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Abstract

The growing demand for gluten-free bakery products requires the development of formu-
lations that overcome their typical technological and nutritional limitations. Using fruit
by-products as natural fiber sources, in combination with xanthan gum (XG), supports a
sustainable ingredient strategy that improves gluten-free product quality. This study inves-
tigated the effect of apple pomace (AP) (5% and 10%) and XG (1%) on the technological
properties, texture profile, nutritional composition, and sensory acceptance of gluten-free
mulffins. Six formulations were prepared by partially replacing maize flour with AP and/or
adding XG. AP (5-10%) reduced muffin height and volume compared with the control,
whereas 1% XG increased muffin height by 11.16% and raised volume and specific volume
by 38.46% and 36.11%, respectively. XG significantly decreased hardness compared with
the control, while the effect of AP on texture was concentration-dependent: 5% AP reduced
hardness, whereas 10% AP did not further improve softness. Combined use of AP and
XG resulted in complementary effects, improving structural properties while increasing
dietary fiber content. The muffins supplemented with AP were acceptable, and their overall
acceptability did not differ significantly among the tested formulations. Overall, the results
demonstrate that incorporating AP together with XG enhances both the technological and
nutritional quality of gluten-free muffins, supporting the valorization of fruit-processing
by-products in functional bakery applications.

Keywords: gluten-free; apple pomace; by-products; muffins; xanthan gum

1. Introduction

Celiac disease is a chronic autoimmune disorder triggered by gluten ingestion and
is considered a major public health concern in developed countries due to its growing
prevalence [1,2]. A strict gluten-free diet is the only effective treatment, as even small
amounts of gluten can cause intestinal damage, leading to villous atrophy and impaired
absorption of nutrients [2]. Gluten-free products are therefore indispensable for individuals
with gluten-related disorders, including celiac disease, non-celiac gluten sensitivity, wheat
allergy, and Dermatitis herpetiformis [3]. The consumption of these products continues to
increase not only due to medical necessity but also because of growing consumer perception
of gluten-free products as healthier alternatives. Market forecasts indicate that the global
value of gluten-free products may reach approximately 24 billion USD by 2027 [4].

Despite this increasing demand, gluten-free bakery products frequently show inferior
nutritional and technological quality compared to their wheat-based counterparts. They
typically contain less protein and dietary fiber and rely heavily on refined starches and
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sugars [5-7]. Numerous researchers therefore emphasize the importance of improving
gluten-free formulations through the incorporation of nutritionally valuable, cost-effective,
and fiber-rich ingredients [6,8,9].

One promising strategy for nutritional improvement and environmental sustainability
is the valorization of agricultural by-products. Each year, the agri-food sector within the
European Union generates approximately 88 million tons of food waste and processing
by-products [10]. Plant-based side streams contain biologically valuable compounds,
including dietary fibers, minerals, polyphenols, pigments, fatty acids, and vitamins [11].
Rather than being used mostly for low-value purposes such as animal feed or bioenergy,
these materials can be converted into functional food ingredients, dietary supplements, and
high-value functional products [12-15]. This direction is also supported by the European
Commission’s Farm to Fork Strategy, encouraging resource efficiency and circularity in the
food supply chain.

Apple pomace (AP) is a major by-product generated during juice processing and it
represents approximately 25-35% of the total fruit mass [16,17]. AP contains polyphenols,
minerals, vitamins, and substantial amounts of dietary fibers, especially pectin [18-22].
Although nutritionally valuable, most AP is still directed to animal feed, which removes
it from the human food chain. Recent research indicates that AP can be successfully
incorporated into bakery products, increasing their fiber content and antioxidant potential,
while retaining acceptable sensory properties [23-26]. However, a higher incorporation
level may negatively affect technological quality by decreasing loaf volume and increasing
hardness [27,28]. At the same time, its high water-binding capacity may delay stalling and
improve product freshness [28,29].

Although AP applications in bakery products have been documented, there is still
a lack of scientific evidence regarding its suitability in gluten-free muffin formulations,
particularly in combination with hydrocolloids such as xanthan gum (XG). Therefore, the
aim of this study was to evaluate the effect of AP (5% and 10%) and XG (1%) on the
quality properties, texture, nutritional composition, and sensory acceptance of gluten-free
muffins. Systematically evaluating AP as a functional ingredient in gluten-free muffins
would contribute both to product nutritional improvement and to waste valorization within
the circular bioeconomy.

2. Materials and Methods
2.1. Raw Material and Muffin Formulations

The powdered apple pomace (AP) was purchased from “UOGUSULTYS” (Giedriai,
Lithuania), in accordance with the supplier’s quality and microbiological specifications. The
sample had a moisture content of 8.46% and a particle size below 1 mm. On a dry-weight
basis, its chemical composition consisted of 3.59 = 0.05% crude protein, 1.38 £ 0.15% lipids,
2.43 £ 0.08% ash, 35.66 = 1.25% dietary fiber, and 46.59 £ 0.93% reducing sugars, according
to previously published data [30].

Gluten-free muffins were prepared according to the formulation presented in Table 1.
The flour was mixed with baking powder and xanthan gum (XG), and the mixture was
subsequently sieved. Fat was placed in a mixer and whipped for 1-2 min. Sugar, vanilla
sugar, and salt were then added, and the mixture was beaten for an additional 3-5 min.
Eggs and milk were incorporated, followed by mixing for 1-2 min. The sieved flour and AP
were then added to the whipped mixture and blended for 1 min to obtain a homogeneous
batter. The batter was portioned into muffin molds (50 g per mold). Baking was carried out
in an oven (MIWE Michael Wenz GmbH, Arnstein, Germany) at 180 °C for 30 min. After
baking, the muffins were cooled to room temperature and weighed.
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Table 1. Formulation of gluten-free muffins.
Xanthan Apple Maize Maize Baking Vanilla Baking
Muffins Gum, g Pomace, g Flour, g Starch, g Marggarme, Eggs & Milk, g Sugar, g Sugar, g Salt, g Powder, g

Control 0 0 75 25 50 60 100 80 5 1 5
5AP 0 5 70 25 50 60 100 80 5 1 5
10AP 0 10 65 25 50 60 100 80 5 1 5
1XG 1 0 75 25 50 60 100 80 5 1 5
1IXG5AP 1 5 70 25 50 60 100 80 5 1 5
1XG10AP 1 10 65 25 50 60 100 80 5 1 5

2.2. Determination of Muffins Characteristic

The height of the muffins was determined by measuring the height of the cross-section
using a digital caliper with an accuracy of £0.01 mm. The moisture content of the muffins
was determined according to the Association of Official Analytical Collaboration (AOAC)
Method 925.10 by drying the sample (5.00 & 0.01 g) to a constant weight at 105 °C and
expressed as a percentage of the initial sample weight.

The muffin volume was measured using a modification of the AACC 10-05.01 (2000)
rapeseed displacement method, in which millet grit (Skanéja, Vilnius, Lithuania) was
used instead of rapeseeds. Each muffin was placed in a container of known volume (VC),
which was then filled to the brim with millet. After removing the muffin, the volume of
displaced millet (VM) was measured using a graduated cylinder. Muffin mass (M) was
determined using a digital balance. The specific volume (SV) was calculated according to
the following equation:

SV=(VC - VM)/M

where SV is the specific volume (cm3/ g), VC is the container volume (cm3), VM is the
volume of displaced millet (cm?), and M is the muffin mass (8).

2.3. Texture Analysis

The texture of the muffins was analyzed using a texture analyzer TA-XT.plus (Stable
Micro Systems, Godalming, UK) equipment with an SMS P/100 probe (100 mm aluminum
cylinder). The parameters determined were hardness, cohesiveness, gumminess, springi-
ness, chewiness and resilience.

2.4. Estimated Nutrient Composition

The nutritional composition of the gluten-free muffins (per 100 g of product) was
calculated based on the formulation and the proximate composition of each ingredient
by accounting moisture loss during baking [31]. The nutrient contribution of each raw
material was obtained by multiplying its inclusion level in the recipe by its nutrient content
(g/100 g) and dividing by 100 [32]. This estimation-based approach has been previously
applied in gluten-free bakery product development as a time- and cost-efficient tool for
comparing alternative formulations [31].

The total energy value (kcal/100 g) was computed using standard Atwater conversion
factors: 4 kcal/g for proteins, 9 kcal/g for lipids, 4 kcal /g for carbohydrates, and 2 kcal/g
for dietary fiber. The resulting energy content was subsequently converted to kilojoules (kJ)
by multiplying by 4.19, corresponding to the energy equivalent of 1 kcal.

2.5. Sensory Analysis

A sensory analysis of the gluten-free muffins was conducted by a panel of 19 trained
assessors, consisting of students and staff members from Kaunas University of Technology
(Kaunas, Lithuania), aged 2540 years. All participants provided informed consent prior
to participation. The panel evaluated the intensity of sensory attributes of the samples,
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including color, sweetness, porosity, dryness, crumbliness, hardness, and overall accept-
ability, in accordance with ISO 6658 guidelines [33]. Muffin samples were coded with
random three-digit numbers and served on white plates in a monadic sequence. Water was
provided for palate cleansing between the samples, and all evaluations were performed at
room temperature.

Prior to the evaluation, the panelists were familiarized with the product characteristics
and attribute definitions. Each attribute was assessed using a 7-point intensity scale, where
point 1 corresponded to the lowest intensity, and point 7 was corresponded to the highest
intensity of the attribute. The same scale was used to evaluate the overall acceptability
of the muffins. No personal, sensitive, or health-related data were collected during the
sensory evaluation.

2.6. Statistical Analysis

All experiments were conducted in triplicate, and the results were expressed as mean
values £ standard deviations. One-way analysis of variance (ANOVA) was applied to
identify significant differences among the samples, followed by Tukey’s honest significant
difference (HSD) test for multiple comparisons at a significance level of p < 0.05. Statis-
tical analyses were carried out using Statgraphics Centurion 19 software (Statgraphics
Technologies, Inc., The Plains, VA, USA).

3. Results
3.1. Muffins Quality Evaluation

The quality properties of gluten-free muffins formulated with AP and XG are presented
in Table 2. The incorporation of XG enhanced characteristic of the muffins. Adding 1% XG
resulted in an 11.16% increase in muffin height compared with the control, while volume
and specific volume were higher by 38.46% and 36.11%, respectively. These improvements
indicate that XG promotes better gas-cell retention and supports batter expansion, which
leads to a less dense crumb structure [34].

Table 2. Characteristics of gluten-free muffins.

Muffins Height,cm  Density, g/cm®  Volume, cm® Voliglee(ilzl;ﬁ I
Control 233+0.01P 0.70 +0.01 ¢ 65+0.82°¢ 1.44 £+ 0.04 ¢
5AP 230 +0.01P 0.75 + 0.02 4 60 + 0.47b 1.33 +£0.03b
10AP 2.13 +0.03 2 0.96 + 0.03 © 50 + 1.632 1.05 + 0.032
1XG 259 +0.04 4 0.51 +0.012 90 +0.51°f 1.96 + 0.02 f
1XG5AP 244 +0.09 ¢ 0.53 +0.012 85+ 0.84° 1.88 + 0.04 ¢
1XG10AP 2.10+0.012 0.57 +0.02b 80 +0.94 4 1.76 + 0.02 ¢

Different lowercase letters (a—f) within a column indicate statistically significant differences between values
(p < 0.05). Control—gluten-free formulation without xanthan gum and without apple pomace; 5AP—gluten-free
muffins with 5% apple pomace; 10AP—gluten-free muffins with 10% apple pomace; 1XG—gluten-free muffins
with 1% xanthan gum (no apple pomace); 1XG5AP—gluten-free muffins with 1% xanthan gum and 5% apple
pomace; 1XG10AP—gluten-free muffins with 1% xanthan gum and 10% apple pomace.

In contrast, AP had a concentration-dependent negative effect on muffin expansion.
The replacement of flour with 5% AP resulted in lower height and volume than the control
sample, while increasing AP to 10% produced the lowest values among all formulations.
The reduction in structural parameters is consistent with the behavior of fiber-rich ingredi-
ents: high fiber content increases matrix compactness and competes with starch for free
water, thereby limiting expansion during baking [35,36].
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When XG was combined with AP, the structural influence of AP remained dependent
on concentration. Mulffin height declined from 2.59 £ 0.04 cm (1XG) to 2.10 & 0.01 cm with
10% AP, while volume declined from 90 4 0.51 cm? to 80 + 0.94 cm?.

Hydrocolloids such as XG support viscoelastic properties of gluten-free batter and
stabilize entrapped air cells, leading to better expansion and improved crumb aeration [37].
Conversely, AP increases dietary fiber content and moisture retention but also restricts
expansion due to its particulate structure and competition for water [18].

3.2. Texture Properties

The texture profile parameters of the gluten-free muffins—hardness, springiness, co-
hesiveness, gumminess, chewiness and resilience—are presented in Table 3. Hardness is
defined as the maximum force required to compress the muffin crumb to a fixed deforma-
tion level. The incorporation of 1% XG led to a significant reduction in hardness compared
with the control formulation, indicating that XG improved crumb softness. This effect is
consistent with findings reported by Singh et al. [38], who observed that XG interacts with
starch and slows its retrogradation, thereby preventing excessive post-baking firming. Due
to its high water-binding capacity and ability to form a viscoelastic network, XG increases
batter viscosity and stabilizes air cells during baking, resulting in a softer and less dense
crumb structure [39,40].

Table 3. Influence of AP and XG on texture properties of gluten-free muffins.

Muffins Hardness, N Springiness Cohesiveness Gumminess Chewiness Resilience

Control 121.27 £528°¢  0.70 £ 0.072P 041 +0.014 49.97 +0.734 3511 +1.754 0.18 £0.01°¢

5AP 103.98 +£3.15P 0.66 + 0.03 2 0.42 +0.024 36.85 +1.80 ¢ 2795+ 130°¢ 0.18 £0.01¢
10AP 118.81 £ 0.14¢  0.72+£0.013 0.36 £ 0.00 € 4471 +2204 3257 +£1.604 0.16 £+ 0.00 P
1XG 54.50 +2.272 0.73 + 0.02 2P 0.32+0.0P 19.30 +0.93 b 15.18 +£ 0.34 b 0.13 +0.002
1XG5AP 51.84 +2.502 0.74 + 0.01 2P 0.29 +0.002 15.28 + 0.75 2 11.65 + 0.56 2 0.12 +0.002
1XG10AP 4957 +2.252 0.79 £ 0.03b 0.32+0.00b 15.86 + 0.75 2 11.75 £ 0.57 2 0.13 +£0.012

Different lowercase letters (a—d) within a column indicate statistically significant differences between values
(p < 0.05). Control—gluten-free formulation without xanthan gum and without apple pomace; 5AP—gluten-free
muffins with 5% apple pomace; 10AP—gluten-free muffins with 10% apple pomace; 1XG—gluten-free muffins
with 1% xanthan gum (no apple pomace); 1XG5AP—gluten-free muffins with 1% xanthan gum and 5% apple
pomace; 1XG10AP—gluten-free muffins with 1% xanthan gum and 10% apple pomace.

The influence of AP on hardness was concentration dependent. A 5% addition of
AP decreased hardness relative to the control sample, whereas the 10% addition did not
produce a statistically significant change. Similar behavior has been documented when
dietary fiber from guava pulp powder was incorporated into gluten-free bread: lower
concentrations reduced hardness due to enhanced water binding, while higher levels led
to reduced specific volume and consequently increased hardness, attributed to weakened
structural matrix and reduced CO; retention [35]. A comparable mechanism was described
by O’Shea et al. [36], who attributed increased firmness of pomace-enriched baked products
to the physical nature of the fiber, which at higher concentrations restricts batter expansion
and results in reduced loaf volume and a firmer crumb.

Increasing the proportion of pomace in other bakery products has also been associated
with a decrease in hardness. Bas-Bellver et al. [41] reported that incorporating carrot pomace
into muffin formulations progressively reduced hardness and produced a crumblier texture
due to the increased fiber content. Pecyna et al. [42] found that the addition of raspberry
pomace caused a slight decrease in hardness in fresh gluten-free bread, although the change
was not statistically significant; however, hardness increased during storage regardless of
pomace level or drying method, highlighting the dynamic effect of fiber on texture during
shelf life.
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The supplementation of muffins with combination of AP and XG (1XG5AP, 1XG10AP)
did not have a significant impact on hardness, and no significant differences were observed
compared with the 1XG sample. This is consistent with findings from previous research,
where the inclusion of black carrot fibers reduced firmness from 2.4 N to 1.3 N, although
the softening effect of XG remained more pronounced than that of fiber alone [38].

The behavior of AP observed in this study aligns with the dual mechanism described
in literature. At low incorporation levels, soluble dietary fiber—mainly pectin—exhibits
high water-holding capacity and forms gel-like structures during baking. This improves
crumb hydration, acts as a plasticizing agent and reduces the force needed to deform the
crumb. Kirbas et al. [43] demonstrated that AP increases batter water absorption and
modifies rheology, contributing to changes in texture. However, at higher inclusion levels,
the predominance of insoluble fiber (cellulose and hemicellulose) interrupts the continuity
of the starch matrix and competes with starch granules for water during gelatinization, lim-
iting gas cell expansion. As a result, the crumb becomes denser, less elastic and harder [43].
AP acts as water-binding components in the gluten-free muffin matrix, modifying the
amount and mobility of unbound water in the crumb. Such changes in water distribution
and water activity are directly reflected in moisture-driven texture behaviour [29].

Cohesiveness, gumminess, and chewiness are key texture profile parameters and
are closely linked to consumer perception and overall acceptance of bakery products.
Cohesiveness represents the degree to which the internal structure resists breakdown when
subjected to compression and reflects the ability of the product to maintain its integrity
during handling, packaging, and transportation. The incorporation of AP influenced
muffin cohesiveness in a concentration-dependent manner. A 5% addition of AP did
not have impact on cohesiveness compared to the control sample. However, when AP
concentration was increased to 10%, cohesiveness decreased by 12.2%. The use of XG alone
reduced cohesiveness to 22%. When AP was used in combination with XG, cohesiveness
again depended on AP concentration:, cohesiveness was lower at 5% AP was compared to
10% AP.

A similar trend has been reported in muffins enriched with black carrot fiber, where
cohesiveness decreased with rising fiber levels up to 6% but increased again at higher
concentrations (9% black carrot fiber combined with XG), suggesting that the interaction
between fiber particles and XG can either disrupt or reinforce the crumb matrix depending
on the amount added [38].

Springiness reflects the elastic behavior of the product and indicates how well the
crumb recovers its original height after deformation between the first and second compres-
sion cycle. This parameter is generally associated with a fresh, aerated, and elastic crumb
structure. In the present study, the addition of XG and AP did not produce significant
changes in springiness, suggesting that neither additive altered the elastic response of
the muffin crumb. Similar observations have been documented in other fiber-enriched
gluten-free bakery systems. Singh et al. [38] reported that springiness increased when 3%
black carrot fiber was incorporated into gluten-free muffins, meanwhile decreased again
when the fiber content was increased to 6% and 9%, demonstrating that springiness is
sensitive to the amount of added fiber.

Gumminess exhibited a concentration-dependent response to fiber addition. The
addition of lower (5%) content of AP significantly decreased gumminess, while 10% did
not have significant changes. Singht et al. [38] reported that muffins formulated with black
carrot fiber, gumminess decreased as fiber concentration increased up to 6%, regardless
of whether XG was present, and increased again when 9% fiber was used in combination
with XG. Walker et al. [44] also observed that increasing levels of grape pomace in muffin
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formulations resulted in higher firmness and lower springiness, further supporting the
notion that high fiber content may cause a more compact and less elastic crumb structure.

The presence of XG significantly reduced resilience and chewiness in gluten-free
mulffins. This behavior is associated with the ability of hydrocolloids to bind water and
form a continuous viscoelastic network within the batter. XG improves batter rheology,
enhances air cell stabilization during baking, and increases product volume; however,
its strong water-binding capacity may also reduce elastic recovery and increase energy
dissipation during compression, resulting in lower resilience and chewiness. According
to Belorio and Gémez [34], XG improves gas retention and volume development and
contributes to extended product softness and shelf-life due to its effect on water distribution
and texture regulation in both gluten-free and conventional baked goods.

3.3. The Nutritional Composition of Gluten Free Muffins

The nutritional composition of the gluten-free muffins is presented in Table 4. Nutrient
values were calculated per 100 g of the final baked product, taking into account baking loss
and moisture retention rather than relying solely on raw ingredient quantities. Because
moisture evaporation during baking varied among formulations, the final weight of muffins
differed, which consequently affected the calculated nutrient density per 100 g of product.
This calculation-based approach, using the known composition of the ingredients and the
measured baking loss, is commonly applied in formulation-focused studies where the
primary aim is to compare the performance of different formulations. However, to comply
with labeling requirements and to accurately present nutritional information on packaging,
proximate analytical determination remains essential, as it provides the level of precision
required for transparent and regulation-compliant nutrient declaration.

Table 4. Nutritional value of gluten free muffins.

Nutrition Control 5AP 10AP 1XG IXG5AP IXG10AP
Declaration per 100 g

Energy, kJ 1352 1358 1285 1331 1359 1322
Energy, kcal 323 325 307 318 325 319
Fat, g 13.87 13.94 13.19 13.61 13.90 13.57
Carbohydrates, g 45.27 45,53 43.14 44.64 45.64 4455
Dietary fiber, g 0.52 0.94 1.28 0.72 1.15 1.45
Protein, g 4.31 4.27 3.98 4.24 4.27 4.18
Salt, g 0.276 0.277 0.263 0.270 0.276 0.272

Moisture, g 26.25+0.352 2943+ 021" 3194 £0.24°¢ 30.00 + 0.30° 29.89 4+ 0.002 P 30.21 £0.22°b

Control—gluten-free formulation without xanthan gum and without apple pomace; 5AP—gluten-free muffins
with 5% apple pomace; 10AP—gluten-free muffins with 10% apple pomace; 1XG—gluten-free muffins with 1%
xanthan gum (no apple pomace); 1XG5AP—gluten-free muffins with 1% xanthan gum and 5% apple pomace;
1XG10AP—gluten-free muffins with 1% xanthan gum and 10% apple pomace. Different lowercase letters (a—c)
within a column indicate statistically significant differences between values (p < 0.05).

The incorporation of AP increased the dietary fiber content of the muffins and reduced
protein content. The highest fiber content was recorded in the formulation containing 1%
XG and 10% AP, which contained approximately 2.8-fold more fiber compared with the
control. Protein content was lowest in muffins with the highest AP level, likely due to the
naturally lower protein content in AP compared with maize flour. Nutrient values were
influenced not only by ingredient composition but also by differences in moisture retention
and baking loss.

Moisture content increased proportionally with AP addition. The control sample
contained 26.25 + 0.35% moisture, whereas muffins with 10% AP reached 31.94 + 0.24%.
XG also enhanced water retention, with the 1% XG sample reaching 30.00 £ 0.30%. Higher
moisture retention contributes to lower energy value per 100 g due to dilution effects.
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Belorio and Goémez [34] analyzed commercial gluten-free muffins and reported average
values of 4.78 &+ 1.55 g protein, 2.12 & 1.44 g dietary fiber and 22.6 & 6.7 g fat per 100 g,
concluding that nutrient composition did not significantly differ between gluten-free and
gluten-containing muffins. Similarly, Singh et al. [38] demonstrated that enriching gluten-
free muffins with 0.5% XG and 9% black carrot fiber concentrate increased dietary fiber
from 0.83 & 0.07 to 1.84 & 0.09 g/100 g. Bianchi et al. [45] reported that adding distilled
grape pomace increased total dietary fiber from 0.47 to 2.23 g/100 g (5% addition) and up
to 4.29 g/100 g (10% addition), with protein remaining within 4.32-4.48 g/100 g.

The increased moisture observed in muffins supplemented with AP in the present
study agrees with findings by Bchir et al. [46], who showed that adding apple and date
fiber to cakes increases moisture retention and reduces energy density due to water-binding
effects. Similar increases in moisture have also been reported in muffins fortified with
grape pomace, brewer’s spent grain, peach fiber, linseed, and wheatgrass powder [45].

3.4. Sensory Analysis

The results of the intensity of sensory attributes are shown in Figure 1a, and the
overall acceptability scores are presented in Figure 1b. The addition of XG increased muffin
porosity, whereas AP decreased it. Samples 10AP were perceived as the sweetest and
had the most pronounced additive-derived flavor. The most porous crumb structure was
observed in samples 1XG10AP and 1XG. Muffins formulated with 10AP were perceived as
the sweetest, whereas those containing 1XG were rated as the least sweet; both samples
received the lowest overall acceptability scores from the sensory panel. Higher hardness
was perceived for the muffins formulated with AP and for the control sample. This trend
was consistent with the instrumental texture analysis, which likewise showed the highest
hardness values for these samples compared with the formulations containing XG. In this
study, the visual impact of AP and XG on muffin colour was of primary interest, and colour
was therefore assessed as a sensory attribute. The panel rated the muffins containing 10%
AP as having the most intense colour, indicating that the level of AP directly affected the
perceived colour intensity of the baked products.

Sweetness

Total acceptability

Porosity

Dryness Control SAP 10AP 1XG IXGSAP  1XGI0AP

b

SAP —10AP —1XG —I1XG5AP —1XGI0AP

Figure 1. Effect of xanthan gum and apple pomace on gluten free muffin sensory attribute intensity
(a) and total acceptability (b). Control—gluten-free formulation without xanthan gum and without
apple pomace; 5AP—gluten-free muffins with 5% apple pomace; 10AP—gluten-free muffins with
10% apple pomace; 1XG—gluten-free muffins with 1% xanthan gum (no apple pomace); IXG5AP—
gluten-free muffins with 1% xanthan gum and 5% apple pomace; 1XG10AP—gluten-free muffins
with 1% xanthan gum and 10% apple pomace.

Comparable findings have been reported in other studies. Singh et al. [38] observed
that gluten-free muffins containing 6% black carrot fiber and 0.5 g XG achieved the highest
sensory scores, demonstrating that the combination of XG with a moderate level of fiber
can improve sensory quality. Additionally, when AP was incorporated into gluten-free
bread formulations, Gumul et al. [47] reported that the addition of AP improved taste and
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aroma scores relative to the control sample, regardless of the inclusion level. Although the
highest AP level (15%) slightly reduced the sensory rating compared with lower levels, it
still scored significantly higher than the control bread.

4. Conclusions

The incorporation of apple pomace (5-10%) in gluten-free muffins decreased their
height and volume but increased moisture content. Textural properties were influenced by
the additive concentration: a 5% apple pomace addition reduced hardness, whereas 10%
increased hardness and reduced cohesiveness.

The addition of xanthan gum significantly increased muffin height and volume while
reducing hardness, cohesiveness, resilience, and chewiness, indicating its positive effect
on the textural properties of gluten-free muffins. In contrast, the incorporation of apple
pomace lowered height and volume, and its effect on textural attributes varied according
to the level of pomace used. When both xanthan gum and apple pomace were included,
the resulting textural characteristics reflected this concentration-dependent behaviour of
apple pomace.

Sensory evaluation demonstrated that both xanthan gum and apple pomace altered
the perceived quality of the muffins, primarily through their effects on crumb porosity and
sweetness intensity. Although formulations with 10% apple pomace and those containing
only xanthan gum exhibited the lowest overall acceptability, all muffins remained within
an acceptable sensory range, indicating that both ingredients can be incorporated without
compromising consumer perception.

Overall, the results show that integrating xanthan gum with apple pomace enables the
production of gluten-free muffins with improved technological, nutritional, and sensory
properties. These findings support the valorization of fruit-processing by-products as alter-
native ingredients in gluten-free formulations, contributing to more sustainable product
development without compromising consumer acceptance.

Further research could extend the present findings by investigating a wider range
of apple pomace and xanthan gum levels to better understand their combined effects
on gluten-free muffin quality. In addition, the use of other hydrocolloids, alone or in
combination with apple pomace, could be explored to further optimize the textural and
structural properties of gluten-free baked products. As the present study focused on
selected formulation variants, these findings provide a basis for further research aimed
at optimizing gluten-free formulations using fruit by-products and functional ingredients
under different quality requirements.
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