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ABSTRACT: The adsorption mechanism of small positively
charged silica nanoparticles (SiO, NPs) onto larger polystyrene
latex nanoparticles (PSL NPs) forming hybrid particles was
studied. CryoTEM showed the morphology of these supraparticles
to be raspberry-like. After surface modification of the SiO, NPs,
the optimum pH regime to initiate the formation of nano-
raspberries was determined. Thereafter, their size evolution was
evaluated by dynamic light scattering for different surface charge
densities. Reversibility of nanoraspberry formation was shown by
cycling the pH of the mixture to make interparticle forces either
attractive or repulsive, while their stability was confirmed
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experimentally. The number of SiO, NPs on the PSL NPs as determined with cryoTEM matched the theoretically expected
maximum number. Understanding and controlling the relevant parameters, such as size and charge of the individual particles and the
Debye length, will pave the way to better control of the formation of nanoraspberries and higher-order assemblies thereof.
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B INTRODUCTION

Small, simple building blocks can assemble into disordered or
ordered complex structures in nature"” or in a laboratory.” If
these building blocks assemble into complex ordered structures
without human intervention, it is called self-assembly.” Myriads
of complex structures can be formed via self-assembly, such as
colloidal crystals,” lipid bilayers,® cytoskeletons of cells,” and
virus capsids.® Self-assembly can be induced in binary colloidal
systems to form stable raspberry-like structures by finely
balancing the attractive and repulsive forces between them.
Although it sounds like a simple task, the formation of
raspberry particles requires a good understanding and control
of the critical forces responsible for tuning the kinetics of the
assembly process.

In order to force small nanoparticles to attach onto the
surface of a larger nanoparticle to create a raspberry
nanoparticle, one needs to be aware of the importance of the
key parameters governing the behavior of individual nano-
particles in the solution. The formation of raspberry nano-
particles can be induced if attractive interactions between the
different nanoparticles overcome the repulsive interactions.”
Various types of raspberry particles consisting of organic and
inorganic nanoparticles have been created on varying length
scales by tuning the process conditions, such as ionic strength,
pH, type of solvent, and temperature.'’""> Importantly,
electrostatic interactions'® between individual nanoparticles
play a crucial role in their self-assembly. Electrostatic
interactions between individual nanoparticles are highly
susceptible to the ionic strength and pH of the solution,
which opens new possibilities to control the self-assembly of
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individual nanoparticles, and thus control over the formation
of raspberry nanoparticles.'”'” Consequently, the key aspect of
controlling the formation of nanoraspberries is to understand
and manipulate the attractive and repulsive forces governing
the behavior of different building blocks. To that end,
understanding and controlling the stability of SiO, NPs, the
PSL NPs, and the nanoraspberries, as well as the aggregation
dynamics of the nanoraspberries as a function of pH and ionic
strength of the solution, will be the focus of this paper.

In the past, adsorption phenomena of oppositely charged
spherical colloidal particles'>™">'®'? have been studied
intensively. Vincent et al.'* studied the deposition of positively
charged polystyrene latex microspheres onto negatively
charged polystyrene latex particles and examined the effect of
poly(vinyl alcohol) and ionic strength on the deposition
kinetics of small particles. Similarly, Harley et al."* showed the
adsorption of small, negatively charged latex nanoparticles onto
larger, positively charged latex particles by employing a new
thin-film, freeze-drying/scanning electron microscopy techni-
que. More recently it has been shown that deposition of
different organic and inorganic nanoparticles onto larger latex
particles can be achieved.””™*’ Sadowska et al. showed that
deposition of positively charged 100 nm polystyrene latex
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nanoparticles onto negatively charged 820 nm polystyrene
latex particles can be initiated by adjusting the ionic strength of
the solution.”’ In another study by Sadowska et al., it was
demonstrated that the coverage of larger polystyrene latex
particles by smaller silver nanoparticles™ can be controlled to a
certain degree by controlling the ionic strength of the solution.
In still other studies, in line with the above-mentioned works,
the coverage of polystyrene microspheres by different
inorganic nanoparticles has been demonstrated.””** Using a
different strategy, Lan et al.”> showed a method where they
synthesized raspberry colloids by injecting at 70 °C a mixture
of acrylate monomers, styrene, and the cross-linker divinyl-
benzene into a water—ethanol solution (80/20 v/v) containing
the initiator 2,2’-azobis(2-methylpropionamide) dihydrochlor-
ide. Due to the solubility differences of styrene and acrylate
monomers in the water—ethanol mixture, dispersion polymer-
ization of the acrylate monomers and surfactant-free emulsion
polymerization of styrene-rich emulsion droplets occurred
simultaneously, which resulted in the formation of ~45 nm
polyacrylate and ~200 nm polystyrene particles. Thereafter,
these nanoparticles fused, thereby creating raspberry colloids in
the presence of the cross-linker. They found that the solvent
conditions and the concentration of cross-linker were crucial in
the formation process of the raspberry particles. Recently, we
showed that the enthalpy-driven self-assembly of particles at
low concentration and the entropy-driven packing of particles
at high concentration can be combined into a single strategy to
achieve three-dimensional structured multicomponent materi-
als.”® Last but not least, raspberry-like particles consisting of an
organic and an inorganic component can play a crucial role in
the rational design of the hybrid materials, possibly to be used
in applications such as catalysts,27 plasmonics,28 and
biodevices.”’

The main goal of this paper is to monitor the aggregation
dynamics and elucidate the driving forces of adsorption of
silica nanoparticles (SiO, NPs) on polystyrene latex nano-
particles (PSL NPs). The covering process by the SiO, NPs is
determined under in situ conditions via time-resolved
cryoTEM and dynamic light scattering experiments. By cycling
the pH of the mixture to make interparticle forces either
attractive or repulsive, we show the reversibility of nano-
raspberry formation.

B EXPERIMENTAL SECTION

Aqueous suspensions of negatively charged PSL spheres were
obtained from either Sigma-Aldrich (LB1) or Fisher Scientific
(Distrilab) and were used as received. Ultrapure water (with a
resistivity of 18 MQ cm obtained using a Milli-Q water
purifier) was used in all experiments. A stock dispersion was
prepared by diluting the PSL NPs dispersion 1:10 with
ultrapure water. SiO, NPs were slynthesized according to
previously described methods®”*" (see the Supporting
Information, Materials and Methods). Size and surface charge
characterizations of the as-synthesized SiO, NPs were
conducted using dynamic light scattering (Zeta-sizer, Mal-
vern). As-synthesized silica nanoparticles are negatively
charged over a broad range of solution conditions. In order
to facilitate charge reversal by changing the pH, a previously
published surface functionalization method was employed*”
(see Supporting Information, Materials and Methods). In
order to perform the reversibility experiments, the amount of
buffer necessary was calculated based on the desired ionic
strength for the specific sample volume (Table S1).
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Cryogenic transmission electron microscopy (cryoTEM)
and dynamic light scattering (DLS) were employed to measure
the size distribution of silica nanoparticles and to monitor the
evolution of the hydrodynamic diameter of the aggregates as a
function of surface charge density as determined by zeta
potential measurements. CryoTEM samples were prepared by
depositing 3 uL samples on a 200 mesh Cu grid with
Quantifoil R2/2 holey carbon film (Quantifoil Micro Tools
GmbH) or Lacey/Carbon 200 mesh (Electron Microscopy
Sciences). All TEM grids were surface plasma treated for 40 s
using a Cressington 208 carbon coater prior to use. An
automated vitrification robot (Fisher Scientific Vitrobot Mark
IV) was used for plunge vitrification in liquid ethane.
CryoTEM studies were performed on a TU/e cryoTITAN
instrument (Thermo Fisher Scientific) operated at 300 kV,
equipped with a field emission gun (FEG), a post-column
Gatan Energy Filter (GIF), and a post-GIF 2k X 2k Gatan
CCD camera. The size and SiO, NP coverage of the
supraparticles which have the raspberry-like morphology
were measured from the cryoTEM images by typically using
250 particles.

DLS was used to determine the number weighted size
distribution, electrophoretic mobility, and zeta potential of the
silica nanoparticles, as well as the polystyrene latex nano-
particles, employing the Debye approximation. Size evolution
and corresponding zeta potential values of the nanoraspberries
for a given surface charge density were also monitored in time
and with varying pH. The sizes of the PSL NPs, SiO, NPs, and
nanoraspberries are reported as the mean + the standard
deviation of the mean.

The zeta potential, electrophoretic mobility, and size
distribution of the SiO, NPs and PSL NPs were determined
to better understand the behavior of the individual nano-
particle systems. The conversion from electrophoretic mobility
to zeta potential was done by employing the Henry equation
using the Smoluchowski approximation as appropriate for
aqueous dispersions.”” The size of the SiO, NPs determined
from cryoTEM was 28.8 + 0.4 nm (Figures Slla, SIlb, and
SIlc) and 30.2 #+ 0.8 nm according to DLS (Figure SI1d). At
this point, it is important to note that the size of the silica
nanoparticles as measured by cryoTEM is often smaller than
the size measured by DLS. Although frequently the size
measured by DLS shows a somewhat larger value than that
measured by microscopy,”” this is not always the case.’
Generally, a comparison of the results of these methods is not
straightforward at all.’*~*® DLS was employed to analyze the
PSL NPs which showed a hydrodynamic diameter of 100 + 9
nm (Figure SI2).

B RESULTS AND DISCUSSION

Zeta potential measurements (Figure la) were conducted to
determine the surface charges of the individual nanoparticle
samples and to prove that the surface modification process
resulted in SiO, NPs with reversible charge. Before surface
modification, the SiO, NPs were only negatively charged over
the pH range of 3—9, while after surface modification the
surface of the SiO, NPs became positively charged below a pH
of approximately 5.5. The same technique was employed to
determine the surface charge of the PSL NPs and for the whole
pH range considering that the PSL NPs respond to pH
changes but remain in a range approximately between —40 and
—60 mV (Figure la).
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Figure 1. (a) Zeta potential measurements of PSL NPs, bare SiO,
NPs, and surface-modified SiO, NPs. (b) Evolution of the
hydrodynamic diameter of aggregates in a mixture of 30 nm
surface-modified SiO, NPs and 100 nm PSL NPs at different pH
values over time. Results for pH 9 and pH 12 overlap for the whole
range as they do for pH S and 6. The lines drawn are a guide to the

eye.

In order to determine the most efficient pH range to initiate
self-assembly between the PSL NPs and SiO, NPs, time-
resolved DLS experiments were conducted to monitor the
formation of aggregates as a function of time at pH values
ranging from 2 to 12 (Figures 1b, Figures SI3 and SI4). The
DLS results show that at pH 12 and pH 9, the hydrodynamic
diameter of the hybrid particles does not change and is
constant over time at 105 = 4 nm (for details, see Figures SI3
and SI4). This constant value of the hydrodynamic diameter at
pH 12 and pH 9 over 10° s (or about 1 month) clearly suggests
that the PSL NPs and SiO, NPs do not attach to each other
owing to repulsive Coulomb interactions at this specific pH
range. At pH 6 and pH 5 the hydrodynamic diameter for the
mixture of SiO, NPs and PSL NPs also shows a constant
hydrodynamic diameter over a period of 1 month, but now at a
value of 158 + 5 nm, which is thus significantly larger than that
of the bare PSL. At pH 4 the measured hydrodynamic
diameter is 152 + 3 nm; it does not change initially after
mixing but increases to 216 + 4 nm after 1 month. This can be
explained by the low zeta potential value for the hybrid
particles at pH 4 which was measured to be +6 + 0.3 mV. The
fact that these hybrid particles are positively charged indicates
that positively charged SiO, NPs are partly covering the
negatively charged surfaces of PSL NPs. Finally, the hydro-
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dynamic diameter results obtained from a mixture at pH 2
indicates that the PSL NPs and SiO, NPs are highly attractive
at this pH. They form hybrid particles already 2 min after
mixing for which the hydrodynamic diameter was measured to
be 257 nm and increasing to many micrometers after one
month (Figure 1b, pink triangles). Although a precise
interpretation of DLS and zeta potential data cannot be
expected as their prerequisites are not completely fulfilled, they
nevertheless offer sufficient guidance to explain the mecha-
nism.

In summary, three different regimes can be observed from
the DLS results: (1) a regime where the particle diameter stays
constant at the size of the PSL NPs, suggesting that individual
nanoparticles do not interact with each other (Figure 1b; black
squares and red circles); (2) a regime where the particle
diameter increased in size relative to the PSL NPs, suggesting
that individual nanoparticles form hybrid particles due to the
attractive Coulomb forces (Figure 1b; green, blue, and
turquoise triangles); and (3) a regime in which the particle
diameter increases far beyond the PSL NP size, indicating that
large aggregates are formed in time (Figure 1b; pink triangle).
This has been confirmed with cryoTEM, which also shows
their raspberry-like morphology for pH 4 (Figure 2a, 2b) and
pH 2 after 2 min of mixing the PSL NPs and SiO, NPs (Figure
2c—h), with PSL NPs partly covered with SiO, NPs (Figure
2¢, 2d, 2e) as well as with PSL NPs fully covered with SiO,
NPs (Figure 2f, 2g, 2h).

CryoTEM results also show that 1 week after mixing at pH 2
the PSL NPs and SiO, NPs form networks of well-defined
nanoraspberries with the PSL NPs fully covered with SiO, NPs
(Figure 2i, 2j). Moreover, DLS results at pH 2 clearly show a
gradual increase of the hydrodynamic diameter over time. After
6 h, the hydrodynamic diameter was measured as S11 nm,
indicating that several nanoraspberries were attached to each
other. Finally, the DLS results after 1 month show that the
hydrodynamic diameter at pH 2 increased to 7600 nm,
indicating that the nanoraspberries are forming agglomerates,
as proved via cryoTEM (Figure 2k, 21, and enveloped with
yellow borders in Figure 2m).

To compare the experimental results for the number of SiO,
NPs on the surface of PSL NPs, we used a theoretical estimate
as given by Mansfield et al.*” They studied how many “probe”
(small) spheres on average can be attached to a “target” (large)
sphere by a random attachment process until all available sites
on the surface of the target sphere are exhausted. In this
calculation the authors either allowed mobility of the small
spheres attached to the large sphere or not, ultimately resulting
in small differences, and we assume here immobile small
spheres. The mean number of the small spheres M that can be
attached is given by

n 2
M=k|ZL +1

L6}

with the constant K = 2.187 + 0.004.” By using this model, we
calculated M and compared these results with the experimental
results obtained from cryoET (Movie S1). It appears that the
number of SiO, NPs attached to the surface of PSL NPs can be
predicted quite accurately. For example, in the case of the
single nanoraspberry shown in Figure 3, the theoretical
prediction shows that the number of small particles attached
to the surface of the large particle should be M™®" = 55.5,
while cryoET results demonstrate that M®? = 54. The excellent
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Figure 2. CryoTEM images of the mixture of PSL NPs and SiO, NPs
(a,b) at pH 4 taken 1 month after mixing and (c—h) at pH 2 taken 2
min after mixing. In this case, several images are shown to
demonstrate clearly in detail that the PSL NPs are not fully covered
with SiO, NPs yet (j, j) at pH 2 taken 1 week after mixing, (k—m) at
pH 2 taken 1 month after mixing, and (n—p) at pH 12 taken 1 month
after mixing.

agreement between the experimental and theoretical M values
is also a good indicator that equilibrium was reached.
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At this point, one needs to consider that the stability of
colloidal particles in a solution depends on the balance
between attractive van der Waals and repulsive double-layer
forces. It is also important to note that at higher salt
concentrations bridging of nanoraspberries by SiO, NPs
could occur. Consequently, insufficient repulsive forces will
eventually result in an unstable colloidal suspension where
nanoparticles stick to each other due to van der Waals forces.'®
The zeta potential boundary between stable and nonstable
colloids is considered to be +25 or +30 mV.** Hence, in order
to determine the stability and cyclability of the nanoraspberry
assembly, electrophoretic mobility and zeta potential measure-
ments were conducted (Figure SIS).

The zeta potential can be linked to the surface charge and
can change due to changes in pH or due to the salt content of
the medium. Results obtained from the mixture at pH 2
demonstrate that the zeta potential of the solution is +21 mV
(Figure SISa). Because the SiO, NPs were surface modified by
APTES molecules, the amine moieties on the surface of the
SiO, NPs are protonated at pH 2. Therefore, we can conclude
that the surface of PSL NPs was fully covered by SiO, NPs.
The behavior of individual PSL NPs and SiO, NPs is quite
different at pH 4, pH S, and pH 6 as compared to that at pH 2.
The zeta potentials of mixtures measured after 1 week at pH 4,
pH 5, and pH 6 were +6 + 0.3 mV, =5 + 0.7 mV, and —4 +
0.3 mV, respectively (Figure SISa).

These results indicate that PSL NPs and SiO, NPs have
limited interaction with each other, as corroborated by the
hydrodynamic diameter measurements. Zeta potential meas-
urements at pH 9 and pH 12 for the mixtures show highly
negatively charged particles, which is in line with the zeta
potential measurements of the individual PSL NPs and SiO,
NPs. Individual nanoparticle systems also have a negatively
charged surface at higher pHs, making it impossible for them
to form nanoraspberries upon mixing (Figure 2n—p).

Furthermore, the reversible and dynamic nature of the
nanoraspberries was evaluated via cryoTEM and DLS by
adjusting the pH of the mixture (Figure 4). First, PSL NPs and
SiO, NPs were mixed at neutral pH which was thereafter
dropped to pH 2 by adding a mixture of 0.1 M KCI (50 mL)
and 0.1 M HCI (13 mL)*"** in order to initiate the formation
of nanoraspberries (Figure 4a). CryoTEM results indicate that
the formation of nanoraspberries was successful and that they
were efficiently separated from each other. Subsequently, the
pH was increased to 10 by adding a mixture of 0.2 M KCl (50
mL) and 02 M NaOH (12 mL) in order to investigate
whether the nanoraspberries would stay intact or individual,
separated PSL NPs and SiO, NPs would be observed.
CryoTEM results obtained at pH 10 demonstrate that
separated PSL NPs and SiO, NPs are observed, indicating
that the nanoraspberries fully dissociated and that the PSL NPs
and SiO, NPs repel each other (Figure 4b); however, some
small clusters of silica NPs can be observed. In order to fully
understand the presence of small clusters of silica NPs, we
conducted a series of zeta potential experiments to evaluate the
behavior of the mixture upon altering the pH. The most
striking result found was the gradual decrease of the zeta
potential of the solution upon increasing the pH from 2 to 10
during the first cycle (Figure 4e, the transition from a to b).
This is important because the second increase of the pH from
2 to 10 occurred very steeply (Figure 4e, the transition from c
to d), resulting in an immediate negatively charged mixture.
This might explain why we observed some clusters of SiO,
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Figure 3. Cross sections at different heights in a nanoraspberry as obtained from cryoET reconstructions (a—e) show that the PSL nanoparticle is
fully covered with SiO, NPs. Scale bars = 100 nm. Further, (f) shows the cryoTEM image of a single nanoraspberry, and (g) and (h) show the side
and top view of the 3D reconstruction of the same nanoraspberry, respectively.
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Figure 4. Dynamic and reversible nature of nanoraspberries as evaluated by cryoTEM characterization made by surface-modified SiO, NPs mixed
with PSL NPs. (a) Mixture at pH 2. (b) The mixture as shown in (a) brought at pH 10. (c) The mixture shown in (b) brought at pH 2 again. (d)
The mixture shown in (c) brought back to pH 10 again. (e) DLS results at various pH corresponding to the cryoTEM images (a) to (d) (see also
Figure SI6b). The error bars indicate the standard deviation in the mean, which is typically 10 nm. (f) Zeta potential measurements for PSL NPs,
SiO, NPs, and mixtures used in the reversibility experiments as a function of pH.

NPs still sticking to each other to create chain-like structures
(Figure 4b). Although we were always very meticulous while
conducting the experiments, waiting until solutions reached
equilibrium before conducting the imaging experiments, one
can infer from Figure 4f that due to the gradual decrease of
zeta potential during the transition from pH 2 to 10 (the
transition from a to b), the mixture may not have reached
equilibrium yet and that some of the SiO, NPs are still in
contact with each other.

Thereafter, for the same solution, the pH was adjusted from
10 to 2 (the transition from b to c), for which cryoTEM results
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confirmed the reformation of nanoraspberries (Figure 4c).
Finally, the pH was increased to 10 (the transition from c to d)
again in order to observe whether they disassociate again.
CryoTEM imaging demonstrated that the nanoraspberries
indeed dissociate again, indicating that the individual particles
are repelling each other (Figure 4d) and supporting the results
obtained from DLS (Figure 4f). Taking everything into
consideration, this demonstrates the reversible nature of this
particle system.

The pH was dropped once more to 2 to monitor the
possible structural alteration of the mixture. Consistent with
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the hydrodynamic radius for further cyclability experiments
(Figure S16), the structure was much less well defined. Hence,
although the behavior of the nanoraspberries was designated as
reversible above, after all, it may be better to label it as
pseudoreversible. As upon repeating the pH cycle, the ionic
strength inevitably increases, and at some point the
reversibility is terminated. An important parameter to consider
in this respect is the Debye length k', which is a measure of
the range of electrostatic effects in a solution for a given

charged particle (eq 1) given by

k> = 2e%/e,e,kT (1)

with e (C) being the elementary charge, & (F m™') the
vacuum permittivity, £, (—) the relative permittivity (dielectric
constant) of the medium, k (J K™*) the Boltzmann constant,
and T (K) the temperature. Further, the ionic strength I is
given by

v >
I= E E Cij
j=1 ()

Here, ¢; (M, mol L") is the molar concentration of ion j, and z;

is the charge number of that ion. The number % accounts for

the fact that both cations and anions are included. Thus, for a
given aqueous solution containing charged PSL NPs and SiO,
NPs at room temperature, the Debye length is only dependent
on the ionic strength, meaning that by adjusting cyclically the
pH, the double layer of the individual particles is continuously
compressed up to a certain point, after which they are more or
less fully screened (Figure S).
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Figure S. Influence of changing ionic strength I on the Debye length
k" in water at a 25 °C. Ionic strength values corresponding to cycling
steps in Figure 4 shown as a, b, ¢, and d.

B CONCLUSIONS

In summary, it was demonstrated that the preparation of
nanoraspberries, with PSL NPs of about 100 nm acting as the
core and SiO, NPs of about 30 nm providing the shell, was
achieved. The key is that the formation of nanoraspberries is
highly dependent on the interaction strength between
individual nanoparticles in the solution, and therefore, one
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can control the formation of supraparticles by simply tuning
the ionic strength of the solution. Moreover, our results show
that the distribution of SiO, NPs over the PSL NPs can be
controlled by adjusting the pH of the medium. It was
demonstrated via cryoTEM that the electrostatic interaction
between the supraparticles is not strong enough to prevent
them to be separated over one month, even if the required pH
is maintained. Furthermore, the (pseudo)reversible nature of
these nanoraspberries was shown by cycling the pH between 2
and 10. Cycling obviously increases the ionic strength, and
above a critical ionic strength of the solution (approximately
140 mol m™), nanoraspberries cannot reassemble anymore, as
a high salt concentration implies a small Debye screening
length and therefore short-ranged interaction forces. Finally,
from the experimental data the number of small SiO, NPs on
the surface of a large PSL NP was determined, showing a good
agreement with the theoretical calculations.
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