
Citation: Le Thanh-Blicharz, J.;

Lewandowicz, J.; Małyszek, Z.;

Baranowska, H.M.; Kowalczewski,

P.Ł. Chemical Modifications of

Normal and Waxy Potato Starches

Affect Functional Properties of

Aerogels. Gels 2022, 8, 720.

https://doi.org/10.3390/

gels8110720

Academic Editors: Anna Florowska,

Tomasz Florowski and Osvaldo

H. Campanella

Received: 10 October 2022

Accepted: 7 November 2022

Published: 8 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 gels

Article

Chemical Modifications of Normal and Waxy Potato Starches
Affect Functional Properties of Aerogels
Joanna Le Thanh-Blicharz 1,* , Jacek Lewandowicz 2 , Zuzanna Małyszek 1, Hanna Maria Baranowska 3

and Przemysław Łukasz Kowalczewski 4,*

1 Department of Food Concentrates and Starch Products, Prof. Wacław Dąbrowski Institute of Agriculture and
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2 Institute of Logistics, Poznan University of Technology, 2 Jacka Rychlewskiego St., 60-965 Poznań, Poland
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Abstract: Aerogels are of increasing interest because of their exceptionally large surface area, porous
structure, and low weight. Despite the significant increase in interest in the subject of starch-based
aerogels, the number of detailed studies is rather scarce, which is especially evident in the case
of chemically modified derivatives. Therefore, the study aims to evaluate the physicochemical
properties of aerogels from chemically modified potato starch preparations (E 1422 and E 1450)
obtained both from normal and waxy starches. Aerogels were prepared through the retrogradation
of starch pastes followed by the gradual replacement of water with ethyl alcohol. The obtained
preparations were characterized in terms of their bulk density, oil-binding capacity, as well as the
texture and rheological properties of the formed pastes. Moreover, their usefulness was evaluated
in an emulsion system employing rheological and low-field NMR methods. The obtained aerogels
were characterized by a lower bulk density of 0.18–0.59 g/cm3 and 5.4–6.6 times higher oil-binding
capacity compared to native potato starch. The chemical modification of starch helped to further
alter the functional properties of the obtained aerogels, making them more effective oil binders,
emulsifiers, and stabilizers (increasing the stability from 55 to 90%), which was especially evident
for E 1450 preparation. Amylose content improved the aerogel properties, as waxy preparations
were characterized by worse functional properties with the only exception of improved thickening
ability. The most beneficial properties for the preparation of emulsions were observed for the aerogel
obtained based on E 1450 normal potato starch.

Keywords: 1H NMR; relaxation times; rheological properties; chemically modified starch;
quality; emulsion

1. Introduction

Among naturally occurring polymers, starch is characterized by the greatest diversity
of physicochemical properties, and is significantly influenced by the biodiversity of the
raw materials from which it is obtained [1–5]. Although, for economic reasons, most of the
starch produced in the world is derived from corn, wheat, and potatoes, in small amounts
(less than 5% in total), it is obtained from other plant materials. The functional properties
of starch for use in food production are determined by the rheological properties of its
pastes [6–8]. The rheological properties of starch pastes are determined by both the ratio
of amylose to amylopectin and the molecular structure of both carbohydrates [9,10]. A
significant impact on the development of molecular structure and proportion of these starch
constituents is caused by its botanical origin as well as a variety of plants from which starch

Gels 2022, 8, 720. https://doi.org/10.3390/gels8110720 https://www.mdpi.com/journal/gels

https://doi.org/10.3390/gels8110720
https://doi.org/10.3390/gels8110720
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/gels
https://www.mdpi.com
https://orcid.org/0000-0002-5730-5097
https://orcid.org/0000-0002-2083-5502
https://orcid.org/0000-0001-6597-0858
https://orcid.org/0000-0002-0153-4624
https://doi.org/10.3390/gels8110720
https://www.mdpi.com/journal/gels
https://www.mdpi.com/article/10.3390/gels8110720?type=check_update&version=2


Gels 2022, 8, 720 2 of 13

is derived [11,12]. The use of starch for the production of aerogels has been widely studied
in recent years [13]. One of the advantages over inorganic aerogels is the possibility of
modifying the hydroxyl groups of polysaccharide chains, which in turn allows modifying
the properties of bio-aerogels.

Aerogels are of increasing interest because of their exceptionally large surface area,
porous structure, and low weight. They have been studied in several applications such as
heat insulators, support materials, fillers, and filters. Depending on the parameters used for
their production, numerous materials can be created with a wide range of possibilities and
properties [14]. The most popular are silica aerogels, mainly used as a component of modern
thermal insulation. However, the emphasis is on using natural, renewable, biodegradable,
and biocompatible resources to create aerogels, e.g., with starch [15]. Polysaccharide
aerogels are gaining wider interest due to their open-pore nanostructure, high surface area,
biodegradability, and biocompatibility [16]. The most popular way to create starch aerogels
is to dissolve starch in water and retrograde it (forming a hydrogel), gradually replace the
water with alcohol, and dry. The drying step of wet polysaccharide gel is crucial to maintain
the integrity of the original three-dimensional structure. This step can be accomplished
through means of air-, freeze-, or supercritical fluid drying [17,18].

The interest in starch as a raw material for the production of aerogels was initiated
by Glenn and Irving in 1995 [19]. The usefulness of starch as a raw material for aerogel
production is mainly related to the fact that it is a biodegradable, inexpensive, and abundant
food-grade raw material [20]. Despite the significant increase in interest in this subject,
information about starch-based aerogels is relatively general. Most studies have been
published using corn or wheat starch as a raw material. The exception is the work of
Druel et al. [21] in which the effect of the botanical origin of starch and the method
of processing on the properties of aerogels was described. However, there is a lack of
information of the effect of chemical modification of starch on the properties of aerogels
obtained on their basis. In addition, Zhu, in his review of the methods of production and
potential applications of starch aerogels, indicated the importance of establishing the effect
of starch modification on the properties of obtained aerogels [13].

At the current stage, the applicability of starch aerogels is mostly experimental and
potential fields of application are still to be discovered [13]. Aerogels are known for oil-
binding properties, with a predominance of the physical nature of the uptake process [22].
The modification of starch can presumably further enhance this property by the incorpora-
tion of hydrophobic moieties in the process of starch esterification with acetic or octenyl
succinic anhydrite (OSA) [23]. It was also proven that aerogels derived from waxy starch
varieties have weaker water–biopolymer interactions when compared to their normal
counterparts [24] which can further enhance oil-binding properties. Acetylated distarch
adipate (E 1422) and OSA starch (E 1450) are of particular interest due to their common
use as emulsifiers in food technology. Therefore, the aim of the study was to evaluate the
physicochemical properties including the oil-binding capacity of aerogels from chemically
modified starches (E 1422 and E 1450) obtained from normal and waxy potato starch.

2. Results and Discussion
2.1. Aerogels Characteristics

Bulk density is one of the basic parameters characterizing aerogels. Its typical value is
usually reported around 0.2 g/cm3, and for bio aerogels, even lower-g/cm3. The properties
of aerogels based on starch depend on the botanical origin, especially the amylose con-
tent [21]. The method of aerogel formation reveals also a significant effect [25]. The values
presented for native starch aerogels (0.18–0.33 g/cm3) in Figure 1 are consistent with the
literature data, especially since the waxy-starch-based aerogel had a higher bulk density.
Similar observations on the effect of amylose on bulk density were reported for corn starch
in which the high-amylase variety had a bulk density of 0.10 g/cm3, whereas the normal
one was 0.24 g/cm3 [19]. The chemical modification resulted in an increase in the value of
the bulk density of aerogels, but in all cases, the products based on waxy starch showed
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a higher value of this parameter than those based on normal starch. This is a potentially
disadvantageous phenomenon as a lower bulk density is accompanied by a larger specific
surface area [13,15,17,21,25].
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Figure 1. Bulk density of aerogels and the corresponding starch raw materials. Mean
value ± standard deviation. Samples denoted with the same letter do not differ significantly p > 0.05.

Native potato starch, regardless of its variety, is characterized by the similar shape
of granules, which are round or oval spheres with a smooth surface. Moreover, they are
relatively large in size with a median of approximately 35 µm and a broad granule size
distribution with extreme deciles reaching as low as 17 µm and as high as 59 µm [26]. As a
result of the aerogel preparation procedure, the starch granular form was lost (Figure 2),
which was expected as the initial stage of this process consisted of the preparation of
starch paste. The structure of the obtained product was much larger and characterized by
a rough surface. The roughness of the surface was caused by the presence of numerous
asymmetrical cracks and caves that were roughly between 10 and 30 µm in size. The
chemical modification of starch used for the production of aerogel led to a decrease in its
surface roughness, but the formed caves were larger. This phenomenon partially explains
the higher bulk density of those preparations, that could have been caused by the interlock-
ing of smaller aerogel parts inside large caves. A similar pattern was observed between
normal and waxy preparations. The corresponding aerogels obtained based on different
potato varieties were quite similar, but with a slightly smoother surface. Consequently, this
resulted in the higher bulk density of aerogels derived from waxy preparations.

Aerogels have a highly developed surface so it can be assumed that they are able to
adsorb much more oil than native starches, as confirmed in our study (Figure 3). As a
result of physical modification that led to the formation of aerogel, the oil-binding capacity
increased between 5.4 and 6.6 times. In all cases, aerogels based on waxy starches showed a
worse oil adsorption capacity than those based on their normal counterparts. Surprisingly,
aerogels based on both chemically modified starches revealed higher oil sorption capacity
than the preparations obtained from native starches, in spite of the fact that their higher
bulk density would suggest the opposite phenomenon. It is probably related to the type of
chemical modification. Acetylated distarch adipate E 1422 is the most popular starch used as
an emulsion stabilizer [27]. OSA starch E1450 was designed mainly as an emulsifier [27,28]
and is also referred to as hydrophobic starch. It should be noted that the difference in
oil adsorption capacity between the E1422 and E 1450 starch-based aerogels did not turn
out to be as great as expected between the stabilizer and the emulsifier. The comment for
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this observation can be found in the study by Prochaska et al. [23] in which only a slight
difference in the surface activity of E 1422 and E 1450 starches was observed. Nevertheless,
two-way ANOVA, performed between chemically modified aerogel samples only, indicated
that the type of chemical modification plays a significant (p = 0.0423) role in oil-binding
effectiveness, whereas the effect of starch variety is insignificant (p = 0.1257).
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The rheological properties of starch are crucial for its functionality in food products [29,30].
As starch pastes are pseudoplastic and thixotropic non-Newtonian liquids, their flow char-
acteristics are commonly described using the Ostwald de Waele model. The equation used
was characterized by a very good fit to the experimental data (flow curves are included
in the Supplementary Materials, Figure S1) with values of R2 exceeding 0.95. As can be
seen in Table 1, the increase in consistency index was accompanied, as expected, by a
decrease in the flow behavior index, which proved more non-Newtonian flow charac-
teristics. Moreover, the increase in consistency index was accompanied by an increase
in the value of the area of the hysteresis loop of thixotropy. This phenomenon was also
observed for native [30] as well as chemically modified potato starch pastes [31]. The
most spectacular observation is the higher consistency index values of aerogels based on
waxy starch than their equivalents made of normal starch, as it is known that native waxy
varieties of starch reveal lower consistency indexes and lower thixotropy than normal
starches [30,32]. Native normal potato starch paste (5%) was reported to have a consistency
index of 31.9 Pa·sn and flow behavior index of 0.468, whereas the waxy one had 10.9 Pa·sn

and 0.495, respectively [30]. This indicates that, as a result of physical modification in order
to obtain aerogel, starch viscosity decreases similarly as in the case of the most common
physical modification—pregelatinization [33].

Table 1. Parameters of the Ostwald de Waele equation for pastes of aerogels of concentration of 5%.

Sample K (Pa·sn) n (−) Thixotropy (Pa·s−1)

NPS 7.04 ± 0.25 a 0.659 ± 0.009 a 744 ± 492
WPS 9.91 ± 0.19 a 0.635 ± 0.005 a 19,020 ± 1420 a

E 1422 N 12.15 ± 0.60 a 0.578 ± 0.014 26,290 ± 2820 b

E 1422 W 26.62 ± 0.51 b 0.359 ± 0.006 27,470 ± 1947 b

E 1450 N 30.81 ± 1.93 b 0.407 ± 0.031 19,870 ± 2573 a

E 1450 W 112.4 ± 4.68 0.157 ± 0.012 47,770 ± 2793
Mean value ± standard deviation. Samples denoted with the same letter do not differ significantly p > 0.05.

The chemical modification of starch used for aerogel production resulted in an in-
crease in consistency indexes and thixotropy, especially in the case of OSA preparation.
Extremely high values of the consistency index accompanied by low values of the flow
index for the OSA starch are most likely due to the strong gelling phenomenon of this
sample. The observed characteristics are especially atypical, as starch crosslinking is the
standard method for increasing the viscosity of starch pastes, while modification with
octenylsuccinic anhydride is carried out primarily to impart emulsifying properties to
the starch [27,28,31,34].

Texture is a multiparameter sensory property of a food product which is perceived
by various human senses. The perception is mostly related to a product’s macro-, micro-
and molecular structure [35]. Food products are classified into categories in which texture
is of critical, major, or minor importance [36]. The knowledge of the starch texture prop-
erties is extremely important from the perspective of its use in the food industry, as their
sensory acceptability is of key importance. The results of the universal texture profile (TPA)
parameters are presented in Table 2.

Table 2. The texture of the pastes of aerogels of concentration of 5%.

Sample Hardness (N) Adhesion (N·s) Cohesiveness (−) Springiness (−) Gumminess (−)

NPS 0.39 ± 0.02 a −0.07 ± 0.01 a 0.79 ± 0.02 b 1.00 ± 0.00 a 0.31 ± 0.02 ab

WPS 0.37 ± 0.01 a 0.00 ± 0.00 a 0.72 ± 0.01 a 1.00 ± 0.00 a 0.27 ± 0.01 a

E 1422 N 0.52 ± 0.04 a −1.80 ± 0.27 bc 0.79 ± 0.02 b 1.00 ± 0.00 a 0.41 ± 0.02 c

E 1422 W 0.49 ± 0.04 a −1.30 ± 0.23 b 0.77 ± 0.01 ab 1.00 ± 0.00 a 0.38 ± 0.02 bc

E 1450 N 1.38 ± 0.11 b −2.30 ± 0.32 c 0.81 ± 0.03 b 1.05 ± 0.02 b 1.45 ± 0.06 d

E 1450 W 1.32 ± 0.12 b −2.10 ± 0.25 c 0.82 ± 0.02 b 1.08 ± 0.02 b 1.43 ± 0.05 d

Mean value ± standard deviation. Values marked with the same letter do not differ significantly p > 0.05.
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The highest values of hardness, adhesiveness, and gumminess were found for aerogels
based on OSA starch (E 1450). These results are consistent with rheological data, as E
1450 preparations formed highly viscous and thixotropic pastes (Table 1). Next in terms of
texture-promoting properties were aerogels based on E 1422 starch, and the lowest texture
values were recorded for starches which were not subjected to chemical modification.
This phenomenon is in contradiction to chemically modified starches as the esterification
of starch usually results in a minor decrease in texture-promoting properties, which is
related to the stabilization of rheological properties [31]. However, this observation is
directly linked to the decrease in viscosity caused by the physical modification process. It
was also noticed that in each of the investigated cases, the preparations based on starch
from waxy varieties had slightly lower values of texture parameters than the preparations
obtained from conventional types of starch. This latter observation is in agreement with
the literature data reported for waxy starches [30,32]. The same order followed absolute
values of adhesion, whereas the springiness of all the samples did not differ significantly
between normal and their waxy counterparts.

2.2. Emulsions Characteristics

The stability of model emulsions which, apart from oil and water, contain only starch
as the emulsifying and stabilizing agent, enables the clear assessment of the functionality of
studied preparations in food production. As can be seen in Table 3, aerogels based on native
starches exhibited the worst emulsifying–stabilizing effect in model emulsions, achieving an
emulsion stability of 65% and 55% for the normal and waxy variety, respectively. However,
it should be emphasized that physical modification taking place during the procedure
of production of aerogels made them useful as an emulsifying agent, as native starches
do not possess this ability. Both types of chemical modification had a positive effect
on the emulsion stability, which was especially evident in the case of OSA starch. The
reason behind that phenomenon presumably can be explained by differences in the surface
activity of both modified starches [23]. Moreover, Saari et al. [37] indicated that ethanol-
precipitated OSA starch produces more stable emulsions when compared to conventionally
dissolved starch. In all investigated cases, waxy-starch-based aerogels were characterized
by poorer emulsion stability, but the observed differences were statistically insignificant.
This phenomenon was also observed in mayonnaise thickened with native potato starch, in
which the normal variety performed worse [26].

Table 3. Stability of model emulsions made with aerogels and their rheological parameters.

Sample Emulsion Stability (%) K (Pa·sn) n (−) Thixotropy (Pa·s−1)

NPS 65.0 ± 2.0 4.51 ± 1.01 c 0.325 ± 0.021 a 4235 ± 1086 c

WPS 55.0 ± 2.9 0.89 ± 0.01 a 0.573 ± 0.007 c 1083 ± 288 a

E 1422 N 75.0 ± 2.9 a 3.64 ± 1.66 bc 0.362 ± 0.082 a 2898 ± 774 abc

E 1422 W 72.5 ± 2.0 a 1.91 ± 0.51 ab 0.415 ± 0.021 ab 2235 ± 886 ab

E 1450 N 90.0 ± 0.0 b 3.04 ± 0.21 abc 0.463 ± 0.013 b 3061 ± 128 bc

E 1450 W 90.0 ± 2.0 b 1.85 ± 0.29 ab 0.478 ± 0.022 bc 2860 ± 219 abc

Mean value ± standard deviation. Samples denoted with the same letter do not differ significantly p > 0.05. Flow
curves are included in the Supplementary Materials, Figure S2.

The rheological characteristics of emulsions (Table 3) did not follow the same pattern
observed for starch pastes. The employed Ostwald de Waele model was very well-fitted
to the experimental data with values of R2 exceeding 0.95. One of the factors influencing
that phenomenon was the extremely high shear forces applied during emulsion formation.
Nevertheless, the rheological studies confirmed the observations on the stability of model
emulsions. Viscosity, expressed by the consistency index value, obtained with the use
of an aerogel based on normal potato starch, was higher than that observed for waxy
counterparts. This may suggest a higher stability of those emulsions, as high viscosity in
one of the factors slows the emulsion aging processes [38]. However, the higher values of
thixotropy which is a measure of rheological instability [3] may suggest the poorer stability
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when shear forces are applied. These observations indicate that deterioration in the quality
of an emulsion prepared with normal starches will likely take place during processing (due
to thixotropic properties), while it will be more stable during storage (stabilization via high
viscosity). Accordingly, the lowest stability was observed for the emulsion prepared with
unmodified waxy-potato-starch aerogel, which had the lowest consistency index among
the investigated samples. The chemical modification of starch increased the consistency
index of the formed emulsion based on both waxy aerogel preparations, thus indicating
a favorable effect of chemical modification on the stabilization of the emulsions via the
viscosity mechanism.

Low-field magnetic resonance studies provide important information on the qual-
ity of emulsions due to the strong correlation between their stability and rheological
properties [2,39,40]. With the use of this analytical method, it is possible to study proton
relaxation phenomena occurring as a consequence of adsorption of the electromagnetic
field energy. The proton dynamics of water are most often studied, but it is also possible
for fats. The proton relaxation processes occur as a result of the spin energy transfer to
the surrounding environment, which is described by the spin–lattice relaxation time T1
and by the energy exchange described by the spin–spin relaxation time T2. In biopolymer
solutions, T1 is always higher than T2 [41]. In emulsions, two components of the relaxation
times are observed (Table 4). This relates to two proton fractions relaxing at different rates
in the system, and that the chemical exchange between these proton fractions is much
slower than the relaxation time. The long components (T12 and T22) reflect the relaxation
processes of the proton fraction associated mainly with the starch paste, while the short
components (T11 and T21) relate to the oil fraction of the emulsion. In pure oil, the values of
the spin–lattice and spin–spin relaxation times are, respectively, T1 = 102.8 ± 0.8 ms and
T2 = 88.4 ± 1.1 ms. In emulsions, the values of the short components are significantly lower
than the values of T1 and T2 in pure oil [39,42,43]. As can be seen in Table 4, the type of
starch in the water phase influenced the values of the long T12 and T22 components of the
relaxation times that have been reported in the literature [39,44–46]. It is an effect of the
entrapment of water molecules by the colloidal lattice [42]. It was higher for the aerogel
obtained from the normal native potato starch than from the waxy variety (Table 4). The
chemical modification had the opposite effect. Aerogels based on the waxy starch immobi-
lized protons of the water phase more effectively than the normal one. Regarding the oil
phase of the formed emulsions, the short component values were significantly lower than
the values of T1 and T2 in oil. The degree of shortening of the relaxation times depended
on the type of starch. The effect of the raw material used for obtaining the aerogel on
T11 time values was multidirectional. However, in the case of the T21 time, the chemical
modification of the raw material applied to obtain aerogels made the product more efficient
in the immobilization of protons of the oil phase. This can be explained by the presence of
hydrophobic sequences in the structure of ester substituents, which increases the affinity of
starch for the oil phase. This is also the reason for the surface activity exhibited by E 1422
and especially E 1450 starch preparations [23].

Table 4. Relaxation times of model emulsions made with aerogels.

Sample T11 (ms) T12 (ms) T21 (ms) T22 (ms)

NPS 76.4 ± 0.2 a 1000.1 ± 3.4 bc 73.4 ± 1.0 b 549.6 ± 2.7
WPS 83.1 ± 1.0 b 981.1 ± 3.3 a 76.0 ± 1.3 b 500.1 ± 2.1

E 1422 N 96.6 ± 1.3 1031.5 ± 3.5 69.2 ±1.0 460.2 ± 1.8
E 1422 W 84.0 ± 0.8 b 1062.5 ± 4.9 63.9 ±1.6 a 511.5 ± 2.8 a

E 1450 N 90.1 ± 2.4 988.6 ± 6.7 ab 61.9 ± 1.9 a 517.7 ± 3.6 a

E 1450 W 74.5 ± 0.9 a 1008.2 ± 3.8 c 62.4 ± 0.8 a 625.2 ± 2.7
Explanatory notes: mean value ± standard deviation. Samples denoted with the same letter do not differ
significantly p > 0.05.
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2.3. Statistical Analysis

In order to systematize the obtained data on the properties of starch aerogels and emul-
sions formed by them, principal component analysis was performed. The presented PCA
plots (Figure 4) explain 72.7% of the total variance between the investigated samples. The
first component (PC1) separates samples by the type of chemical modification employed,
and the attributed values increase in the following order: native, E 1422, and 1450. The PC2
differentiates samples based on the starch variety and normal ones are characterized by
lower values than waxy ones. The PCA score plot highlights the unique properties of waxy
variety as well as OSA preparations.
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Figure 4. PCA score (A); loadings plot (B); physicochemical properties of aerogels, as well as
their pastes and emulsions. Explanatory notes: BD—bulk density; OBC—oil-binding capac-
ity, K-a—consistency index (paste); n-a—flow behavior index (paste); TX-a—thixotropy (paste);
K-e—consistency index (emulsion); n-e—flow behavior index (emulsion); TX-e—thixotropy (emul-
sion); HA—hardness; AD—adhesiveness; CO—cohesiveness; SP—springiness; GU—gumminess;
ES—emulsion stability; T11—short component of spin–lattice relaxation time; T12—long compo-
nent of spin–lattice relaxation time; T21—short component of spin–spin relaxation time; T22—long
component of spin–spin relaxation time.

The PCA loadings plot pointed to a few noticeable corrections between the investi-
gated parameters. The stability of the obtained emulsion was positively correlated with
the oil-binding capacity of the aerogel used for its production. The spin–lattice relaxation
rate associated with oil fraction of the emulsion (T11) was positively correlated with the
consistency index. Both of these parameters were also negatively correlated with the flow
behavior index, whereas the consistency index of the aerogel paste was correlated with
cohesiveness. Breakdown and TPA parameters including hardness and gumminess were
positively correlated with each other as well as negatively with adhesiveness. The observa-
tions regarding correlations between rheological and texture parameters are in accordance
with PCA data obtained for chemically modified starch pastes [31]. The remaining potential
correlations should be considered as random.

3. Conclusions

The physical modification of starch by the retrogradation of starch pastes followed by
the gradual replacement of water with ethyl alcohol is an effective method for the prepa-
ration of aerogels from native potato starch. The obtained preparations are characterized
by several times lower bulk density and higher oil-binding capacity. Chemical modifica-
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tion can further alter the functional properties of the obtained aerogels. The introduction
of relatively hydrophobic moieties into the starch macromolecule, i.e., E 1422 or E 1450,
leads to an increase in bulk density which, surprisingly, is accompanied by an increase in
oil-binding capacity. Consequently, chemically modified aerogels are effective emulsifiers
and stabilizers, which is especially evident in the case of OSA starch. Lastly, the amylose
content of starch plays a significant role in shaping the functional properties of potato starch
aerogels. Preparations derived from the waxy variety are characterized by higher bulk
density and lower oil-binding capacity compared to their normal counterparts. Moreover,
waxy-starch aerogels form pastes of high viscosity, and tend to form fewer centrifugal
stable emulsions. Therefore, the aerogel obtained from E 1450 derivative based on normal
potato starch should be recommended for oil-binding and emulsion-forming applications.
Further research should consider the potential effect of the degree of substitution with OSA
anhydrite on the observed properties. Additionally, studies on aerogels produced from
starch preparations isolated from high amylose plant varieties may provide more efficient
products. Finally, research on performance in different food product matrices needs to
be considered.

4. Materials and Methods
4.1. Aerogels Making

The study used native potato starch (PPZ Trzemeszno, Trzemeszno, Poland) and
waxy potato starch (“Eliane 100”, Avebe, Veendam, The Netherlands) as well as acetylated
distarch adipate (E 1422) prepared according to the procedure described by Luo et al. [47]
and sodium octenyl succinate starch (E 1450) prepared according to the procedure described
by Jeon et al. [48] obtained from native and waxy starches.

Aerogels were prepared using a method consisting of the successive displacement
of water from the gel network structure by ethanol [25] in accordance with the method
described in detail by the team of Le Thanh-Blicharz et al. [24]. In brief, 7% starch pastes
were frozen at −15 ◦C, thawed, and washed with ethyl alcohol. This procedure was
followed thrice and afterwards, the aerogels were dried at 50 ◦C to a constant weight. The
obtained samples, presented in Figure 5, were denoted as follows: “NPS” aerogels from
normal potato starch and “WPS” from waxy potato starch. The modified starch aerogel
samples were coded according to the International Numbering System and further denoted
a N or W for the normal and waxy variety, respectively: “E 1422N”, “E 1422W”, “E 1450N”,
and “E 1450W” from starch E1422 and E1450.
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4.2. Preparation of Aerogel Pastes

Starch aerogel was suspended in deionized water (5 g/100 mL) and placed in a boiling-
water bath for 15 min under continuous stirring (R50D, CAT) at 150 rpm. The prepared
aerogel starch pastes were allowed to set at 22 ± 2 ◦C for 1 h prior to further analysis. All
further investigations were made on freshly prepared pastes unless otherwise stated.

4.3. Preparation of Emulsions

The emulsions were prepared by mixing rapeseed oil and deionized water in a ratio
of 1:3. The starch concentration was 5%. To prepare the emulsion, aerogel powders were
dispersed in rapeseed oil; afterwards, the water was added and the sample was immediately
homogenized using a Silent Crusher homogenizer (Heidolph, Schwabach, Germany) with
a rotation speed of 21,000 rpm for 3 min.

4.4. Analytical Methods
4.4.1. Bulk Density

The bulk density of the aerogels was determined using the method described by
Kaur, Kaushala, and Sandhu [49]. In brief, 100 g of each aerogel was gently poured into
the measuring cylinder with a volume of 100 cm3 and then the bottom of the measuring
cylinder was gently tapped ten times on the laboratory table. Bulk density was calculated
as the weight of the aerogel divided by the volume of the sample.

4.4.2. Microstructure

The scanning electron microphotographs were taken with the assistance of an Evo 40 se-
ries microscope (Carl Zeiss, Jena, Germany) operating at 17 kV accelerating voltage. Sam-
ples were coated with gold using an SCD 050 sputter coater (Oerlikon Balzers, Lihtenstein).

4.4.3. Oil-Binding Capacity

The oil-binding capacity (OBC) was determined using the method described by
Jeżowski et al. [50] with a slight modification. 10 g of starch and 100 mL of rapeseed
oil was shaken for 3 min using a laboratory shaker; then, the starch was drained and dried.
The oil absorption is expressed as the volume of oil (mL) bound by 1 g of aerogel.

4.4.4. Rheological Properties

The rheological properties of starch pastes and emulsions were determined using
a RotoVisco1 rheometer (Haake Technik GmbH, Vreden, Germany) equipped with Z20
DIN coaxial measurement geometry. The samples were allowed to rest in a measuring
cylinder for 5 min at 20 ◦C. The flow curves were determined at a controlled shear rate
in the 1-600-1 s−1 range for a time of 60 s for both upwards and downwards curves. The
obtained data were fitted to the Ostwald de Waele model using RheoWin v. 3.61 (Haake
Technik GmbH, Vreden, Germany) software:

τ = K· .
γ

n (1)

where τ—shear stress (Pa), K—consistency index (Pa·sn), and
.
γ—shear rate.

4.4.5. Texture Profile Analysis

The universal texture profile (TPA) of the aerogel pastes was determined with a
TA.XT2 texturometer, Stable Micro Systems (Godalming, UK). The “double bite test” was
performed with a 35 mm-diameter aluminum cylindrical probe and at a distance of 20 mm
and test speed of 0.5 mm/s. The following TPA parameters were determined: Hardness
(N), adhesiveness (N·s), cohesiveness, springiness, and gumminess (N).
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4.4.6. Emulsion Stability

Emulsion stability was determined according to the procedure of Acton and Saffle [51].
The emulsion samples were placed in centrifuge tubes and thermostated at 37 ◦C for 24 h.
Subsequently, the samples were centrifuged at 2500× g during 10 min. Emulsion stability
(ES) in % was calculated from the following formula

ES =
Ve − Vo

Ve
·100% (2)

where Ve—initial volume of emulsion (cm3) and Vo—volume of separated oil (cm3).

4.4.7. LF NMR of Emulsions

Low-field NMR measurements were taken with the assistance of a PS20 pulse spec-
trometer operating at 20 MHz (Ellab, Poznań, Poland). To measure the spin–lattice re-
laxation time T1, an inversion recovery pulse sequence (π-τ-π/2) was used [39,40]. The
distances τ between RF pulses varied from 40 to 1100 ms. A total of 119 points were
collected in each of 32 free induction decay signals. The repetition time for each measure-
ment was 15 s. The T1 relaxation times were calculated using CracSpin software [52], in
which the Marquardt method enables minimization by adjusting to the multi-exponential
course of the magnetization regrowth curve. The increase in the longitudinal magnetization
component (Mz) is described by the formula:

Mz(τ) = M0

(
1 − 2

n

∑
i=1

piexp
(
−τ

T1i

))
(3)

where Mz(t) is the actual magnetization value, M0 is the equilibrium magnetization value,
and pi is the fractions of protons relaxing with T1i relaxation times.

A bi-exponential regrowth of magnetization was noted.
In order to measure spin–spin relaxation times (T2), the CPMG pulse train (π/2-t/2(π-t)n)

was used [39]. The distances between the pulses of π(t) were 2 ms. The repetition time
between the sequences was 15 s. Each sequence consisted of 100 spin echoes. The decay of
the spin–echo amplitudes (Mx,y) is described by the formula:

Mx,y(τ) = M0

n

∑
i=1

piexp
(
−τ

T2i

)
(4)

where Mx,y(t) is the actual echo amplitude; M0 is the equilibrium amplitude; and pi is the
fraction of protons relaxing with the T2i spin–spin time.

For the calculations of the T2 relaxation times, the TableCurve v. 5.1 (Inpixon HQ, Palo
Alto, CA, USA) program was used and the least squares method was used to fit the decay
of the spin echoes’ amplitudes to the above formula.

4.5. Statistical Analysis

The aerogels were synthetized three times and each synthetized material was analyzed
three times, unless otherwise stated. Statistical analysis of the data was performed using
the Statistica v. 13.3 software (Dell Software Inc., Round Rock, TX, USA). The data were
studied using one-way analysis of variance. Tukey’s honest significant difference post
hoc test was used to determine statistically homogeneous subsets at α = 0.05. Principal
component analysis (PCA) was performed based on a correlation matrix using selected
data obtained in the analyses.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels8110720/s1, Figure S1: Flow curves of aerogel paste; Figure S2:
Flow curves of aerogel emulsion.

https://www.mdpi.com/article/10.3390/gels8110720/s1
https://www.mdpi.com/article/10.3390/gels8110720/s1
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