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Organogels are often made from solutions of proteins, polymers or fatty acids in oil.
The macromolecular species crystallize, or assemble, into mesh structures that inhibit oil
flow. This review focuses on using fumed silica nanoparticles as an alternative structuring
agent. Fumed silica particles have a unique, branched morphology that means the
particles aggregate into three-dimensional, interconnected networks. Two key aspects
for formulating edible oleogels are addressed. Advances in our understanding of fumed
silica particle aggregation in oil that point toward strategies for tuning the rheological
properties of oleogels are examined. Secondly, the factors likely to affect the lipolysis of
oils structured used fumed silica particles, and hence the bioavailability of ingredients
loaded into the gels, are discussed. The next challenge for these promising materials is
to target suitable applications for their use as fat replacement in foods.

Keywords: fumed silica aggregation, fumed silica gel rheology, oleogel, silica-lipid hybrid, fused silica

INTRODUCTION

Gels made from edible oils are potential replacements for the fat in a range of food products
(Martins et al., 2018; Puscas et al.,, 2020). The challenge in reducing the fat content in a food
is finding an alternative that performs similar functions (Marangoni et al., 2020). Trans- and
saturated fats influence food texture. Fats are structured by triglyceride molecules that crystallize
into a space-filling network of colloidal crystals (Tang and Marangoni, 2006; Lupi et al., 2016).
The presence of the network imparts an elastic structure, and hence a desirable mouthfeel (Sato
and Ueno, 2014; Macias-Rodriguez and Marangoni, 2018). The structure of a food also affects
its digestibility and the bioavailability of nutrients (Michalski et al., 2013). This can be due to
lipid being trapped within the network, or to the network components interfering with digestion
(McClements, 2018). Thus, the choice of gelling agent remains critical (Marangoni and Edmund,
2012; Rogers, 2018). This mini review will examine the strategy of using fumed silica to structure
edible oils.

Fumed silica nanoparticles aggregate in vegetable oils and assemble into a three-dimensional
network. The presence of the network immobilizes the oil into a solid-like material that holds
its shape and does not leak. The focus of the mini review is on how the surface chemistry of
fumed silica particles can be manipulated to optimize their effectiveness as structuring agents.
The review is divided into three parts. Firstly, the colloid chemistry of fumed silica particles is
summarized. Secondly, the relationship between the structure of the networks and the organogel
rheology is described. Finally, the impact of the particles on the rate of lipid digestion and release
of encapsulated ingredients is considered.
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COLLOID CHEMISTRY OF FUMED SILICA

Fumed silica nanoparticles have a unique shape and surface
chemistry that is central to their ability to form structural
frameworks in solvents. The shape of the particles is due
to them being synthesized by flame hydrolysis of SiCly at
temperatures higher than 1,000°C (Hurd and Flower, 1988;
Pratsinis, 1998). Chlorosilane reacts with hydrogen and oxygen
to produce molten spheres of silica (called primary particles)
with sizes between 5 and 30 nm. The primary particles collide
together and fuse into chains of particles. The fused clusters are
between 100 and 1,000 nm in length and have branched shapes,
as shown in Figure 1a. Light scattering studies of the growth
of fused clusters revealed that they have a fractal dimension
of 1.5 & 0.2 (Hurd and Flower, 1988; Pratsinis, 1998). Fumed
silica powders are made of clusters entangled together into
porous networks that extend up to 250 micrometers in size.
The powders have specific surface areas that range between 50
and 400 m? g~ 1.

The large surface area of fumed silica powders means
that their surface chemistry is critical to how the powders
function when dispersed in solvents (Iler and Iler, 1979;
Legrand, 1998). The primary particles are composed of SiOy4
tetrahedra. The atoms exposed on the particle surfaces are
oxygen atoms that are part of siloxane groups (Si-O-Si), or
silicon atoms that are part of silanol (Si-OH) groups (Vansant
et al, 1995). The silanol groups are formed during particle
synthesis, or by rehydroxylation of siloxane groups due to
dissociative water adsorption. The surface reactivity of a powder
depends on the number and distribution of silanol groups.
Approximately every second silicon atom on a fumed silica
surface bears a silanol group (Mathias and Wannemacher,
1988; Barthel, 1995). The groups are randomly distributed
across the surface (Zaborski et al., 1989). Pristine fumed silica
is hydrophilic and has a high surface energy due to their
presence. Deactivation of the surface silanol groups by reaction
with alkyl trichlorosilanes, or alkyl trialkoxysilanes, reduces the
surface energy of the powder and the particle surfaces become
hydrophobic (Gun’ko et al., 2000; Wang et al., 2000; Jiang et al.,
2018).

The surface chemistry of fumed silica powders is modified
by adsorption of lipid species when the powders are wetted
by edible oils. The silanol groups on the particle surfaces
are sites for molecular adsorption of species capable
of forming hydrogen bonds, or of undergoing donor-
acceptor interactions (Zhuravlev, 2000). The triglycerides
in vegetable oils adsorb onto silica surfaces due to hydrogen
bonding between the silanol groups and the ester carbonyl
groups (Adhikari et al, 1994; Proctor et al, 1996). This
reduces the proportion of silanol groups available to form
hydrogen bonds.

Fumed silica tends to aggregate when dispersed in organic
solvents (like edible oils). The interactions between colloidal
particles are traditionally explained using DLVO theory. This
approach approximates the total potential energy of interaction
between two colloidal particles as the sum of their van
der Waals interactions and the energy due to the overlap

of their electrical double layers (Israelachvili, 2015). Double
layer forces are weak in non-aqueous solvents (Christenson
and Horn, 1985). Raghavan et al. (2000b) proposed that
fumed silica particles aggregate due to van der Waals and
hydrogen bonding interactions between silanol groups on
adjacent hydrophilic fumed silica particles. The hydrogen
bonding interactions enhance particle aggregation in solvents
that interact only weakly with the particle surfaces (Raghavan
et al., 2000b). In the case of silanised powders, they argued
that a mismatch between the chemical nature of the solvent
and the alkyl chains coating the silica surfaces leads to
attractive interactions due to the negative free energy of
mixing between the alkyl chains (Raghavan et al, 2000a).
Thus, the interactions governing the aggregation of fumed silica
particles are thought to be dispersion, solvation and hydrogen
bonding forces.

There is evidence from measurements of the forces between
silica surfaces in non-aqueous solvents to support these
hypotheses. McNamee et al. (2004) found that electrostatic
interactions between hydrophilic silica surfaces in dodecane were
weak and long-ranged. No electrostatic repulsive forces were
measurable between hydrophobic silica surfaces in dodecane
(McNamee et al., 2004). Gee and Israelachvili (1990) measured
attractive interactions between silica surfaces coated with
hexadecyl hydrocarbon chains in tetradecane that could not
be described by van der Waals forces alone. They proposed
that the additional attractive interaction was due to entropic
interactions between the hydrocarbon chains and the solvent
molecules. Roke et al. (2005) probed the molecular structure
of the interface between hydrophobic silica particles and
hexadecane and observed that an ordered (frozen) interfacial
layer formed as the temperature was lowered. They argued that
this layer generates a short-range attraction between the particles.
Although alkanes were used in these studies, it is likely that
the findings can be generalized to dispersions of fumed silica in
edible oils.

The attractive interactions between fumed silica particles
cause them to assemble into three-dimensional networks in
organic solvents. Electron microscopy imaging of frozen samples
of fumed silica dispersions in sunflower oil by Patel et al.
(2015b) confirmed the presence of fractal-like clusters of
particles on the nanometre-scale. The kinetics of the aggregation
between the clusters were followed indirectly using scattering
techniques (Smith and Zukoski, 2006a,b; Nordstréom et al,
2012). Confocal microscopy imaging of fumed silica particle
aggregates in olive oil showed that the clusters assemble into
irregular, linear aggregate structures up to 20pum in length
(Whitby et al.,, 2018). The linear aggregates overlap and entangle
together in a ramified manner on the microscopic scale, as
shown in Figure 1b. Analysis of the spatial correlations between
the particle aggregates revealed that the networks have a
characteristic pore size. The sizes of the pore spaces depend
on the fraction of silanol groups available to form hydrogen
bonds between neighboring aggregates (Whitby et al., 2018).
The hierarchy of fumed silica networks in edible oils resembles
the different levels of structuring found in fat crystal networks
(Tang and Marangoni, 2006).
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FIGURE 1 | (a) Electron microscope image of primary particles fused together into a chain-like cluster of fumed silica. The white bar corresponds to 20 nm. (b)
Confocal fluorescence image of the entangled aggregates in a gel of 5 wt. % fumed silica particles in olive oil. (¢) Particle concentration (C) dependence of the elasticity
(G’) of gels of fumed silica in olive oil (s) (Whitby et al., 2018) and sunflower oil (M) (Patel et al., 2015b). The line is a power-law fit of the data for the olive oil gels with a
scaling exponent, n = 3.5. For comparison, the elasticity of gels of glyceryl monostearate in a medium chain triglyceride oil (¢) (Cerqueira et al., 2017), ethyl cellulose
in soybean oil (®) (Zetzl et al., 2014), berry wax in sunflower oil (V) (Patel et al., 2015a) and carnauba wax in sunflower oil (A) (Patel et al., 2015a) is also shown.

10

RHEOLOGY OF FUMED SILICA OLEOGELS

Network formation by fumed silica particles in organic solvents
causes the liquid to thicken. Increasing the particle concentration
in the oil transforms the viscous liquid into a gel, a self-
supporting material (Kosinski and Caruthers, 1986; Khan and
Zoeller, 1993; Chen et al., 2005; Sugino and Kawaguchi, 2017).

The viscoelastic character of the gels resembles the rheology of
fat crystal networks (Macias-Rodriguez and Marangoni, 2018).
Using oleogels as replacements for solid fat in food requires being
able to characterize their mechanical properties, and to alter these
properties to match the desired texture of the food product.

The rheology of oil dispersions of fumed silica is quantified by
measuring their response to oscillatory stress. Gelled dispersions

Frontiers in Sustainable Food Systems | www.frontiersin.org

October 2020 | Volume 4 | Article 585160


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Whitby

Structuring Oils With Fumed Silica

of hydrophilic fumed silica in olive oil resist flowing and behave
like viscoelastic solids, when small perturbations are applied
(Whitby et al., 2018). This means that the connections between
the overlapping silica aggregates are strong enough for the
network to withstand the weight of the solvent trapped in
the pores, and to store elastic strain. The solid-like behavior
is characterized by the elastic storage modulus, G’. Larger
perturbations cause a solid-liquid transition, due to energy being
dissipated as the network of fractal clusters is broken apart
(Whitby et al., 2018). The elastic structure of fumed silica
organogels can be recovered once the applied stress is released
(Patel et al., 2015Db).

The rheological properties of fumed silica organogels are
linked to the unique (fractal) shape and size of the aggregates
formed by the particles. The elastic storage moduli of olive oil gels
of hydrophilic fumed silica scale with the particle concentration
(C) as G = aC", where the scaling exponent n ~ 3.5, as
shown in Figure 1c (Whitby et al, 2018). This is consistent
with predictions made by physical models of the gels as space-
filling networks of fractal clusters formed by diffusion limited
aggregation between the clusters (Buscall et al.,, 1988). Similar
behavior was observed for gels of fumed silica in mineral
(Khan and Zoeller, 1993) and paraffin oils (Yziquel et al,
1999). The magnitude of the elasticity of the network structures
in triglyceride solvents is, however, lower at a given particle
concentration (Whitby et al., 2018). This is likely due to the
impact of lipid adsorption on the hydrogen bonding capacity of
the particle clusters and hence the strength of the links between
the clusters in the network. Thus, the rheological properties of
these systems are also linked to the interactions between the oil
and the particles. Figure 1c shows that the elasticity of the gels is
comparable in magnitude to that of oleogels formed using natural
waxes, biopolymers and fatty acid crystals.

There is significant evidence that fumed silica gel rheology
can be tuned by altering the interactions between the particles
and hence the network morphology. Dispersions of methylated
particles in olive oil tend to yield and flow even under
small applied stresses (Whitby et al, 2018). Replacing some
of the silanol groups on the particle surfaces with methyl
groups reduces the hydrogen bonding capability of the particle
aggregates. This was shown to lead to the formation of more
tenuous networks with a larger average pore size (Whitby et al.,
2018). Raghavan et al. (2000a) tuned the surface chemistry
of fumed silica powders by reacting them with silanes of
different chain length. They observed a correlation between the
measured elastic moduli of dispersions of silanised fumed silica
in polyethylene glycol and the calculated mismatch in solubility
between the functional groups on the particle surfaces and the
solvent. Patel et al. (2015b) found that the rheology of fumed
silica dispersions in sunflower oil could be altered by thermal
treatments. Wu and co-workers argued that heating fumed silica
organogels affects the strength of hydrogen bonding interactions
between the particles (Wu et al., 2012a,b).

Adding small amounts of a second solvent may also alter the
interactions in fumed silica organogels. Providing the second
solvent is not miscible in the edible oil, it may form liquid
bridges between particles, and hence generate attractive capillary

interactions between the particles (Koos and Willenbacher, 2011,
2012). This has not been investigated in edible oils gelled with
fumed silica. But there is evidence in the literature that it is
likely to enhance network formation. For example, the viscosity
of suspensions of other food grade particles (cocoa and starch
particles) in sunflower oil was manipulated by adding small
volumes of water (Hoffmann et al., 2014).

LIPOLYSIS OF MIXTURES OF FUMED
SILICA AND EDIBLE OILS

Given the potential applications for organogels in foods, it
is important to consider how the digestion of edible oils
will be impacted by gelation with fumed silica. Digestion
involves the hydrolysis of triglycerides by lipase enzymes
(Friedman and Nylund, 1980; Wilde and Chu, 2011; Singh et al,,
2015; Maldonado-Valderrama, 2019). The enzymes break the
triglycerides down into fatty acids and glycerols that are adsorbed
into the bloodstream. Lipases are surface active proteins that
catalyze reactions at the interface between aqueous and oil phases
(Carey et al.,, 1983; Schmid and Verger, 1998; Mu and Hoy,
2004). This means that the edible oil must be emulsified for
the enzyme to be effective. The reaction kinetics are affected
by the size of the oil droplets formed during emulsification,
and hence the interfacial area, as well as the composition of
the interface (Armand et al., 1999; Reis et al., 2009; Malaki
Nik et al, 2011; Guo et al., 2017; Raikos and Ranawana,
2017). A network of fumed silica particles within the edible
oil will presumably hinder emulsification of the oil and slow
the release of any active ingredients (like drugs) dissolved
in the oil.

Lipid digestion from fumed silica organgels has yet to be
investigated. But we can glean insights from studies of digestion
of edible oils gelled with fatty acids (Iwanaga et al., 2010, 2012;
Lupi et al., 2013, 2018) and ethylcellulose (O’Sullivan et al., 2017).
For example, Iwanaga et al. (2010) investigated the rate of release
of ibuprofen from soybean oil gelled using 12-hydroxystearic
acid. They observed that the ibuprofen released more slowly
into simulated intestinal fluids from gels than from solutions of
the drug in soybean oil. Lupi et al. (2013) studied the release
of ferulic acid from olive oil gelled with policosanol (a fatty
acid) in gastro-intestinal simulating fluids. They observed two
stages in the release process. Lupi et al. (2013) found they could
manipulate the release rate in the first stage by altering the
concentration of the policosanol, and hence the gel viscosity.
They proposed that release was controlled by diffusion of the
drug molecules through the gel during this stage. The second
stage was characterized by a faster release rate (Lupi et al., 2013,
2018; Pereira Camelo et al., 2016). The rate exceeded predictions
by models for the release of drugs from polymer matrices due
to diffusion alone (Siepmann and Siepmann, 2008; Fredenberg
et al., 2011). Lupi et al. (2013) proposed that disruption of the
network of fatty acid crystals enhanced the rate of drug diffusion
by increasing the lipid-water interfacial area. O'Sullivan et al.
(2017) investigated the release of S-carotene from canola oil
gelled with ethylcellulose. They found that the lipids in gels
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FIGURE 2 | (A) Schematic of the release of encapsulated ingredients (cargo) from fumed silica organogels during digestion by diffusion through the thickened oil and
disruption of the particle network. (B) Schematic of how the interplay between the surface chemistry of the fumed silica and the conformation of the enzyme and lipid

with weak mechanical properties were digested in simulated
duodenal fluid at a similar rate to lipids in oil solutions of 8-
carotene. In contrast, the rate of lipid hydrolysis was slower
from gels that were stiff enough to be cut up into pieces.
O'Sullivan et al. (2017) argued that the canola oil was released
more slowly from the stronger cellulose networks because they
were harder to break apart. They observed variations in the
rate of lipolysis in gels of similar strength and argued that the
thickness of the walls in the cellulose networks must also affect
their disruption.

It is likely that similar behavior will be observed for edible
oils gelled using fumed silica. The release of the encapsulated
cargo during digestion will occur by a combination of two
mechanisms, as illustrated in Figure 2A. One is diffusion
through the thickened solvent. The rate of diffusion will depend
on the concentration of fumed silica particles. The other
mechanism involves disruption (sometimes called degradation,
or erosion) of the silica particle network. This will increase
the surface area of the lipid exposed to digestive fluids. The
rate of lipid digestion will therefore depend on the influence
of the fumed silica particles on the interactions between the
lipase enzymes and the lipid-water interface. Although this
has yet to be investigated for fumed silica gels, Prestidge
and co-workers have studied the digestion of mixtures of
edible oils and inorganic particles, including fumed silica
(Joyce et al, 2016¢, 2018). Their findings provide insights
into how the porous shape of fused silica could be used to
manipulate the size of the lipid-water interfacial area available for
lipase adsorption.

Tan et al. (2010) found that dispersing hydrophilic fumed
silica particles in droplets of a medium chain triglyceride oil
(Miglyol 812) reduced the rate of lipolysis. They argued that the
presence of the particles limited access of the lipase enzymes

to the lipid interface. On the other hand, Tan et al. (2010)
observed that lipid digestion from hybrid particles made from
fumed silica and oil droplets was faster than digestion from
the oil drops alone. Electron microscopy imaging of the hybrid
materials showed that they were micrometers in size and made
of a “sponge-like” network of the silica particles. The pores in
the network were up to 200 nm in size, which was comparable
to the average diameter of the oil droplets (~172nm). The
network remained intact for at least 1 h during lipolysis (Simovic
etal., 2009). Confocal fluorescence microscopy imaging revealed
that the oil was spread throughout the porous network (Tan
et al,, 2012). Joyce et al. (2014) demonstrated that the rate and
extent of lipid digestion depended on the relative proportions
of silica and oil. They found that that lipid digestion was
enhanced from hybrids containing insufficient oil to coat the
available pore space (Joyce et al.,, 2014). The rate of digestion
decreased as the amount of oil increased. Lipid digestion from
hybrid particles containing enough oil to exceed monolayer
coverage of their pores was slower than digestion from oil
droplets alone.

The surface chemistry of fumed silica also has a critical
effect on the interactions between lipase and the lipid-water
interface. The rate of lipid hydrolysis is faster from hybrids
made of hydrophilic fumed silica, rather than hydrophobic
fumed silica (Joyce et al., 2016b). Reis et al. (2006) found
that lipases adsorbed on hydrophilic silica surfaces catalyzed
hydrolysis reactions. Lipases bound to hydrophobic silica favored
esterification of triglycerides instead. They argued that lipase
enzymes adsorbed on hydrophilic silica adopt conformations
that expose the active hydrophobic sites which catalyze lipid
hydrolysis (Reis et al., 2006). Joyce et al. (2016a) used mass
spectrometry to find evidence for differences in the orientation
of lipase enzymes adsorbed on silica surfaces of different
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wettability. Evidence was also found for differences between the
conformation of adsorbed lipids molecules on hydrophobic and
hydrophilic silica (Joyce et al., 2015). Thus, the wettability of
the silica surface may affect the orientation of lipid molecules
and lipase enzymes adsorbed on the surface and hence the
bioavailability of encapsulated ingredients, as illustrated in
Figure 2B. The charge on the silica particles can also affect
lipase action. Digestion products displace lipase enzymes from
the lipid-water interface (Reis et al., 2008). Since hydrophilic
surfaces are negatively charged, it is thought that electrostatic
repulsions between the fatty acids and the silica network in
the hybrids encourage removal of the digestion products, thus
freeing up sites at the lipid-water interface for lipase adsorption
(Joyce et al., 2014).

FUTURE OUTLOOK

Based on the evidence in the literature, using fumed silica to
structure edible oils has advantages. The inorganic particles
assemble into three dimensional, anisotropic networks which
have similar structural and mechanical properties to networks of
fat colloids. They could enhance the nutritional profiles of edible
organogels by modulating the rate of lipid digestion and release
of active ingredients encapsulated within the networks. The next
step is to transform these structures into materials that mimic the
texture and stability of fat and can be readily incorporated into
food formulations.
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