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Aggregation kinetics and cluster structure of amino-PEG covered
gold nanoparticles

D. Z&mbé,” Sz. Pothorszky,” D.F. Brougham® and A. Dek®

In this study controlled clustering kinetics is demonstrated for PEG grafted gold nanoparticles, in response to applied envi-
ronmental stimuli; the temperature and ionic strength of the medium. It is also found that the rate of assembly
determines the structure of the prepared clusters. After the system is brought out of equilibrium, time-dependent
extinction and dynamic light scattering data are used to follow the evolution of nanoparticle cluster formation in real time.
The results show that the rate of assembly increases with increasing ionic strength or temperature of the medium. As a
result the nanoparticle cluster size scales with ionic strength and temperature, over a cluster size range from a few particle
sizes up to the micron-scale. It is found that, even at the lowest ionic strength, the electric double layer repulsion is
eliminated; hence the observed differences in kinetics and in cluster structure arise from modulation of the repulsive steric
interactions between nanoparticles. The approach should be extendable to suspensions of other nanoparticle types,

where  the nanoparticle  stability

Introduction

Nanoparticle clusters (NPCs) prepared from self-assembled
nanoparticles can open up new routes towards numerous
special applications due to emerging collective properties. The
clusters can be efficiently used in sensors,’ surface enhanced
Raman scattering (SERS)Z'5 or organic photovoltaic devices.®
Gold nanoparticles are excellent candidates for building bigger
hierarchical structures, firstly because the size and shape can

7,8
controlled.

be well Secondly, as a result, their optical
response can be tuned as it is determined by interparticle
coupling. Thirdly, their aggregation can be monitored using
simple visible light spectroscopy, due to pronounced spectral
o1 Finally,
the surface of gold nanoparticles can be easily modified by a
number of molecules, 1213

opening up a wide range of possibilities for post synthesis

changes upon plasmon coupling between the NPs.
e.g. thiol containing polymers,

functionalization. Due to the wide range of molecules, which
can be immobilized on the gold nanoparticles’ surface, the
14,15 phase
separation (emulsion) techniques,2 using colloidal forces such

formation of clusters is feasible by cross-linking,

as exploiting the solvophobic feature of the Iigands,16
electrostatic double layer interactions™”™® or based on the
responsive properties of surface grafted molecules®®?*
following application of an external stimulus. Responsive
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is determined by

surface-grafted  responsive  macromolecules.

colloidal forces are attractive to drive nanoparticle assembly as
both the colloidal stability and the stimulus-response is
ensured by a single surface agent, as a result the stability of
the clusters in an application-relevant environment can be
designed.

Formation of ordered NPCs from homogeneous media (i.e.
from a dilute nanoparticle solution) is challenging, because
these processes require highly monodisperse building blocks
as well as control over the colloidal interactions. Klotsa et al.
have shown that for NPC preparation from dilute suspension,
the optimal process is a balance between driving force and
kinetic accessibility. Based on their calculations, for the
successful preparation of compact NPCs a ‘soft-sphere’ type
interaction potential is required with an energy depth around
2-3 kT.2 This implies, that the assembly process is in general
highly depends on the balance between competing colloidal
interactions. Accordingly, cluster formation can be controlled
by modulating the net interparticle interactions i.e. by varying
the depth of the energy minimum for a given ‘soft-sphere’
type interaction. This type of interaction energy curve can be
engineered by using surface adsorbed polymer chains, that can
counterbalance the van der Waals attraction but only at small
particle-particle separation distances.” Poly(ethylene glycol)
derivatives are often used as stabilizers for gold nanoparticles
because of their biocompatibility, stealth action, their
potential multiple chemical functionality (upon modification)
and their ease of grafting due to the high affinity of thiol or
amino groups to the gold surface.”*”® We have recently
demonstrated that PEG chains can also be used as a
thermoresponsive surface coating at sufficiently high ionic
strengths to trigger the clustering of gold particles.23
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In this paper we show how this process can be fine-tuned by
adjusting two easily controlled environmental parameters
(temperature and ion concentration) that affect the clustering
process (kinetics and NPC structure) through modulating
colloidal interactions (see Scheme 1). We demonstrate these
effects with controlled assembly of amino-PEG-coated gold
nanoparticles. The nanoparticle clustering process was
followed by time-dependent dynamic light scattering, DLS, and
visible light spectroscopy, and the resulting cluster structures
were analysed by scanning electron microscopy. It is shown
that the PEG-determined can be
continuously tuned allowing fine control over the net colloidal
interaction. This is turn allows the rational design of colloidal

steric interaction

building blocks for the controlled preparation of compact NPCs
from dilute solutions.

Citrate-coated
gold NP surface modification
’ NAnm ‘ AminoPEGylated
’ gold NP
W

Slower Faster

kinetics  kinetics High ionic
strength

+

Increased
temperature

T

Different aggregation kinetics
and cluster structure Chain collapse

u Different attractive

potential
Clustering

Scheme 1. Outline of the process, resulting in different outcomes of the assembly
process depending on the external stimulus.

Experimental section
Synthesis and surface modification of gold nanoparticles

Tetrachloroauric acid trihydrate (HAuCl,-3H,0; 99.9%), sodium
citrate tribasic dihydrate (ACS reagent, 299.0%) and potassium
sulphate (ReagentPlus®, >99.0%) were obtained from Sigma-
Aldrich. Methoxy-w-amino poly(ethylene glycol) (mPEG-NH,;
MW of 2000 Da) was supplied by Rapp Polymere GmbH. All
chemicals were used as received. Ultrapure water with a
resistivity of 18.2 MQ-cm was used in all experiments.

Gold nanoparticles were synthesized by the traditional
Turkevich method,29 which resulted in citrate stabilized
nanoparticles with narrow size distribution. 6 mL of 0.01 M
HAuCI, trihydrate solution was added to 222 mL of Milli-Q
water and heated to boil on a hot plate under vigorous stirring.
When the solution started to boil, 6 mL of 38.76 uM sodium
added. The boiled
continuously for 15 minutes, where through the colour of the

citrate solution was solution was
system changed to ruby red. After this, the sol was allowed to
cool down to room temperature.

Surface modification of gold nanoparticles was carried out by

dissolving 200 mg of mPEG-NH, (MW = 2000 Da) in 1 mL of

2| J. Name., 2012, 00, 1-3

Milli-Q water by sonicating the solution, and adding to 20 mL
of gold nanoparticle sol. After reacting for 3 hours on an
orbital shaker, the samples were cleaned by centrifuging (9500
RCF, 30 min) and redispersed in Milli-Q water. The polymer
grafted nanoparticles could be stored at room temperature in
plastic centrifuge tubes in the dark for months. After the
synthesis and surface modification the final concentration of
the nanoparticles (0.69nM; 4.16 - 10" NPs/mL) was
determined from the visible light spectra.30

Nanoparticle assembly monitoring and cluster evaluation

Conventional and time-dependent DLS measurements were
carried out using a Malvern ZetaSizer Nano ZS device. For
temperature trend DLS measurements the samples were
heated from 25 to 70 °C in 5 °C steps. DLS data were collected
at the different temperatures, after allowing the sample to
reach thermal equilibrium for 5 min after each temperature
change.

For time-dependent measurements the aqueous solution of
the PEGylated Au NPs was heated to 50 and 60 °C, which were
chosen based on the temperature trend DLS measurements.
The clustering process was initiated by rapidly injecting 500 pL
of pre-heated K,SO, solution with appropriate concentration
into 500 pL of nanoparticle sol of the same temperature. DLS
data were collected with 1 minute resolution. Visible spectra
were recorded using a fibre coupled spectrometer (ThorLabs
CCS 200 Compact CCD Spectrometer) in a temperature
controlled cuvette holder, with 1 second resolution for the first
15 minutes, then 10 seconds resolution was used for the next
30 minutes.

To prepare samples for SEM measurements, the reaction was
performed in a disposable cuvette, which contained a silicon
wafer at the bottom in order to collect gold aggregates after
the clustering was allowed to proceed for 45 minutes.
Scanning electron microscopy was carried out using a Zeiss
Supra micro-scope operated at 5 kV acceleration voltage. The
SEM images of the clusters were analysed using open source
software (Imagel). The SEM images were calibrated based on
the SEM scale bars and converted to 8-bit grey scale images.
Careful thresholding was carried out until the best outline
match of the objects was achieved. The images were inverted
and the perimeter of the identified objects was extracted in
nanometres.

Results and discussion
Characterisation of gold nanoparticles

Physical characterization of the NP suspensions during the
surface preparation process, including extinction spectra, size
distributions, and -potential values recorded before and after
PEGylation are presented in Figure 1. The LSPR peak position
of citrate stabilized gold nanoparticles was slightly red shifted
(from 516 to 518 nm) by the presence of mPEG molecules in
the near field of the particles. The samples have narrow size
distribution; the mean hydrodynamic size increased on surface
modification from 20.0 £ 0.2 to 29.7 £ 0.2 nm. The {-potential
changed from ca. -42 to -18 mV. The negative charge

This journal is © The Royal Society of Chemistry 20xx
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remaining on the particles can be attributed to the presence of
chloride ions on the nanoparticles surface, which are remains
from the NP synthesis involving HAuCl, salt.> The suspension
remained stable after purification using Eppendorf MiniSpin
benchtop centrifuge (9000 RCF, 30 min), and could also be

transferred to polar organic solvents; EtOH, CHCIl; (see
Supporting Information Figure S2).
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Figure 1. a) Extinction spectra, b) LSPR peak positions, c) DLS size distributions and d)
zeta potential of the nanoparticle suspensions before and after PEGylation.

Perturbation induced clustering of gold nanoparticles

The size distribution of the system as a function of
temperature was investigated using DLS measurements to
determine the temperature threshold of the clustering
process.23 It should be emphasized that, in contrast to previous
results obtained for thiol-PEG grafted particles in the presence
of 2 M (or higher) Nacl,*? our starting suspensions containing
K,SO, at up to 0.3 M are perfectly stable (See Supporting
Information Figure S3). Hence spontaneous desorption of the
PEG molecules under these conditions can be ruled out. The
measured intensity distributions are collated in Figure 2.
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Figure 2. DLS size distribution as a function of temperature at different K,SO,4
concentrations.

In this representation, values along any vertical slice (at a given
temperature) correspond to the conventional DLS intensity
distribution; so for instance in Figure 2a the red band
corresponds to the size of the maximum in the distribution.
When no electrolyte is added, the original size distribution of
the individual particles is retained over the whole investigated
temperature range (Fig. 2a). In the presence of salt (Fig. 2b-d),
however, clustering of nanoparticles can be observed, with a
temperature threshold that decreases with increasing
electrolyte concentration (from 45 to 35 °C, for 0.1 and 0.3 M
K,SO,, respectively). The change in size is very pronounced on
increasing the temperature from 50 to 60°C in this range of
ionic strengths. Hence the time dependence of spectral
properties of the suspensions, following perturbation, were
investigated at these two temperatures to shed light on
differences in the kinetics of assembly at different ionic
strengths. The time-dependent extinction spectra for four
model suspensions; two salt concentrations (0.2, 0.3 M K,SO,)
and two temperatures (50, 60 °C), are shown in Figure 3.
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Figure 3. Time evolution of the extinction spectra for amino-PEGylated gold
nanoparticles at different K,SO, concentrations and temperatures; a) 0.2 M and 50 °C;
b) 0.3 M and 50 °C; ¢) 0.2 M and 60 °C; d) 0.3 M and 60 °C.

The spectral changes observed at 50 °C depend heavily on the
electrolyte concentration. At 0.2 M the LSPR peak of the
particles broadens in time with a minor indication of a
shoulder around 570 nm, that could be due to the appearance
of a small fraction of clusters composed of a few particles
onIy.w’33 At 0.3 M for the first two minutes the extinction peak
redshifts, however subsequently a second peak starts to
evolve (Figure 3c), which increases in intensity with time and
stabilizes ca. 630 nm. We assign this to a cluster mode, shifted
due to plasmon coupling between particles in the clusters,
which increases in intensity as the number of interactions
increase over time. Similar behaviour can be observed for 0.2
M and 60 °C (Figure 3b). For the suspension exposed to both
higher ionic strength and temperature (0.3 M and 60 °C) major
changes in the extinction spectra occur during the first 2
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RSC Advances

minutes; with red-shifting and significant broadening which
continue to evolve more strongly over the subsequent 38
mins. This suggests faster aggregation kinetics in this case.
Time-dependence of clustering

In order to investigate the differences in the kinetics of
assembly for the four model suspensions, extinction values
were extracted and plotted as a function of time at two
characteristic wavelengths; the LSPR peak wavelength of the
original nanoparticles (518 nm) and at a wavelength
corresponding to the evolving coupled mode (630 nm). For
0.2 M and 50°C the coupled feature is not resolved, so we have
used the extinction values extracted for the minor shoulder in
the spectrum at 570 nm (Figure 4a). In all cases, the slow
decrease of the original LSPR peak intensity can be attributed
to a decrease in the number of free particles due to their
incorporation into clusters. The clustering process becomes
faster at higher salt concentration (0.3 M) at 50 °C (Figure 4b).
For 0.2 M and 60 °C (Figure 4c) a similar decay profile can be
observed. At 60 °C and 0.3 M salt concentration (Figure 4d) the
spectra suggest that the initial aggregation rate is significantly
higher. In particular the sudden extinction decay (at 518 nm)
shows that aggregation starts within seconds on increasing the
ionic strength.
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Figure 4. Time-dependent extinction decay plots for amino-PEGylated gold
nanoparticles as measured at characteristic wavelength values for different
temperatures and salt concentrations; a) 0.2 M and 50 °C; b) 0.3 M and 50 °C; ¢) 0.2 M
and 60 °C; d) 0.3 M and 60 °C.

The size evolution of nanoparticle clusters was also followed
by time dependent DLS (Figure 5), which confirms the
differences in the aggregation kinetics suggested by the
extinction spectra. The time evolution of the mean
hydrodynamic size, dy,q4, and the count rate for the four model
suspensions are shown in Figure 6. For 0.2 M and 50 °C (Figure
6a) a slight increase in d,,4 is observed over time. The
associated increase in the scattering intensity is expected
given the strong dependence of intensity on size, which

4| J. Name., 2012, 00, 1-3

reflects the fact that the dy 4 value is strongly weighted to the
larger scatterers in the distribution. On increasing either the
concentration or temperature a more rapid increase in dyq is
observed with an initial increase in the count rate (Figure
6b,c). This is followed for both suspensions by a transition
point at ca. 300-500 s, after which the count rate starts to
decrease, which we assign to sedimentation of larger clusters.
Hence the rate of increase in dyq is also slightly reduced in this
stage. The response of the suspension at 0.3 M and 60 °C
(Figure 6.d) is unusual; due to the very rapid aggregation only
sedimentation (count rate decrease) can be observed by DLS.
Over the parameter range studied the dy 4 value increases with
temperature and ionic strength, with the latter having a
stronger effect.
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Figure 6. Average size and mean count rate measured by DLS as a function of time at
different temperatures and salt concentrations; a) 0.2 M and 50 °C; b) 0.3 M and 50 °C;

c) 0.2 M and 60 °C); d) 0.3 M and 60 °C. Blue circles represent the average sizes; red
triangles represent the mean count rate values.

Structure of the nanoparticle clusters

This journal is © The Royal Society of Chemistry 20xx
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Electron micrographs of samples removed from the four model
suspensions after 40 minutes of assembly are shown in
Figure 7. Different cluster sizes and structure can be observed
depending on the ionic strength and temperature used during
the assembly process (confirming the persistence of the
structures).
increases with the temperature and electrolyte concentration
and the number of individual nanoparticles
significantly. Small compact clusters formed from only a few
particles are observed for the sample treated at 0.2 M and 50
°C. This is in good agreement with spectral features of this
system, i.e. only broadening of the plasmon peak can be
observed with a minor shoulder around 570 nm, with a very
slight increase in d,,4. As the temperature and the salt

The mean size of the nanoparticle clusters

decreases

concentration are increased, the cluster size also increases
dramatically in accordance with the DLS and extinction
spectroscopy data. It has to be noted that the cluster sizes
observed in SEM exceed the DLS values. This is due to the
larger clusters being overrepresented in the SEM sample at the
end of the clustering process compared to DLS due to
sedimentation, which is in accordance with the observed drop
in the count rates for all sets of parameters in Figure 6. In

order to provide a (semi-)quantitative analysis of the change in
performed on

cluster size, image analysis low-

magnification (1k) images.

was

200 nm

200 nm

Figure 7. Structure of the gold nanoparticle clusters evolved after 40 minutes under
different experimental conditions (K,SO4 concentration and temperature): 0.2 M and
50 °C (a); 0.3 M and 50 °C (b); 0.2 M and 60 °C (c); 0.3 M and 60 °C (d). Insets show the
compact alignment of nanoparticle building blocks.

The distribution of the cluster perimeters, in nanometres, is
shown in Figure 8. It is clear, that for this set of parameters,
the ionic strength has a more determining effect on the cluster
size, while there is also a significant, though smaller, difference

This journal is © The Royal Society of Chemistry 20xx
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as the temperature changes for a given ionic strength. This
structural difference between the four sets of parameters can
be interpreted in term of the different interaction potential
between the nanospheres featuring a ‘soft-sphere’ type
interaction energy curve.”? Based on earlier results” the
electric double layer repulsion between the particles is
completely eliminated already at 0.2 M salt concentration and
steric repulsion originating from the PEG chains is responsible
for the colloidal stability of the system. At increasing
temperature, the decrease in the steric repulsion and the
developing ‘soft-sphere’ type provides the
necessary driving force for the clustering process. The findings
presented here show that by varying the ion concentration

interaction

and temperature, one can fine-tune the steric interaction.
Although it should be noted that the hydrophobic interaction
between the surface grafted polymers may also play a role,34
increasing the attraction between the nanoparticles at smaller
separations, thus it can contribute to the aggregation of the
NPs.

0.50
0.2M; 50°C
[ 0.2m; 60°C
0.3 M; 50°C
[ o0.3Mm;60°C

Relative occurance (%)

VTSSOSO

0.00-

log(perimeter)

Figure 8. Effect of the different temperatures and ion con-centration on the resulting
clusters. The perimeter of the aggregates in nanometer was obtained from image
analysis analysing 200 clusters.

The compact nature of the observed NPCs, see insets to
Figure 7b-d, indicates that, in with  the
spectroscopic and DLS investigations, the process is not
diffusion limited, and hence there should be only a moderate
attraction between the NPs within the cluster. This
interpretation is confirmed by investigating the stability of the
smallest (0.2 M; 50 °C) and largest (0.3 M; 60 °C) NPCs.
Suspensions were allowed to assemble for 600 seconds, and
the clustering process was quenched by dipping the sample

accordance

into ice cold water, after which ultrasonication was applied for
3 or for 5 minutes for different samples. The size distribution
was then measured by DLS (Figure 9). For the small clusters
(Figure 9a) a feature corresponding to the individual particles,
at around 20 nm, appears after 5 minutes, showing successful
(even if only partial) disassembly of the clusters. Additionally,
for the present systems the presence of any force field that
would self-limit the NPC growth35 can be excluded and cluster-
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to-cluster aggregation must also play a role in the growth
process indicated by the irregular shape of the large clusters
(Figure 7c-d). These observations point to a relatively weak
attraction between the particles at 0.2 M and 50 °C, hence
they form smaller clusters during the assembly and are more
susceptible to forced disassembly upon sonication. This is
consistent with the work of Kim et a/.g, which suggests higher
stability ratios for colloids exhibiting weaker interparticle
attraction during the aggregation process. For the larger
clusters (Figure 9b), however, only fragmentation of the large
aggregates occurs without the appearance of a significant
number of monomers particles, indicating a more stable
cluster and hence stronger attraction between the particles.

a) 18] —— 600 s aggregation b) 20 —— 600 s aggregation
—— 3 min ultrasonication 18] —— 3 min ultrasonication
167 —— 5 min ultrasonication —— 5 min ultrasonication
14] 16
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= T 124
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Figure 9. Effect of sonication on the DLS response for sus-pensions obtained after
assembly for 600 seconds at (a) 0.2 M; 50 °C and (b) 0.3 M; 60 °C.

Conclusions

In summary, a tunable clustering process for amino-PEGylated
gold nanoparticles is presented, where the structure of the
nanoparticle clusters (NPCs) and the aggregation kinetics can
be controlled by the ionic strength and the temperature of the
medium. For different sets of parameters, entirely different
NPC structures evolved over time, which can be attributed to
the modulation of the steric repulsion arising from the PEG
grafts. When the driving force for the clustering is smaller, only
NPCs composed of a few particles are formed which can be
effectively disassembled by providing external energy e.g. by
ultrasonication. As the driving force increases, faster assembly
occurs resulting in compact 3D assemblies. This suggests a
proper soft-sphere type interaction energy profile, however,
the size of the aggregates is significantly larger due to cluster-
to-cluster aggregation. In the latter case, the NPCs undergo
only partial fragmentation on ultrasonication; the individual
particles cannot be recovered upon disassembly, indicating
increased cluster stability with increasing size.
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