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ARTICLE INFO ABSTRACT

Keywords: This study investigates how synergistic interactions between ethyl cellulose (EC) and glycerol monostearate
Fat mimetics (GMS) govern the mechanical stability of binary oleogels during storage. Over 14 days at 22 °C, single-
Ethyl cellulose component GMS oleogels underwent a polymorphic transition from the metastable sub-a to the more stable p
I};/[izz(r)flz]; e(:;f form, resulting in a pronounced loss of mechanical strength. In contrast, the extent of this transition in EC-GMS
Synergy binary systems depended on whether the EC concentration was below, at, or above its critical gelation con-

Storage stability centration (CGC), the threshold required to form a self-supporting polymer network. Formulations prepared with

Polymorphic transition EC below its CGC (e.g., 2% EC) exhibited a significant reduction in hardness during storage, whereas those
containing EC at or above its CGC maintained their synergistic enhancement in gel strength, attributable to a
delayed GMS polymorphic transition. Moreover, preservation of this synergistic effect was governed by the EC/
GMS ratio. When EC was used at its CGC (6%), at least 10% GMS was required to sustain gel strength over time.
Increasing EC concentration also produced a greater shift in the GMS O-H stretching bands prior to storage, but
was not observed after the polymorphic transition, thus demonstrating the direct contribution of hydrogen
bonding to the synergistic behavior of the binary oleogels. Collectively, these findings provide a mechanistic
basis for leveraging EC-GMS synergy to design physically stable oleogels with reduced total gelator concentra-
tion, thereby enabling the development of cost-effective and functional fat mimetics.

2022).

When select oleogelators are used in combination, cooperative or
synergistic interactions may occur, offering significant advantages over
using a single oleogelator (Sivakanthan et al., 2022). Such synergy al-
lows oleogelators to be used at lower concentrations, while still
enhancing the mechanical properties of the gel (Hu et al., 2025; Sajib
et al., 2026). This provides greater formulation flexibility by combining
the complementary properties of different structuring agents, enabling
more precise tailoring of functional properties for specific food
applications.

To date, many multi-component oleogelator systems have been
explored, imparting various changes to the performance characteristics
of the resulting oleogel (Pakseresht and Mazaheri Tehrani, 2022). One
notable example is the combination of the polymeric oleogelator ethyl
cellulose (EC) and the small-molecule crystalline oleogelator glycerol
monostearate (GMS) (Davidovich-Pinhas et al., 2015; Garcia-Ortega
et al., 2024; Ji and Gravelle, 2025; Lopez-Martinez et al., 2015; Wang
et al, 2026). While it is well established that combining these

1. Introduction

Oleogels are emerging as promising alternatives to conventional
solid fats, driven by health concerns over trans and saturated fat con-
sumption, as well as considerations of environmental sustainability and
animal welfare (Sivakanthan et al., 2022; Zhang et al., 2025). Their use
has been explored across a broad range of food products, including
baked goods (Giacomozzi et al., 2018), fat spreads (Palla et al., 2017),
ground cooked salami (Woern et al., 2021), and adipose tissue mimetics
(Soleimanian et al., 2024). Oleogels are typically categorized as having a
majority liquid oil phase (typically >80%) stabilized within a gel-like
matrix using one or more structuring agents other than crystalline tri-
glycerides. Although a variety of approaches have been developed, the
oleogelation process most commonly involves heating the
oil-structurant mixture above the melting point or glass transition
temperature of the oleogelator(s), followed by cooling to form a
self-assembled three-dimensional network (Gravelle, 2024; Palla et al.,
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List of abbreviations

EC ethyl cellulose

EC45 45 cP ethyl cellulose

FTIR Fourier transform infrared
GMS glycerol monostearate

CGC critical gelling concentration
PLM polarized light microscopy
DSC differential scanning calorimetry
XRD x-ray diffraction

G' storage modulus

G" loss modulus

compounds can dramatically enhance oleogel strength, little work has
been done to systematically evaluate how the interactions between these
molecules contribute to gel structuring. To this end, a recent study from
our group comprehensively investigated the cooperative interactions
between EC and GMS, conclusively demonstrating the synergistic nature
of their structuring behavior (Sajib et al., 2026). This work showed that
combining either low- or high-molecular-weight EC (10 cP EC and
45 cP EC, respectively) with GMS could produce a multiplicative in-
crease in oleogel firmness compared to equivalent concentrations of
their respective single-component oleogels. Furthermore, while incor-
porating EC below its critical gelation concentration (CGC) enhanced gel
strength, the strongest synergistic effects were observed when both
gelators were used at or above their respective CGCs, allowing each
component to form a self-supporting network. Here, the CGC is defined
as the minimum gelator concentration to form a self-supporting struc-
ture, and has been reported as ~6 wt% for 45 cP EC (EC45) (Zetzl et al.,
2012) and ~2 wt% for GMS (Garcia-Ortega et al., 2024). The increase in
firmness was attributed to hydrogen bonding interactions between EC
and GMS and further supported by GMS crystallization both along the
EC polymer backbone and throughout the entrapped oil phase. These
interactions also promoted nucleation of GMS and altered the
morphology and organization of the resulting crystal network.
Single-component GMS oleogels are known to weaken over time due
to polymorphic transitions from the sub-a to p phases, which lead to
reduced hardness and oil-binding properties caused by p-crystal aggre-
gation (Li et al., 2021; Li et al., 2024). This transition may also
compromise the physical stability of GMS-containing binary oleogels.
Therefore, in addition to characterizing the synergistic effects between
EC and GMS in binary oleogelator systems, it is essential to assess their
stability over time, since oleogels (and the food products formulated
with them) must maintain structural integrity and functional perfor-
mance throughout storage, transport, and shelf life. Although data on
the storage stability of EC-GMS systems remain limited, existing studies
suggest that combining oleogelators can mitigate the instability of in-
dividual components (Sivakanthan et al., 2022). For example, Bin Sin-
tang et al. (2017) showed that combining palm oil-derived
monoglycerides with phytosterol in a binary oleogelator system
improved stability of monoglyceride during storage. Similarly, Lopez--
Martinez et al. (2015) reported improved stability of
monoglyceride-based oleogels in the presence of 6% 4 cP EC. Li et al.
(2024) evaluated the effect of hydroxylated monoglycerides on both the
gel strength and performance over extended storage times, but found
high concentrations of these additives were required (20-40%) to retain
gel strength. To date, however, no study has directly investigated the
stability of the cooperative interaction between EC and GMS in binary
oleogels upon storage. As a result, the extent to which GMS polymorphic
transitions influence its structuring capacity and gelator efficiency, and
how these changes affect the long-term performance of EC and GMS
oleogels, remains unclear. This study therefore aimed to identify the key
compositional factors influencing the retention and long-term
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persistence of their synergistic structuring behavior.
2. Materials and methods
2.1. Materials

EC45 (45 cP; ethoxy content 48-49.5%, per manufacturer specifi-
cations) and the antioxidant tert-butylhydroquinone (TBHQ, 97% pu-
rity) were obtained from Sigma Aldrich (Saint Louis, MO, USA). Distilled
monoglycerides derived from hydrogenated soybean oil (GMS) was
generously supplied by International Flavors & Fragrances (IFF), Inc.
(Saint Louis, MO, USA). The GMS had a monoester content of >90%,
according to the manufacturer specifications. A single lot of canola oil
was purchased from a local retailer.

2.2. Oleogel sample preparation

To minimize variability in sample preparation, stock solutions (10%
w/w; relative to oil) of EC oleogels were prepared in 400 g batch size by
mixing EC with canola oil and 100 ppm TBHQ. The mixtures were
heated on a hotplate to 160 °C with continuous stirring and held at this
temperature for 10 min. After heating, the solutions were allowed to
cool undisturbed at ambient temperature (~22 °C) overnight. CGC
values of EC45 and GMS were confirmed to be consistent with published
values using mechanical deformation testing, in which oleogels exceed a
minimum trigger force at the point of penetration (see Section 2.3; data
not shown).

To assess the stability of EC-GMS synergistic effects during storage,
oleogels containing various concentrations of EC (0-10 wt% relative to
the oil phase) and GMS (0-24 wt%; relative to the oil phase) were
prepared. EC stock gel (10%) was combined with the required amount of
GMS and canola oil in 20 ml glass scintillation vials (~15 g total sam-
ple). The mixtures were then heated in a forced-air convection oven
(BINDER Inc., Bohemia, NY, USA) at 160 °C for 20 min, followed by
manual mixing for ~5 s by repeated inversion of the capped vials (~10
inversions). After mixing, the vials were returned to the oven for an
additional 10 min to ensure full dissolution of the oleogelators. The vials
were then allowed to cool at ambient temperature overnight prior to
further testing. Oleogels used for stability tests were stored in a
temperature-controlled environment (22 °C) in the dark. The storage
stability of the oleogels was assessed through a 14-day storage period
(unless otherwise stated), as described in subsequent sections.

2.3. Large deformation mechanical analysis

Changes in the mechanical properties of the oleogels were assessed
via a puncture test conducted using a TA.XTPlus Texture Analyzer
(Stable Micro Systems, Scarsdale, NY, USA), following a method
described by Ji and Gravelle (2025). The Texture Analyzer was equipped
with either a 5 kg or 50 kg load cell and fitted with an 11 mm cylindrical
stainless-steel probe with a rounded tip (TA-212). The test was per-
formed using a crosshead speed of 1 mm/s and a penetration depth of
20 mm. Force-deformation data were collected using the Exponent
Connect Software (version 8.1.2.0). Hardness was defined as the average
force measured between 15 and 20 mm of penetration, calculated using
a simple linear regression, as described by Ji and Gravelle (2025).

2.4. Microstructure of oleogel

Microstructural changes in the oleogels during storage were exam-
ined using an Olympus BX 50 optical microscope (Olympus Corporation,
Tokyo, Japan) under polarized light. For sample preparation, ~5 mg of
oleogel was placed on a glass slide and melted in a pre-heated oven at
160 °C for 20 min. A cover slip was then gently placed over the molten
sample, followed by an additional 10-min heating period. The slides
were then cooled to ambient temperature and stored in the dark for 1
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and 14 days before imaging. Microscopy images were captured with a
digital camera (Industrial Digital Camera, Sony Exmor CMOS Sensor,
Sony Group, Japan) using the ToupView software (ToupTek Photonics,
Hangzhou, Zhejiang, China). After imaging on Day 1, the prepared mi-
croscope slides were stored in a temperature-controlled environment
(22 °C) in the dark prior to re-imaging.

2.5. Differential scanning calorimetry

The thermal behavior of the oleogels were examined using a differ-
ential scanning calorimeter (DSC 250, TA Instruments, New Castle, DE,
USA). Approximately 10 mg of each sample was hermetically sealed in a
40 pl aluminum pan with an aluminum lid. The thermal protocol con-
sisted of a three-stage cycle — first heating, cooling, and a second heating
—conducted over a temperature range of 20 °C to 90 °C at 5 °C/min (Haj
Eisa et al., 2020). A 3-min isothermal hold period was included between
each transition step. The peak melting temperature (Ty,) and the change
in enthalpy (AH) for each thermal event were analyzed using TRIOS
software (version 5, TA Instruments). All oleogels were evaluated on
Day 1 and 14. Data from the second heating cycle of the DSC thermal
protocol were used to represent Day 0, as this cycle reflects the thermal
behavior of the oleogels immediately after preparation, without pro-
longed storage.

2.6. FTIR

The chemical functional groups present in oleogels were character-
ized using Fourier transform infrared (FTIR) spectroscopy on the same
day of gelation and after 14 days storage. Measurements were conducted
with an IRPrestige-21 FTIR spectrometer (Shimadzu Co., Kyoto, Japan)
equipped with an attenuated total reflectance (ATR) accessory,
following a method described by Rai and Nitin (2023). Prior to spectral
acquisition, baseline correction was applied, and a small amount of
oleogel was placed directly onto the diamond ATR crystal. Spectra were
recorded in absorbance mode over the wavenumber range of
4000-400 cm ™}, with a spectral resolution of 4 cm™! and an average of
128 scans. Spectral processing and analysis were carried out using
GraphPad Prism v10 (GraphPad Software, Boston, MA, USA).

2.7. X-ray diffraction (XRD)

A Bruker D8 Advance Eco X-ray diffraction system (Bruker Corp.,
Billerica, MA, USA) was used to analyze changes in polymorphic form of
GMS in the oleogels during storage. Oleogels stored for either 1 or 14
days were transferred onto XRD sample holders and leveled by scraping
the surface with a glass microscope slide before placement in the
diffractometer. A copper X-ray tube (A = 1.54 A) served as the radiation
source, operating at 40 kV and 25 mA. Spectra were collected at ambient
temperature over a 20 range of 4-30° using synchronous rotation mode
with an acquisition speed of 1.14°/min and a scanning speed of 1 s/step.
The instrument was controlled using DIFFRAC COMMANDER software
(Bruker Corp.), and peak positions and d-spacing values were analyzed
with EVA software (version 4.1.1; Bruker AXS LLC, Madison, WI, USA).

2.8. Statistical analysis

All results are expressed as the mean + standard deviation (SD),
based on replicates (n = 3, unless otherwise mentioned; independently
prepared replicates). Statistical analysis was carried out using two-way
analysis of variance (ANOVA), followed by Tukey's Honestly Significant
Difference (HSD) post hoc test in RStudio (https://www.rstudio.com/),
with statistical significance determined using a significance level of
a = 0.05. Graphical representations of the data were created using
GraphPad Prism version 10 (GraphPad Software, Boston, MA, USA).
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3. Results and discussion
3.1. Mechanical stability

To evaluate the stability of the synergistic increase in mechanical
strength of EC-GMS binary oleogel systems, an initial trial was con-
ducted using either GMS alone or combinations of EC45 and GMS,
formulated to initially have equivalent hardness. Changes in hardness
were then evaluated after 1, 14, and 28 days of storage (Fig. 1a). The
oleogels structured with GMS alone showed a substantial decline in gel
strength, with hardness decreasing significantly after 14 days and sta-
bilizing thereafter with no further notable changes after 28 days. The
oleogels prepared with 14% GMS and 2% EC45 (below the CGC of EC45)
showed a more gradual reduction in hardness over time. After 14 days,
the firmness had declined by nearly 50%, while after 28 days it had
further reduced, becoming equivalent to that of the gels structured with
GMS alone. In contrast, the oleogel composed of 4% GMS with 10%
EC45 (above the CGC of EC45) retained its initial hardness throughout
the 28-day period (>20N). By comparison, oleogels structured with 10%
EC45 alone were substantially weaker (~10 N; see Fig. 1b), demon-
strating retention of oleogel hardness generated by the synergistic
interaction between the two compounds. This suggests the formation of
a self-supporting polymeric network may play a key role in mitigating
the decline in structuring power of GMS and stabilizing gel strength over
time.

To test this hypothesis, additional binary oleogels were prepared
with 14% GMS and EC45 at concentrations below, at, and above its CGC
(2%, 6%, and 10%, respectively). The mechanical strength of these gels
was measured after 1 and 14 days of storage, and are shown in Fig. 1b.
The oleogel structured solely with GMS completely lost its gelation ca-
pacity after 14 days of storage (also confirmed visually; Supporting
data, Fig. S1). In the binary oleogels, the addition of 2% EC45 produced
a significant increase in hardness compared to GMS alone. However,
after 14 days storage, there was a significant decrease in hardness. A
similar trend was also observed for oleogels containing 6% ECA45.
However, while the oleogels containing 10% EC45 again showed a
significant increase in gel strength (relative to lower EC concentrations),
the hardness did not significantly change during storage, indicating full
retention of the synergistic interaction between EC and GMS over time.
This suggests that a fully self-supporting polymer network provided by
the 6% and 10% EC45 (at and above the CGC, respectively) effectively
retained the EC-GMS binary oleogel hardness over time. Notably, EC-
only oleogels exhibited no significant changes in hardness over the 14-
day storage period, indicating that the observed decline in hardness in
EC-GMS binary oleogels is primarily associated with GMS rather than
EC.

The observed reduction in hardness of single-component GMS
oleogels during storage aligns with previous findings (Li et al., 2021;
Pakseresht et al., 2023; Zampouni et al., 2022). Consequently, several
studies have explored multi-component oleogel systems to address this
issue by leveraging cooperative interactions between oleogelators, such
as carnauba wax (Pakseresht et al., 2023), phytosterols (Zampouni et al.,
2022), or hydroxylated monoglycerides (Li et al., 2024). Whereas pre-
vious work primarily focused on mitigating GMS instability, the present
study links stability to the synergistic enhancement of the EC-GMS bi-
nary oleogelator system.

Based on the results shown in Fig. 1, the retention of EC-GMS syn-
ergism during storage can be clearly distinguished between two con-
trasting structural regimes. In the first scenario, where EC is used below
its CGC (e.g., 2% EC45), EC does not form a self-supporting polymer
network. Under these conditions, the overall gel structure relies heavily
on GMS crystallization for mechanical integrity. As GMS undergoes
polymorphic transition and microstructural rearrangement during
storage, this dependence results in a measurable decline in hardness.
The limited polymer-polymer entanglement and reduced density of
junction zones in sub-CGC EC systems provide insufficient structural
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Fig. 1. Changes in oleogel hardness during storage: (a) oleogels with different combinations of glycerol monostearate (GMS) and 45 cP ethyl cellulose (EC45) with
equivalent hardness on Day 1; (b) oleogels with 14% GMS alone, and in combination with varying concentrations of EC45. Significant differences (p < 0.05) are
indicated by different uppercase letters for different oleogels at the same time point, and by different lowercase letters for comparisons of the same formulation at

different time points.

reinforcement to stabilize the evolving GMS crystal network. In contrast,
in the second scenario, where EC is used at or above its CGC (6% and
10% EC45), a continuous, self-supporting polymer network is estab-
lished. In this regime, the EC network contributes directly to load-
bearing capacity and constrains GMS crystal reorganization. The
greater degree of polymer entanglement and increased polymer-
polymer contacts enhance mechanical robustness, allowing the syner-
gistically enhanced gel strength to be effectively retained during storage.
Thus, the presence of a self-supporting EC network fundamentally alters
the structural dependence of the system, shifting it from GMS-
dominated structuring to a cooperative, polymer-reinforced architec-
ture. These interaction mechanisms are explored in greater detail in the
following section.

3.2. Microstructural properties

Polarized light microscopy (PLM) was used to characterize the
impact of storage on the crystalline oleogel network formulated with
14% GMS, both independently and in combination with EC45 (Fig. 2).
As the EC polymer network is not visible under polarized light due to the
length scale of the polymer chains and the low crystallinity after oleo-
gelation (Davidovich-Pinhas et al., 2014), only changes in the GMS
crystalline network are evaluated.

When used alone, the GMS crystal network showed notable differ-
ences in morphology and spatial distribution across all formulations
over the 14-day storage period. In the single-component oleogel, uni-
formly distributed spherulitic crystals were evident on Day 1 (Fig. 2a).
After 14 days, this single-component oleogel showed aggregation into
larger isolated structures and a reduction in the size of crystals within
the remaining homogeneous regions (Fig. 2b). These observed crystal
morphologies were consistent with previous studies, which have re-
ported both spherulitic crystals shortly after gelation (Rosen-Kligvasser
and Davidovich-Pinhas, 2021), and the formation of crystal aggregates
during storage (Chen and Terentjev, 2009; Zampouni et al., 2022).

In contrast, the binary oleogels were initially dominated by homo-
geneously distributed aggregates of needle-like crystals (Fig. 2c—e, g).
The transition of GMS crystal morphology from spherulitic to needle-
like structures in the presence of EC is consistent with previous reports
(Ji and Gravelle, 2025; Sajib et al., 2026). This pronounced morpho-
logical shift is attributed to noncovalent interactions between the
unsubstituted hydroxyl groups of EC and the polar glycerol headgroups
of GMS. Such interactions are thought to facilitate nucleation of GMS
crystals along the EC polymer backbone, promoting the formation of
aggregated needle-like structures (Ji and Gravelle, 2025). Furthermore,
the high miscibility of GMS in triglyceride oils likely supports the syn-
ergistic enhancement of gel strength by enabling the growth of these
needle-like crystals radiating from numerous nucleation sites into the oil

phase (Ji and Gravelle, 2025). Notably, the size of the crystal aggregates
appeared to decrease with increasing EC concentration, likely due to the
greater availability of interaction sites along the EC backbone that
promote more frequent GMS nucleation and the formation of finer
needle-like crystals. After 14 days of storage, only minor changes in
crystal morphology were observed for the 2% and 6% EC45 formula-
tions, and no substantial alterations were evident in the overall network
structure (Fig. 2d-f, h). Although the changes in crystal morphology
were subtle, localized regions of crystal aggregation were observed after
14 days of storage. These aggregates were more pronounced in the 2%
EC45 formulation and became progressively less evident with increasing
EC45 concentration, reaching a minimum at 10% EC45. This trend
suggests that EC concentration plays a key role in governing crystal
aggregation behavior. Accordingly, the influence of EC concentration on
governing molecular level interactions in EC-GMS oleogels is examined
and discussed in the following sections.

3.3. Thermal behavior

The impact of EC on the solid-to-liquid thermal transition of GMS in
the binary oleogels was monitored throughout the storage period using
DSC. Thermograms of oleogels prepared with 14% GMS and EC45 at
concentrations below, at, and above its CGC are presented in Fig. 3.

In the single-component GMS oleogel, the thermal behavior imme-
diately after crystallization (Day 0) showed two distinct melting events
with peak melting temperatures (Tp,) occurring at ~38 °C and ~60 °C
(Fig. 3a) which correspond to the metastable sub-a and inverse lamellar
(La) polymorphs, respectively (Rondou et al., 2025). At Day 1, these
peaks were no longer present, and only a singular, intense melting event
was present with a Ty, of ~70 °C, indicative of the more stable f-poly-
morph (Prodromidis et al., 2023; Vereecken et al., 2009). After 14 days
of storage, a nearly identical melting profile was observed, with only a
slight increase in Ty, of the f-polymorphic peak to ~72 °C.

For the binary oleogels, the Day 0 melting profiles mirrored that of
the single-component system, irrespective of EC45 concentration, with
only the sub-a- and La-polymorphs present (Fig. 3b-d); however, dif-
ferences became apparent upon storage. On Day 1, the sub-a and Lo
peaks were still present, but had reduced intensity relative to Day O.
After 14 days, the peaks corresponding to both the sub-a- and La poly-
morphs were no longer present in the binary oleogels with 2% EC45 but
were still observed (with further reduced intensity) in those containing
6% and 10% EC45. The p polymorph was also apparent, but similarly
with a reduced intensity relative to the single-component oleogel,
indicating the transition to the p-form was incomplete.

The thermal response in Fig. 3 clearly demonstrates that the presence
of an EC network slows the sub-a to § polymorphic transition of GMS
during storage, a behavior previously reported for monoglyceride
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14% GMS

Fig. 2. Polarized light microscopy images of oleogels with 14% glycerol
monostearate (GMS) alone (a-b) and in combination with 45 cP ethyl cellulose
(EC45) at concentrations below (2%, c-d), at (6%, e-f), and above (10%, g-h)
the critical gelation concentration (CGC) of EC45, showing changes in GMS
crystal arrangements during storage.

oleogels prepared with EC (Lopez-Martinez et al., 2015). Although the
enthalpy of the sub-a peak was comparable across all formulations at
Day 0 (~3 J/g), differences became evident over time (Supporting Data;
Table S1). By Day 1, no enthalpy was recorded for the single-component
GMS oleogel, whereas binary systems retained measurable values that
decreased with increasing EC concentration (~2 J/g at 2% EC45 to
~1J/g at 10% EC45). After 14 days, the sub-a was not present in the 2%
EC45 system, while binary oleogels containing 6% and 10% EC45 still
showed residual enthalpies of ~0.5-0.7 J/g. These results align with the
observed reduction in GMS crystal aggregation (Fig. 2), supporting that
microstructural changes arising from EC-GMS interactions accompany
the delayed sub-a to f transition. Overall, the data confirm that the
higher concentration of EC aids in delaying the sub-a to § polymorphic
transition, which can be attributed to a greater number of GMS-EC
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interactions.
3.4. Molecular interactions

FTIR analysis was used to investigate the time-dependent changes in
the molecular interactions of both the single-component and binary EC-
GMS oleogels (Fig. 4). To investigate the intermolecular interactions
that are initially formed in the EC-GMS oleogels which may contribute to
the observed synergy, FTIR analysis was conducted on Day 0 and after 2
weeks storage (Day 14).

While previous studies characterizing EC-GMS binary oleogels have
proposed hydrogen bonding may contribute to the observed synergistic
behavior, there has been scarce direct evidence to support this
(Davidovich-Pinhas et al., 2015). Specifically, because the O-H stretch-
ing band of EC is difficult to detect, the contribution of EC-GMS
hydrogen bonding to the binary oleogels has remained relatively spec-
ulative (Wang et al., 2026; Zhang et al., 2022). However, Fig. 4a shows
that in the present work, this band was clearly visible in the
single-component EC oleogels, centering around ~3475 cm™!, thus
allowing for direct evaluation of the EC-GMS hydrogen bonding in-
teractions. Notably, this band (and the overall spectra of the EC oleogels)
did not change over the 2-week storage period.

In contrast, the 14% GMS oleogels displayed a very broad O-H
stretching band (~3100-3550 cm 1) with a central peak at ~3305 cm !
and two distinct shoulders apparent on either side of this maximum. This
band pattern is consistent with previous reports (Zampouni et al., 2022)
and has been attributed to the sub-a form of GMS. The central peak has
been attributed to hydrogen bonding between the 3-OH group of the
glycerol (i.e., in the sn-3 position). It has been proposed that this group
has a higher intensity in the sub-a form due to its higher conformational
freedom relative to the 2-OH group (shoulder at ~3230 cm™?), allowing
it to hydrogen bond more easily with neighboring C=0 groups (Chen
and Terentjev, 2009). Thus, the FTIR O-H stretching spectra on Day
0 was consistent with the sub-a form, which aligns with the thermal
analysis of the fresh GMS oleogels (Fig. 3).

In the binary oleogels, as EC content increased, the intensity of the
GMS bands gradually reduced, and the shoulders became less apparent.
The EC O-H stretching band also appeared to be superimposed with the
GMS OH stretching band. Therefore, to isolate the impact of EC on the
GMS spectra, the signal from the 10% EC-only oleogel spectra was
subtracted from the EC-GMS spectra, with intensity scaled for EC con-
centration (Fig. 4b, difference spectra denoted by A). With increasing EC
content, a decrease in overall band intensity and a shift in the O-H
stretching peak position to higher wavenumbers was observed, with
maximum peak intensity at ~3350 cm™! with 10% EGC45. This shift in
the peak position (~45 cm ™) indicates the presence of EC alters the O-H
stretching interaction for a portion of the total GMS population, which
can be attributed to an increasing population of GMS molecules forming
hydrogen bonds with the EC network. This progressive shift in the
central peak suggests the EC-GMS hydrogen bonding occurs primarily
with the 3-OH group of GMS due to its higher conformation freedom and
lower steric hindrance (Chen et al., 2009). EC-GMS hydrogen bonds may
initially form in the liquid state and serve as nucleation sites for crys-
tallization, producing crystal edges at the polymer backbone, and
allowing the interactions to persist in the solid state. This observation
aligns with the dramatic change in crystal morphology of GMS in the
presence of EC (Fig. 2) and the depression in the crystallization tem-
perature reported previously (Sajib et al., 2026). A shift in the C=0 of
the GMS ester group was also observed (from ~1730 cm~! for GMS
alone to ~1740 cm™! for GMS with 10% EC45). However, due to the
presence of an analogous distinct peak in the EC45-only oleogel at
1745 cm ™}, this apparent shift was likely due to peak overlap and cannot
be unambiguously associated with a perturbation in the GMS hydrogen
bonding.

After 2 weeks of storage, the oleogels structured only with GMS
exhibited pronounced spectral changes in peaks associated with



M. Sajib et al.

a 14% GMS

Day0 — Day1 Day 14
o _sub-a ,, .
SRV
T
= ~ /‘
S B i \\ B/j
T —

T T I

T T
30 40 50 60 70 80 90
Temperature (°C)

c 6% EC45 + 14% GMS
—— Day0 — Day1 Day 14
o _sub-a__ J—
2| S T La/
= W,
o -~
= ——
% ~B/
(o]0
£ o I
T T T

30 40 50 60 70 80 90
Temperature (°C)

Current Research in Food Science 12 (2026) 101421

b 2% EC45 + 14% GMS

—— Day0 — Day1 — Day14
~__sub-a ——
\C) x,»\ Ve
s / ~.La/
Sl e \. - o
g . \\\\»/—\ p /
| N
o —_ p
< g

T T T

T T
30 40 50 60 70 80 90
Temperature (°C)

d 10% EC45 + 14% GMS
Day 0 Day 1 Day 14
=2
=| sub-a - — -
E — .
> /  La
o|- S
= T~ vl
— \\
g el
I _ —
T T T

T T
30 40 50 60 70 80 90
Temperature (°C)

Fig. 3. Thermograms of oleogels with 14% glycerol monostearate (GMS) alone (a) and in combination with 45 cP ethyl cellulose (EC45) at concentrations below
(2%, b), at (6%, c), and above (10%, d) the critical gelation concentration (CGC) of EC45, showing time-dependent changes in GMS polymorphism during storage.

hydrogen bonding (Fig. 4c). A direct comparison between spectra
collected on Day 1 and Day 14 is also provided as supporting informa-
tion (Supporting data, Fig. S2). The observed changes included splitting
of the carbonyl peak into two distinct bands centered around
~1730 ecm ™. Distinct differences in intensity throughout the fingerprint
region were also observed, including those associated with C-O
stretching (~1200-1000 cm’l), and a loss of the doublet peak associated
with aliphatic chain packing centered around ~720 cm ™! also occurred
during storage.

However, the most notable change was seen in the O-H stretching
band (3200-3600 cm™1). After storage, the peaks associated with both
the 3-OH and 2-OH glycerol groups (~3305 cm ' and ~3230 em ™},
respectively) were approximately equivalent in intensity, while the
shoulder at higher wavenumbers was not apparent. These changes are
consistent with that reported previously for monoglyceride-based
oleogels during storage (Chen and Terentjev, 2009; Zampouni et al.,
2022). It has been reported that the change in relative intensity of the
3-OH and 2-OH bands is due to the sub-a to p polymorphic transition and
can be attributed to the higher packing density of the p-form (Alfutimie
et al., 2014; Chen et al., 2009; Zampouni et al., 2022). With increasing
EC content, both the decrease in band intensity and gradual shift in peak
position for both peaks was observed (Fig. 4d, EC band subtracted). This
shift to higher wavenumbers was consistent with that seen for the sub-«
form but was smaller in magnitude (~6 cm’l), which may indicate
fewer or weaker EC-GMS interactions after the transition to the p form.

The splitting of the C=0 band into a doublet upon storage can also be
attributed to changes in the hydrogen bonding upon transforming from
the sub-a to p form, as this band has been attributed to carbonyl/hy-
droxyl hydrogen bonding of GMS (Chen and Terentjev, 2009). Thus, the
change in the local chemical environment likely differs between the
3-OH and 2-OH glycerol groups, giving rise to the observed doublet.
There were also progressive changes in the C=0 band, where the lower
wavenumber doublet (~1730 cm™!) decreased in intensity, and the

higher wavenumber doublet (~1740 cm 1) broadened. The latter can be
attributed to overlap with the C=0 band apparent in the EC-only oleo-
gels resulting from the liquid oil phase. No apparent shift in the alkyl
chain packing band at ~720 cm ™! was observed in the presence of EC,
indicating EC does not perturb the chain packing, consistent with that
observed for the sub-a form.

Due to the overall decrease in band intensity in the presence of EC
and the consistency of O-H stretching band peak positions in the sub-a
and f form, the persistence of the sub-a form could not be unambigu-
ously determined from the FTIR spectra. Further, the coexistence of both
polymorphs are also difficult to discern due to these factors. However, to
the best of our knowledge, these results are the first direct evidence
demonstrating changes in the GMS hydrogen bonding interactions when
crystallized in the presence of EC. The shift in both the 3-OH and 2-OH
bands in the p-form also suggests this hydrogen bonding persists after
the sub-a to f transition, which may further contribute to the retention
in synergistic enhancement after storage.

3.5. Polymorphic behavior

To further examine the polymorphic forms of GMS crystals over time,
XRD analysis was performed on single-component and binary oleogels
structured with 14% GMS after 1 and 14 days of storage (Fig. 5). On Day
1, the single-component GMS oleogel showed a number of distinct wide-
angle peaks, including partially overlapping peaks with d-spacings of
~4.55 A and ~4.50 i\, and distinct peaks with d-spacings of ~4.4 ;\,
~4.3 f\, ~3.95 fo\, ~3.9 }o\, ~3.8 A and ~3.65. These peaks have all been
previously attributed to the B-polymorph (Vereecken et al., 2009).
Notably, there was no peak with an associated d-spacing of ~4.2 A. This
peak is characteristic of the sub-a polymorph, as it is caused by the
hexagonal packing of the in-plane glycerol headgroups (Chen et al.,
2009), while additional peaks associated with the sub-a form have been
shown to overlap with those arising from the f§ polymorph. As this same
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Fig. 4. FTIR spectra of oleogels with 14% glycerol monostearate (GMS) alone and in combination with 45 cP ethyl cellulose (EC45) at varying concentrations on Day
0 (a,b) and Day 14 (c,d) of storage. The hydrogen-bonding band is highlighted in (b,d), which depicts the binary EC-GMS oleogels after subtracting the EC spectra, as

denoted by the symbol A.

peak pattern was maintained after 14 days of storage, the XRD spectra
indicates the GMS oleogels had transitioned from the sub-« to the f-form
by Day 1, consistent with the thermal behavior observed by DSC (Fig. 3).
This transition to the B-form is also consistent with earlier studies (Chen
and Terentjev, 2009; Heymans et al., 2018; Li et al., 2021; Lopez-Mar-
tinez et al., 2015; Pakseresht et al., 2023; Rondou et al., 2022).

In the binary oleogel structured with 2% EC45, the peaks associated
with the p polymorph were also observed on Day 1. However, a distinct
peak with a d-spacing of ~4.17 A was also present, indicating that a
portion of the GMS remained in the sub-a form (Fig. 5b). On Day 14,
both the sub-a and p peaks persist, but the former has a notably reduced
intensity relative to the p peaks, suggesting more of the GMS transi-
tioned to the f§ form during storage, but the process was not complete.
This is again consistent with the DSC profiles, where the sub-a endo-
therms were present, but with a smaller enthalpy. The sub-a peaks were

also observed in the binary oleogels with 6% and 10% EC45, also indi-
cating the persistence of a minor GMS population in the sub-a form after
14 days of storage, consistent with the corresponding DSC thermograms
(Fig. 5c and d). Were observed, similar to the trend in the GMS-only
oleogel. Overall, the XRD results suggest that although p crystal poly-
morphs formed during storage, the presence of a self-supporting EC
network delayed the sub-a to  polymorphic transition. This aligns with
the retention of oil structuring power in the EC-GMS binary oleogel
systems, which is correlated to the retention in the synergistic
enhancement in gel strength.

The polymorphic transition of GMS during storage is driven by
thermodynamic stabilization, whereby metastable sub-a crystals reor-
ganize toward the more stable p form as molecular packing becomes
more ordered (Rondou et al., 2025; Wang and Marangoni, 2014). This
solid-solid polymorphic transition can proceed gradually at ambient
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Fig. 5. X-ray diffraction patterns of oleogels with 14% glycerol monostearate (GMS) alone (a) and in combination with either 2% (b), 6% (c) or 10% (d) ethyl
cellulose (EC45) during storage. The numbers above the diffraction patterns indicate the corresponding d-spacing values.

temperature, consistent with time-dependent structural evolution re-
ported for GMS/monoglyceride-based systems (Rondou et al., 2025;
Wang et al.,, 2026). Because lipid polymorphism is closely tied to
changes in chain packing and noncovalent interactions (including dis-
persion/van der Waals contributions), improved packing provides a key
driving force for the p form (Balcazar-Zumaeta et al., 2026; Wagner and
Davidovich-Pinhas, 2023). As the delayed polymorphic change was seen
in all EC-GMS binary oleogels, the EC-GMS intermolecular interactions
(e.g., hydrogen bonding observed by FTIR) are likely the main driver in
delaying this transition. However, increasing EC content may also limit
mass transfer, which could likely further delay this process, leading to a
higher retention in gel strength over time.

3.6. Effect of EC/GMS ratio on mechanical strength

To further assess how GMS concentration influences the storage
stability of binary EC-GMS oleogels, formulations were prepared with
varying GMS levels while maintaining EC45 at its CGC (6%) (Fig. 6). A
significant reduction in oleogel hardness after 14 days of storage was
observed in formulations containing <8% GMS (with the exception of
4% GMS), whereas formulations with >10% GMS showed no significant
changes in hardness over the same period. For the 4% GMS system, the
modest change in hardness can be attributed to the low GMS concen-
tration, resulting in the observed modest decrease. While this effect was
not significant, it may suggest that the EC/GMS ratio in this formulation
was insufficient to sustain the synergistic effect during storage. The re-
ductions in hardness observed for the 6% and 8% GMS formulations
further indicate limited effectiveness in maintaining these synergistic
interactions over time. In contrast, the retention of hardness in the 10%
and 12% GMS formulations demonstrates effective preservation of the
synergistic enhancement in gel strength throughout the 14-day storage
period.

The observed stability in oleogel hardness over the 14-day storage
period for formulations containing >10% GMS may be attributed to the
combined network density provided by both EC and GMS. At the CGC
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Fig. 6. Effect of EC/GMS ratio on the retention of synergistic effect over 14
days of storage. Significant differences (p < 0.05) are indicated by different
uppercase letters for oleogel formulations within the same day, and by different
lowercase letters for comparisons over time for the same formulation.

(6% EC45), the system-spanning EC network entraps the liquid oil phase
in discrete pockets, while also providing a 3-dimensional scaffold of
interaction sites for GMS to heterogeneously nucleate. With increasing
GMS content, the crystal network density within the entangled polymer
network becomes more dense, and the greater number of polymer-
crystal and crystal-crystal interactions help stabilize GMS crystals in
the sub-a form, thereby preserving the associated enhancement in me-
chanical strength. We thus propose the metastable sub-a crystal form is
kinetically stabilized by the polymer-crystal intermolecular interactions.
An increase in the density of EC-GMS interactions (via increasing EC
content) would thus be expected to reduce the probability of crystals
able to overcome the energetic barrier necessary to initiate the sub-o to
polymorphic transition, as well as limit mass transport within the
network, thus limiting the growth or aggregation of p form crystals,
limiting micro-scale structural reorganization, and ultimately helps
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preserve mechanical integrity during storage. Overall, in addition to
forming a self-supporting EC network, achieving sufficient network
connectivity is essential for maintaining the long-term structural sta-
bility of EC-GMS binary oleogels during storage. This connectivity de-
pends not only on the absolute concentrations of the individual
components but also on their relative EC-to-GMS ratio.

4. Conclusion

The synergistic interaction between ethyl cellulose (EC) and glycerol
monostearate (GMS) in binary oleogel systems results in a multiplicative
increase in hardness compared to the corresponding single-component
systems. This study reports, for the first time, on the storage stability
of this synergistic interaction. A reduction in this synergistic effect over
time was associated with the sub-a to p polymorphic transition of GMS,
which led to microstructural rearrangement and a decline in mechanical
strength, particularly in single-component GMS oleogels. In binary EC-
GMS systems, although partial polymorphic transition occurred during
storage, mechanical strength was largely preserved, with stability gov-
erned by whether EC was used at or above its critical gelation concen-
tration (CGC) and by the EC/GMS ratio. FTIR, DSC, and XRD analyses
consistently demonstrated that the presence of a self-supporting EC
network (formed at 6% and 10% EC45) delayed the polymorphic tran-
sition of GMS during 14 days of storage at 22 °C. Microstructural anal-
ysis further revealed reduced p-crystal aggregation in these formulations
over time. The findings further indicated that, beyond establishing a
self-supporting EC network, maintaining a critical crystalline density is
essential to preserve EC-GMS synergistic effect during storage. Future
studies investigating how various compositional factors contribute to
the kinetics of the GMS polymorphic transition may be helpful to enable
further leveraging the benefits of EC-GMS synergistic interactions in
producing stable EC-GMS binary oleogels. Overall, these findings
establish a foundation for designing stable EC-GMS binary oleogels,
whereby strategically leveraging their synergistic interaction can
significantly enhance gelator efficiency and enable potential cost re-
ductions in fat-mimetic production. Moreover, the complementary
functional properties of EC and GMS may also provide greater formu-
lation flexibility, supporting the development of functional oleogels for a
broad range of fat-mimetic applications, such as for alternative protein-
based food applications.
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