Food Chemistry: X 19 (2023) 100813

ELSEVIER

Contents lists available at ScienceDirect
Food Chemistry: X ey

journal homepage: www.sciencedirect.com/journal/food-chemistry-x —=

CHEMISTRY: @

Hydro- and aerogels from quince seed gum and gelatin solutions

Saba Ahmadzadeh-Hashemi, Mehdi Varidi Majid Nooshkam

Department of Food Science and Technology, Faculty of Agriculture, Ferdowsi University of Mashhad (FUM), Mashhad, Iran

ARTICLE INFO ABSTRACT

Keywords:
Protein-polysaccharide hydrogel
Quince seed gum

Gelatin

Composite aerogel

Rheological properties
Microstructure

The composite hydro/aerogels were designed using gelatin and quince seed gum (QSG) at total polymer con-
centration (TPC) of 1, 1.5 and 2% and gelatin/QSG ratio of 1:0, 1:0.5 and 1:1. The gel syneresis decreased
significantly with increase in TPC and QSG. Although, hydrogels with 2% TPC had remarkably higher gel
strength and elasticity than 1% TPC ones, the addition of high levels of QSG to the gelatin (i.e., gelatin/QSG 1:1)
led to a decrease in its gel strength (~0.97-fold) and elasticity (~3,463-fold). The temperature-sweep test
showed higher melting points in gelatin/QSG hydrogels (>60 °C) compared to the gelatin ones (~58 °C).

Additionally, QSG addition to the gelatin led to more porous networks with higher gel strength, thermal stability,
and crystallinity, as observed by scanning electron microscopy, differential scanning calorimetry, and X-ray
diffractometer. Therefore, QSG could be used as a natural hydrocolloid to modify gelatin functionality.

1. Introduction

Hydrogels are considered versatile materials with a solid skeleton
that is interpenetrated by water. They have received a great deal of
research and industrial interest owing to their biocompatibility, proper
release of bioactive molecules, high loading capacity and excellent
mechanical properties. Hydrogels have a hydrophilic structure that is
physically or chemically cross-linked, and also a great potential to trap a
high volume of water or other biological liquids (Kazemi-Taskooh &
Varidi, 2021).

Hydrogels convert to aerogels with minimum structural damages
when the liquid phase is replaced with air. Aerogels have potential ap-
plications in various fields, such as adsorption and release of compounds
(Mikkonen, Parikka, Ghafar, & Tenkanen, 2013), enzyme encapsulation
(Buisson, Hernandez, Pierre, & Pierre, 2001) and smart packaging (de
Oliveira et al., 2019). More importantly, food packaging industries have
been recently motivated to use aerogels owing to their unique charac-
teristics such as high surface area and porosity, ultra-low density and
excellent thermal insulation and mechanical properties (Pan, Li, Chen,
Zhang, & Zhang, 2021). Aerogel preparation requires two major steps (i)
polymer gelation and (ii) gel drying (Garcia-Gonzalez, Uy, Alnaief, &
Smirnova, 2012). The gelation conditions play a fundamental role in the
structure of the resulting aerogel (Kleemann, Selmer, Smirnova, &
Kulozik, 2018). The aerogel characteristics could be therefore predicted
and controlled by identifying the relevant parameters that influence the
properties of precursor hydrogel. Protein and polysaccharide-based
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hydrogels/aerogels are currently welcomed regarding amphiphilic na-
ture, nutritional value, functional properties, biodegradability,
biocompatibility and lower toxicity than synthetic polymers (Kazemi-
Taskooh & Varidi, 2021).

Gelatin is one of the water-soluble hydrocolloidal polymers and a
combination of different polypeptides, which can be obtained by the
denaturation of the triple helix of collagen through acidic or alkaline
hydrolysis. Gelatin chains are random coils in solutions at ambient
temperature and turn into a helix and form a gel as the temperature
decreases (Fennema, Damodaran, & Parkin, 2017). While gelatin is
valued for its inherent flexibility and softness (Chandra & Shamasundar,
2015), it poses a challenge when it comes to the formation of gelatin
hydrogels, as they typically require a higher polymer concentration
(Kasapis, Mitchell, Abeysekera, & MacNaughtan, 2004). In addition,
gelatin gels have certain limitations in terms of thermal stability (de
Carvalho & Grosso, 2004) and turns into liquid in less than 10 min at
80 °C regardless of the gelatin concentration. This may be due to the low
melting point of gelatin gel (Svetlana Rostislavovna Derkach, Ilyin,
Maklakova, Kulichikhin, & Malkin, 2015). Hence, it necessitates the
modification of the gelation properties of gelatin. One approach to
enhance the gelation properties of gelatin is by incorporating poly-
saccharides, such as maltodextrin (Butler & Heppenstall-Butler, 2003),
pectin (Gilsenan, Richardson, & Morris, 2003) and «k-carrageenan
(Svetlana Rostislavovna Derkach et al., 2015). This improvement can be
attributed to the effect of the simultaneous presence of two biopolymers
in the complex structure. In binary combinations, the gelation rate is
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typically higher and the critical concentration is lower compared to each
component individually (Tolstoguzov, 1995).

Quince (Cydonia oblonga) is a native fruit of the west Asian region.
Quince seed gum (QSG) is used in Iran to relieve cough and chest
discomfort and to prevent asthma (Rezagholi et al., 2019). QSG is con-
tained arabinose, xylose, galactose and glucose in proportion of
8:54:4:34 (Vignon & Gey, 1998). Thanks to its gelation properties, it is
applied as a potential thickening agent for various applications
(Guzelgulgen, Ozkendir-Inanc, Yildiz, & Arslan-Yildiz, 2021). QSG is a
negatively charged polyelectrolyte with outstanding biocompatibility
and biodegradability properties and higher molecular weight than
xanthan, gellan, guar and locust beans (Rezagholi et al., 2019) and a
higher swelling ratio than guar gum and galactomannan (Ashraf et al.,
2017).

In the present research, it was hypothesized that the electrostatic
interactions between cationic gelatin and anionic QSG in pre-hydrogel
solution could modify the formation and properties of the gelatin/QSG
composite aerogel. Thus, the hydrogel properties were evaluated by
various techniques to characterize the interactions between gelatin and
QSG, which would affect the physical properties of the composite aer-
ogels. The resulting aerogels were then characterized by Fourier trans-
form infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
X-ray diffraction (XRD), differential scanning calorimetry (DSC) and
textural tests.

2. Materials and methods
2.1. Materials

Quince seeds were purchased from a local market (Mashhad, Iran).
They were cleaned and packed in plastic bags and stored in a desiccator.
Gelatin type B (Bloom range: 80-100) was acquired from Faravar-
i Darooi Gelatin Halal Co. (Qazvin, Iran). Other chemicals were pur-
chased from Merck Co. (Darmstadt, Germany) and Sigma-Aldrich Co. (St
Louis, MO, USA).

2.2. Gum extraction

QSG was extracted according to a modified version of the hot water
method (Farahmand, Varidi, & Koocheki, 2016). Briefly, seeds were
stirred in distilled water (ratio of 1:32.5) at 47 °C for 3 h. Extracted
mucilage was then separated with a Buchner funnel and precipitated by
adding a volume of 96% ethanol three times greater than the volume of
the gum. The obtained gum (QSG) was dried in an oven at 50 °C and
then powdered, packed and stored at 4 °C. The gum contained 14.52%
moisture, 71.62% carbohydrate, 8.13% ash, 4.02% fat and 1.71%
protein.

2.3. Gelatin/QSG composite hydrogel

Preliminary experiments indicated that the pH in which gelatin and
QSG have the highest difference charge was 5 (the zeta-potential values
of gelatin and QSG at pH 5 were found to be 13 and —18 mV, respec-
tively). The electrostatic attraction between QSG and gelatin could
therefore lead to the formation of hydrogel structures. Thus, gelatin and
QSG were dissolved in acetate buffer (pH 5; 25 mM) at 40 °C for 15 min,
in different weight ratios of 1:0, 1:0.5 and 1:1 (gelatin/QSG) with 1%,
1.5% and 2% total polymer concentration (TPC). The solutions were
then stored at 4 °C for 24 h to complete hydrogel formation.

2.4. Hydrogel characterization

2.4.1. Syneresis

The hydrogels were centrifuged (93xg, 5 min) and then stored up-
side down for 90 min at 25 °C. The following equation was finally used
to calculate the syneresis of the composite hydrogels (Kazemi-Taskooh
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& Varidi, 2021):

Expelled water (g)

— > x 100 1
Hydrogel weight (g) X M

Syneresis (%) =

2.4.2. Texture

A cylindrical probe (5 mm diameter) was used to penetrate the cy-
lindrical hydrogels (20 x 10 mm) at a test speed of 1 mm s}, by a
texture analyzer (Stable Microsystems, TA-XT plus, UK). The gel
strength of the samples was measured from force-time curves.

2.4.3. Rheology

The rheological properties of the hydrogels were measured by a
rheometer (MCR 302, Anton Paar, Austria). The strain sweep test was
firstly performed at 1 Hz and 25 °C to determine the viscoelastic linear
region, which was found to be 0.1%. The time sweep was then done at
room temperature for 32 min and the changes in storage modulus (G’)
and loss modulus (G’’) were recorded. Subsequently, the frequency
sweep was performed at 0.1 % strain over the angular frequency range of
0.06-62.83 rad/s at 25 °C. The viscoelastic parameters (G’ and G’*) were
calculated according to the Power-law equation (Kazemi-Taskooh &
Varidi, 2021):

G =Ko" )

G =Ko" 3)

tand = 9 4
G

where K, n', K" and n" are the consistency index of G', flow behavior
index of G, consistency index of G" and flow behavior index of G",
respectively.

Moreover, the gel-sol transition was performed on the composite
hydrogels to measure their melting temperature. The gels were heated
from 5 to 60 °C and the temperature at the crossover of G' and G" during
heating was recorded as the melting point (Ty,) of the samples (Mohtar,
Perera, Quek, & Hemar, 2013).

2.4.4. Color

The color indices L* (lightness), a* (greenness-to-redness) and b*
(blueness-to-yellowness) of the hydrogels were measured by a chroma-
meter (Konica Minolta, C-410, Japan). A standard tile was used to
calibrate the device and the color indices were then recorded to calcu-
late the total color difference (AE) and browning index (BI) of the
samples, as below (Nooshkam, Varidi, & Alkobeisi, 2022):

AE = VAL? + Ab”? + Aa®? (5)

( a* 4+1.75 L* ) — 031

5645L° ta* 301267
0.172

BI =

x 100 (6)

2.5. Aerogel formation via freeze-drying method

The aerogels were produced according to the Pan et al. (2021)
method, with some modifications. The hydrogel samples were pre-
frozen at —18 °C for 48 h. The frozen hydrogels were then freeze-
dried (0.07 mW, —48 °C, 48 h) to fabricate aerogels.

2.6. Aerogel characterization

2.6.1. Morphology

The microstructural properties of aerogels were observed by an SEM
apparatus (LEO, 1450VP, Germany) operated at 20 kV in which both the
surface and cross-section of gold-coated samples (~cubes of 1 mm?)
were analyzed. The SEM pictures were then analyzed by ImageJ to
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provide the total pore area and pore size of the samples.

2.6.2. Porous properties

The mass and volume of the aerogels were measured to calculate the
bulk density (pp). The skeleton density (ps) of the samples was deter-
mined by a 50 mL pycnometer and hexane as the solvent. Finally, the
following equation was used to calculate the porosity of the aerogels
(Yun et al., 2017):

Porosity (%) = (1 —Z—:) x 100 @)

2.6.3. Hygroscopicity

The method of Ahmadi, Madadlou, and Saboury (2016) was applied
to determine the hygroscopicity of the aerogels, by measuring their
moisture absorption capacity at 83.6% relative humidity (RH). The
hydrogels were placed in a desiccator (83.6% RH, 30 °C) and weighed
over time until a constant weight was reached. Then, the moisture
sorption (MS) percentage of the samples was calculated as below:

MS (%) — W\;,(\)NOX 100 ®

where W is the aerogel weight after moisture sorption and W denotes
the initial weight of aerogel.
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2.6.4. Textural studies
The penetration test was applied to measure the textural parameters
of the aerogels. The method was followed according to Section 2.4.2.

2.6.5. Chemical structure

Infrared spectroscopy was performed to confirm the chemical
structure of the aerogels. Pellets containing aerogel powder and potas-
sium bromide (1:100 w/w) were prepared and analyzed by an FTIR
device (Thermo Nicolet, AVATAR-370 FTIR, USA) at the wavenumber
range of 4000-400 cm .

2.6.6. Thermostability

The thermal properties of the aerogels were measured by a DSC
apparatus (Linseis, PT 1000, German). About 2 mg of the samples were
tested at a temperature range of 25 to 320 °C at a heating rate of 10 °C
min~!

2.6.7. Crystallinity

The crystallinity of prepared samples was recorded using an X-ray
diffractometer (EXPLORER, GNR, Italy) equipped with a Scintillator
detector, using Cu Ko radiation (40 kV, 30 mA) in the range of 5° < 20 <
40° with an angle step of 0.02° and 1 s per step (Yadav, Mehrotra,
Bhartiya, Singh, & Dutta, 2020).
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Syneresis (%)
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Fig. 1. Effect of gelatin/QSG ratio and TPC on gel strength (a) and syneresis (b) of the composite hydrogels.
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2.7. Statistical analysis

The data were analyzed by Minitab software (version 19) using a
completely randomized design in a factorial arrangement. The factors
were gelatin/QSG ratio (1:0, 1:0.5 and 1:1) and TPC (1, 1.5 and 2%).
The significant differences between the means were evaluated by the
Tukey test at p < 0.05. The experiments were performed in three
replicates.

3. Results and discussion
3.1. Gelatin/QSG composite hydrogels

3.1.1. Gel strength of hydrogels

The gel strength of the hydrogels was significantly influenced by TPC
and gelatin/QSG ratio (Fig. 1a). It increased from 58.30 g to 312.86 g as
the TPC raised from 1% to 2% (p < 0.05). It is noteworthy that the gel
strength of the gel is affected by the structure of the gel network. An
ordered three-dimensional structure could result in a harder structure
than disordered structures (Liu et al., 2020). On this point, the improved
gel strength may be due to the homogenous structure of the hydrogels as
a consequence of TPC enhancement (Kazemi-Taskooh & Varidi, 2021),
as confirmed by SEM micrographs (section 3.2.1). The gel strength of the
hydrogels rose from 145.97 g to 235.38 g (~1.61-fold) as the gelatin/
QSG ratio changed from 1:0 to 1:0.5 (p < 0.05), but further increase in
QSG concentration (i.e., 1:1 gelatin/QSG) led to a lower gel strength of
141.57 g (~0.97-fold) compared to the gelatin hydrogel.

For a specific protein-polysaccharide ratio, there is an optimal ratio
for which electrostatic interactions reach an equilibrium between
associative and repulsive interactions, leading to the formation of the
strongest gel (Le & Turgeon, 2013). In the present study, this ratio was
found to be 1:0.5 gelatin/QSG ratio, which is the driving parameter of
gel structure and properties. Indeed, as the content of anionic poly-
saccharides increases, it is possible that all positive charges on the
gelatin molecules become neutralized. In addition, the presence of
excess polysaccharide molecules could introduce more negatively
charged groups into the system. Consequently, the resulting electrostatic
repulsive forces between the anionic polysaccharide molecules may
contribute to a reduction in the strength of the hydrogel (Wu, Degner, &
McClements, 2014). In line with our study, Huang et al. (2021) reported
that in excess gelatin, the gel’s strength is dominated by gelatin-gelatin
junctions, with some reinforcement from gelatin-anionic polysaccharide
junctions; whilst, when gelatin concentrations are low, anionic
polysaccharide-anionic polysaccharide associations become dominant,
with some support from gelatin-anionic polysaccharide junctions.
Similarly, it has been reported that gelatin concentrations above 0.3%
reduced the gel strength of whey and egg white proteins (Babaei,
Mohammadian, & Madadlou, 2019; Martin et al., 2016). Moreover,
Binsi et al. (2017) demonstrated that the hardness value of fish gelatin
gel increased in the presence of gum Arabic, xanthan gum, guar gum and
tragacanth gum, mainly due to the introduction of more polymer junc-
tion zones. The authors claimed that the electrostatic interaction be-
tween anionic hydrocolloids and positive charges on the surface of
gelatin could strengthen the gelatin network and minimize its syneresis
(Binsi et al., 2017). Additionally, a greater hardness of the hydrogels
could indicate increased crystallinity and reduced chain mobility
(Zhang, Xia, & Zhao, 2012), as confirmed by XRD results (Section 3.2.6).

3.1.2. Syneresis

The binary hydrogels experienced a significant decrease in syneresis
(9.04 to 3.44%) as the gelatin/QSG ratio decreased from 1:0 to 1:0.5 (p
< 0.05); however, the syneresis value increased to 4.50% as the gelatin/
QSG ratio was further decreased to 1:1 (p > 0.05) (Fig. 1b). By
increasing TPC from 1% to 2%, syneresis decreased by an average of
32.15% (p < 0.05). The highest and lowest syneresis values were
observed in 1% TPC-1:0 gelatin/QSG (~10.38%) and 2% TPC-1:0.5
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gelatin/QSG (~2.54%), respectively. The lower syneresis of the hydro-
gels containing QSG and greater biopolymer concentrations could be
due to their improved gel strength (Babaei et al., 2019b), elasticity
(Kazemi-Taskooh & Varidi, 2021) and hydrophilicity (Pires Vilela,
Cavallieri, & Lopes da Cunha, 2011). It has also been reported that the
hydroxyl groups of polysaccharides with high affinity to water mole-
cules could provide greater water holding capacity in protein-
polysaccharide mixtures compared to protein-based structures
(Babaei, Khodaiyan, & Mohammadian, 2019). This can be attributed to
their capacity to bind water molecules together within the interstitial
spaces, thereby lowering the syneresis (Binsi et al., 2017).

3.1.3. Rheological properties

3.1.3.1. Time sweep. The G’ and G of the hydrogels increased
continuously with time and then approximated to a plateau (data not
shown). The moduli of the samples at the end of time sweep (32 min)
were then recorded and compared (Table 1). The G’ value for samples
(with and without QSG) was greater than G’’, which is a common
characteristic of strong gels, mainly due to the high concentrations of
helical structures in gelatin (Gomez-Guillén et al., 2002). As the TPC
raised from 1% to 2%, G’ and G’ increased from an average of 13082.6
Pa to 15889.75 Pa and 5414.55 Pa to 11057.25 Pa, respectively (p <
0.05). For gelatin/QSG 1:1, the G'was about 3-time greater than G”’, but
both moduli (G'and G’) values were less than those of gelatin gels (i.e.,
gelatin/QSG 1:0) (p < 0.05). This could be ascribed to the repulsive
interactions between polysaccharide molecules at such concentrations
that may prevent the network formation of protein gel (Sow, Nicole
Chong, Liao, & Yang, 2018). This trend is largely supported by the gel
strength results, as 2% TPC and gelatin/QSG 1:0 had higher gel strength
compared to their counterparts (Fig. 1a).

3.1.3.2. Frequency sweep. Fig. 2a-b and Table 1 reveal the variation of
G’ and G” of the gelatin/QSG composite hydrogels as a function of
angular frequency. All hydrogels had flow behavior indices of K > 0 and
0 < n < 1, demonstrating a pseudoplastic behavior (Table 1). Moreover,
at all frequencies, G’ of the hydrogels was higher than G** (Fig. 2a-b),
indicating a harder and elastic structure in the composite hydrogels
(Derkach, Kuchina, Kolotova, & Voron’ko, 2020). In addition, the loss
tangent of the hydrogels was below unity (Fig. 1S), which is an indica-
tion of solid-like behavior in the samples (Bashash, Varidi, & Varshosaz,
2022).

Worthy to note that the frequency dependence of G’ and G’’ could
indicate the type of structure in the hydrogels. Therefore, the frequency
sweep data were fitted by the Power-law model to quantitatively analyse
the G- and G’’-frequency dependence degree of the mixed gels
(Table 1). By increasing TPC from 1% to 2%, K** and K’ increased by an
average of 1.88 and 1.3 times, respectively (p < 0.05). The slope of the
Power-law equation, represented by the parameter K, provides insights
into the rheological behavior of the hydrogel samples. In this study, it
was observed that as the slope (K) increases, indicating a higher degree
of shear thinning behavior, the transition from a solid-like state (K’) to a
liquid-like state (K’’) or vice versa occurs more rapidly. This finding
aligns with the findings reported by Abebe and Ronda (2014), who also
noted a similar relationship between the slope of the Power-law equa-
tion and the transition from semi-solid to semi-liquid behavior. There-
fore, the increase in K values with increasing TPC in the current study
suggests that the hydrogel samples experience faster transitions between
semi-solid and semi-liquid states as the polymer concentration rises.

As the TPC increased from 1% to 2%, average of n” and n’’ values of
the composite hydrogels increased from 0.5406 to 0.6449 and 0.5897 to
0.5956, respectively (p < 0.05) (Table 1). Since n indicates the relation
between moduli of the frequency functions, it can be concluded that the
behavior tends to be elastic in the composite gels. This could be ascribed
to the formation of junction zones between gelatin and polysaccharide,
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Table 1
Rheological properties of gelatin and gelatin/QSG composite hydrogels.
TPC Gelatin/QSG Time sweep Frequency sweep Temperature
(%) ratio sweep
G G" T (°C)
G' (Pa) G" (Pa) K' (Pa.s™ n' K" (Pa.s™) n"
1 1:0 26159.5 + 10827.5 + 15305 + 3.54" 0.1462 + 5879.5 + 0.354" 0.1683 + 0.00177 58.5 + 0.707 *
0.707" 3.54" 0.000212° d
1:1 5.7 + 0.063 ¢ 2.1 +0.156 ¢ 0.1031 + 0.9352 + 0.0074 + 1.0111 + 0.00014 > 60
0.019¢ 0.000283° 0.000283¢ a
2 1:0 31005.5 + 7.78 21881.5 + 2.12 19331 +£1.41° 0.1468 + 11014 + 0.707 @ 0.1951 + 58 +0.0°
a a 0.000212°¢ 0.000141¢
1:1 774 4+ 0.070° 233 £ 0.00¢ 9.8797 + 1.1429 £ 0.00007 0.9585 + 0.0354° 0.9961 + > 60
0.156° 2 0.00014°

Means within the same column with different superscripts differ significantly (p < 0.05).

leading to higher G’ and gel strength in the hydrogels (Svetlana R.
Derkach et al., 2020). These findings are highly supported by the gel
strength observations of the hydrogels (Fig. 1a); indeed, the higher the
TPC, the greater the gel strength and elasticity.

Reducing ratio of gelatin/QSG from 1:0 to 1:1 increased n’ (~7.09-
fold) and n’’ (~5.52-fold) of the hydrogels (p < 0.05). More importantly,
1:1 gelatin/QSG hydrogels had significantly lower K’ (~3,463-fold) and
K (~17,597-fold) compared to the 1:0 gelatin/QSG counterparts. In
congruent with our observations, Lee et al. (2003) noticed that as the
ratio of gellan increased up to 60% in the gellan/gelatin mixed systems,
the elastic property was enhanced mainly due to the existence of
interpenetrating networks or association between two biopolymers;
while, further increase in gellan content led to a system with remarkably
lower elastic modulus.

3.1.3.3. Temperature sweep. The temperature sweep test was applied to
measure the melting temperature of the hydrogels (Fig. 2c-d and
Table 1). The G’ and G’ of the hydrogels (with and without QSG)
increased slightly as the temperature increased to 50 °C and the G’ was
greater compared to the G’’, which shows that the hydrogels remained
gelled. Further increase in temperature resulted in a markedly decrease
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in both G’ and G’ values and this trend was more pronounced in the G’
profile. The G’ and G’ cross over at some point; therefore, the critical
temperature at which G’ = G’ is defined as the melting point/temper-
ature (T, of the gel (Mohtar et al., 2013). Above T,,, G”* becomes
greater than G’, which demonstrates gel-to-liquid state transition.

As can be observed from Fig. 2c, the T, values of gelatin/QSG 1:0
with 1% and 2% TPC were calculated to be approximately 58.5 and
58 °C, respectively (p > 0.05). The reduction in G’ led to a great loss in
the network structure of the gelatin gels and the sample ultimately
transformed into a viscous liquid at G > G’, mainly due to the
destruction of and or lower triple helical structure (Gomez-Guillén et al.,
2002). However, no crossover was observed in the temperature sweep
profile of gelatin/QSG composite hydrogels (Fig. 2d), indicating a solid-
like behavior of the corresponding samples. This may be attributed to
the improved thermal stability of the hydrogels, likely as a consequence
of the interactions between protein and polysaccharide (Mohtar et al.,
2013), as confirmed by FTIR (Section 3.2.3) and DSC (Section 3.2.4)
results. Although, the gelatin/QSG 1:1 hydrogel had lower gel strength
and elasticity compared to the gelatin/QSG 1:0 counterpart, the higher
Ty, of the former could be mainly due to ability of polysaccharides to
increase the thermal stability of proteins through macromolecular
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Fig. 2. Loss (a) and storage (b) moduli of gelatin/QSG hydrogels as a function of angular frequency. Loss and storage moduli of gelatin/QSG hydrogels as a function
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crowding effect. The crowding agent can reduce the protein’s solvent
availability and force the protein to adopt a compact and steady-state
structure, and precipitation is therefore prevented during thermal
treatment (Sasahara, McPhie, & Minton, 2003). The increased thermal
stability of gelatin in the presence of gellan and carrageenan has been
reported in some studies (Fonkwe, Narsimhan, & Cha, 2003; Varghese,
Chellappa, & Fathima, 2014).

3.1.4. Color

Color reflects the sensory and quality attractiveness of versatile food
products and it is, therefore, one of the essential factors in the food
sections. The color indices of the composite hydrogels are provided in
Table 1S. The addition of QSG to gelatin solutions led to composite
hydrogels with significantly lower L* and higher b*, a* and BI, compared
to the gelatin hydrogels. The TPC had a similar effect on the color indices
of the gels and the 2% TPC-based mixed gels were generally darker than
the 1% TPC-based ones (p < 0.05). This behavior might probably be
attributed to the presence of phenolic compounds in the QSG, which can
absorb light at lower wavelengths and provide more yellowish and
brownish hydrogels (Nooshkam et al., 2022). It is also necessary to note
that gels with less cross-linked and packed networks may have lower
light scattering ability (Acar & Kurt, 2020). On this point, the lower
lightness of the composite hydrogels could be highly attributed to their
greater porosity. Moreover, all hydrogels experienced an increase in AE
with increasing TPC and decreasing gelatin/QSG ratio and the overall
color change of the composite hydrogels was very distinct (AE > 3).
Accordingly, Petcharat and Benjakul (2017) demonstrated that the
addition of gellan to the fish gelatin provided mixed gels with lower L*
and higher a* and AE compared to the gelatin gels.

3.2. Gelatin/QSG composite aerogels
3.2.1. Morphology and porosity

The bulk density of the aerogels was in the range of 0.016 to 0.021 g
cm™. In line with our results, the bulk density of 0.068-0.168 g cm™>

Gelatin/QSG 1:1

TPC 1%
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was reported for hydrophobic gelatin-silica composite aerogels (Yun
et al., 2017). The network structure of gelatin/QSG composite aerogels
was investigated by SEM and the results are provided in Fig. 3a. As can
be observed, the gelatin/QSG aerogel matrices were porous, with a
three-dimensional interconnected microstructure. Furthermore, the
addition of QSG to the gelatin led to a more porous network with weaker
walls than the gelatin aerogels. In this context, the number of pores and
their total area and porosity of the aerogels were measured and provided
in Fig. 3b-d. As the TPC increased from 1% to 2%, the number of pores
and the total area of pores increased significantly by an average of
36.59% and 71.75%, respectively. This might be ascribed to the asso-
ciative interactions between gelatin and QSG molecules with the in-
crease of TPC. The pore’s number and area were also influenced
markedly by the gelatin/QSG ratio. Lowering gelatin/QSG ratio from
1:0 to 1:1 resulted in a significant decrease in the number of pores
(~32.45%) and an increase in their mean area (~160.49%), most
probably due to the repulsive forces between QSG molecules at excess
anionic polysaccharide content. It could be therefore concluded that
QSG likely increased the porosity of the aerogels. As mentioned previ-
ously, reducing the gelatin/QSG ratio from 1:0 to 1:1 decreased gel
strength and elasticity, which was in line with the porosity of the
hydrogels/aerogels. These results are supported by the porosity data
(Fig. 3d). The gelatin/QSG aerogels with 2% TPC had higher porosity
compared to those containing 1% TPC (~8.32%). Moreover, the
porosity of aerogels obtained from the 1:1 gelatin/QSG ratio was higher
than the gelatin aerogels (~9.78%). In congruent with our research,
Varghese et al. (2014) reported that the addition of carrageenan to
gelatin hydrogels increased their porosity remarkably. The inter-
connected pores of the gelatin/QSG aerogels can allow an efficient
nutrient (bioactive) transfer and gaseous exchange in food and tissue
engineering applications.

3.2.2. Hygroscopicity
The aerogels with porous structures could absorb water from humid
air and the extent of water absorption is dependent on the aerogel
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composition (Arboleda et al., 2013). Fig. 4a illustrates the moisture
sorption kinetics of gelatin/QSG composite aerogels determined at
83.6% RH. The aerogels experienced maximum moisture sorption
within the first 24 h, mainly due to their inherent hygroscopicity. The
moisture sorption was then decreased and finally reached constancy. At
first glance, gelatin aerogel with 1% TPC had the highest moisture ab-
sorption rate. But what is important about moisture absorption here is
the amount of water trapped in the holes. This sample had low gel
strength and high syneresis and during the investigation of moisture
absorption, it had an unstable structure and the seeped water was easily
seen. The gelatin/QSG aerogels had also remarkable moisture sorption
within the first 24 h, likely due to the high tendency of QSG to water
sorption (Ghadermazi, Khosrowshahi Asl, & Tamjidi, 2019). The reason
behind the water uptake from the air by the gelatin/QSG aerogels is
probably due to the affinity of both gelatin and QSG for water (Gha-
dermazi et al., 2019; Sun et al., 2022). Moreover, the high moisture
sorption of the aerogels has been attributed to their high specific surface
area (Ahmadi et al., 2016). For a more detailed examination on the
moisture sorption behavior of gelatin/QSG aerogels, a specific surface
area test should be used in future studies.

3.2.3. FTIR spectroscopy

Fig. 4b-c show the FTIR spectra of gelatin, QSG and composite aer-
ogels. The peaks at 1645.59, 1543.77 and 1300-1200 cm ! in the
gelatin spectrum (Fig. 4b) were assigned to Amide I (C—O stretching
vibration with minor contributions of C—N stretching), II (N—H
deformation) and III (C—N stretching and N—H deformation), respec-
tively (Nooshkam & Varidi, 2020). Moreover, the peaks at 3457.66 cm ™
and 3285 cm ! in the gelatin spectrum was attributed to O—H
stretching vibration of water molecules and N—H stretching vibrations,
respectively (Bashash et al., 2022).

The QSG spectrum (Fig. 4b) revealed an intense broad band at
~3417.07 cm™), which was related to O—H stretching modes
(Kacurakova, Capek, Sasinkova, Wellner, & Ebringerova, 2000). The
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vibrations associated with stretching of C—H bonds of QSG can be
identified by the bands occurring approximately at 2800-3000 cm
(Wang et al., 2018). The wavenumber range of 1620-1420 cm ™! was
ascribed to C=O0 stretches in carbonyl groups of uronic acid residues
(Manrique & Lajolo, 2002). Also, the peaks at about 1425 cm™' and
1051 em™! could be related to the C-OH bending and C—O (glycosidic
linkage) stretching vibrations, respectively (K. Chen & Zhang, 2019).
The absorption band of 1425 cm™! might also be related to the
carboxylate anions (COO") stretching vibration (Nooshkam et al., 2022).
Moreover, the sharp peak at around 1614 cm ™! might be ascribed to the
stretching vibration of ester (K. Chen & Zhang, 2019).

The presence of protein and polysaccharide in the composite aero-
gels can be clearly observed at the wavenumbers of 1650-1200 cm ™!
and 1051 cm ™! in the aerogel’s spectra, respectively (Fig. 4c). The peak
at a wavenumber of 1543.77 cm™ ! in the protein spectrum (Amide II)
has generally shifted to a higher wavenumber of 1558 ¢cm™! in the
aerogels, which could be probably due to the formation of new hydrogen
bonds between protein and polysaccharide, with the potential to in-
crease the vibration frequency of N—H bending (Barth, 2007). The
characteristic peak at 3457.66 cm ™! in gelatin, which was corresponded
to OH groups’ stretching, generally shifted to lower bands in the aero-
gels, demonstrating the improved hydrogen bonds in the systems (K.
Chen & Zhang, 2019). Moreover, the absorption band at 1425 cm™ in
the QSG spectrum (COO") was disappeared in the gelatin/QSG aerogels
spectra, probably due to electrostatic interactions between positively
charged groups of gelatin and negatively charged (carboxyl) groups of
QSG (Nooshkam et al., 2022). It could be generally concluded that both
hydrogen and electrostatic interactions occurred between gelatin and
QSG, which had remarkable effects on the structural and rheological
properties of the composite hydrogels and aerogels.

3.2.4. DSC analysis
DSC is frequently used to evaluate structural changes of poly-
saccharides and proteins, in which the heating rate affects the location
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and shape of the peaks (Kazemi-Taskooh & Varidi, 2021). The first
endothermic process for gelatin aerogels occurred at 70-80 °C (Fig. 4d),
which may be due to the glass transition temperature (T,) of the gelatin
(Mukherjee & Rosolen, 2013). The observed peak at 76.85 °C could
indicate the gelatin denaturation, which may relate to helix-to-random
coils conversion that overlapped with Tg (Parvez et al., 2012).

Gelatin aerogels with TPC of 1% and 2% display characteristic peaks
at 116.83 °C and 118.32 °C, respectively, which can be related to the
melting temperature (T;,) of the gelatin (Mukherjee & Rosolen, 2013). In
gelatin/QSG ratio of 1:1 with TPC of 1% and 2%, the peak temperature
increased to 120.19 °C and 128.72 °C, correspondingly. Similarly, it has
been reported that the Ty, of gelatin increased after the addition of gellan

a

1600 « a
1400 1
1200 A
1000 o
800 A
600 o
400 +

Gel strength (g)

200 A

Gelatin/QSG 1:0

b ETPC 1%

Gelatin/QSG 1:05

BTPC 1.5%

Food Chemistry: X 19 (2023) 100813

and carrageenan (Fonkwe et al., 2003; Varghese et al., 2014). This
means that the presence of polysaccharides could increase the thermal
stability of proteins by modulating their denaturation behavior (S. Chen
et al., 2018). The higher QSG concentrations (i.e., 1:1 gelatin/QSG ratio
compared to 1:0 gelatin/QSG ratio) could increase the total negative net
charge of the corresponding system and, in turn, its thermal stability
(Kazemi-Taskooh & Varidi, 2021). Additionally, it was claimed that
more gum concentration increased the endothermic peak temperature of
the related gels (Watase & Nishinari, 1993). The peaks observed at
230-260 °C could be ascribed to the thermal decomposition of the
samples. In line with our study, the thermal decomposition of gelatin
films has been observed at the same temperature range (Fraga &
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Williams, 1985).

3.2.5. Aerogel texture

The gel strength of gelatin/QSG composite aerogels increased
significantly from an average of 459.57 g to 769.09 g as the TPC rose
from 1% to 2% (Fig. 5a). Electrostatic interactions between -NH3 groups
in gelatin and -COOH groups in gum cause intermolecular crosslinks
(Abhari, Madadlou, & Dini, 2017). This could lead to the formation of
interconnected gel networks in the composite aerogels and, in turn, a
harder texture. In corroborating our results, Jaberi, Pedram Nia, Naji-
Tabasi, Elhamirad, and Shafafi Zenoozian (2020) argued that the
higher protein-polysaccharide concentration provided an aerogel with a
harder network structure than the low concentrations. Reducing
gelatin/QSG ratio from 1:0 to 1:1 led to a marked decrease in gel
strength (p < 0.05), most probably due to the ability of QSG to provide a
more porous network with weaker walls in the aerogels (Section 3.2.1).
The aerogels had remarkably higher gel strength values compared to
corresponding hydrogels (~229.70%), which is attributed to the drying-
derived extensive texture tightening effect (Ahmadi et al., 2016).

3.2.6. XRD studies

The XRD patterns of gelatin/QSG aerogels are indicated in Fig. 5b. A
weak peak was observed at around 20 = 9° for aerogel samples. More-
over, the aerogels had the main diffraction peaks around 26 = 21°,
which is ascribed to the amorphous phase of proteins (Babaei et al.,
2019b). The lack of sharpness in the diffraction peak around 26 = 21° in
the gelatin aerogels with 1% TPC suggests that the amorphous phase of
proteins in the sample is less organized or exhibits a higher degree of
disorder. This could be attributed to factors such as the lower concen-
tration of gelatin, which may result in weaker protein-protein in-
teractions and less ordered protein structure. The corresponding peak
became markedly sharper as the TPC and QSG concentration increased
in the aerogels, which could be an indication of more order, crystalli-
zation, and arrangement of the polymer’s network (Dongol, El-
Denglawey, Abd El Sadek, & Yahia, 2015). This may be most probably
due to the decreased chain mobility of polymers (Frone, Berlioz, Chai-
lan, & Panaitescu, 2013). The improved crystallinity of the binary aer-
ogels can indicate their higher thermal stability, as confirmed by DSC
results (Section 3.2.4). Moreover, the enhancement of aerogel crystal-
linity could be associated with the harder texture of the binary aerogels
(Zhang et al., 2012). In agreement with our study, the characteristic
diffraction peaks of gelatin have been reported to be observed around 26
= 8° and 20° (Ki et al., 2005; Nagahama et al., 2009).

4. Conclusion

This study showed that adding certain levels of QSG to gelatin so-
lution could provide composite hydrogels (and aerogels) with tailored
functionality. It was demonstrated that gelatin/QSG hydrogels had
lower syneresis values than gelatin hydrogels. However, excess QSG
levels led to composite hydrogels with decreased gel strength and elas-
ticity. The composite gelatin/QSG aerogels had greater gel strength than
the corresponding hydrogels. Moreover, the improved thermal proper-
ties and porous network of the composite aerogel could make it a good
candidate for efficient nutrient (bioactive) transfer and gaseous ex-
change in food and tissue engineering applications, especially as a car-
rier for aromatic compounds. However, the technofunctional and
economic considerations of this promising aerogel should be evaluated
in subsequent studies.
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