-sized GNCs is low during the
early stage of aggregation.13,25 A subset of the samples from
Figure 3a were measured by A4F, as shown in Figure 3b, where
several distinct bands were found to be present for all measured
samples. The dominant species in each eluting peak has been
identified using online-mode UV−vis:13 monomers in peak 1,
dimers in peak 2, trimers in peak 3, and a mixture of higher
order species (especially tetramers) in peak 4 (actually a broad
band). The peak size changed as a function of CDTT. Since the
species are the same and the coating thickness of DTT is
negligible, the peak size differences are attributed to changes in
retention behavior due to interactions with the A4F membrane

Figure 3. Effect of CDTT on the formation of DTT−GNCs. Samples: 30AuNPs. (a) Visual appearance of 30AuNPs after treatment with DTT: 1,
CDTT = 0 mmol/L; 2, CDTT = 0.38 mmol/L; 3, CDTT = 0.94 mmol/L; 4, CDTT = 1.9 mmol/L; 5, CDTT = 4.7 mmol/L; 6, CDTT = 9.4 mmol/L; 7, CDTT
= 18.8 mmol/L; 8, CDTT = 47.1 mmol/L; 9, CDTT = 178.9 mmol/L. (b) PSDs at various CDTT measured by A4F coupled with MALS. (c) Np,n*
versus CDTT. Np,1,t=0 = 2.0 × 1011 cm−3.
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(accumulation wall), and not the thickness of the DTT corona
itself.
On the basis of the results from Figure 3b, we can convert

the scattering intensity of each peak measured by the MALS
detector into Np,n, and the corresponding number ratio in a
population, Np,n* by13

* =
∑
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= =
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where Ip,n is the scattered intensity for GNCs containing n
monomers, Vp,n=1 is the volume of a singlet (monomer) AuNP
(assuming spherical geometry).13 Figure 3c shows Np,n* of
monomers, dimers, and trimers as a function of CDTT. We
observe that the monomer concentration reaches a minimum at
0.4 mmol/L < CDTT < 1 mmol/L, and the monomer fraction is
relatively constant above this range. The formation of dimers
and trimers exhibits the opposite trend, reaching a maximum at
0.4 mmol/L < CDTT < 1 mmol/L. This result suggests an
operational window to optimize the synthesis of dimeric and
trimeric GNCs: CDTT = 0.4−1 mmol/L.
On the basis of classical Derjaguin−Landau−Verwey−

Overbeek (DLVO) theory,41 the long-range electrostatic
repulsion and the short-range van der Waals attraction are
considered the key factors in the stability of colloidal
suspensions. The electrostatic interaction of DTT−GNCs
over various CDTT can be estimated on the basis of their zeta
potentials (ψz), which ranged from ≈ −18 to −27 mV and were
relatively insensitive to CDTT: ψz = −18.2 ± 1.1 mV at CDTT = 0
mmol/L; ψz = −21.0 ± 1.3 mV at CDTT = 0.38 mmol/L; ψz =
−27.1 ± 1.5 mV at CDTT = 0.94 mmol/L; ψz = −23.4 ± 1.1 mV
at CDTT = 18.8 mmol/L. Hence, the differences in the
aggregation states as a function of CDTT cannot be explained
simply by changes in electrostatic repulsion. Similarly, van der
Waals attractive forces are not affected by the presence of DTT
conjugation, as this is principally determined by the Au core
composition and size. It is feasible that DTT contributes to an
increase in the sticking efficiency during particle collisions, due
to dangling (unbound) thiol groups; the relatively low zeta
potential would increase the likelihood of close encounters.
Note that both the effects of ionic strength and pH toward
colloidal stability are negligible in our study, since the pH value
and the salt concentration of our sample solutions are constant
(i.e., 10 mmol/L ammonium acetate aqueous solution at pH 7).

To investigate the possible short-range interactions induced
by DTT, we used ICP-MS to characterize the surface packing
density and corresponding conformation of DTT on Au. Figure
4a shows the adsorption isotherm of DTT on 30AuNPs as
measured by ICP-MS. The maximum σDTT on the AuNP
surface (σDTT,max) is ≈3.2 nm−2, or about 50% of the theoretical
maximum density for a short-chain self-assembled mono-
layer.31,42 By correlating the aggregation state with σDTT, we can
show that aggregation is higher at lower σDTT (≈ 2.8 nm−2). In
other words, when there is substantial unreacted Au surface
available, the patchiness of the particles leads to more rapid
aggregation.
As depicted in Figure 1, the likely conformation of surface-

bound DTT will be impacted by σDTT.
24 At low σDTT, DTT can

cross-link between two individual AuNPs (Figure 1a) or form
two S−Au bonds on the surface of an individual AuNP (Figure
1b),24 until surface saturation is reached. Hence, the cross-
linking and horizontally aligned modes of DTT adsorption are
more likely when CDTT < 1 mmol/L.
The XPS results provide information regarding the local

chemical environment of the S from the DTT and the Au from
the AuNPs. Figure 4b shows different functionalities within the
S (2p) region identified as a thiol (S−H) at ≈163.2 eV, thiolate
(S−Au) at ≈162.0 eV,43 and St‑induced component (analysis time
induced) at ≈161.1 eV acquired from the first of a series of
three XPS measurements on a given sample as well as the Au
(4f) region at ≈83.9 eV, typical of zerovalent gold. From the
spectra, one can see that the dominant component from the
first scan is a thiolate functionality, suggesting that a Au−S
bond has been formed. A secondary component is the unbound
thiol functionality, which could result from excess DTT or from
DTT binding solely through one S−Au bond. While the
identity of the St‑induced species is unclear, the peak does increase
with increasing analysis time and exposure to X-rays (as shown
in SI, Figure S6) as was observed for three separate DTT−Au
samples, each with XPS spectra acquired in triplicate. While this
binding energy regime is most comparable to sulfide species,44

we have not found evidence of a negative shift in binding
energy due to X-ray exposure of a thiol, and therefore, the
species will only be stated to be time-induced. XPS results
indicate DTT may likely form a disordered layer on the surface
of AuNPs of some combination of all three modes depicted in
Figure 1. However, the XPS results cannot distinguish between
thiolates in the various modes.

Figure 4. (a) Adsorption isotherm for DTT on 30AuNPs as measured by ICP-MS. Error bars and uncertainty intervals associated with reported
(mean) measurement values represent one standard deviation calculated from (two to four) replicate measurements. (b) Fitted S (2p) and Au (4f)
spectra of DTT-treated 30AuNPs measured by XPS. CDTT = 0.38 mmol/L.
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3.3. Effect of Starting Concentration and Primary
Particle Size on Formation of GNCs. Although the particle
collision rate (frequency) scales with the square of the particle
concentration,25,40 not every collision necessarily results in
sticking. In the case of DTT-induced aggregation, the process
may be reaction-limited (i.e., not limited by Brownian kinetics,

but by the stickiness or reactivity during collisions). Regardless,
by increasing the particle concentration, the number of
collisions per unit time should increase, and thus, the rate
will increase, that is, unless the stickiness is extremely low. For
30AuNPs, as shown in Figure 5a, by increasing Np,1,t=0 a factor
of 25, the degree of aggregation increases: the peak intensities

Figure 5. Effects of particle number concentration and primary size of AuNPs on the aggregation state of GNCs after 5-day reaction: (a) 30AuNPs
as measured by A4F at Np,1,t=0 = 2 × 1011 cm−3 and Np,1,t=0 = 5 × 1012 cm−3 and (b) 30AuNP compared to 60AuNPs with Np,1,t=0 = 2 × 1011 cm−3.

Figure 6. Effect of SH-PEG1K interaction on GNCs. (a) PSDs of unconjugated GNCs measured by ES-DMA. Sample: 10AuNP. (b) PSDs of
DTT−GNCs measured by ES-DMA. Sample: 10AuNP. (c) PSDs of unconjugated GNCs measured by A4F. Sample: 30AuNP. (d) PSDs of DTT−
GNCs measured by A4F. Sample: 30AuNP. Air was used as the sheath gas in DMA measurements.
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of dimers (peak 2), trimers (peak 3), and tetramers (peak 4)
increase significantly, with a decrease in the monomer intensity
(peak 1), following a 5-day reaction period. Assuming only
discrete-sized GNCs present in the system (i.e., n < 5), the total
number of particles present is estimated to decrease 29%,
yielding a 2.3 times increase in k0. The results indicate that
DTT-induced aggregation is proportional to the collision
frequency of particles, which is consistent with a relatively
moderate energy barrier to collision (i.e., in the intermediate
regime)13,25 and a relatively high reactivity (not truly reaction-
limited; a theoretical calculation of the energy barrier is
summarized in the SI). In addition to collision frequency,
increasing Np,n,t=0 may also affect the number of available sites
on the AuNP surface to allow DTT adsorption. Even though
CDTT is at least 5 times greater than the saturation level, it is still
plausible that the cross-linking and horizontally aligned modes
are formed at a higher Np,n,t=0 (i.e., more available sites to bind),
resulting in an increase of aggregation.
Figure 5b compares the A4F elution trace for 60AuNPs with

that of 30AuNPs under identical reaction conditions after a 5-
day period (Np,n,t=0 = 2 × 1011 cm−3 and CDTT = 377 μmol/L).
In contrast to 30AuNPs, the formation of GNCs was not
obvious for the larger 60AuNPs. We also examined the
10AuNPs under the same conditions and found that 30AuNPs
are less aggregated; however, in this case aggregation of
10AuNPs is so rapid and severe that discrete GNCs cannot be
determined by A4F after 5 days. The reason for the apparent
size dependency on the aggregation rate could be explained by
the difference in the energy barrier against aggregation, since
the energy barrier has been shown to be proportional to dp,1 in
the intermediate regime (e.g., the energy barrier of 60AuNP is
≈2 times higher than that of 30AuNP).25 Hence, GNCs with a
smaller primary size have a higher aggregation rate. Note that
the CDTT was at least 30 times greater than the saturation level
in Figure 5b. Also, the ratio of total surface area to ligand
concentration is varied due to differences in the total Au surface
area (e.g., the surface area of 60AuNP is ≈4 times higher than
the area of 30AuNP shown in Figure 5b), which might result in
different DTT-binding conformations with the subsequent
impact on aggregation rate for these samples.
3.4. Effect of SH-PEG1K on the Structural Stability of

DTT−GNCs. Though it is assumed that the aggregation of
AuNPs is irreversible due to the strong interparticle binding
from van der Waals forces,13,25 the binding affinity within a
GNC can be changed once its surface has been modified by
binding ligands. SH-PEG1K was chosen to test the structural
stability of DTT−GNCs. As previously demonstrated,29,31

surface functionalization with SH-PEG can be used to reduce
the binding affinity between Au surfaces. In comparison to
other types of binding ligands, such as citrate ions, the long
chain, hydrophilic SH-PEG has shown its effectiveness and
provides the necessary stability against aggregation.24,31

Recently, Schultz et al.45 and Stewart et al.46 reported surface
modification with SH-PEG to improve the colloidal stability of
AuNPs against DTT-induced aggregation.45,46 On the other
hand, for the prospect of structural stability of GNCs, once SH-
PEG is bound to the surface of Au, the reduction of
interparticle binding could induce disaggregation of GNCs
(i.e., the steric repulsion by SH-PEG1K overcomes the sum of
attractive forces within a GNC).
Figure 6 shows the PSDs of GNCs measured by ES-DMA

over time, following interacting with SH-PEG1K. The
concentration of SH-PEG1K used was 20 μmol/L. For

GNCs without DTT (i.e., only citrate-stabilized, where cluster
formation was induced via electrostatic screening by
ammonium acetate, Figure 6a), the peak size of unconjugated
GNCs increased by 1 nm (for n = 1−4), indicating the
adsorption of SH-PEG on the GNCs. Then, unconjugated
GNCs obviously disaggregated over time, possibly due to the
repulsion between the surface-conjugated SH-PEG1K. Addi-
tionally, the number density increased with exposure time to
the SH-PEG1K. This may be a result of deaggregation of larger
agglomerates and higher transport efficiency related to the SH-
PEG-functionalized GNCs. As a result, the relative ratios were
employed to compare and contrast the impact of adding SH-
PEG1K. Indeed, after a 48 h reaction (purple crosses, Figure
6a), the ratios of monomers to dimers and trimers increased by
≈39% and ≈47%, respectively, confirming that unconjugated
GNCs are not stable in the presence of SH-PEG. In
comparison, the DTT−GNC PSDs did not exhibit any
significant changes, even after an 11 day reaction with SH-
PEG1K (green triangles, Figure 6b. CDTT = 18.8 mmol/L); the
peak sizes for n = 1 to n = 4 remain similar to the condition
without SH-PEG1K (red crosses, Figure 6b). The results show
DTT−GNCs remain stable even after the interaction with SH-
PEG. Additionally, the nominal peak size of each population
increases more for citrate-stabilized AuNPs than for DTT
treated AuNPs, suggesting that SH-PEG1K was taken up more
readily on the citrate-stabilized GNCs. A4F results confirm that
DTT−GNCs (Figure 6d) supports better structural stability
relative to citrate stabilized GNCs (Figure 6c). The increase in
peak size for n = 1 and 2 confirms the adsorption of SH-PEG1K
in both cases. Since the disaggregation of GNCs was induced
by ligand exchange-type competitive adsorption between the
surface-bound DTT and the unbound SH-PEG1K, the rate of
disaggregation should be proportional to the concentration of
SH-PEG1K and inversely proportional to the concentrations of
unbound DTT and AuNPs. We found that sample recovery
during A4F analysis was affected by the surface interaction of
GNCs with the membrane, thus making direct comparisons of
peak area for the different populations over time less rigorous
(e.g., lower recovery of DTT−GNCs with SH-PEG1K was
observed in this study). Note that 30AuNP samples were used
for A4F measurements, and 10AuNP samples were used for ES-
DMA measurements. Number densities shown in Figure 6a,b
were normalized against the number density of the monomer
peak (n = 1).
Figure 7 shows a cartoon depiction to demonstrate the

possible interactions between SH-PEG1K and GNCs (Figure
6). Without DTT conjugation (Figure 7a), SH-PEG1K may
adsorb to the surface of Au to provide steric repulsion against
the interparticle binding via van der Waals forces, resulting in
disaggregation of GNCs once the SH-PEG packing density is
sufficiently high. In comparison, the presence of DTT improves
the GNCs stabilization, presumably via thiolate bridging and
the reduction of SH-PEG adsorption;24,31 the surface-bound
SH-PEG is incapable of separating bound particles due to the
limited steric repulsion. However, due to the nature of ligand
displacement,24,30,31 it is possible that the DTT−GNCs may
still disaggregate over a longer period of time, if the equilibrium
concentration of SH-PEG1K is significantly higher than CDTT in
the solution phase.

4. CONCLUSIONS
DTT can be used to synthesize discrete-sized GNCs, and the
mechanism of DTT-induced aggregation can be derived using
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complementary physical, microscopic, and spectroscopic
approaches. The aggregation rate is dictated by CDTT, as well
as starting particle concentration and primary particle size. Due
to the increased likelihood of cross-linking and horizontally
aligned conformation of surface-bound DTT, DTT−GNCs
with a lower molecular packing density (i.e., relatively low
CDTT) have a higher aggregation rate. Samples with a smaller
primary size (e.g., 10AuNP in our experiments) exhibit an
increased sticking efficiency and thus faster aggregation kinetics,
because of a smaller energy barrier. The aggregation rate is
proportional to the collision frequency, which in turn increases
with the particle concentration. Through interparticle cross-
linking via thiolate bridging, DTT−GNCs demonstrate an
improved structural stability in the presence of other binding
ligands in the system (e.g., SH-PEG1K). The prototype
methodology we demonstrate here can be applied to the
synthesis of other types of functionalized nanoparticle clusters
(e.g., DNA-stranded GNCs, dumbbell-type nanoparticle
clusters).
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