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SUMMARY

Research background. Mucilage extracted from Opuntia atropes cladodes
is a plant-derived polysaccharide with promising techno-functional proper-
ties for food applications. Owing to its thickening and stabilizing capacity,
cactus mucilage has attracted increasing interest as a natural ingredient in the
formulation of reduced-fat dairy products. However, native mucilage may
have functional limitations that could be improved through chemical modifi-
cation. Nevertheless, limited information is available regarding the chemical
modification of O. atropes mucilage and its application in fermented dairy sys-
tems.

Experimental approach. In this study, mucilage was extracted from O. at-
ropes cladodes and subsequently modified by acetylation to improve its func-
tional properties. The extraction process was optimised to obtain mucilage
efficiently while reducing solvent consumption. Native and acetylated muci-
lage samples were characterised through physicochemical analyses and struc-
tural evaluation using Fourier transform infrared spectroscopy (FTIR). Finally,
the modified polysaccharide was incorporated into low-fat yogurt formula-
tions to evaluate its effects on physicochemical, textural and stability proper-
ties.

Results and conclusions. Acetylation modified the physicochemical and
structural properties of the mucilage, affecting its hydration, viscosity and sta-
bility. Structural analysis confirmed the successful incorporation of acetyl
groups into the polysaccharide matrix. When incorporated into low-fat yogurt
formulations, the mucilage improved textural properties and reduced whey
separation without adversely affecting key physicochemical parameters of
the product. These results indicate that chemical modification can enhance
the techno-functional performance of cactus mucilage in fermented dairy sys-
tems.

Novelty and scientific contribution. This study offers new insights into the
chemical modification of O. atropes mucilage and demonstrates its potential
as a natural stabilizer in low-fat yogurt. The findings contribute to the devel-
opment of plant-based hydrocolloids with enhanced functional properties
and support the valorisation of cactus-derived polysaccharides as sustainable
ingredients for the formulation of healthier dairy products.

Keywords: cactus mucilage; hydrocolloids; polysaccharide functionalization;
rheological properties; food stabilization; dairy products

INTRODUCTION

Nopal (Opuntia spp.) is a member of the Cactaceae family, with more than
300 species worldwide. In Mexico, over 50 species are used as food and as raw
material for medicinal products, while around 20 species are cultivated with
varying degrees of domestication [7]. Nopal is consumed for its fruit and for
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the whole or chopped cladode (nopalitos), which are the
green, flattened, succulent stem segments of Opuntia plants,
and is also used in animal feed and in industry to produce al-
cohol, dyes, soap, pectins and oils. Additionally, nopal has
been reported to possess several medicinal properties, in-
cluding hypoglycaemic effects associated with bioactive
compounds such as polyphenols, dietary fibre and antioxi-
dants, highlighting its potential relevance in the manage-
ment of metabolic disorders and in health [2].

The chemical composition of nopal (Opuntia spp.) varies
with factors such as species, environmental conditions and
cultivation practices, with differences observed in nutrient
and bioactive compound profiles across genotypes and tis-
sues [3]. It contains high levels of dietary fibre, protein, ash
and lipids in species such as Opuntia atropes, Opuntia hyptia-
cantha, Opuntia joconostle, Opuntia streptacantha and Opun-
tia tomentosa [4]. A significant fraction of the dietary fibre in
Opuntia spp. comes from mucilage, a complex polysaccha-
ride found in cladodes that is rich in galactose and arabinose
and associated with the specialized cells of the cactus pads,
reflecting its contribution to the plant’s structural and func-
tional composition [5]. Nopal mucilage has attracted interest
in the food industry due to its functional properties; its com-
position, rich in sugars and uronic acids, allows it to form vis-
cous gels and retain water and lipids, making it useful in foods
targeted for people with diabetes or dyslipidaemia [4,6].

Mucilage from Opuntia cladodes consists primarily of
high-molecular-mass heteropolysaccharides, consistently
contains monosaccharides such as galactose, arabinose, xy-
lose and rhamnose, with species-dependent quantity of ga-
lacturonic acid contributing to its complex structure [7]. It
exhibits a strong negative charge due to the dissociation of
carboxyl groups. This chemical structure confers typical hy-
drocolloid behaviour, including water and oil absorption, for-
mation of viscous gels, and retention of sugars and lipids,
which are properties relevant to food applications.

However, despite its favorable techno-functional proper-
ties, native Opuntia mucilage may present limitations in sol-
ubility, structural stability and control of its rheological be-
haviour when incorporated into complex food matrices. The
abundant hydroxyl groups present in polysaccharides pro-
vide opportunities for chemical modification, including
etherification, acylation, acetylation, oxidation, silylation and
hydrolysis [8]. Among these approaches, acetylation involves
the introduction of acetyl groups into hydroxyl functionali-
ties, which can modify the hydrophilic—-hydrophobic balance,
intermolecular interactions, molecular conformation and
functional properties of polysaccharides. The properties of
the resulting derivatives depend on the nature of the acyl
group introduced; thus, acetylation generally provides a
moderate increase in hydrophobic character, whereas the in-
corporation of longer-chain acyl groups can produce more
pronounced changes in hydrophobicity, solubility and inter-
facial characteristics. However, the potential effects of chem-
ical modification on bioactive compounds associated with

Opuntia mucilage, as well as on their functional properties,
remain to be established. The technological relevance of
acetylation has been demonstrated for other cactus-derived
polysaccharides. For example, acetylated low-methoxyl pec-
tins isolated from Opuntia albicarpa and Opuntia matudae ex-
hibited shear-thinning behaviour and calcium-induced gel
formation, while their acetyl groups did not impair gel develop-
ment [9]. More broadly, recent reviews indicate that chemical
modification of cactus polysaccharides remains considerably
less explored than their extraction and physicochemical char-
acterisation, particularly regarding acetylation and its rela-
tionship with food functionality [70]. However, these previous
studies have focused mainly on pectins or other polysaccha-
ride fractions from Opuntia fruits rather than on the con-
trolled acetylation of cladode mucilage.

Previous studies have also demonstrated the potential of
native Opuntia materials in dairy systems, although the avail-
able evidence has focused on applications different from the
oneinvestigated in the present study. Mucilage from Opuntia
ficus-indica has been evaluated as a natural thickening agent
in drinking yogurt, with different mucilage concentrations as-
sessed in relation to pH, acidity, viscosity and sensory accept-
ance [77]. Bernardino-Nicanor et al. [12] reported that supple-
mentation of set-type yogurt with parenchymatous tissue
powder from Opuntia robusta, which is rich in mucilage, in-
creased water-related and functional properties and reduced
the susceptibility of the yogurt to syneresis. In another ap-
proach, O. ficus-indica mucilage has been used as an encapsu-
lating material for guava pulp intended for incorporation into
yogurt; the resulting yogurt exhibited increased firmness,
consistency and cohesion, together with enhanced dietary fi-
bre and antioxidant-related properties [13]. Furthermore, mu-
cilage from O. ficus-indica and O. atropes has previously been
added to raw milk, where reductions in mesophilic aerobic
bacteria and total coliforms were observed [74]. Collectively,
these studies confirm the technological potential of Opun-
tia-derived materials in dairy matrices, but they also indicate
that the reported applications have predominantly employed
native mucilage, cladode tissue, or mucilage as an encapsu-
lating material rather than chemically modified mucilage.

Yogurt was selected as the food matrix in the present
study because it represents a particularly suitable system for
evaluating the functionality of plant-derived hydrocolloids.
Yogurt is a widely consumed fermented dairy product whose
quality is strongly determined by the structure and stability
of its protein-based gel network, with texture, viscosity, wa-
ter-holding capacity and syneresis being important techno-
logical and sensory attributes [75,76]. Hydrocolloids can inter-
act with milk proteins and the aqueous phase, increase
viscosity, improve water retention and modify gel structure,
thereby reducing serum separation and improving textural
characteristics [76,77]. This functionality is especially relevant
in low-fat yogurt because fat reduction can result in weaker
body, lower firmness, poorer mouthfeel and increased sus-
ceptibility to syneresis, creating a technological need for
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alternative structuring and stabilizing ingredients [76,78]. In
addition, yogurt provides a consumer-accepted fermented
food format in which natural, plant-derived ingredients can
be incorporated without requiring the development of an
entirely new food category. Recent research on plant-based
stabilizers further supports the potential of natural mucilag-
es and gums to improve the water-holding capacity, viscosity
and textural properties of yogurt [17]. Thus, yogurt, and par-
ticularly reduced-fat yogurt, provides a relevant model matrix
in which the techno-functional effects of an acetylated Opun-
tia mucilage can be evaluated under realistic food conditions.

Taken together, the available literature indicates that the
use of Opuntia-derived materials in yogurt has already been
explored, butimportant knowledge gaps remain. No previous
study has systematically investigated the controlled acetyla-
tion of mucilage isolated from Opuntia atropes cladodes, fol-
lowed by a comprehensive evaluation of its physicochemical
and structural properties and its application as a functional
ingredient in low-fat yogurt. Moreover, the potential effects
of acetylation on bioactive compounds associated with Opun-
tia mucilage and their functional properties remain to be es-
tablished. The present work therefore differs from previous
studies not only in the Opuntia species used, but also in the
deliberate chemical modification of the mucilage before its
incorporation into a dairy matrix. This approach enables the
relationship between acetylation, mucilage functionality and
yogurt performance to be investigated, thereby providing
new information on the potential use of an underutilised
Opuntia species as a source of modified food hydrocolloids.

Therefore, the objective of this study is to extract muci-
lage from Opuntia atropes cladodes, chemically modify it by
acetylation at two levels using acetic anhydride, characterise
its physicochemical and structural properties, and evaluate
its application as a functional ingredient in low-fat yogurt. We
hypothesize that controlled acetylation would modify select-
ed techno-functional properties of the mucilage and improve
the stability and textural characteristics of reduced-fat yogurt
without adversely affecting its fundamental physicochemical
parameters.

MATERIALS AND METHODS

Opuntia atropes cladodes were collected at the Morelia
Campus of the Autonomous University of Chapingo (CRUCO,
Morelia, Michoacan, Mexico). The spines were removed from
the cladodes, which were then washed with soap and water,
cut into pieces of approx. 1 cm? and blended with water at
three ratios V(water):m(cladode)=8:1, 6:1 and 4:1. Thus, three
separate extraction mixtures were prepared, corresponding
to the three water:cladode ratios. Each mixture was heated
to (83+2) °C for 2 h. For separation, the three samples were
centrifuged using a Centrificient IV centrifuge (model TD5M-
-WS; CRM Globe Int., Mexico City, Mexico) at 1643xg for 15
min. The supernatants were transferred to an aluminium pot
and concentrated by heating on a gas burner stove (model
PFK-200; Koblenz-Lucero, Cuautitlan Izcalli, State of Mexico,

Mexico) at 70 °C until their volume was reduced to one-third
of the initial volume. Mucilage was then precipitated by add-
ing 96 % ethanol (Meyer, Mexico City, Mexico) at ethanol vol-
ume ratios of 4:1 and 3:1), and the mixtures were allowed to
stand at room temperature for 24 h. The precipitated muci-
lage obtained at each ethanol volume ratio was recovered
separately by decantation and dried at 40 °C for 24 hin a dig-
ital oven (model 9053A; Ecoshel, Pharr, TX, USA). The mucilage
extraction yield was calculated on a dry mass basis as the
percentage ratio between the mass of dried mucilage recov-
ered and the initial mass of fresh cladodes used for extraction,
according to the following equation:

"/

Y(mucilage)=(—m(dried m“d'agaj-mo

m(fresh cladodes)

Three extraction treatments were evaluated by combin-
ing the following water:cladode and ethanol:mucilage ratios
8:1+4:1, 6:143:1 and 4:1+3:1, respectively. After comparison of
the extraction treatments, the mucilage obtained using the
water:cladode and ethanol:mucilage ratios 4:1+3:1 treatment
was selected for subsequent acetylation and yogurt prepa-
ration because it provided a comparable extraction yield
while requiring lower amounts of water and ethanol.

Chemical modification of Opuntia atropes mucilage
by acetylation

O. atropes mucilage was acylated following the methods
described by Huang et al. [19] and Prieto-Méndez et al. [20],
with slight modifications. The mucilage obtained under the
selected extraction conditions water:cladode and etha-
nol:mucilage ratios 4:14+3:1 was used as the native mucilage
(NM) for subsequent acetylation. Two acetylation treatments
were evaluated using 2 and 4 g of native mucilage while
maintaining the same volume of acetic anhydride (23.2 mL)
in both treatments. Thus, three mucilage samples were ob-
tained for subsequent characterisation: NM, acetylated mu-
cilage (AM) 1.78 % and AM 2.28 %. Both acetylated mucilages
were characterised to evaluate the effect of the acetylation
level on their physicochemical and functional properties. For
yogurt formulation, NM and AM 1.78 % were selected to eval-
uate the effect of a moderately acetylated mucilage on yo-
gurt properties while avoiding the use of the higher acetyla-
tion level (AM 2.28 %).

In the first treatment, 2 g of mucilage were reacted with
23.2 mL of acetic anhydride, giving an acetic anhydride:mu-
cilage ratio of 11.6 mL/g and yielding acetylated mucilage
(AM) with an acetylation level of 2.28 % (AM 2.28 %). In the
second treatment, 4 g of mucilage were reacted with the
same volume (23.2 mL) of acetic anhydride, giving a ratio of
5.8 mL/g and yielding acetylated mucilage with an acetyla-
tion level of 1.78 % (AM 1.78 %).

In both treatments, the mucilage was first dispersed in 75
% ethanol and stirred for 10 min at room temperature. The
pH of the dispersion was then adjusted to 8.0 before acetic
anhydride (Meyer) was added, and the reaction was allowed
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to proceed for 10 min. Subsequently, the pH was adjusted to
4.5.The acetylated mucilage was recovered by centrifugation
(Centrificient IV model TD5M-WS; CRM Globe Int.) at 1643xg
for 15 min and washed three times with 75 % ethanol. Finally,
the recovered mucilage was dried at 40 °C for 24 h in a digital
oven (model 9053A; Ecoshel), ground, and sieved through a
US #120 mesh (USA Standard Testing Sieve ASTM Specifica-
tion E-11, Daigger Scientific, Vernon Hills, IL, USA).

The yield of acetylated mucilage was determined by
weighing the dried product recovered after the acetylation
and drying steps. The recovered mass was reported as the
yield (g). The yield was calculated as the percentage ratio be-
tween the mass of dried acetylated mucilage recovered and
the initial mass of native mucilage used in each reaction (2 or
4 g), multiplied by 100, according to the following equation:

Y(acetylated [ m(dried acetylated mucilage) 100 /2/
mucilage) m(native mucilage)

Thus, three mucilage samples were obtained for subse-
quent characterisation: NM, AM 1.78 % and AM 2.28 %. For
yogurt preparation, NM and AM 1.78 % were selected for sub-
sequent formulation.

Determination of acetylation percentage and degree
of substitution

The acetyl content and degree of substitution (DS) of the
acetylated mucilage were determined according to the meth-
od described by Vargas et al. [27], with some modifications.
Briefly, 0.5 g of acetylated mucilage was placed in a 250-mL
Erlenmeyer flask, followed by the addition of 25 mL of dis-
tilled water and three drops of phenolphthalein indicator (Hy-
cel Mexico, S.A.de C.V., Zapopan, Mexico). Subsequently, 12.5
mL of 0.45 M NaOH solution (Jalmek Cientifica, San Nicolas
de los Garza, N.L., Mexico) were added. The mixtures were
shaken for 30 min and titrated with 0.2 M HCl solution (Mey-
er). A blank was prepared simultaneously using native muci-
lage and was titrated under the same conditions.

The acetyl content (w/%) is the percentage by mass of
acetyl groups in the dry mucilage and was calculated using
the following equation:

W(acetyl):(w} -100 /3/
m

S

where V, is the volume of HCl used for the blank titration (mL),
V. is the volume of HCl used for the sample titration (mL), c is
the concentration of the HCl solution (0.2 M), 0.043 is the mass
of acetyl groups corresponding to 1 mL of 1 M HCl (g/mL) cal-
culated from the molar mass of the acetyl group (43.045 g/
mol) and m, is the dry mass of the mucilage sample (g).
The degree of substitution (DS) was calculated using the
following equation:
_ 162-w(acetyl)
4300 (42-w(acetyl))

14/

where 162 is the molecular mass of an anhydroglucose unit
(g/mol), 4300 is the molecular mass of the acetyl group

multiplied by 100, and 42 is the molecular mass of the acetyl
group minus one hydrogen atom (g/mol).

Physicochemical analyses of mucilage

The following physicochemical properties of native and
acetylated mucilage were evaluated: pH, colour parameters,
water activity (a,,), water and oil absorption capacities (WAC
and OAC) and viscosity.

For pH determination, solutions were prepared by dis-
persing 0.5 g of native or acetylated mucilage in 5 mL of dis-
tilled water. The pH was measured using a digital pH metre
(Aquasearcher A-AB23PH; OHAUS, Parsippany-Troy Hills, NJ,
USA). Colour of the mucilage powders was measured using a
BYK Gardner colourimeter (model CC-6801; BYK Gardner, Co-
lumbia, MD, USA) in the CIELAB colour space. The evaluated
parametersincluded L* (lightness), a* (red-green axis), b* (yel-
low-blue axis), chroma (C*) and hue angle (h°). The L* param-
eter represents lightness (O=black, 100=white), a* indicates
red (positive) or green (negative) tones, and b* represents
yellow (positive) or blue (negative) tones. Chroma (C*) de-
scribes colour saturation, while hue angle (h°) corresponds to
the position of the colour within the chromatic circle (0°=red,
90°=yellow, 180°=green, 270°=blue). Water activity (a,,) was
measured in triplicate using a water activity metre (model
LabSwift-aw; Novasina AG, Lachen, Switzerland). Water ab-
sorption capacity (WAC) was determined following the meth-
odology described by Bocarando-Guzman et al. [22]. Briefly,
0.3 g of mucilage powder was placed in 50-mL conical tubes
(BluCapp™, Nordhausen, Germany) with 4.5 mL of distilled
water, vortexed for 10 min, and then shaken on an orbital
shaker (model CVP-2000P; CScientific, Mexico City, Mexico)
for 1 h. The samples were centrifuged at 2146xg for 10 min,
the supernatant was decanted, and the hydrated mucilage
was weighed. WAC (g water per g mucilage) was calculated
using the following equation:

wac=28 I/
B
where A represents the mass of mucilage with absorbed wa-
ter (g), and B corresponds to the mass of dry mucilage (g). Oil
absorption capacity (OAC) was determined using the same
procedure, replacing distilled water with canola oil.

Viscosity was measured following the method described
by Gonzalez-Sandoval et al. [23], with slight modifications.
Native and acetylated mucilage powders were dispersed in
distilled water at a ratio of 1:100 and stirred at 600 rpm for 24
h at room temperature using a hot plate with a stirrer (model
Guardian 7000; OHAUS). A volume of 10 mL of each solution
was then transferred to a viscometre (model DV3T; Brook-
field/AMETEK, Middleboro, MA, USA) equipped with a ULA
(0) spindle. Measurements were taken at increasing rotation-
al speeds (50, 75 and 100 rpm), ensuring a torque of >10 %.
All measurements were conducted at room temperature in
triplicate.
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Analysis of the chemical composition of mucilage

Protein, ash and calcium contents of native mucilage (NM)
and the two acetylated mucilage samples obtained from the
acetylation treatments using acetic anhydride ratios of 5.8
and 11.6 mL/g were determined in triplicate. These treat-
ments yielded acetylation percentages of 1.78 % (AM 1.78 %)
and 2.28 % (AM 2.28 %), respectively. Protein was measured
using AOAC 955.04/90 Kjeldahl method [24] with a conversion
factor of 6.25, and ash content was determined using AOAC
942.05/90 method [24]. For calcium analysis, ash obtained by
incineration was wet-digested, solubilized and, if necessary,
diluted to fall within the linear range of the instrument. Cal-
cium was quantified by flame atomic absorption spectro-
metre (AAnalyst 200; PerkinElmer, Inc., Waltham, MA, USA)
using a calibration curve with certified standards (20-80
mg/qg). Accuracy was confirmed with a reference standard of
80 mg/g, which yielded a measured value of 80.5 mg/g.

Fourier transform infrared spectroscopy analysis
of mucilage

Fourier transform infrared-attenuated total reflectance
(FTIR-ATR) spectroscopy was used to identify functional
groups in native and acetylated (1.78 and 2.28 %) Opuntia at-
ropes mucilages. Analyses were conducted using FTIR equip-
ment (model Vertex 70/70 V; Bruker, Ettlingen, Germany)
equipped with an ATR accessory. Spectra were recorded over
the range 400-4000 cm™, with a resolution of 4 cm™ and a
scan time of 32s.

Yogurt preparation

Among the two acetylated mucilage samples, AM 1.78 %
(mucilage with an acetyl content of 1.78 %) was selected for
yogurt formulation based on its acetylation degree and phys-
icochemical and functional properties, while AM 2.28 % was
retained for characterisation to evaluate the effect of increas-
ing acetylation on mucilage properties. Gelatine (Coloidales
Duché, S.A. de C.V,, Mexico City, Mexico) was incorporated
into selected yogurt formulations as a conventional gelling/
thickening ingredient to assess whether its addition pro-
duced an additional or synergistic effect on yogurt structur-
al properties, particularly viscosity and syneresis, when com-
bined with native or acetylated mucilage. Five yogurt
formulations were prepared: control yogurt (control), yogurt
containing native mucilage (NM), yogurt containing native
mucilage and gelatine (NM+Gel), yogurt containing mucilage
acetylated to 1.78 % (Acet M), and yogurt containing muci-
lage acetylated to 1.78 % and gelatine (Acet M+Gel). Yogurts
were prepared as follows: the starter culture Lyo Pro Y Mild
(Codex-Ing Biotech Ingredients, Miami, FL, USA), composed
of Streptococcus salivarius ssp. thermophilus and Lactobacillus
delbrueckii ssp. bulgaricus, was reactivated from a freeze-
-dried preparation by reconstitution in low-fat milk (Santa
Clara Light®, Pachuca, Hgo., Mexico) to obtain a stock suspen-
sion for inoculation. For the control yogurt, 100 mL of low-fat

milk were inoculated with 1 mL of stock suspension. For NM
and Acet M yogurts, 0.5 g of native mucilage or mucilage
acetylated to 1.78 %, respectively, was added to 100 mL of
low-fat milk. For NM+Gel and Acet M+Gel yogurts, 0.5 g of
native mucilage or mucilage acetylated to 1.78 %, respective-
ly, together with 0.5 g of gelatine was added to 100 mL of
low-fat milk. All formulations were then inoculated with 1 mL
of the stock suspension. All mixtures were incubated at 43 °C
for 8 hin an incubator (model LSIK-B2V/1C111; Incucell MMM
Group, MMM Medcenter Einrichtungen GmbH, Munich, Ger-
many) to allow fermentation and obtain the final yogurt
products. The yogurt formulations prepared and analysed
are summarised in Table 1.

Table 1. Formulation of the yogurt samples

m(mucilage)/ m(acetylated m(gelatine)/
g mucilage)/g g
Control yogurt - - -

Native mucilage 0.5 - -
yogurt

Yogurt sample

Native mucilage+ 0.5 - 0.5

gelatine yogurt

Acetylated - 0.5 -
mucilage yogurt

Acetylated - 0.5 0.5
mucilage+gelatine

yogurt

AM=mucilage acetylated to a degree of 1.78 %

The physicochemical properties of the yogurt treat-
ments-control, yogurt with native mucilage, yogurt with na-
tive mucilage and gelatine, yogurt with 1.78 % acetylated mu-
cilage, and yogurt with 1.78 % acetylated mucilage and
gelatine, were evaluated as follows: 10 mL samples from each
treatment were placed in beakers at 8 °C and pH was meas-
ured using a digital benchtop pH metre (Aquasearcher
A-AB23PH; OHAUS, Parsippany-Troy Hills, NJ, USA). Colour pa-
rameters (L* a* b* C* and h°) were determined in triplicate
using a BYK Gardner colour and brightness colourimeter (BYK
Gardner, Columbia, MD, USA). Water activity was measured
in triplicate using a water activity metre (LabSwift-aw; Novasi-
na AG, Lachen, Switzerland). Viscosity of 10 mL samples from
each treatment maintained at 8 °C prior to analysis was de-
termined using a Brookfield DV3T viscometer (Brookfield/
AMETEK) with the ultra-low adapter (ULA) (0) spindle at 10
rpm, following the method described in Gonzalez-Sandoval
et al. [23] with minor modifications. The degree of syneresis
was determined in triplicate using 20 g of each sample cen-
trifuged (Centrificient IV model TD5M-WS; CRM Globe Int.) at
1643xg for 15 min at room temperature. Syneresis (%) was
calculated as follows:

m
Syneresis=[w]~100 16/

msample

where M, ematant 1S the mass of the supernatant recovered af-
ter centrifugation (g) and my, . is the initial mass of the yo-
gurt sample before centrifugation (20 g).
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Titratable acidity was determined in triplicate as lactic
acid according to NOM-185-SSA1-2002 [25]. Lactic acid con-
tent (%) was calculated using the following formula:

Ve ~90J_ 100
Ve

where Vis the volume of NaOH solution used (L), cis the con-

centration of NaOH (0.1 M), V, is the volume of sample (mL),

and 90 is the molar mass of lactic acid (g/mol).

w(lactic acid):( 17/

Statistical analysis

All experiments were conducted in triplicate (N=3), and
the results are expressed as meanzstandard deviation. Sta-
tistical analyses were carried out using Rv. 4.3.2 [26] through
the RStudio IDE v. 2023.12.0 (Build 369; Posit Software, PBC)
[27]. For experiments involving three or more treatment
groups, a one-way analysis of variance (ANOVA) was used to
evaluate differences among treatment means. When the
ANOVA indicated a significant treatment effect (p<0.05), Tuk-
ey’s honestly significant difference (HSD) test was used for
multiple pairwise comparisons. For comparisons involving
only two treatment groups, statistical significance was as-
sessed using the F-test from the one-way ANOVA. With two
groups, the one-way ANOVA F-test is mathematically equiv-
alent to Student’s t-test for two independent groups (F=t%);
therefore, no post-hoc multiple-comparison test was re-
quired. Statistical significance was defined as p<0.05.

RESULTS AND DISCUSSION

Mucilage extraction from Opuntia atropes

The results of mucilage extraction from 1 kg of Opuntia
atropes cladodes are shown in Table 2. No statistically signif-
icant differences were observed among the extraction treat-
ments. Nevertheless, the water:cladode and ethanol:muci-
lage 4:1+3:1 treatment was selected for subsequent
experiments because it provided a comparable extraction

Table 2. Yield of mucilage extraction from Opuntia atropes

Water:cladode Ethanol:mucilage

ratio ratio ()
8:1 4:1 (1.0£0.2)°
6:1 31 (0.8+0.2)°
41 31 (0.9+0.1)°

Different lowercase letters in superscript indicate significant dif-
ferences among treatments according to one-way ANOVA followed
by Tukey’s HSD test (p<0.05). Values are expressed as meanzstan-
dard deviation (N=3)

yield while requiring smaller volumes of water and ethanol.
Thus, this treatment represented the most resource-efficient
condition among those evaluated. Extraction yield is influ-
enced by the volumes of water and ethanol used, as well as
by extraction temperature, cladode species and age, and cul-
tivation conditions [28].

Acetylation percentage and degree of substitution of
acetylated mucilages of Opuntia atropes

The acetylation of native mucilage was evaluated under
two experimental conditions using acetic anhydride:muci-
lage ratios of 11.6 and 5.8 mL/g. Table 3 summarises the reac-
tion yields, acetyl group content and degree of substitution
(DS). The treatment using 2 g of mucilage showed a higher
acetylation percentage (2.28 %) and DS (0.088), while the 4 g
treatment resulted in 1.78 % acetylation and a DS of 0.068.
These differences can be attributed to the reagent-substrate
ratio [79,20]. In both treatments, the same volume of acetic
anhydride was used, resulting in ratios of 11.6 mL/g for the 2
g treatment and 5.8 mL/g for the 4 g treatment. Increasing
the mucilage mass without changing the reagent volume re-
duced the amount of acetic anhydride available per gram of
substrate, which explains the lower acetylation degree and
DS observed in the 4 g treatment. A higher liquid-to-solid ra-
tio enhances reagent availability and may lead to higher sub-
stitution degrees, a phenomenon previously reported for
polysaccharide modification processes [29,30].

From a functional perspective, incorporating acetyl
groups into the polysaccharide structure partially replaces
hydroxyl groups, reduces intermolecular hydrogen bonding
and alters the hydrophilic-hydrophobic balance of the poly-
mer. As a result, acetylation can modify properties such as
solubility, viscosity, water retention capacity and interactions
with other food components. In general, moderate DS values,
such as those obtained in this study, may improve the func-
tional performance of polysaccharides as stabilizers or thick-
ening agents in food systems, while preserving their compat-
ibility with aqueous matrices.

However, increasing the reagent concentration may also
risk exceeding regulatory limits commonly set for chemically
modified food polysaccharides. For example, modified
starches are generally limited to 2.5 % acetyl groups and a DS
of 0.1 [37-33]. Although specific regulations for plant muci-
lages such as nopal mucilage are not currently established in
Mexican or Codex standards, these references can serve as
useful comparative guidelines.

Table 3. Yields, acetylation percentage and degree of substitution of acetylated mucilages of Opuntia atropes

(V(acetic anhydride): m(recovered acetylated .

m(mucilage))/(mL/g) mucilage)/g it gl 25
11.6 (1.4+0.2)° (70.0+8.5)° (2.28+0.07)* (0.09+0.01)2
5.8 (3.30+0.02)* (82.5+0.7)° (1.8+0.1)° (0.07+0.01)°

Different lowercase letters in superscript within the same column indicate significant differences between treatments according to the F-test
from one-way ANOVA (p<0.05). For two treatment groups, the F-test is mathematically equivalent to Student’s t-test. Values are expressed as

meanztstandard deviation (N=3). DS=degree of substitution
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Physicochemical properties and chemical composition
of native and acetylated mucilage

Table 4 summarises the physicochemical properties of
native and acetylated mucilage samples. Native mucilage ex-
hibited a near-neutral pH (6.60), whereas acetylated mucilage
showed significantly lower values (4.97+0.01). This decrease
is likely associated with the incorporation of acetyl groups,
the presence of residual acetic acid, and the pH adjustment
performed during the modification process. A slightly acidic
pH may influence the functional behaviour of mucilage in
food systems [6].

Changes in colour parameters were also observed after
acetylation. The L* value decreased, indicating a darker ap-
pearance, with a tendency to decline as the degree of acetyl-
ation increased. All samples exhibited slightly greenish (a*)
and yellowish (b*) tones that became more pronounced after
modification. In addition, acetylated mucilages showed high-
er chroma (C¥), indicating greater colour saturation, while the
hue angle (h°) approached 90°, corresponding to yellowish
tones. These variations may be related to structural modifi-
cations in the polysaccharide network caused by the intro-
duction of acetyl groups, which can alter light scattering
properties [34].

Acetylation also influenced the hydration behaviour of
the mucilage. Native mucilage exhibited an a,, of 0.41+0.01,
whereas the acetylated samples showed significantly lower
values (0.28+0.04 for 1.78 % acetylation and 0.31+0.01 for 2.28
%). The reduction in a,, suggests modifications in the wa-
ter-binding capacity of the polymer matrix, likely related to
the partial substitution of hydroxyl groups with acetyl groups,
which decreases the number of sites available for hydrogen
bonding with water molecules [29]. These low a,, values indi-
cate high stability and low susceptibility to microbial growth,
consistent with previous observations for cactus mucilage
[35].

Despite the reduction in water activity, acetylation signif-
icantly increased the water absorption capacity (WAC). Native
mucilage exhibited a WAC of 7.1+0.2, while acetylated samples

reached 10.3+0.2 (1.78 %) and 10.3+0.3 (2.28 %). This be-
haviour suggests structural rearrangements in the polymer
network that favour water uptake, possibly through the for-
mation of a more open matrix and the weakening of intermo-
lecular interactions. Similar trends have been reported for
modified polysaccharides, where structural expansion facili-
tates water penetration into the polymer network [36,37].

Oil absorption capacity (OAC), in contrast, did not differ
significantly among treatments, with values ranging from
2.05 to 2.51 g oil per g mucilage. This indicates that the de-
gree of substitution achieved was not sufficient to substan-
tially modify hydrophobic interactions within the polymer
matrix. Nevertheless, the moderate OAC values observed
suggest potential applications in food formulations requiring
emulsifying or stabilizing agents.

The structural modifications induced by acetylation were
also reflected in viscosity behaviour. Native mucilage showed
a viscosity of (0.0131+0.0004) Pa-s. Acetylation at 1.78 % re-
duced viscosity to (0.010+0.001) Pa-s, likely due to decreased
polarity and weaker intermolecular interactions following the
introduction of acetyl groups. However, the sample acetylated
at 2.28 % exhibited a marked increase in viscosity to (0.0178+
0.0006) Pa-s, suggesting structural rearrangement and the for-
mation of a more compact polymer network at higher substi-
tution levels. Similar non-linear effects of acetylation on vis-
cosity have been reported for modified polysaccharides [38].

The compositional analysis (Table 5) provides additional
insight into the observed physicochemical behaviour. Protein
mass fraction differed significantly among samples, increas-
ing from (9.2+0.3) % in native mucilage to (11.5+0.2) % in the
sample with a DS=0.068, then decreasing to (7.5+0.2) % at
DS=0.088. The initial increase may reflect greater retention
of proteins associated with the polysaccharide matrix due to
structural changes induced by acetylation, whereas the sub-
sequent decrease could be related to the removal of loosely
bound proteins during the washing steps of the modification
process. Reports on protein content in acetylated nopal mu-
cilage are scarce; therefore, these findings provide novel

Table 4. Physicochemical properties of native and acetylated mucilages of Opuntia atropes obtained using the selected extraction treatment (4:1

water:cladode; 3:1 ethanol:mucilage treatment)

Parameter Native mucilage
pH (6.60+0.01)°
L* (63.1£1.3)*

a* (-1.50+0.02)*
b* (9.0+0.2)¢

c* (9.3£0.3)¢

h° (98.3+0.8)

a, (0.41£0.01)°
WAC/(m(water)/m(mucilage)/(g/g) (7.1£0.2)°
OAC/(m(oil)/m(mucilage)/(g/g) (2.5+0.3)™
n/(Pa-s) (0.0131+0.0004)°

Mucilage acetylation degree/%

1.78 2.28
(4.97+0.01)° (4.97+0.01)°
(50.1+2.3)b (48.4+1.9)

(-1.45+0.06)° (-1.2+0.2)
(13.8+0.8)° (11.420.5)°
(14.1£0.6) (11.941.4)
(95.7+0.3) (95.2+0.8)¢

(0.28+0.04) (0.310.01)°
(10.3+0.2) (10.3+0.3)
(2.240.1)™ (2.05+0.07)"
(0.010+0.001)¢ (0.0178+0.0006)2

Different lowercase letters in superscript within the same row indicate significant differences among treatments according to one-way ANOVA
followed by Tukey’s HSD test (p<0.05). ns=no significant difference among treatments. Values are expressed as meanztstandard deviation

(N=3). WAC=water absorption capacity, OAC=oil absorption capacity
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Table 5. Protein, ash and calcium mass fractions of native and acetyl-
ated Opuntia atropes mucilages obtained using the selected ex-
traction treatment (water:cladode and ethanol:mucilage 4:1+3:1)

Chemical Native Mucilage acetylation degree/%
component mucilage 1.78 2.28
w(protein)/% (9.2+0.3)° (11.5£0.2) (7.5 0.2)
w(ash)/% (9.4+0.2)° (13.0+0.1)° (11.5+1.3)°
w(calcium)/(mg/g) (87.5%1.0) (161.8+3.5) (92.0+2.0)°

Different superscript lowercase letters within the same row indicate
significant differences among treatments according to one-way
ANOVA followed by Tukey’s HSD test (p<0.05). ns=no significant
difference among treatments. Values are expressed as meanzstan-
dard deviation (N=3)

information on the compositional changes associated with
this chemical modification.

Ash mass fraction also increased after acetylation, from
(9.4+0.2) % in native mucilage to (13.0+0.1) and (11.5£1.3) %
in the acetylated samples. Chemical modification of starch
via acetylation can significantly alter its chemical composi-
tion, including mineral content, as part of its overall physico-
chemical transformation [39], and may result from the reten-
tion of mineral compounds or residual salts generated in the
alkaline reaction medium.

Mineral analysis revealed notable differences in calcium
mass fractions. The mucilage acetylated at 1.78 % (DS=0.068)
had the highest calcium mass fraction ((161.8+3.5) mg/g), fol-
lowed by the sample acetylated at 2.28 % ((92.0+2.0) mg/qg)
and the native mucilage ((87.5+1.0) mg/g). These results sug-
gest that acetylation alters the interaction between the pol-
ysaccharide matrix and divalent cations. Mucilage from
Opuntia species contains uronic acids that provide carboxyl
groups capable of binding Ca** through ionic interactions
within the polymer network [40,47]. Moderate structural
modification may favour the exposure or reorganization of
these binding sites, enhancing calcium retention, whereas
higher substitution degrees may reduce the availability of hy-
drophilic groups involved in cation binding.

The treatment with the highest calcium mass fraction also
showed higher ash mass fraction and greater water absorp-
tion capacity, suggesting that calciumions may contribute to
water retention through ionic interactions with the polysac-
charide matrix. Such interactions can promote the formation
of junction zones within the polymer network, affecting hy-
dration and structural organization without necessarily in-
creasing viscosity [42].

Overall, the combined physicochemical and composi-
tional results indicate that acetylation modifies the structur-
al organization of the mucilage polysaccharide network, af-
fecting polymer-water interactions, mineral binding and
rheological behaviour. These structural changes influence
hydration capacity, viscosity and stability, which are key func-
tional attributes for hydrocolloid applications. Consequently,
both native and acetylated mucilage from O. atropes show
potential as natural hydrocolloids with applications as stabi-
lizers, thickeners or texture modifiers in complex food sys-
tems, including fermented dairy products such as yogurt.

Fourier transform infrared spectroscopy analysis

Fourier transform infrared (FTIR) analysis enabled the
identification of the main functional groups present in native
mucilage (NM) and in mucilages chemically modified by
acetylation at 1.78 % (AM 1.78 %) and 2.28 % (AM 2.28 %). Fig.
1 shows the FTIR spectra of the samples, where characteristic
bands of polysaccharide compounds were detected, with
variations attributed to structural modifications induced by
acetylation.

AM 1.78%

AM 2.28%

Transmitance/AU

T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber/cm’™
Fig. 1. Spectra of native mucilage (NM), mucilage acetylated to 1.78 %

(AM 1.78 %) and mucilage acetylated to 2.28 % (AM 2.28 %) of Opuntia
atropes obtained by Fourier transform infrared spectroscopy (FTIR)

A band at 2978 cm™' was observed, corresponding to the
symmetric and asymmetric stretching vibrations of C-H
groups associated with methylene and methyl groups in sug-
ar structures. This result is consistent with that reported by
Rodriguez-Gonzalez et al. [6], who observed the same band
with a shift at 2933 cm™'. These vibrations are present in the
hydrocarbon backbone of the polysaccharide chains as well
as in the acetyl groups. The higher intensity of these bands
in AM 1.78 % and NM than in AM 2.28 % may be attributed to
improved molecular orientation and stronger vibrational
coupling rather than to an increase in C-H content [43].

In Opuntia mucilage, a band at 1630 cm™' is commonly
observed and is associated with uronic acids (COO~ groups)
derived from pectins [40]. In the present spectra, a weak band
at 1727 cm™ corresponding to C=0 stretching vibrations was
detected, which may be attributed to acetyl groups forming
ester linkages within the polysaccharide structure.
Additionally, a band was observed at 1593 cm™. In the spectra
of the acetylated mucilage, faint undulations were detected
in this region; however, their low intensity may be related to
secondary structural effects, particularly in AM 2.28 %, where
higher intensity might be expected due to the greater degree
of substitution. Similar observations were reported by Sun et
al. [44], who indicated that the band near 1727 cm™ may
weaken or even disappear depending on the chemical
environment of the polymer, especially in hydrophilic media
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or when the content of ester groups is low, which directly
affects the polarity and absorbance of the C=0 bond. Despite
the low intensity of this band, chemical modification was
quantitatively confirmed by the titration of acetyl groups and
the degree of substitution values presented in Table 3, sup-
porting the presence of acetyl groups in the polymer struc-
ture.

In the 1450-1370 cm™' region, bending vibrations asso-
ciated with —CH; (methyl) and -CH,- (methylene) groups
were identified. These bands are related both to the structur-
al units of the polysaccharides and to the incorporation of
acetyl groups (-COCHs;) into the polysaccharide network. A
slightincrease in intensity was observed for AM 1.78 %, which
may reflect a balance between chemical substitution and
structural preservation. In contrast, the signal was weaker for
AM 2.28 %, possibly due to increased structural disorder or
reduced crystalline order, effects previously reported in
chemically modified cellulose systems [45,46].

Signals around 1254 cm™ were also detected and are
attributed to §C-H, 6CH, and 60O-H deformation vibrations
typical of mucilaginous polysaccharides, providing addition-
al information on the vibrational behaviour of the polymeric
structure [47]. In this region, a secondary contribution asso-
ciated with acetyl groups linked to the polysaccharide back-
bone may also be present.

The region between 1200 and 800 cm™, commonly
referred to as the polysaccharide fingerprint region, exhibited
several characteristic vibrations associated with stretching of
carbohydrate structures [48]. These include bands attributed
to C-0O-C glycosidic linkages at 1154 cm™, C-0O stretching of
alcohol groups at 1072 cm™ and vibrations related to sugar
rings and B-glycosidic bonds around 819 cm™'. For AM 2.28 %,
this region showed a noticeable decrease in band definition,
suggesting greater structural modification and loss of molec-
ular order. In contrast, NM and AM 1.78 % displayed more
clearly defined bands, indicating the preservation of a par-
tially ordered structure.

Overall, the FTIR results confirm the partial incorporation
of acetyl groups into the mucilage structure. Comparison of

Table 6. Physicochemical properties of yogurts

the spectra indicates that acetylation at 1.78 % largely pre-
served the structural organization of the polysaccharide,
whereas acetylation at 2.28 % induced more pronounced
changes in molecular arrangement, reflected in the reduced
definition of key spectral regions. These findings support the
effectiveness of the chemical modification process and its
impact on the structural properties of the mucilage.

Physicochemical properties of yogurt

The physicochemical properties evaluated for the yogurt
formulations were pH, colour parameters, water activity (a,,),
viscosity, degree of syneresis and titratable acidity (Table 6)
to determine the effect of incorporating native mucilage or
mucilage with 1.78 % acetylation, added at 0.5 g per 100 mL
of milk, alone or in combination with gelatine.

The control yogurt exhibited a pH=4.57+0.01, which was
significantly higher (p<0.05) than that of the other formula-
tions. Yogurts containing native mucilage and mucilage with
1.78 % acetylation (0.5 g/100 mL) showed similar pH values
(4.47+£0.01 and 4.47£0.00, respectively), with no significant
differences between them, suggesting that the acetylation
process did not significantly affect the acidity of the formu-
lations. This behaviour may be attributed to the slightly acid-
ic nature of O. atropes mucilage and its limited buffering ca-
pacity, which is not sufficient to significantly modify the final
pH of the yogurt matrix [28,49]. The formulation containing
native mucilage combined with gelatine showed a slightly
higher pH (4.49), possibly due to the amphoteric nature of
gelatine and its interaction with acidic and basic components
in the system, owing to the presence of both amino and car-
boxyl groups along the gelatine peptide chains that can car-
ry variable charge depending on environmental pH [50]. De-
spite these differences, all samples remained within the
optimal pH range for yogurt (4.0-4.6).

Colour analysis revealed differences in the CIELAB param-
eters among the formulations. The yogurt containing ace-
tylated mucilage exhibited the highest L* value, indicating
a lighter appearance, whereas the formulation containing

Yogurt

Parameter

Control NM NM+Gel Acet M Acet M+Gel
pH (4.57+0.01)2 (4.47+0.01)° (4.47+0.01)° (4.47+0.00)° (4.47+0.01)°
L* (67.9+3.0)°¢ (66.4+2.1)¢ (64.1+£2.5)¢ (73.6+0.3)* (67.2+0.5)°
a* (-1.4£0.2)? (-2.00+0.07)¢ (-2.0£0.4) (-1.82+0.01)° (-1.56+0.02)
b* (2.5£0.3)° (4.8+£0.2)* (5.0£0.1)2 (3.60+0.05)° (3.32+0.01)®
c* (3.5+0.4)¢ (5.2+0.2)° (5.44+0.06)* (4.08+0.01)° (3.68+0.02)°
h° (117.7£4.5)* (112.8+0.5)° (110.2+0.9) (116.4+0.3)P (115.3+0.2)°
a, (0.98+0.00)™ (0.98+0.00)™ (0.98+0.00)™ (0.98+0.00)™ (0.98+0.00)™
n/cP (198.2+8.7)° (236.6+1.9) (392.7+£8.7)¢ (218.4+7.6)° (308.3+1.0)¢
Syneresis/% (84.4+1.0)° (82.7+£0.6)° (82.3+0.9) (80.4+0.3)¢ (79.9+£0.4)
TA/% (0.83+0.01)° (0.86+0.01)° (0.84+0.01)*® (0.82+0.01)* (0.87+0.01)¢

Different lowercase letters in superscript within the same row indicate significant differences among treatments according to one-way ANOVA
followed by Tukey’s HSD test (p<0.05). ns=no significant difference among treatments. Values are expressed as meanztstandard deviation
(N=3). NM=native mucilage, NM+Gel=native mucilage and gelatine, Acet M=mucilage acetylated to 1.78 %, Acet M+Gel=mucilage acetylated

to 1.78 % and gelatine, TA=titratable acidity
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native mucilage combined with gelatine showed lower lumi-
nosity. Negative a* values were observed in all samples, indi-
cating a slight greenish hue that was more pronounced in
yogurts containing native mucilage. Positive b* values indi-
cated a tendency towards yellow tones, with higher valuesin
formulations containing native mucilage, particularly in the
presence of gelatine. Consequently, yogurts formulated with
native mucilage exhibited higher chroma (C¥) values, reflect-
ing greater colour saturation, whereas those containing ace-
tylated mucilage showed lower colour intensity. Overall, the
addition of mucilage influenced the chromatic attributes of
yogurts, with the effect being more noticeable in formula-
tions containing native mucilage [49]. The lighter appearance
observed in yogurts containing acetylated mucilage may be
related to structural modifications caused by the acetylation
process [57]. Additionally, the protein content of the matrix
may influence chromatic stability, which could explain the
variations observed in formulations containing gelatine [52].

Water activity (a,,) ranged between 0.976 and 0.979, with
no significant differences among treatments (p>0.05). The
addition of mucilage and gelatine did not significantly affect
this parameter. These values are consistent with those report-
ed for commercial yogurts and, under refrigeration and acid-
ic pH conditions, do not represent a significant microbiologi-
cal risk [53].

Significant differences in viscosity were observed among
the formulations (p<0.05). The control sample exhibited the
lowest viscosity ((0.198+0.009) Pa-s). The incorporation of na-
tive mucilage increased viscosity to (0.237+0.002) Pa-s, indi-
cating its ability to contribute to the consistency of the yogurt
matrix. The combination of native mucilage and gelatine pro-
duced the highest viscosity ((0.393+0.009) Pa-s), suggesting
a pronounced thickening effect associated with the com-
bined contribution of the polysaccharide and gelatine. Hy-
drocolloids can modify the rheological properties of dairy
systems through water binding and interactions with milk
components, thereby influencing the structure and consist-
ency of the yogurt gel [18]. In particular, Nguyen et al. [17] re-
ported that gelatine increased the viscosity of low-fat yogurt
and reduced syneresis, which agrees with the present obser-
vation that the combination of mucilage and gelatine pro-
duced a more structured yogurt matrix.

In contrast, mucilage acetylated at 1.78 % resulted in a
lower viscosity ((0.218+0.008) Pa-s) than native mucilage,
which is consistent with the structural changes associated
with acetylation that may alter intermolecular interactions
and the hydration behaviour of polysaccharides [57]. Howev-
er, when acetylated mucilage was combined with gelatine,
viscosity increased to (0.308+0.0010) Pa-s, suggesting that the
combination of acetylated mucilage and gelatine contribut-
ed to the increased viscosity of the yogurt matrix [54]. Similar
effects of hydrocolloid addition on the rheological properties
of low-fat yogurt have been reported by Nguyen et al. [17].

The results further showed that the incorporation of
mucilage with 1.78 % acetylation at 0.5 g per 100 mL of milk

improved selected technological properties of the yogurt. In
particular, the formulation containing acetylated mucilage
and gelatine showed higher viscosity than the control and
lower syneresis, indicating improved consistency and water
retention.

Regarding syneresis, the control yogurt exhibited the
highest numerical value ((84.4£1.0) %). Although the yogurt
containing native mucilage showed a lower value ((82.7+0.6)
%), this difference was not statistically significant. In contrast,
the formulations containing acetylated mucilage showed sig-
nificantly lower syneresis values, reaching (80.4+0.3) % for
acetylated mucilage alone and (79.9+0.4) % when combined
with gelatine. The reduction in syneresis observed in these
formulations is consistent with the reported ability of hydro-
colloids and gelling agents to improve water retention and
reduce whey separation in yogurt systems [55].

The effectiveness of gelatine in reducing syneresis and
improving the structural properties of low-fat yogurt has also
been reported by Nguyen et al. [17]. Furthermore, previous
research using Opuntia robusta parenchymatous tissue as a
yogurtingredient reported reduced susceptibility to synere-
sis, supporting the potential of Opuntia-derived polysaccha-
ride-rich materials to improve water retention in yogurt sys-
tems [12].

Arelevant aspect of the present study is that the effect of
acetylation was evaluated not only at the mucilage level but
also after incorporation into a low-fat yogurt matrix. Previous
studies have mainly focused on the use of native cactus mu-
cilage or other hydrocolloids, whereas the present results
suggest that controlled acetylation can modify the balance
between viscosity and water retention. In this study, AM 1.78
% exhibited lower viscosity than native mucilage but sub-
stantially reduced syneresis, particularly when combined
with gelatine. This indicates that acetylation may provide an
additional strategy for tailoring the functionality of O. atropes
mucilage according to the technological property required
in a food formulation.

Titratable acidity (as lactic acid in %) also showed signifi-
cant differences among treatments (p<0.05). The formulation
containing acetylated mucilage combined with gelatine ex-
hibited the highest acidity ((0.87+0.01) %), whereas the for-
mulation containing acetylated mucilage without gelatine
showed the lowest value ((0.82+0.01) %). The control sample
showed an acidity of (0.83+0.01) %, which falls within the typ-
ical range reported for natural yogurts [53]. The higher acid-
ity observed in formulations containing native mucilage, par-
ticularly in combination with gelatine, may be associated with
increased lactose retention and enhanced bacterial activity
within the gel matrix [54]. Conversely, the lower acidity ob-
served in the formulation containing acetylated mucilage
without gelatine may be related to changes in the functional
behaviour of the modified polysaccharide [57].

The present findings are consistent with previous reports
describing the functionality of Opuntia mucilages and other
plant polysaccharides as hydrocolloids in food systems [49].
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In dairy systems, the incorporation of hydrocolloids and oth-
er stabilizing components can affect water retention, gel
structure, rheological properties and syneresis [55,56]. The
reduction in syneresis observed in this study, particularly in
yogurts containing acetylated mucilage, suggests that acetyl-
ation modifies the interaction between the mucilage and the
yogurt matrix. Compared with native mucilage, acetylated
mucilage produced lower viscosity but a greater reduction in
syneresis, indicating that thickening capacity and water-re-
tention ability do not necessarily change in parallel. These
results suggest that the functional performance of O. atropes
mucilage depends not only on its concentration but also on
its chemical structure and degree of acetylation. Therefore,
controlled acetylation may provide a means of tailoring the
functional properties of O. atropes mucilage to the techno-
logical characteristics required in a food formulation.

CONCLUSIONS

Acetylation of Opuntia atropes mucilage significantly
modified its physicochemical and functional properties, en-
hancing its potential as a natural ingredient in low-fat yogurt
formulations. Optimised extraction produced a functional bi-
opolymer from a native species with limited industrial use,
while controlled acetylation, particularly at 1.78 %, improved
selected technological properties, including viscosity and
water absorption capacity, while maintaining oil absorption
capacity. Fourier transform infrared (FTIR) spectroscopy and
physicochemical analyses confirmed the structural and func-
tional changes associated with acetylation. Incorporation of
acetylated mucilage into yogurt, particularly in combination
with gelatine, increased viscosity and reduced syneresis while
maintaining key physicochemical parameters such as pH, ti-
tratable acidity and water activity. These results demonstrate
that controlled chemical modification can be used to tailor
the functionality of plant-derived polysaccharides for specif-
ic food applications.

This study also highlights the agro-industrial potential of
O. atropes mucilage as a source of a functional plant-based
hydrocolloid and demonstrates its potential application as a
stabilizing ingredient in reduced-fat yogurt. Since sensory
evaluation and the determination of bioactive compounds
were not performed in the present study, further research
should assess the sensory acceptance of the developed yo-
gurt, particularly in terms of colour, texture and flavour, as
well as the content of relevant bioactive compounds, such as
phenolic compounds, and antioxidant activity before and af-
ter acetylation. These studies should be complemented by
evaluations of storage stability, microbiological quality and
the performance of acetylated O. atropes mucilage at dif-
ferent concentrations and under processing and storage
conditions representative of industrial yogurt production. In
addition, studies on process scale-up and molecular struc-
ture-function relationships would help determine the feasi-
bility of its broader application as a food ingredient.

ACKNOWLEDGEMENTS

J. Alvarez-Marinez gratefully acknowledges the Consejo
Nacional de Humanidades, Ciencias y Tecnologias (CONAH-
CYT), Mexico, for the MSc scholarship granted in 2024.

The authors acknowledge the use of ChatGPT (OpenAl)
as a linguistic support tool during the preparation of this
manuscript. The tool was used to assist with English language
editing and style improvement. All Al-assisted text was re-
viewed and revised by the authors, who are fully responsible
for the accuracy, interpretation, scientific content and final
version of the manuscript. ChatGPT was not used to generate,
modify or fabricate experimental data, results, references or
figures, nor to make scientific decisions or conclusions.

FUNDING

This research did not receive any specific grant from fund-
ing agencies.

ETHICS APPROVAL
Not applicable.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

SUPPLEMENTARY MATERIALS
Not applicable.

AUTHORS’ CONTRIBUTION

J. Alvarez-Marinez performed the experiments and ana-
lysed the data. H.E. Martinez-Flores conceived and designed
the experiments and wrote and edited the article. M.G. Gar-
nica-Romo performed and analysed the FTIR analysis of the
control and modified mucilages. R. Zamora-Vega and N.
Flores-Ramirez contributed to the investigation and partici-
pated in the critical revision of the manuscript. D.S. Agui-
lar-Avila contributed to the investigation, revised the manu-
script and approved the final version for publication. J.
Pulido-Secundino participated in the growth and collection
of cladodes from Opuntia atropes. S.R. Vasquez-Garcia con-
tributed to the investigation and the review of the final ver-
sion of the manuscript. All authors approved the final version
of the manuscript for publication.

ORCID ID

J. Alvarez-Marinez © https://orcid.org/0009-0008-5813-8367
H.E. Martinez-Flores © https://orcid.org/0000-0002-0044-9399
M.G. Garnica-Romo @ https://orcid.org/0000-0002-2260-2489
R.Zamora-Vega © https://orcid.org/0000-0001-6128-7170

N. Flores-Ramirez ® https://orcid.org/0000-0002-3438-9785
D.S. Aguilar-Avila ® https://orcid.org/0000-0003-3820-3180

J. Pulido-Secundino © https://orcid.org/0000-0001-7921-7197
S.R.Vasquez-Garcia © https://orcid.org/0000-0001-8288-7183

FTB|Food Technology & Biotechnology

July-September 2026 | Vol. 64 |No.3 417


https://orcid.org/0009-0008-5813-8367
https://orcid.org/0009-0008-5813-8367
https://orcid.org/0000-0002-0044-9399
https://orcid.org/0000-0002-2260-2489
https://orcid.org/0000-0001-6128-7170
https://orcid.org/0000-0001-6128-7170
https://orcid.org/0000-0002-3438-9785
https://orcid.org/0000-0002-3438-9785
https://orcid.org/0000-0003-3820-3180
https://orcid.org/0000-0003-3820-3180
https://orcid.org/0000-0001-7921-7197
https://orcid.org/0000-0001-7921-7197
https://orcid.org/0000-0001-8288-7183
https://orcid.org/0000-0001-8288-7183

J. ALVAREZ-MARINEZ et al.: Acetylated Opuntia Mucilage in Low-Fat Yogurt

REFERENCES

1.

Chavez-Moreno CK, Tecante A, Casas A. The Opuntia (Cac-
taceae) and Dactylopius (Hemiptera: Dactylopiidae) in Méx-
ico: A historical perspective of use, interaction and distri-
bution. Biodivers Conserv. 2009;18(13):3337-55.
https://doi.org/10.1007/510531-009-9647-x

. Gomez-Garcia |, Fernandez-Quintela A, Gonzélez M, Go6-

mez-Zorita S, Muguerza B, Trepiana J, Portillo MP. Useful-
ness of Opuntia spp. on the management of obesity and its
metabolic co-morbidities. Nutrients. 2024;16(9):1282.
https://doi.org/10.3390/nu16091282

. Chahdoura H, Mzoughi Z, Ellouze |, Mekini¢ IG, Cmikové N,

El Bok S, et al. Opuntia species: A comprehensive review of
chemical composition and bio-pharmacological potential
with contemporary applications. S Afr J Bot. 2024;174:645-
77.

https://doi.org/10.1016/j.sajb.2024.09.038

. Martinez Flores HE, Garnica Romo MG, Mendoza EZ. Geor-

referenciacion y caracterizacion de cinco especies silves-
tres de Opuntia localizadas en Michoacan, México (Georef-
erencing and characterisation of five wild Opuntia species
located in Michoacan, Mexico). In: Portillo L, Soltero R,
Vigueras AL, Romo R de L, editors. Opuntia. Aportaciones
a su conocimientoy aprovechamiento (Opuntia: Contribu-
tions to its utilisation). Guadalajara, Mexico: University of
Guadalajara Press; 2021. pp. 8-22 (in Spanish).

. Garcia AL, Zamora CP, Michaluk AG, Nunez MB, Gonzalez

AM, Torres CA. Physicochemical and functional character-
ization of the mucilage obtained from cladodes of two
Opuntia species. Int J Biol Macromol. 2024;283(Part 4):
137802.

https://doi.org/10.1016/j.ijbiomac.2024.137802

. Rodriguez-Gonzalez S, Martinez-Flores HE, Chavez-More-

no CK, Macias-Rodriguez LI, Zavala-Mendoza E, Garnica-
Romo MG, Chacén-Garcia L. Extraction and characteri-
zation of mucilage from wild species of Opuntia. J Food
Process Eng. 2014;37(3):285-92.
https://doi.org/10.1111/jfpe.12084

Cruz-Rubio JM, Mueller M, Viernstein H, Loeppert R, Praznik
W. Prebiotic potential and chemical characterization of the
poly and oligosaccharides present in the mucilage of
Opuntia ficus-indica and Opuntia joconostle. Food Chem.
2021;362:130167.
https://doi.org/10.1016/j.foodchem.2021.130167

. Ojogbo E, Ogunsona EO, Mekonnen TH. Chemical and

physical modifications of starch for renewable polymeric
materials. Mater Today Sustain. 2020;7-8:100028.
https://doi.org/10.1016/j.mtsust.2019.100028

. Morales-Martinez Y, Lopez-Cuellar MDR, Chavarria-Hernan-

dez N, Rodriguez-Hernandez Al. Rheological behaviour of
acetylated pectins from cactus pear fruits (Opuntia albicar-
pa and O. matudae). Food Hydrocoll. 2018;85:110-9.
https://doi.org/10.1016/j.foodhyd.2018.07.009

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Luna-Zapién EA, Zegbe JA, Meza-Veldzquez JA, Min-
jares-Fuentes R. Mucilago de nopal (Opuntia spp.) y su apli-
cacién como aditivo alimentario: una vision general (Cac-
tus pear (Opuntia spp.) mucilage and its application as food
additive: An overview). Rev Fitotec Mex. 2023;46(1):51-61
(in Spanish).

https://doi.org/10.35196/rfm.2023.1.51

Herrera Enciso V, Herrera Enciso F, Ramos Ojeda E. Apli-
cacién del mucilago de nopal como opcién de espesante
en yogurt bebible (Application of nopal mucilage as thick-
ener in drinking yogurt yogurt). Pistas Educativas. 2021;
43(139):408-21 (in Spanish).

Bernardino-Nicanor A, Mancera-Castro P, Ramirez-Ortiz
ME, Acosta-Garcia G, Gonzalez-Cruz L. Quality of the pa-
renchymatous tissue of Opuntia and its use in the develop-
ment of set yogurt. Int J Gastron Food Sci. 2021;24:100344.
https://doi.org/10.1016/j.ijgfs.2021.100344

Otalora MC, Wilches-Torres A, Gdmez Castaio JA. Evalua-
tion of guava pulp microencapsulated in mucilage of Aloe
vera and Opuntia ficus-indica as a natural dye for yogurt:
Functional characterization and color stability. Foods.
2022;11(15):2380.

https://doi.org/10.3390/foods11152380

Pérez Sanchez RE, Ortiz-Rodriguez R, Aguilar-Barrera JL,
Valdéz-Alarcon JJ, Val-Arreola D, Esquivel-Cérdoba J,
Martinez-Flores HE. Effect of adding mucilage from Opun-
tia ficus-indica and Opuntia atropes to raw milk on meso-
philic aerobic bacteria and total coliforms. Nova Scientia.
2016;8(16):106-122.

ZangJ, Xiao P, ChenY, LiuZ, Tang D, Liu Y, et al. Hydrocolloid
application in yogurt: Progress, challenges and future
trends. Food Hydrocoll. 2024;153:110069.
https://doi.org/10.1016/j.foodhyd.2024.110069

Wang X, Wang L, Wei X, Xu C, Cavender G, Lin W, Sun S. In-
vited review: Advances in yogurt development—microbi-
ological safety, quality, functionality, sensory evaluation,
and consumer perceptions across different dairy and plant-
based alternative sources. J Dairy Sci. 2025;108(1):33-58.
https://doi.org/10.3168/jds.2024-25322

Nguyen PTM, Kravchuk O, Bhandari B, Prakash S. Effect of
different hydrocolloids on texture, rheology, tribology and
sensory perception of texture and mouthfeel of low-fat
pot-set yoghurt. Food Hydrocoll. 2017;72:90-104.

https://doi.org/10.1016/j.foodhyd.2017.05.035

Yousefi M, Jafari SM. Recent advances in application of dif-
ferent hydrocolloids in dairy products to improve their
techno-functional properties. Trends Food Sci Technol.
2019;88:468-83.

https://doi.org/10.1016/j.tifs.2019.04.015

Huang J, Schols HA, Jin Z, Sulmann E, Voragen AGJ. Char-
acterization of differently sized granule fractions of yellow
pea, cowpea and chickpea starches after modification with
acetic anhydride and vinyl acetate. Carbohydr Polym.

418 FTB|Food Technology & Biotechnology

July-September 2026 | Vol. 64 | No. 3


https://doi.org/10.1007/s10531-009-9647-x
https://doi.org/10.3390/nu16091282
https://doi.org/10.1016/j.sajb.2024.09.038
https://doi.org/10.1016/j.foodchem.2021.130167

Food Technol. Biotechnol. 64 (3) 407-420 (2026)

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

2007;67(1):11-20.
https://doi.org/10.1016/j.carbpol.2006.04.011

Prieto-Méndez J, Trejo-Cardenas CL, Prieto-Garcia F, Mén-
dez-Marzo MA, Bello-Pérez LA, Roman-Gutiérrez AD. Ace-
tilacién y caracterizacion del almidén de cebada (Acetyla-
tion and characterization of the barley starch). Rev
Latinoam Recur Nat. 2010;6(1):32-43 (in Spanish).

Vargas G, Martinez P, Velezmoro C. Functional properties
of potato (Solanum tuberosum) starch and its chemical
modification by acetylation. Sci Agropecu. 2016;7:223-30.
https://doi.org/10.17268/sci.agropecu.2016.03.09

Bocarando-Guzman MD, Luna-Sudrez S, Herndndez-Céza-
res AS, Herrera-Corredor JA, Hidalgo-Contreras JV,
Rios-Corripio MA. Comparison of the physicochemical and
functional properties of flour and protein isolate from mo-
ringa (Moringa oleifera Lam.) leaves. Int J Food Prop. 2022;
25(1):733-47.
https://doi.org/10.1080/10942912.2022.2058533

Gonzélez-Sandoval DC, Sosa BL, Martinez-Avila GCG,
Fuentes HR, Abarca VHA, Rojas R. Formulation and charac-
terization of edible films based on organic mucilage from
Mexican Opuntia ficus-indica. Coatings. 2019;9(8):506.
https://doi.org/10.3390/coatings9080506

AOAC Official methods of analysis. Rockville, MD, USA:
AOAC International; 2005.

NOM-185-SSA1-2002. Mantequilla, cremas, producto lacteo
condensado azucarado, productos lacteos fermentados y
acidificados, dulces a base de leche. Especificaciones san-
itarias (Butter, creams, sweetened condensed milk prod-
ucts, fermented and acidified milk products, milk-based
confections. Sanitary specifications). Ciudad de México,
Mexico: Secretaria de Salud (SSA), Diario Oficial de la Fed-
eracién; 2002 (in Spanish).

R Core Team. R: A language and environment for statistical
computing.Rv.4.3.2.Vienna, Austria: R Foundation for Sta-
tistical Computing; 2023. Available from: https://ww-
w.R-project.org/.

RStudio: Integrated Development Environment for R, Bos-
ton, MA, USA: Posit Software, PBC; 2025. Available from:
https://posit.co/products/open-source/rstudio.

Aruwa CE, Amoo SO, Kudanga T. Opuntia (Cactaceae) plant
compounds, biological activities and prospects — A com-
prehensive review. Food Res Int. 2018;112:328-44.
https://doi.org/10.1016/j.foodres.2018.06.047

Hu Z,Sun J,JinL, Zong T, Duan ', Zhou H, et al. Acetylation
modification, characterization, and anticomplementary
activity of polysaccharides from Rhododendron dauricum
leaves. Polymers. 2022;14(15):3130.
https://doi.org/10.3390/polym14153130

Poon JJ, Cheok CY, Tan MC. Optimization of bioplastic film
from kapok cellulose production at different acetylation. J
Polym Environ. 2024;32(6):2576-88.
https://doi.org/10.1007/s10924-023-03134-z

31.

32.

33.

34.

35.

36.

37.

38.

39.

Title 21, Vol. 3, Sec. 172.892 (21 CFR § 172.892). Food starch-
-modified. Washington, DC, USA: National Archives, Code
of Federal Regulations; 2012. Available from: https://www.
ecfrgov/current/title-21/chapter-l/subchapter-B/part-172/
subpart-l/section-172.892.

Joint FAO/WHO Expert Committee on Food Additives, FAO
Joint Secretariat. Draft specification monographs for six-
teen modified starches. Rome, Italy: Food and Agriculture
Organization of the United Nations and World Health Or-
ganization (FAO/WHO); 2015. Available from: https:/www.
fao.org/fileadmin/user_upload/agns/pdf/jecfa/2015_
02_22_Modified_Starches.pdf.

EFSA Panel on Food Additives and Nutrient Sources added
to Food (ANS), Mortensen A, Aguilar F, Crebelli R, Di Do-
menico A, Dusemund B, Frutos MJ, et al. Re-evaluation of
oxidised starch (E 1404), monostarch phosphate (E 1410),
distarch phosphate (E 1412), phosphated distarch phos-
phate (E 1413), acetylated distarch phosphate (E 1414),
acetylated starch (E 1420), acetylated distarch adipate (E
1422), hydroxypropyl starch (E 1440), hydroxypropyl dis-
tarch phosphate (E 1442), starch sodium octenyl succinate
(E 1450), acetylated oxidised starch (E 1451) and starch alu-
minium octenyl succinate (E 1452) as food additives. EFSA
J.2017;15(10):e04911.
https://doi.org/10.2903/j.efsa.2017.4911

Agate S, Williams A, Dougherty J, Velev OD, Pal L. Polymer
color intelligence: Effect of materials, instruments, and
measurement techniques - A review. ACS Omega. 2023;
8(26):23257-70.
https://doi.org/10.1021/acsomega.2c08252

Farias-Cervantes VS, Chavez-Rodriguez A, Delgado-Licon
E, Aquilar J, Medrano-Roldan H, Andrade-Gonzalez . Effect
of spray drying of agave fructans, nopal mucilage and Aloe
vera juice. J Food Process Preserv. 2016;41(4):e13027.
https://doi.org/10.1111/jfpp.13027

Bolade MK, Oni JO. Influence of acetylation on the physic-
ochemical properties of composited starches from sweet
potato (lIpomoea batatas L.) and water yam (Dioscorea ala-
taL.). Afr J Biotechnol. 2016;14(51):3340-9.

https://doi.org/10.5897/AJB2015.14881

Zhang W, Huang G. Preparation, characteristics and anti-
oxidant activity of mung bean peel polysaccharides. Sci
Rep. 2024;14(1):22161.
https://doi.org/10.1038/s41598-024-73068-6

Konowat E, Sulej-Chojnacka J, Prochaska K. New derivatives
of modified starch for food technology. Molecules. 2024;
29(14):3292.

https://doi.org/10.3390/molecules29143292

Subroto E, Cahyana Y, Indiarto R, Rahmah TA. Modification
of starches and flours by acetylation and its dual modifica-
tions: A review of impact on physicochemical properties
and their applications. Polymers. 2023;15(14):2990.
https://doi.org/10.3390/polym15142990

FTB| Food Technology & Biotechnology

July-September 2026 | Vol. 64 | No.3 419


https://doi.org/10.1016/j.carbpol.2006.04.011
https://doi.org/10.17268/sci.agropecu.2016.03.09
https://www.fao.org/fileadmin/user_upload/agns/pdf/jecfa/2015_02_22_Modified_Starches.pdf
https://www.fao.org/fileadmin/user_upload/agns/pdf/jecfa/2015_02_22_Modified_Starches.pdf
https://www.fao.org/fileadmin/user_upload/agns/pdf/jecfa/2015_02_22_Modified_Starches.pdf
https://doi.org/10.3390/polym15142990

J. ALVAREZ-MARINEZ et al.: Acetylated Opuntia Mucilage in Low-Fat Yogurt

40.

41.

Ferndndez-Martinez MC, Jiménez-Martinez C, Jaime-Fon-
seca MR, Alamilla-Beltran L. Extraction of purple prickly
pear (Opuntia ficus-indica) mucilage by microfiltration,
composition, and physicochemical characteristics. Poly-
mers. 2024;16(23):3383.
https://doi.org/10.3390/polym16233383

Matsuhiro B, Lillo LE, Sdenz C, Urzda CC, Zarate O. Chemical
characterization of the mucilage from fruits of Opuntia ficus
indica. Carbohydr Polym. 2006;63(2):263-7.
https://doi.org/10.1016/j.carbpol.2005.08.062

42. Zhang B, Hu B, Nakauma M, Funami T, Nishinari K, Draget

43.

44,

45.

46.

47.

48.

Kl, et al. Modulation of calcium-induced gelation of pectin
by oligoguluronate as compared to alginate. Food Res Int.
2019;116:232-40.
https://doi.org/10.1016/j.foodres.2018.08.020

Smith BC. Infrared spectral interpretation. A systematic ap-
proach. Boca Raton, FL, USA; CRC Press; 2018.
https://doi.org/10.1201/9780203750841

Sun JX, Sun XF, Sun RC, Su YQ. Fractional extraction and
structural characterization of sugarcane bagasse hemicel-
luloses. Carbohydr Polym. 2004;56(2):195-204.
https://doi.org/10.1016/j.carbpol.2004.02.002

Ciolacu D, Ciolacu F, Popa VI. Amorphous cellulose - Struc-
ture and characterization. Cell Chem Technol. 2011;45(1-
2):13-21.

Elanthikkal S, Gopalakrishnapanicker U, Varghese S, Guthrie
JT. Cellulose microfibres produced from banana plant
wastes: Isolation and characterization. Carbohydr Polym.
2010;80(3):852-9.
https://doi.org/10.1016/j.carbpol.2009.12.043

Habibi Y, Mahrouz M, Vignon MR. Microfibrillated cellulose
from the peel of prickly pear fruits. Food Chem. 2009;115(2):
423-9.

https://doi.org/10.1016/j.foodchem.2008.12.034

Tosif MM, Najda A, Bains A, Kaushik R, Dhull SB, Chawla P,
Walasek-Janusz M. A comprehensive review on plant-de-
rived mucilage: Characterization, functional properties, ap-
plications, and its utilization for nanocarrier fabrication.
Polymers. 2021;13(7):1066.
https://doi.org/10.3390/polym13071066

49.

50.

51.

52.

53.

54.

55.

56.

Sdenz C, Sepulveda E, Matsuhiro B. Opuntia spp. muci-
lage’s: A functional component with industrial perspec-
tives. J Arid Environ. 2004;57(3):275-90.

https://doi.org/10.1016/S0140-1963(03)00106-X

Shatabayeva EO, Kaldybekov DB, Ulmanova L, Zhaisan-
bayeva BA, Mun EA, Kenessova ZA, et al. Enhancing mu-
coadhesive properties of gelatin through chemical modi-
fication with unsaturated anhydrides. Biomacromolecules.
2024;25(3):1612-28.
https://doi.org/10.1021/acs.biomac.3c01183

Garcia-Barradas O, Esteban-Cortina A, Mendoza-Lopez MR,
Ortiz-Basurto RI, Diaz-Ramos DI, Jiménez-Fernandez M.
Chemical modification of Opuntia ficus-indica mucilage:
Characterization, physicochemical, and functional proper-
ties. Polym Bull. 2023;80(8):8783-98.
https://doi.org/10.1007/s00289-022-04474-x

Scibisz |, Ziarno M. Effect of fermented matrix on the color
and stability of strawberry and blueberry anthocyanins
during the storage of fruit yogurts and soy-based and
bean-based fruit yogurt alternatives. Molecules. 2023;
28(17):6222.

https://doi.org/10.3390/molecules28176222

Doyle MP, Diez-Gonzalez F, Hill C, editors. Food microbiol-
ogy: Fundamentals and frontiers. Washington DC, USA:
ASM Press; 2019.

https://doi.org/10.1128/9781555819972

Julmohammad N, Mohd Zarir NS, Huong YS, Huda N,
Haque Akanda MJ, Dona Sintang M. Effects of gelatin and
inulin on the physicochemical and sensory properties of
low-fat yogurt. Int J Sustain Food Agric. 2025;1(1):17-29.
https://doi.org/10.37934/sijsfa.1.1.1729

Arab M, Yousefi M, Khanniri E, Azari M, Ghasemzadeh-Mo-
hammadi V, Mollakhalili-Meybodi N. A comprehensive re-
view on yogurt syneresis: Effect of processing conditions and
added additives. J Food Sci Technol. 2023;60(6):1656-65.
https://doi.org/10.1007/s13197-022-05403-6

Gilbert A, Rioux LE, St-Gelais D, Turgeon SL. Smoothing
temperature and ratio of casein to whey protein: Two tools
to improve nonfat stirred yogurt properties. J Dairy Sci.
2021;104(10):10485-99.
https://doi.org/10.3168/jds.2020-20040

420 FTB|Food Technology & Biotechnology

July-September 2026 | Vol. 64 | No. 3


https://doi.org/10.3390/polym13071066
https://doi.org/10.1007/s13197-022-05403-6

	_Hlk241489369
	_Hlk237787696
	_Hlk237897883
	_Hlk241498586
	_Hlk237715915
	_Hlk241499734
	_Hlk241576491
	_Hlk238134824
	_Hlk242009736
	_Hlk241603122
	_GoBack
	_Hlk241604378
	_Hlk237804852
	_Hlk241659657
	_Hlk217732709

