Downloaded viaTU HAMBURG-HARBURG on January 12, 2021 at 08:52:03 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

This is an open access article published under a Creative Commons Non-Commercial No Q

ACS
THE JOURNAL OF AUTHORCHOICE

PHYSICAL CHEMISTRY

pubs.acs.org/JPCB

Controlling the Large-Scale Fabrication of Supraparticles
Alexander Plunkett, Catriona Eldridge, Gerold A. Schneider, and Berta Domenech*

I: I Read Online

Article Recommendations |

Cite This: J. Phys. Chem. B 2020, 124, 11263-11272

ACCESS |

ABSTRACT: Controlling the nanoscale interactions of colloidal
building blocks is a key step for the transition from single
nanoparticles to tailor-made, architected morphologies and their
further integration into functional materials. Solvent evaporation-
induced self-assembly within emulsion droplets emerges as a fast,
versatile, and low-cost approach to obtain spherical, complex
structures, such as supraparticles. Nevertheless, some process—
structure relationships able to describe the effects of emulsion
conditions on the synthesis outcomes still remain to be
understood. Here, we explore the effect of different physicochem-
ical parameters of emulsion-templated self-assembly (ETSA) on
supraparticles’ formation. Supraparticle size, size dispersity,
microporosity, and sample homogeneity are rationalized based
on the used surfactant formulation, stabilization mechanism, and viscosity of the emulsion. We further demonstrate the significance
of the parameters found by optimizing a transferable, large-scale (gram-size) ETSA setup for the controlled synthesis of spherical
supraparticles in a range of defined sizes (from 0.1—10 gm). Ultimately, our results provide new key synthetic parameters able to
control the process, promoting the development of supraparticle-based, functional nanomaterials for a wide range of applications.
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B INTRODUCTION

Self-assembly has emerged as a key tool for arranging single,
colloidally dispersed nanoparticles (NPs) into functional
suprastructures. This assembly process relies on an interplay
of several colloidal interactions between the involved nano-
building blocks and the continuous phase in which they are
dispersed. These forces, together with the kinetics of the
process, will ultimately direct the features—in terms of, for
example, shape or supercrystalline order—of the obtained
condensed material and thus its final properties and
applicability.' ~* Accordingly, the drive to obtain high-quality,
NP complex structures for their further integration into novel
functional materials and devices leads to the need of a good
understanding and precise control of the synthetic parameters’
effects. Among many developed experimental techniques,
emulsion-templated self-assembly (ETSA) allows the prepara-
tion of well-defined spherical-shaped suprastructures, tunable

in advanced optoelectronic devices,"'™'* sensors,” or tissue
engineeringw among others. Moreover, because the ETSA
technique is applicable to a wide range of NPs of different
materials, sizes,” and shapes,’ the produced SPs appear as
promising candidates for photonic materials' ™*° or structural,
hierarchical materials with outstanding mechanical proper-
ties.” =%

The formation of emulsions is a nonspontaneous process,
and the emulsified system is thermodynamically unstable. This
makes an emulsion very prone to coalescence, sediment/
creaming, flocculation, and/or suffer from Ostwald ripening
processes. During the emulsion process, though, the Gibbs
free energy path for the emulsion formation can be tuned by
the used surfactants and the viscosity of the continuous
medium.”® Understanding the effect of these physicochemical
conditions in the ETSA process therefore promises high
control over the experimental outcomes.

Until now, several studies have been dedicated to control

in size and in NP arrangement. Through this technique,
typically, NPs dispersed in oil droplets within an oil-in-water
(O/W) emulsion (or other phase combinations ie. W/O, O/
O emulsions) arrange themselves into complex structures
upon slow evaporation of the solvent carrier (oil phase)."*~"
The obtained ETSA suprastructures consist of spherical
particle agglomerates—with or without supercrystalline
order—and are also referred in the literature as supraparticles
(SPs), terminology which will be used in this work.* Because
SPs can remain in a dispersed form, they allow for an easy
postprocessing, which is desired for their further applications
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the kinetics of the self-assembly process and the NP’s
interactions within the emulsion droplets,”>”'*'%* or to
obtain highly controllable and monodisperse SPs via non-
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Figure 1. Schema of the used experimental setup with the input parameters and their ranges used to investigate the ETSA process. On the right,
typical scanning electron microscopy (SEM) images of different ETSA outcomes, which range from microporous SPs, dense SPs, and
nonspherical suprastructures. It is hypothesized that optimal emulsion droplet stability leads to the desired main product (supercrystalline dense
SPs), while double emulsions (e.g. water-in-oil-in-water, W/O/W) and significant droplet formation and breakdown give undesired side-products
(microporous SPs and/or nonspherical assemblies). Red and blue segments in the depicted surfactant molecules correspond to hydrophobic and

hydrophilic moieties, respectively.

scalable setups, for example, microfluidics.”*”**" Never-
theless, controlling the emulsion process itself while
maintaining scalability is usually seldom addressed, and thus,
the effects of some physicochemical conditions during ETSA
are still not fully understood.>' > This lack of control on the
emulsion process leads to some effects for which the final
outcome is unclear or not reported. An example of that is the
usual appearance of undesired byproducts in the form of a
variety of complex structures other than dense SPs.***
Because an emulsion is a dynamic system which may undergo
rupture and coalescence of single droplets as well as formation
of double emulsion droplets, the appearance of byproducts
indicates a poor control on the emulsion properties.”® We
speculate that such transitions in the final state of SP
formation are the main cause for the abovementioned
byproducts (i.e. nonspherical suprastructures and microporous
SPs, as shown in Figure 1), and therefore hypothesize that
they can be controlled, or even avoided, by a better
understanding of the emulsion process itself.

In this work, we examine the influence of some
physicochemical, empirical parameters on the obtained
ETSA outcomes taking as a base the fundamental concepts
of emulsion stability. Specifically, we investigate the effect of
different surfactant formulations, which tune the hydrophilic—
lipophilic balance (HLB),”” the stabilization mechanism (i.e.
steric vs electrostatic), and the viscosity of the emulsion, on
responses such as the obtained SP size, size dispersion,
homogeneity (understood as a yield of the desired ETSA
outcome), and fraction of microporous SPs. For a
comprehensive understanding of these influences, we apply
the concept of Design of Experiments (DoE).*® This allows us
to model the effect of the different experimental input
parameters on the synthesis outcomes with standard statistical
techniques.”®*” By this means, we establish a systematic,
multivariate exploration of parameter effects and resolve their
cross-dependencies, to reveal and understand some process—
structure relationships.’®*”* Based on the obtained DoE
results, we further optimize the emulsion formulation for the
synthesis of desired SPs (dense SPs in a specific size range) in
a gram-scale setup, demonstrating how the gained under-
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standing can maximize the potential of this versatile, scalable,
and cost-efficient approach.

B METHODS
Materials. Cyclohexane (CHEMSOLUTE, > 99.8%),

hydroxyethyl cellulose (HEC, Sigma-Aldrich), polyoxyethy-
lene (20) sorbitan monolaurate (Tween 20, AppliChem, >
100%), sodium dodecyl sulfate (SDS, Chemsolute, > 98.0%),
and sorbitan monolaurate (Span 20, Merck, synthesis grade)
were used without further purification. Oleic acid-stabilized
Fe;O, NPs (CAN GmbH, Germany, 15.2 + 1.2 nm, 11.5 wt
% organic content, in toluene) were dried in vacuum and
redispersed in cyclohexane before use.

Supraparticle Synthesis. A solution of 0.00165—200
mmol L™} Tween 20, 0.00165—200 mmol L™ Span 20, 2.23—
200 mmol L™" SDS, and 0.0100—10.0 g L™" HEC in 150 mL
water was prepared in a 250 mL three-neck round flask via
mild stirring at 50 °C until HEC was dissolved. After allowing
to cool to room temperature, a suspension of 10—500 g L™
NP in 10 mL cyclohexane was added to the aqueous solution.
The flask was sealed, and the two phases were emulsified by
vigorously stirring at 100—500 rpm using a 68 X 24 X 3 mm
poly(tetrafluoroethylene) stirrer shaft attached to a mechan-
ical stirrer for 2 h. Subsequently, the flask was opened to allow
evaporation of the solvent, and the stirring was reduced to 60
rpm in order to prevent sedimentation and creaming. After 20
h, the obtained suprastructures were separated from remaining
free NPs in the surfactant solution by centrifugation at 5000g
for 20 min, decanting the supernatant, and redispersion in 0.2
mmol L™' of Tween 20 aqueous solution. The purification
step was repeated three times.

Sample Characterization. Scanning electron (SE) micro-
graphs were acquired with a Zeiss Supra VPSS (Zeiss,
Germany) at 1.5 kV, with a 10 gm aperture size, in a high
vacuum mode and using the Everhard-Thornley detector.
Specimens were applied onto a SEM sample holder by
dropcasting a dilute suspension of the ETSA outcomes in
ethanol. Dynamic light scattering (DLS) measurements were
carried out on a Malvern Mastersizer 3000 system attached
with a Hydro EV dispersion unit using a 4 mW, 632.8 nm
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Figure 2. (AB) SEM images of an example batch obtained only with SDS as the surfactant, showing the inhomogeneity of the obtained
suprastructures, i.e. significant side-product appearance. (C) Comparison of the determined size distributions via manual SEM image evaluation
and DLS for the sample shown in A and B. The similarity of the two distributions (i.e. the overlap integral) was used as a measure to quantify the
homogeneity, H. (D—G) Model prediction ability by comparison of the DoE model prediction values versus the experimental values for SP size,
dy, dispersity, 6, homogeneity, H, and fraction of porous SPs, ®p. The coefficient of determination, R? and the adjusted coefficient of
determination, Radjz, are only related to the fit data, whereas the coefficient of determination, R, also refers to the confirmation data. (H—K)
Univariate slices on the response surface for each model at the parameter settings of the center point. Note that univariate representations do not
display cross-dependencies of the input factors. More information can be found in the Supporting Information, Section 4.

He—Ne laser and 10 mW, 470 nm light-emitting diode
illumination. From SEM images, 300 (dense and porous) SP
diameters per sample were evaluated, and the results fitted to
a log—normal distribution to extract the SP size, dy;, and the

size dispersity, o (i.e. standard deviation, extracted from a log—

normal distribution fit). The fraction of microporous SPs, @,

was obtained by visually identifying and manually classifying
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the amount of porous versus dense counted SP diameters and
calculating the corresponding volume fraction.

DoE Model Building. The experimental design, calcu-
lation of empirical models, and their evaluation were carried
out using Design-Expert 12 (Stat-Ease, Inc., Minneapolis, MN,
USA). A resolution VI 6 factor factorial 257! design
augmented by star points with distance @ = 2'* to a Central
Composite Design covering 48 experiments, including four
replicates of the center point, was applied. The parameter
settings are listed in Table S1. Because a linear scale did not
allow to observe significant effects, the concentration
parameters (i.e. concentrations of Tween 20, Span 20, SDS,
HEC, and NPs) were applied in a logarithmic scale.

Models in the form of polynomial expressions representing
the experimental output as a function of input variables are
constructed from the most optimally statistically significant
polynomial terms and fitted to the design data. The model
selection was done algorithmically by optimizing the adjusted
coefficient of determination, Radjz, using a critical p-value of
0.1. The obtained model terms and their statistical significance
are listed in Tables S2—SS. Box—Cox power transforma-
tion’®*' was employed to stabilize variance in case of
heteroscedasticity and noted with the transformation factor, 4.

Models were accepted after validating with 10 additional
confirmation experiments on the basis of three criteria: (i)
difference between the adjusted coefficient of determination,
Radjz, and the coefficient of determination, R* being lower
than 0.2, (ii) the confirmation set coefficient of determination,
R.ons approaching the fitting set, R, and (iii) each model
term having a high degree of statistical significance (a p-value
of approximately 0.1 or lower).

B RESULTS AND DISCUSSION

Multivariate Parameter Analysis. NP complex struc-
tures were synthesized via ETSA, as described in the Methods
section. In brief, NPs were dispersed in cyclohexane and
added to an aqueous solution of surfactants and thickener
followed by emulsification via intense stirring in a 250 mL
round-bottomed flask equipped with a mechanical stirrer
(Figure 1). Further mild stirring allowed the cyclohexane to
evaporate during a period of 20 h. After evaporation of the
NPs’ solvent, the obtained complex structures appeared in a
mixture of morphologies, ranging from microporous SPs,
dense SPs (i.e. without micropores, henceforth named as SPs),
and nonspherical suprastructures®>*® (high-resolution micro-
graphs of some examples can be found in the Supporting
Information, Section 2).

The emulsion’s physicochemical conditions were modified
by adjusting the concentration of SDS, polyoxyethylene (20)
sorbitan monolaurate (Tween 20), and sorbitan monolaurate
(Span 20) as ionic (HLB = 40), hydrophilic nonionic (HLB =
16.7), and lipophilic nonionic surfactants (HLB = 8.6),
respectively.”” Moreover, we modified the applied shear and
the viscosity of the aqueous phase, via stirring and the
addition of HEC as a thickener (Figure 1). The starting NP
concentration varied, to adjust the initial droplet properties.

A total of 48 experiments were performed according to a
response surface design. As responses, the most frequent
sphere diameter (defined as size, dy), size dispersity (o),
sample homogeneity (H), and fraction of microporous SPs
(®p) were obtained from SEM and DLS analyses. Specifically,
the dy, o, and ®, were obtained from analyzing SE
micrographs, as described in the Methods section. As a figure

of merit for the homogeneity, we defined the overlapping area,
H, of the normalized volume distribution from SEM
measurements with the DLS distribution (further information
in the Supporting Information, Section 3). This is exemplified
in Figure 2A—C. When only SDS is used as a stabilizing
agent,g’m’?’6 the obtained suprastructures are highly inhomoge-
neous, ranging from spherical SPs to nonspherical NP
agglomerates. The obtained diameter distribution curves of
these samples (Figure 2C) show in fact a significant mismatch
between the measurement methods, DLS and SEM. Although
in the manual SEM-based size measurement, only spherical
complex structures were considered, DLS measures all
suprastructures regardless of their shape, including the
nonspherical ones. Therefore, improvement of sample
homogeneity would lead to an increase of the overlapping
integral. It has to be highlighted that the overlap integral does
not represent the absolute value of the SP content within the
samples.

The measured responses (size, size dispersity, homogeneity,
and porous SP fraction) of the conducted experiments were
used to obtain DoE models using the software Design-Expert
(Stat-Ease, Inc.). By comparing the experimental values of the
measured responses (see Fitting Data in Figure 2D—G) versus
the model-calculated responses for each parameter setting, we
see a good agreement between both (exemplified by the R*-
and the Radjz-obtained values). This indicates that each
developed model is able to properly represent the obtained
experimental outcome. For further verification, additionally,
the models were tested with confirmation tests by conducting
10 additional experiments with parameter settings different
from the ones used in the design experiments (see
Confirmation Data in Figure 2D—G). Comparing the
confirmation experimental outcomes with the prediction
provided by DoE models for each response (Figure 2D—G,
detailed DoE model terms are presented in the Supporting
Information, Section 4) allowed us to confirm that the
developed models have a good power of predictability for the
used system (as exemplified by the obtained R.,,?) and thus
can be used to further rationalize the ETSA process based on
the studied parameters.

All models, for all investigated responses, exhibit depend-
encies on all six input parameters (stirring rpm and
concentrations of Tween 20, Span 20, SDS, HEC, and
NPs), as well as complex interactions between them (Tables
S2—SS). Hence, the depicted univariate “slices” in the
response surface (Figure 2G—I) give an overall impression
on each parameter influence, however, the detailed relation-
ships change depending on all the other parameter settings.
The impact of each model term on the experimental output,
and thus possible parameter interactions, is represented by the
coded coeflicient values provided in Figure S7.

In summary, it is found that mainly the surfactants Tween
20 and SDS determine the SP size, while the applied shear is
less significant (Figure 2H), pointing out toward a
thermodynamic control of the system rather than a kinetic
one (under the studied conditions). Increasing the amount of
SDS generally leads to smaller SP sizes, while an increase of
Tween 20 provokes the opposite effect. This can be explained
based on the hydrophilic and lipophilic moieties present in the
used surfactants, represented by their HLB values.”” The HLB
value allows relating the effect of the different intermolecular
forces acting between surfactant molecules and surfaces
(repulsive hydrophilic between headgroups, attractive hydro-
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Figure 3. Proposed mechanism of some selected physicochemical effects on the ETSA outcomes. (A) Although the applied shear can adjust the
initial droplet size distribution under certain emulsion conditions, the system moves toward a thermodynamic metastable state determined by the
critical packing radius of the surfactant blend. (B) Higher starting NP concentrations do not lead to bigger SPs under the same process
conditions. Instead, the formation of smaller droplets is favored leading to smaller SPs. (C) Combining ionic and lipophilic surfactants favors the
formation of W/O/W double emulsions ultimately leading to microporous SPs. The ionic surfactant does not sufficiently prevent the entering of
small water droplets into the oil phase. Once formed, the interior water droplet is then stabilized by the lipophilic surfactant.

phobic at the hydrocarbon—water interface, and repulsive
steric forces between aliphatic chains) to the geometry of the
surfactants within the emulsion and ultimately to the droplet’s
size. High HLB surfactants, like SDS (HLB = 40), feature a
large hydrophilic head group compared to their hydrophobic
tail. This allows them to pack as “sharp cones” into higher
droplet curvatures than steric surfactants, such as Tween 20
(HLB = 16.7).”” Therefore, when high HLB surfactants are
used, smaller droplet diameters are stabilized and con-
sequently smaller SPs are obtained. This is schematically
summarized in Figure 3A.

Surprisingly, higher starting NP’s concentrations generally
do not lead to bigger SPs. Intuitively, one would assume that a
higher NP load, under the same process conditions, would
lead to the integration of a higher number of NPs within the
droplets, and thus to larger SPs, as shown in Figure 3B.
Contrarily, the results indicate that a higher NP load favors
the formation of smaller oil droplets. Strong interactions of
the NP concentration parameter with all the surfactant terms
(Figure S7A) indicate that the increase in the number of oil-
contained NPs is able to change the properties of the oil
phase, in a way that the system no longer behaves like a pure
cyclohexane-in-water emulsion.

The size dispersity is also strongly influenced by the choice
of surfactants and thickener, yet mainly by Span 20 and SDS
(Figure 21); while the applied shear (stirring) has no effect on
the size nor the size dispersity. Again pointing out toward a
thermodynamic control of the emulsion by the physicochem-
ical conditions, it is to say, by the specific combination of

surfactants and thickener. Nevertheless, it is important to note
that the sample homogeneity shows a strong dependency on
the applied stirring (Figure 2J) yet with the local maxima with
strong cross-dependencies on the surfactants used (Figure
S7C). For a certain surfactant formulation, when the intensity
of applied shearing forms a droplet size distribution which is
thermodynamically metastable, a significant reduction of
droplet coalescence and rupture can be expected, as depicted
in Figure 3A. Furthermore, the obtained homogeneity is
generally higher when using mixtures of surfactants instead of
single-surfactant emulsions. This again relates to the stability
of the emulsion because the right combination of
surfactants—especially when combining ionic and nonionic
surfactants—can reduce coalescence as a result of several
effects such as high Gibbs elasticity, high surface viscosity, and
hindered diffusion of surfactant molecules from the interface’s
film.*® These findings support the proposed mechanism in
Figure 1 and allow reducing the amount of byproducts by
diminishing the frequency of droplet reformation.

The fraction of porous SPs shows a positive dependency on
the concentration of SDS and Span 20 and a negative effect
when increasing the concentration of HEC (Figures 2K and
S7D). Considering the proposed mechanism of W/O/W
double emulsions leading to microporous SPs in Figure 1, it is
in fact expected that jonic surfactants allow small water
droplets to enter a pre-existing oil droplet more easily than
sterically stabilizing surfactants. Once formed, the small
interior water droplets are then stabilized by the hydrophobic,
low HLB surfactants, such as Span 20, as illustrated in Figure
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Figure 4. Optimized samples with a most frequent size 0.3 ym (A), 1.0 um (B), and 3.1 um (C). The homogeneity, H, of the samples is
indicated by the similarity of size distribution obtained via SEM and DLS. Please note that the shifting of the most frequent size, dy;, in the
spectra toward higher values is because of conversion from number distribution to volume distribution. More information is given in Figure S9.

3C. Furthermore, a general decrease in the porous SP fraction
is observed when simultaneously increasing homogeneity and
decreasing dispersity, indicating a strong correlation between
these responses (Figure S8). This is most likely due to the fact
that microporous SPs are more fragile and often led to small
fragments within the samples (Figure S4), which is detected
as mismatch between SEM and DLS measurements. More-
over, because for the same NP content, SPs containing voids
naturally have a bigger diameter than micropore-free SPs; this
directly reflects on the relation between microporosity and
size dispersity.

Nevertheless, it has to be noted that the porous fraction
model (outcomes summarized in Figure 2G,K) has a lower
statistical significance and hence lower prediction power
(compare R?, Radjz, and R, in Figure 2D—G) than the rest
of developed models. Limitations such as the incomplete
sphere porosity assessment (e.g. micropores were not always
superficially visible) very likely hindered the obtaining of a
highly statistically significant model. Thus, even though the
porous model allows us to understand and rationalize the
parameter influences, its low prediction power hinders a
further optimization of this feature.

All in all, the described effects and the cross-dependencies
indicate how the system outcomes strongly rely on specific
physicochemical adjustments (i.e. emulsion droplet stability).
Therefore, adjusting the starting composition of the emulsion
based on the knowledge provided by the parametric analysis
should allow to obtain an ETSA-specific desired outcome.
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Optimized Transferable, Large-Scale ETSA. Based on
the developed models and the gained understanding of the
process, a further adjustment of the experimental physico-
chemical conditions was used to obtain targeted SP sizes and
minimize the side-product formation with a simple setup.
Hence, optimal self-assembly conditions were found by
numerically predicting compromise solutions for the obtained
models and to produce dense SPs with three different average
sphere sizes with minimum dispersity and maximum
homogeneity (detailed experimental settings shown in the
Supporting Information, Section S). Because of the low
statistical significance and compensability of the above-
mentioned porous fraction model, this model was not
considered for the optimization.

As can be observed in Figure 4, the optimized samples show
a significant improvement (compared to the ones presented in
Figure 2 and Supporting Information Section 2) in terms of
dispersity (¢ < 0.55) and sample homogeneity (>83 vol %),
as shown by the good match between the DLS spectra and the
manually counted SEM size distribution (details are given in
the bottom part of Figure 4). This demonstrates that this
quantification method is sufficient to find trends for
improvement within the DoE models. It is also important to
note that, although the size dispersity of these optimized
samples is significantly improved, the values here reported
represent the limit of the applied system, as predicted by the
DoE model. The SP sizes are yet log—normal distributed as a
result of the formation of the emulsion droplets by shear
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Figure S. (A) Parameter settings for three optimized SP sizes, 0.3, 1.0, and 3.1 ym. The dimensions are given in coded values [—a to +a] for the
sake of simplicity. (B) Required total surfactant, blend HLB value, and ratio of ionic and steric surfactants for the optimized samples. Response
surface plots of size, dispersity, and homogeneity at low (C) and high viscosity (D) conditions (determined by HEC concentrations) as a
function of SDS and Tween 20 concentrations. Black spheres represent optimized sample conditions for 0.3 and 3.1 ym. The red sphere in (C)
indicates how the system would behave if, with the aim of increasing the size at a low HEC concentration, the concentration of surfactants is

increased.

forces (i.e. stirring).28 Nevertheless, the gained understanding
for optimized physicochemical conditions presented herein
can also be applied in techniques with a specific spherical
spatial constraint, like membrane emulsification™ or in
microfluidics setups.”

Even though the model for @, was not considered in the
optimization step, the optimized samples also exhibit a
significant reduction of the porous SP fraction compared to
the previously designed experiments. Therefore, the opti-
mization of sample homogeneity and dispersity per se includes
a reduction of the microporous SP content. This is in
agreement with the results found in the multivariate parameter
analysis, and related, as discussed before, to the cross-
dependency of this parameter with both, homogeneity and
size dispersity.

Insights on the Optimized ETSA Process. A closer look
at the determined parameter settings used for obtaining the
optimized samples (Figure SA, and Table S6) reveals an
optimal stirring around the center point (i.e. 300 rpm) and an
optimal starting NP concentration at higher values (160—455
g L™"). We hypothesize that a high starting NP concentration
leads to an earlier onset of self-assembly and therefore a
smaller timeframe for side-products to form. Interestingly, the
optimal surfactant and thickener formulation significantly

differ for the different SP sizes. As expected, based on the
previously discussed parametric study analysis, the required
blend HLB value decreased with the increasing SP size
(Figure SB), again indicating that the resulting critical packing
radius™ plays a major role in determining the final SP size.
Comparing the sum of Tween 20, Span 20, and SDS, a total
surfactant amount of 8.8, 33.4, and 51.5 mmol was required to
obtain spheres of sizes 0.3, 1.0, and 3.1 pm, respectively
(Figure SB). Thus, larger SPs required an increased amount of
the total surfactant despite having a smaller total surface area.
Increasing surfactant concentrations in the bulk of the
aqueous phase likely causes an increase of surfactant
molecules bound to the surface of the oil droplet, decreasing
the surface tension and hence increasing their stability.”
Additionally, the required ratio of ionic and steric surfactants
decreased with increasing SP size (Figure SB), which could
again be attributed to the stronger reduction of surface
tension per molecule for Tween 20 compared to SDS.**
Therefore, it can be stated that bigger SPs require a stronger
stabilization compared to smaller ones, which relates to the
higher creaming rate of lar%er emulsion droplets which puts
them at risk of coalescence.”®

The response surfaces at the parameter settings used for 0.3
and 3.1 pm spheres with low and high HEC concentrations
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are presented in Figure SC,D, respectively. From these, it can
be noted that the viscosity of the aqueous media (determined
by the concentration of HEC) played an important role in
obtaining larger SPs with a narrow size distribution (Figure
SC). As concluded from parametric analysis, increasing the
amount of Tween 20 would be a trivial way to increase the SP
size, for example, starting from the parameter coordinates
used for 0.3 ym spheres (black sphere in Figure SC) at a low
viscosity. However, as indicated by the red sphere in Figure
5C, this would also significantly increase dispersity and reduce
homogeneity of the sample. Thus, to obtain larger SPs with
high homogeneity and low dispersity, the viscosity has to be
also increased (black sphere in Figure SD). In fact, the
positive effect of viscosity is well known for basic emulsions
because reducing turbulence leads to larger droplets with a
narrow size distribution and decreases their creaming rate.”®
Here, it is now shown that this effect also applies to ETSA NP
systems. Interestingly, a simple increase of the viscosity
(without increasing the amount of the surfactant) does not
lead to improved sample quality for smaller SPs. One
explanation could be that high HEC to surfactant ratios
could lead to HEC being the main stabilizing agent of the
emulsion droplets and/or to the complexation of HEC with
the surfactants,” leading to an insufficiently stabilized
emulsion system.

Based on the gained understanding of the system, and
following the optimized formulation for obtaining the SPs of
1.0 pm in size, a batch of 10 g of optimized SPs was obtained
(Figure S10). This demonstrates the applicability of this
approach for the production of larger batches with a
controlled outcome.

It is also worth noting that formulations leading to
homogeneous samples with a predominant fraction of
microporous SPs could also be obtained. The formation of
micropores in such suprastructures is itself a topic of great
interest. In the reported literature, hierarchical porosity is
usually achieved by co-assembling sacrificial polymer particles
within the spherical SPs.!9* Nevertheless, for a single
particle-type ETSA process, micropore formation is usually
neither studied nor controlled. In this work, based on
multivariate parameter analysis, the surfactant composition
was purposefully adjusted to high ratios of SDS (89—95 mol
%) and moderate amounts of Span 20 (3—11 mol %). These
compositions allowed us to obtain samples with high
microporous SP fractions (see the Supporting Information,
Section 6). This combination of surfactants—high concen-
trations of ionic surfactants combined with a low HLB,
lipophilic surfactant—promotes the formation of W/O/W
emulsion droplets, which ultimately results in microporous
SPs, confirming the mechanism proposed in Figure 1 and in
Figure 3C. In fact, this is in agreement with a previous
observation for paraffin-in-water emulsions,*’ although, to the
best of the authors knowledge, it is for the first time reported
for the ETSA process. Additionally, these findings deliver a
strong hint on how to tune the pore size in the microporous
SPs. Similar to the control of the SP size by adjusting the
blend HLB of the hydrophilic surfactants, adjusting the HLB
value of the lipophilic surfactant would determine the size of
the interior water droplets and ultimately the micropore size.

B CONCLUSIONS

ETSA allows to obtain NP suprastructures in a fast and
reproducible way. Herein, we explored the effect of different

11270

experimental physicochemical parameters during the ETSA of
spherical NPs to obtain targeted SPs with defined features.
The significance of parameters such as shear, concentration of
surfactants and NPs, type of surfactants, and viscosity of the
aqueous phase has been evaluated based on the obtained SP
size, size distribution, and the formation of side-products
(nonspherical structures or microporous SPs). Nonlinear
cross-dependencies between the different parameters emerged,
which makes the system challenging to solve by usual
monothetic experimental approaches. Statistical DoE allowed
to resolve some of these cross-dependent effects and to
understand process—structure relationships based on emulsion
thermodynamic principles, allowing us to establish some new
key experimental parameters for controlling the ETSA
outcomes. We found that blends of ionic and nonionic
surfactants lead to improved sample homogeneity because of
combined electrostatic and steric barriers against coalescence.
The blend HLB value of the surfactant formulations appeared
as a key parameter for controlling the critical packing radius of
the emulsion droplets and thus the final SP mean size. It also
emerged that to overcome the higher risk of creaming and
coalescence for emulsions with big droplet size, steric
stabilization and an increased amount of total surfactants
and thickener are required. This allowed us to obtain larger
SPs by stronger stabilization via reduction of the interfacial
tension in a viscous aqueous phase. Finally, this gained
knowledge allowed us to obtain homogeneous gram-scale
batches with controlled SP sizes from 0.1—10 gm. Moreover,
the obtained results also give important hints on how the SP’s
microporosity can be tuned by adjusting the surfactant
mixtures.

The study hereby presented therefore complements the
understanding of the ETSA process beyond the interaction of
single NPs during self-assembly and finds new trends for
controlling the emulsion (ie, the confinement) for an
optimized large-scale SP synthesis.
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