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Abstract

Mechanically aerated yeast-free dough is particularly susceptible to freeze—thaw dam-
age because its porous structure is formed before freezing and cannot be restored during
thawing due to the absence of fermentation. This study investigated the combined effects
of apple powder incorporation and technological processing conditions on the rheologi-
cal, structural, physicochemical, nutritional, and sensory properties of whipped yeast-free
frozen dough and the resulting bread. Apple powder was incorporated at three formulation
levels (50, 100, and 150 g per batch), while whipping speed (450-900 rpm), whipping time
(3-7 min), freezing temperature (—14 to —38 °C), and microwave thawing time (4-8 min)
were optimized using response surface methodology based on a Draper-Lin composite de-
sign. Dough properties were evaluated using Mixolab analysis and structural-mechanical
measurements, whereas bread quality was assessed by specific volume, porosity, physic-
ochemical characteristics, biochemical composition, amino acid profile, microbiological
safety, and sensory evaluation. The developed regression models adequately described the
effects of technological variables on dough quality (R? > 0.95). Deep freezing at —38 °C
followed by 4 min of microwave thawing minimized structural deterioration and improved
dough stability after freeze—thaw treatment. Apple powder increased the nutritional value
of the bread by enhancing the dietary fiber (4.8-7.3%), potassium (125.6-156.7 mg/100 g),
iron (2.45-3.20 mg/100 g), and vitamin C (0-2.2 mg/100 g) contents. Although the highest
level of apple powder provided the greatest nutritional enrichment, it also reduced the
dough rheological stability and produced a less homogeneous crumb structure. Overall,
the formulation containing 100 g of apple powder per batch combined with a whipping

speed of 900 rpm, whipping time of 7 min, freezing at —38 °C, and microwave thawing
W) Check for updates

for 4 min provided the best balance between rheological stability, freeze-thaw resistance,

Academic Editor: Cunshan Zhou bread quality, nutritional enhancement, microbiological stability, and sensory acceptability.
Received: 2 June 2026 These findings demonstrate that simultaneous optimization of formulation and processing
Revised: 28 July 2026 conditions is an effective strategy for improving mechanically aerated yeast-free frozen
Accepted: 31 July 2026 bakery products and provides a scientific basis for the development of functional frozen
Published: 4 August 2026 bread technologies.

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland. Keywords: whipped yeast-free dough; frozen dough; apple powder; response surface
This article i ticl i . .

1 articie is an openaccess article methodology; Mixolab; freeze-thaw stability; rheology; functional bread
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

Processes 2026, 14, 2500 https:/ /doi.org/10.3390/pr14152500


https://crossmark.crossref.org/dialog?doi=10.3390/pr14152500&domain=pdf&date_stamp=2026-08-04
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-8564-2912
https://doi.org/10.3390/pr14152500

Processes 2026, 14, 2500

2 0f 29

1. Introduction

Frozen dough technology has become an integral part of industrial bakery production
because it separates dough preparation from baking, facilitates centralized manufacturing,
and improves the flexibility of product distribution in retail and food-service systems [1,2].
Nevertheless, maintaining the structural stability of frozen dough during storage remains a
major technological challenge. Freeze—-thaw cycles alter the balance between water, gluten,
and starch, resulting in reduced gas retention, deterioration of dough handling properties,
and lower bread quality.

Structural deterioration during frozen storage is mainly associated with ice crystal for-
mation, redistribution of unfrozen water, and progressive weakening of the gluten-starch
matrix. As water freezes, the concentration of the remaining unfrozen phase increases,
molecular mobility changes, and the viscoelastic network is subjected to mechanical and os-
motic stresses. Consequently, frozen dough gradually loses elasticity, structural continuity,
and its ability to maintain a stable porous structure after thawing [1-3].

The extent of these changes strongly depends on processing conditions. Rapid freezing
generally restricts the growth of large ice crystals, whereas slow freezing promotes water
migration and more severe structural disruption [4,5]. Likewise, thawing conditions
considerably influence the recovery of dough structure. Microwave thawing offers a
rapid alternative to conventional thawing; however, uncontrolled microwave energy may
produce non-uniform heating, local overheating, and undesirable modifications of dough
components [5]. Therefore, freezing and thawing should be considered as interconnected
stages of a single technological process rather than as independent operations.

These problems are particularly critical for mechanically aerated yeast-free dough
systems. Unlike conventional yeast-leavened dough, where fermentation after thawing can
partially restore gas cells and dough structure, whipped yeast-free dough relies entirely
on the stability of mechanically incorporated air cells formed before freezing [6-8]. Since
no fermentation occurs after thawing, the quality of the final product depends directly on
the ability of the dough matrix to preserve both water distribution and the integrity of
entrapped air cells throughout frozen storage.

Various cryoprotective strategies have been proposed to improve the freeze-thaw sta-
bility of dough, including the incorporation of hydrocolloids, proteins, and plant-derived
polysaccharides [9-12]. Dietary fiber has attracted particular attention because of its high
water-binding capacity, which may reduce the mobility of free water and partially stabilize
dough during freezing and thawing. However, excessive fiber addition may interfere with
gluten development, increase dough density, and reduce extensibility because of compe-
tition for water and the disruption of gluten network continuity [13-15]. Consequently,
the technological effect of dietary fiber depends not only on its concentration, but also
on its particle size, chemical composition, hydration behavior, and interactions with the
dough matrix.

Among the plant-derived fiber sources, apple powder represents a particularly promis-
ing ingredient because it combines pectin-rich dietary fiber with organic acids, phenolic
compounds, vitamins, and mineral components that can simultaneously improve nu-
tritional value and modify dough functionality [16]. Compared with many other fruit
powders, apple powder possesses a high content of soluble pectin capable of binding water,
reducing the amount of freezable water, and stabilizing the gluten—starch matrix during
freeze-thaw treatment. In addition, apple-derived phenolic compounds exhibit antioxidant
activity, while its natural organic acids may contribute to microbiological stability and
flavor development. Previous studies have demonstrated that moderate incorporation of
apple-derived ingredients can improve dough viscoelasticity and water retention, whereas
excessive addition may adversely affect gluten structure and bread quality [9,10]. In me-
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chanically aerated dough systems, these effects become even more important because apple
components influence not only water immobilization, but also the stability of the thin
protein films surrounding mechanically incorporated air bubbles [17,18].

Despite increasing interest in frozen bakery technologies and fiber-enriched products,
research on whipped yeast-free frozen dough remains limited, particularly under conditions
where formulation variables and technological processing parameters act simultaneously.
Most previous studies have investigated conventional yeast-leavened dough, individual
freezing or thawing parameters, or the incorporation of plant fibers into fresh dough
systems [5,13-15,19-21]. Although these investigations have considerably improved our
understanding of gluten weakening, water migration, and fiber—gluten interactions during
frozen storage, they do not adequately explain the behavior of mechanically aerated yeast-
free dough, whose porous structure depends entirely on the stability of pre-formed air cells
rather than post-thaw fermentation.

Furthermore, no comprehensive study has simultaneously evaluated the combined
influence of apple powder incorporation, whipping conditions, freezing temperature, and
microwave thawing using response surface methodology while integrating rheological,
structural, physicochemical, nutritional, and microbiological quality characteristics. This
represents the principal research gap addressed in the present study [22-24].

Therefore, the novelty of this work lies in the integrated optimization of both formula-
tion and technological processing parameters for mechanically aerated yeast-free frozen
dough using response surface methodology. The study combines Mixolab rheological
analysis, structural-mechanical characterization, physicochemical evaluation, nutritional
assessment, and laboratory baking tests to establish quantitative relationships between
processing conditions, dough stability, and bread quality.

Accordingly, the objective of this study was to investigate the combined effects of apple
powder incorporation, whipping conditions, freezing temperature, and microwave thawing
on the rheological, structural, physicochemical, nutritional, and baking characteristics of
mechanically aerated yeast-free frozen dough and to identify the optimal technological
conditions for producing high-quality frozen bakery products.

2. Materials and Methods
2.1. Materials and Sample Preparation

First-grade wheat flour complying with GOST 26574-2017 [25] was used as the main
raw material. Food-grade sodium chloride (GOST 13830-97 [26]), food-grade citric acid,
and potable water were used for dough preparation.

Apple powder was prepared from fresh dessert apples (Malus domestica Borkh.,
cultivar “Golden Delicious”), harvested at commercial maturity during the 2024 growing
season in the Almaty region (Kazakhstan). Fruits free from visible defects were washed
with potable water, manually cored, and sliced into 4-5 mm thick slices without chemical
pretreatment.

The slices were dried at 50-55 °C in a forced-air convection dryer (Model HKN-
DHD10, Hurakan, Guangzhou, China) until constant weight corresponding to a final
moisture content of 5.2 & 0.2%. The dried material was milled using a laboratory grinder
(Model GM-H100, Infitek Co., Ltd., Shanghai, China) and passed through a 250 pm sieve,
producing a homogeneous fine powder suitable for uniform incorporation into dough
systems. The mean particle size of the obtained apple powder was approximately 180-220
pum. The chemical composition of the apple powder is presented in Table 1.

https://doi.org/10.3390/pr14152500


https://doi.org/10.3390/pr14152500

Processes 2026, 14, 2500

40f29

Table 1. Chemical composition of the apple powder (mean + SD, n = 3).

Parameter Value
Protein (%) 2.8 +0.1
Carbohydrates (%) 884+ 0.6
Dietary fiber (%) 16.7 + 0.4
Ash (%) 31+01
Vitamin E (mg/100 g) 0.52 £+ 0.04
Vitamin C (mg/100 g) 12.6 + 0.8
Calcium (mg/100 g) 78+3
Potassium (mg/100 g) 1120 £ 35
Magnesium (mg/100 g) 42 +2
Iron (mg/100 g) 27+0.2
Zinc (mg/100 g) 0.66 £+ 0.03

All analyses were performed in triplicate. Moisture, protein, ash, dietary fiber, vi-
tamins, and mineral contents were determined according to the corresponding AOAC
standard methods.

Four dough formulations were prepared: a control formulation without apple powder
and three formulations containing apple powder. Apple powder was incorporated by
partial replacement of wheat flour at nominal levels of 5%, 10%, and 15% of flour weight
(corresponding to 50, 100, and 150 g of apple powder per 950 g wheat flour, respectively).
The formulation percentages therefore refer to the replacement level of wheat flour rather
than the total dry matter of the formulation, following the approach commonly used in
bakery technology.

The basic dough formulation consisted of 950 g wheat flour, 15 g sodium chloride, 5 g
citric acid, and water. Water addition was adjusted to compensate for the increased water
absorption of apple powder and amounted to 880, 820, and 780 g, respectively.

All experiments were carried out at the Research Institute of Food Safety and the
Research Institute of Food Technologies, Almaty Technological University (Almaty, Kaza-
khstan). The formulation of whipped yeast-free dough containing apple powder is pre-
sented in Table 2.

Table 2. Formulation of whipped yeast-free dough containing apple powder.

Ingredient (g) 150 g AP
Ingredient (g) Control 50 g AP 100 g AP 150 g AP
First-grade

wheat flour 950 950 950 950
Apple powder
(AP) 0 50 100 150
Salt 15 15 15 15
Citric acid 5 5 5 5

The experimental design was developed using a Draper-Lin small composite response
surface design (RSM). Preliminary screening experiments were performed to establish the
practical ranges of whipping speed, whipping time, freezing temperature, and microwave
thawing time while excluding technologically insignificant factor levels.

The experimental matrix consisted of 16 factorial and axial design points together
with two replicated center points, giving a total of 18 experimental runs. The center-
point replicates were included to estimate pure experimental error and verify model
reproducibility.
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Apple powder level was considered an independent formulation variable, whereas
whipping speed, whipping time, freezing temperature, and microwave thawing time were
treated as technological processing factors. The response surface analysis was subsequently
performed to quantify the combined influence of these variables on dough rheology, struc-
tural stability, physicochemical characteristics, and bread quality. The actual processing
conditions used in the experiments are summarized in Table 3.

Table 3. Processing conditions applied to whipped frozen dough samples.

Sample Apple Powder Whipping Whipping Time Freezing Microwave Thawing
Number (g/batch) Speed (rpm) (min) Temperature (°C) Time (min)
1 50 900 7 —38 8
2 50 450 7 —38 8
3 50 900 3 —38 8
4 50 450 3 —38 8
5 50 900 7 —38 4
6 50 450 7 —38 4
7 100 900 3 —38 4
8 100 450 3 —38 4
9 100 900 7 —14 8
10 100 450 7 —14 8
11 100 900 3 —14 8
12 100 450 3 —14 8
13 150 900 7 —14 8
14 150 450 7 —14 4
15 150 900 3 —14 4
16 150 450 3 —14 4
17 100 675 5 —26 6
18 100 675 5 —26 6

The processing conditions applied to the whipped frozen dough samples are summa-
rized in Table 3. Selected experimental variants were repeated under identical conditions
to ensure reproducibility of the results.

2.2. Dough Processing and Experimental Design

The preparation of mechanically aerated yeast-free dough was carried out using a
laboratory whipping apparatus (Voronezh State University of Engineering Technologies,
Voronezh, Russia) specifically designed for the production of whipped dough systems
(Figure 1). The apparatus provided controlled mechanical aeration of the dough by regulat-
ing whipping speed and processing time, thereby ensuring reproducible incorporation and
stabilization of air bubbles before freezing.

Figure 1. Laboratory whipping equipment used throughout the study.
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The experimental program was developed using response surface methodology (RSM)
based on a Draper—Lin small composite design, which enables the efficient modeling of
nonlinear relationships while minimizing the number of experimental runs. The design
was selected because it provides a reliable estimation of quadratic response surfaces for
multivariable technological processes using a relatively small experimental matrix.

Prior to RSM optimization, preliminary screening experiments were conducted to deter-
mine the practical operating ranges of whipping speed, whipping time, freezing temperature,
and microwave thawing time. Factor ranges were selected according to technological feasibility,
equipment limitations, and the structural stability of mechanically aerated dough.

The independent processing variables included:

e  whipping speed (450-900 rpm);

e  whipping time (3-7 min);

e freezing temperature (—14 to —38 °C);
° microwave thawing time (4-8 min).

Apple powder level was treated as a formulation variable and was not included as an
independent factor in the response surface optimization. Therefore, the optimization of
technological parameters was performed separately for each dough formulation containing
different levels of apple powder.

The experimental matrix consisted of 16 factorial and axial combinations generated
according to the Draper—Lin design together with two replicated center-point experiments,
giving a total of 18 experimental runs. The replicated center points were included to
estimate pure experimental error, evaluate process reproducibility, and verify the adequacy
of the regression models.

All regression models were developed using coded factor values. Second-order poly-
nomial equations were fitted to the experimental data after eliminating statistically in-
significant coefficients. Model adequacy was assessed by analysis of variance (ANOVA),
coefficients of determination (R? and adjusted R?), lack-of-fit tests, and residual analysis.
The experimental design and the actual processing conditions are presented in Table 3.

2.3. Freezing, Thawing and Baking Procedures

After whipping, approximately 450 + 10 g of dough was placed into rectangular
baking molds (180 x 90 x 70 mm) and immediately transferred for freezing.

Shock freezing was performed in a MODI UP W5U blast freezer (Coldline Srl, Tor-
reglia, Italy). Dough samples were frozen at either —14 °C or —38 °C, depending on the
experimental design, until the core temperature reached —18 £ 1 °C, which was monitored
using a calibrated thermocouple probe (Model TP-01, Testo SE & Co. KGaA, Lenzkirch, Ger-
many) inserted into the geometric center of the dough. Frozen samples were subsequently
stored at —18 £ 1 °C until thawing.

Microwave thawing was performed using a Samsung ME-88SUT/BW microwave
oven (Samsung Electronics, Suwon, Republic of Korea) operating at 800 W and 2450 MHz.
Frozen dough samples were thawed for either 4 or 8 min, according to the experimental
design. During thawing, samples were positioned in the center of the rotating glass plate
without protective covering to ensure uniform exposure to microwave radiation.

Immediately after microwave treatment, the internal temperature at the center of each
dough sample was measured using a digital penetration thermometer (Testo 104-IR BT,
Testo SE & Co. KGaA, Lenzkirch, Germany). The samples were subsequently equilibrated
at 22 4 2 °C for 10 min before further analysis and baking. Representative photographs
of the control sample and all eighteen experimental dough samples (Samples 1-18) after
microwave thawing are presented in Figure 2. The samples are arranged according to the
experimental design described in Table 3, allowing for direct visual comparison of the
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effects of apple powder level, whipping speed, whipping time, freezing temperature, and
microwave thawing time on dough structure before baking.

Control sample Sample No. 2

Sample No. 4 Sample No. 6 Sample No. 7

Sample No. 9 Sample No. 10 Sample No. 11

Sample No. 12 Sample No. 13 Sample No. 14 Sample No. 15

Sample No. 16

Figure 2. Appearance of the control dough and all eighteen experimental whipped dough samples
(Samples 1-18) after microwave thawing prior to baking.
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Baking was carried out in a laboratory rotary oven (LMO-E8) at 220 °C for 40 min.
After baking, loaves were cooled at room temperature for 2 h before physicochemical,
rheological, and sensory analyses.

2.4. Rheological and Structural Analysis

The thermo-mechanical properties of dough were determined using a Mixolab 2
analyzer (Chopin Technologies, Villeneuve-la-Garenne, France) according to AACC Inter-
national Approved Method 54-60.02. Measurements were performed on thawed dough
before baking to eliminate the influence of thermal processing.

For each determination, 75.0 &+ 0.1 g of dough was analyzed under standard Mixolab
conditions using a mixing speed of 80 rpm. The temperature program consisted of heating
from 30 °C to 90 °C, followed by cooling to 50 °C.

The following parameters were recorded automatically:

water absorption;

dough development time;
dough stability;

protein weakening (C2);
starch gelatinization (C3);
cooking stability (C4);
starch retrogradation (C5).

Structural and textural properties of dough and bread crumb were evaluated using an
ST-2 Structurometer (Quality Laboratory LLC, Moscow, Russia).

Cylindrical specimens were compressed to 50% deformation at 25 £ 1 °C using a
crosshead speed of 1.0 mm s~ 1.

The following structural parameters were calculated from the force-deformation curves:

° total deformation (H;, mm);
° plastic deformation (Hp, mm);
° elastic deformation (H3, mm).

Each instrumental determination was performed in five independent replicates, and
the results are expressed as mean =+ standard deviation (M =+ SD).

The measured rheological and structural responses were subsequently used as depen-
dent variables (y;—yn) for regression modeling and response surface optimization.

2.5. Physicochemical, Biochemical and Mineral Composition Analysis

The physicochemical properties of bread were determined according to standardized
analytical procedures. Moisture content and titratable acidity were measured according to
GOST 21094-2022 [27] and GOST 5670-2022 [28]. Bread porosity was determined using the
Zhuravlev apparatus in accordance with GOST 5669-96 [29], whereas specific loaf volume
was measured by the grain displacement method following GOST 27669-88 [30].

Protein content was determined by the Kjeldahl method according to GOST 10846-91 [31],
whereas crude fat was measured by solvent extraction according to GOST 29033-91 [32].
Dietary fiber was determined according to GOST 31675-2012 [33], and total carbohydrates
were calculated by difference.

Water-soluble vitamins (B-group vitamins and vitamin C) were quantified by high-
performance liquid chromatography (HPLC) according to GOST EN 14122-2020 [34] and
GOST 34151-2017 [35]. Fat-soluble vitamins (A and E) were determined by chromatographic
methods in accordance with GOST 30417-96 [36] and GOST 30418-96 [37].

Mineral elements (K, Ca, Na, Mg, P, Fe, and Zn) were quantified by atomic absorption
spectrometry (AAS) according to GOST 30178-96 [38]. Fluorine and iodine contents were
determined according to GOST 438689 [39] and GOST 2693086 [40].
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Potentially toxic elements (Pb, Cd, As, and Hg) were analyzed by graphite-furnace
atomic absorption spectrometry according to GOST 26932-86, GOST 26933-86, and GOST
26927-86 [41-43].

The amino acid composition was determined after acid hydrolysis using an automatic
amino acid analyzer according to the standardized analytical procedures [44—46]. Amino
acid concentrations were expressed consistently as g/100 g dry matter in both the Methods
section and the corresponding results table.

Microbiological safety was evaluated by determining the total viable count, yeast
and mold counts, and the presence of sanitary-indicator microorganisms using standard
microbiological methods [44—46].

Unless otherwise stated, all physicochemical, biochemical, mineral, amino acid, and
microbiological analyses were performed in triplicate, and the results are expressed as
mean =+ standard deviation (M + SD).

2.6. Mathematical Modeling and Statistical Analysis

Optimization of the technological process was performed using response surface
methodology (RSM) based on a Draper—Lin small composite design. The selected design
allows for the efficient estimation of second-order polynomial models while reducing the
total number of experimental trials compared with conventional central composite designs.

Four independent technological variables were included in the optimization:

xj—whipping speed (rpm);

xp;—whipping time (min);

xz—microwave thawing time (min);

xg4—freezing temperature (°C).

The response variables (Y1-Yp) included the principal quality characteristics of dough
and bread, namely elastic deformation, plastic deformation, total deformation, dough stabil-
ity, viscosity index, starch retrogradation index, bread porosity, specific loaf volume, crumb
moisture, and titratable acidity. The response variables retain their original numbering from
the experimental database and Statgraphics project used during model development. Con-
sequently, the response identifiers are not presented in consecutive numerical order (e.g.,
Y2, V5, Y7, ¥8), since each number corresponds to a specific measured quality characteristic
throughout the regression analysis.

The experimental matrix consisted of 16 factorial and axial design points together
with two replicated center points, giving a total of 18 experimental runs. The replicated
center points were incorporated to estimate pure experimental error and verify model

reproducibility.
Regression analysis was performed using the following second-order polyno-
mial model:
4 4 4
y=bo+ Y b x Xi+ Y bixX;+ Y bijxX; x X; (1)
i=l i=i i<j

where y is the predicted response, by is the intercept, b; are the linear coefficients, b;; are
the quadratic coefficients, and bij are the interaction coefficients.

Regression coefficients were estimated by the least-squares method using coded
variables. The statistical significance of each coefficient was evaluated using Student’s ¢-test
(oc = 0.05). Statistically insignificant coefficients (p > 0.05) were removed stepwise from the
regression equations to obtain the final predictive models.

The adequacy of each regression model was evaluated by analysis of variance
(ANOVA), including the model F-value, model p-value, coefficient of determination (R?),
adjusted coefficient of determination (adjusted R?), lack-of-fit test, and residual analysis.
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Regression models satisfying these statistical criteria were accepted for response surface
construction and optimization.

Experimental results are presented as mean =+ standard deviation (M £ SD). Statisti-
cal comparisons among treatments were performed using one-way analysis of variance
followed by Tukey’s multiple comparison test. Differences were considered statistically
significant at p < 0.05.

All statistical analyses, regression modeling, and response surface construction were
performed using Statgraphics Centurion XIX (Statgraphics Technologies Inc., Warren-
ton, VA, USA).

The resulting regression equations were subsequently used to generate three-
dimensional response surface plots describing the combined effects of technological vari-
ables on the rheological, structural, physicochemical, and baking properties of whipped
yeast-free frozen dough.

2.7. Sensory Evaluation

The sensory quality of the bread samples was evaluated after cooling for 2 h at room
temperature by a trained panel consisting of 12 assessors (six males and six females, aged 25—
52 years) with previous experience in the sensory evaluation of bakery products. Prior to the
study, all panelists were familiarized with the evaluation protocol and assessment criteria.
The panel size of 12 trained assessors was selected for a laboratory quality-oriented sensory
assessment rather than a population-level consumer preference study. Each assessor
evaluated all samples under the same controlled conditions; therefore, the panel was
used for comparative product profiling, and the limited panel size is acknowledged as a
study limitation.

Sensory evaluation was conducted in individual sensory booths under standardized
laboratory conditions (22 + 2 °C, neutral white illumination, and controlled humidity).
Bread samples were coded using random three-digit numbers and presented in a random-
ized serving order to minimize positional bias. Unsalted crackers and drinking water were
provided between samples for palate cleansing.

The panel evaluated the following sensory attributes:

loaf appearance;

crust color;

crumb color;

crumb structure and porosity;
aroma;

taste;

texture and mouthfeel;

overall acceptability.

Each sensory attribute was first evaluated using a 5-point hedonic scale, where:
5 = excellent;

4 = good;

3 = acceptable;

2 = poor;

1 = unacceptable.

The individual scores were subsequently converted into weighted values to calculate
the overall 100-point sensory score.

Each bread formulation was evaluated in triplicate, and the results are reported as
mean =+ standard deviation (M £ SD). Statistical differences among samples were analyzed
by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test
at a significance level of p < 0.05.
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The sensory evaluation involved commercially available bakery ingredients and did
not include human health interventions or the collection of personal or sensitive data.
Therefore, according to the institutional regulations of Almaty Technological University,
formal ethical committee approval was not required. All assessors participated voluntarily
and provided informed consent before the evaluation.

3. Results and Discussion
3.1. Rheological and Structural-Mechanical Properties of Dough

The rheological and structural-mechanical properties of mechanically aerated yeast-
free dough were evaluated to determine the combined effects of apple powder incorpora-
tion and technological processing parameters on dough stability before baking. Particular
attention was paid to the structural integrity of the dough after freeze-thaw treatment
because mechanically aerated dough lacks a fermentation stage capable of restoring its
porous structure after thawing [47,48].

Mixolab analysis was used to characterize the thermomechanical behavior of the
dough, whereas structural-mechanical properties were determined by compression test-
ing. The viscosity index and starch retrogradation index were selected as the principal
rheological parameters reflecting changes in the stability of the gluten-starch—air matrix
formed during whipping and subsequent freezing [47,48]. Total (H;), plastic (H;), and
elastic (H3) deformation were used to characterize the structural response of the dough to
mechanical loading.

The structural-mechanical properties of whipped dough after freeze-thaw treatment
are presented in Table 4.

Table 4. Structural-mechanical properties of whipped yeast-free dough before baking (mean + SD, n = 5).

Sample Total Deformation (H;), mm Plastic Deformation (Hy), mm  Elastic Deformation (H3), mm Dough Temperature (°C)

Control 8.43 +0.21 5.07 £0.18 3.36 £0.15 26.1+0.2
Sample 1 5.71 +0.19 2.30 +0.11 3.40 +0.13 242 +0.3
Sample 2 5.07 £0.17 2.34 +£0.10 2.72 £0.12 275+0.3
Sample 3 421 +0.16 1.46 4+ 0.09 2.75+0.10 26.0 £0.2
Sample 4 7.27 £0.20 4.01 £0.15 3.25+0.14 245+ 0.2
Sample 5 10.04 +0.24 3.64 +£0.13 6.40 +0.19 25.1+0.2
Sample 6 3.89 +0.14 1.42 + 0.08 2.46 +0.09 259 + 0.3
Sample 7 6.85 +0.18 3.49 +£0.12 3.35+0.13 26.6 +£0.2
Sample 8 6.46 + 0.17 3.32 +0.11 3.14 +0.12 239 +0.3
Sample 9 5.02 £0.16 1.49 4+ 0.09 3.53 £0.14 26.1+0.2
Sample 10 3.20 +0.13 1.59 + 0.08 1.60 + 0.08 264 + 0.2
Sample 11 3.71+£0.14 2.35+0.10 1.36 + 0.07 253 +£0.3
Sample 12 1.95 + 0.10 0.88 + 0.05 1.00 + 0.05 25.0 £0.2
Sample 13 6.94 £+ 0.19 2.73 £0.11 421 +0.16 24.7 £0.2
Sample 14 3.12 +£0.12 1.57 +0.08 1.54 +0.07 243 +0.2
Sample 15 411 +£0.15 2.13 +0.09 1.98 + 0.08 253 +0.2
Sample 16 3.61 £0.13 1.58 +0.08 2.00 £+ 0.09 247 +£0.2

Note: Values are presented as mean =+ standard deviation (M & SD, n = 5).

The results demonstrated considerable variation in deformation behavior among the
experimental samples. Total deformation (H;) ranged from 1.95 to 10.04 mm, indicating
substantial differences in dough flexibility depending on formulation and processing con-
ditions.

The control sample exhibited relatively high total deformation (8.43 mm), primarily
because of its large plastic deformation component (H; = 5.07 mm), indicating compara-
tively lower resistance of the dough structure to mechanical loading. In contrast, several
dough formulations containing apple powder exhibited a greater proportion of elastic
deformation, suggesting improved structural recovery after compression.
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Among all formulations, Sample No. 5 exhibited the highest total deformation (10.04
mm) together with the highest elastic deformation (Hz = 6.40 mm), indicating the formation
of a highly resilient dough structure capable of recovering after mechanical loading. This
behavior may be associated with the improved hydration of gluten proteins and interactions
between gluten and pectin-rich apple components, resulting in a more stable gluten—starch
matrix during freeze-thaw treatment [49,50]. Conversely, Sample No. 12 exhibited the
lowest total deformation (1.95 mm) and the smallest elastic component (H3 = 1.00 mm),
indicating the formation of a comparatively rigid dough structure under the corresponding
technological conditions.

Analysis of variance (ANOVA) showed that freezing temperature (X4) significantly af-
fected the deformation characteristics (p < 0.05), whereas the interaction between whipping
speed (X;) and whipping time (X;) significantly influenced elastic deformation, confirming
that both mechanical aeration and freezing conditions contribute to the development of the
gluten—air structure.

The rheological parameters determined by Mixolab analysis are summarized in Table 5.

Table 5. Mixolab rheological indices of whipped yeast-free dough after freeze-thaw treatment.

Sample Number Viscosity Index Starch Retrogradation Index
Control 1.0 1.0
1 15 1.0
2 1.0 1.0
3 1.0 1.0
4 5.0 3.0
5 1.0 1.0
6 5.0 3.0
7 5.0 4.0
8 1.0 1.0
9 2.0 2.0
10 1.0 1.0
11 1.8 1.0
12 1.0 1.0
13 1.9 1.0
14 1.0 1.0
15 1.0 1.4
16 1.7 1.0

Note: Rheological indices were automatically generated by the Mixolab software (Version 4.2, Chopin Technologies,
Villeneuve-la-Garenne, France) based on the thermomechanical response of the dough. Higher viscosity index
values indicate greater resistance of the dough during heating, whereas higher starch retrogradation index values
indicate increased starch recrystallization during cooling.

Significant differences were observed among the experimental samples with respect
to viscosity index and starch retrogradation index.

Regression analysis demonstrated that starch retrogradation (Ysg) was significantly
influenced by whipping speed (X;) and freezing temperature (X4), including their quadratic
effects (p < 0.05). Furthermore, the interaction between microwave thawing time (X3) and
freezing temperature (Xy) significantly affected starch retrogradation, indicating that the
rheological behavior of thawed dough depended on the combined influence of freezing
and thawing conditions.

The control dough exhibited the lowest rheological stability, with viscosity and starch
retrogradation indices equal to 1.0. The highest viscosity index (5.0) was observed for
Sample Nos. 4, 6, and 7, indicating greater resistance of the dough matrix during thermo-
mechanical loading. Among these formulations, Sample No. 7 also exhibited the highest
starch retrogradation index (4.0), suggesting more pronounced starch recrystallization
during cooling. In contrast, Sample Nos. 4 and 6 combined a high viscosity index with
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a comparatively lower retrogradation index (3.0), indicating a more balanced rheological
response after freeze—thaw treatment.

Comparison of the structural and rheological characteristics indicates that dough
quality should not be evaluated using a single parameter. Although Sample No. 5 did not
exhibit the highest Mixolab viscosity index, it demonstrated the greatest elastic deformation
and structural recovery after compression, indicating superior mechanical resilience of
the whipped dough. Conversely, Sample Nos. 4, 6, and 7 exhibited the highest resistance
to thermomechanical loading according to Mixolab analysis. These findings demonstrate
that structural stability and thermomechanical stability describe different aspects of dough
behavior and should therefore be interpreted together.

Representative rheological profiles are presented in Figure 3. Figure 3a shows the
Mixolab curves of the samples exhibiting the highest and lowest thermomechanical stability,
whereas Figure 3b presents the corresponding force-deformation curves obtained by texture
analysis. These profiles clearly illustrate the influence of processing conditions on dough
rheology and structural integrity after frozen storage.

The present results are consistent with previous studies on frozen dough systems
containing plant-derived dietary fiber, where moderate fiber incorporation improved
water retention and structural stability, whereas excessive enrichment increased dough
rigidity and reduced extensibility during freeze-thaw treatment [51-54]. However, unlike
conventional yeast-leavened dough, the mechanically aerated yeast-free dough investigated
in the present study depended primarily on the preservation of the pre-formed air-cell
structure throughout freezing and thawing. Consequently, the rheological response was
determined not only by formulation composition, but also by the combined effects of
whipping intensity, freezing temperature, and microwave thawing conditions.
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Figure 3. Representative rheological profiles of the most and least favorable whipped dough samples:
(a) Mixolab curves; (b) force-deformation profiles.

Overall, the results demonstrate that the optimization of mechanically aerated frozen
dough should be based on integrated evaluation of both rheological and structural—-
mechanical characteristics. Although Sample Nos. 4, 6, and 7 exhibited the highest
thermomechanical stability according to Mixolab analysis, Sample No. 5 demonstrated
the greatest elastic recovery after compression. Therefore, comprehensive assessment of
dough quality requires the consideration of multiple complementary indicators rather than
a single rheological parameter.

3.2. Physicochemical and Sensory Properties of Bread

To evaluate the technological performance of the developed formulations, the physic-
ochemical characteristics of whipped dough were determined before freezing and after
freeze-thaw treatment, followed by the assessment of bread quality after baking. The
physicochemical properties of the dough are summarized in Table 6.

Table 6. Physicochemical characteristics of whipped dough before freezing and density after freeze—
thaw treatment (mean + SD, n = 3).

Sample

Moisture (%) Acidity (°T) Density After Thawing (g cm—3)

Control

46.1 £0.2 26=+0.1 0.69 £ 0.01

50 g Apple Powder (Samples 1-5) 459 4+ 0.3 3.0£0.1 0.66 £ 0.02
100 g Apple Powder (Samples 6-10) 452403 35402 0.63 £ 0.02
150 g Apple Powder (Samples 11-16) 443 +0.3 40+0.2 0.60 £+ 0.02

Note: Values are presented as mean =+ standard deviation (M £ SD, n = 3).

Table 6 shows that the moisture content of the dough remained within a relatively
narrow range despite the different apple powder incorporation levels. The moisture content
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Control sample

Sample No. 6

varied from 43.9 to 46.3%, indicating that adjustment of the water addition successfully
compensated for the higher water-binding capacity of apple powder.

The acidity of the dough increased progressively with increasing apple powder in-
corporation. The control dough exhibited the lowest acidity (2.6 °T), whereas samples
containing 150 g apple powder reached acidity values of 3.8-4.2 °T. Response surface
analysis demonstrated that dough acidity (Y,) was significantly affected by whipping time
(X2) and freezing temperature (X4) (p < 0.05). The interaction between whipping speed
(X1) and freezing temperature (X4) produced the strongest positive effect, whereas the
interaction between whipping time and freezing temperature (X;X4) exerted the opposite
influence. The developed regression model showed high predictive capability (R? > 0.95),
confirming the adequacy of the selected technological variables.

Following freeze-thaw treatment, all dough samples exhibited a slight increase in
density, reflecting partial structural changes during frozen storage. However, formulations
containing apple powder generally demonstrated lower density values after thawing
(0.57-0.68 g cm~3) than the control (0.69 g cm~3), indicating better preservation of the
mechanically aerated structure. These observations suggest that apple powder contributed
to maintaining dough integrity during freeze-thaw treatment, probably because of its
higher water-binding capacity.

Representative photographs of the baked bread samples are presented in Figure 4.

The control bread exhibited a regular loaf shape, a smooth crust surface, and a cream-
colored crumb with a relatively uniform pore distribution. Bread prepared with apple
powder showed gradual changes in crumb color and internal structure depending on the
level of incorporation.

Samples containing 50 g apple powder (Sample Nos. 1-5) maintained a homogeneous
crumb structure with evenly distributed medium-sized pores and only a slight darkening
of the crust compared with the control. No pronounced structural defects were observed
after freeze—thaw treatment.

Sample No. 1 Sample No. 2

3 : I |
Sample No. 4 Sample No. 5

Sample No. 7 Sample No. 8

Figure 4. Cont.
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Sample No. 9

Sample No. 15 - Saniple No.16

Sample No. 10

Sample No. 13

Figure 4. Control and apple powder-enriched whipped yeast-free bread samples after baking (external
appearance and crumb structure).

Bread containing 100 g apple powder (Sample Nos. 6-10) exhibited a more pronounced
cream-beige crumb color and slightly greater variability in pore size distribution. Neverthe-
less, the crumb remained well-developed and retained satisfactory structural uniformity.

The highest enrichment level (150 g apple powder; Sample Nos. 11-16) resulted in
noticeably denser crumb structure, reduced pore uniformity, and partial compression of the
crumb in several samples. These structural changes indicate that excessive apple powder
incorporation negatively affected gas retention during baking.

Overall, increasing the apple powder level progressively intensified crumb color
and increased crumb compactness. Nevertheless, formulations containing 5-100 g apple
powder preserved desirable loaf geometry and crumb structure considerably better than
formulations containing 150 g apple powder.

The sensory characteristics of the bread samples are summarized in Table 7.

Overall sensory acceptability ranged from 66.2 to 96.8 points. The lowest score was
recorded for Sample No. 12 (66.2 points), which exhibited poorer loaf shape, lower crumb
uniformity, and reduced structural stability after baking.

The control sample achieved an overall acceptability score of 77.2 points. Most formula-
tions containing apple powder demonstrated improved sensory quality compared with the
control, although the final quality depended strongly on the processing conditions applied.

The highest sensory scores were obtained for Sample No. 6 (96.8 points) and Sample
No. 10 (96.5 points), followed by Sample No. 5 (95.5 points) and Sample No. 9 (95.2 points).
These samples consistently received high scores for crust appearance, loaf shape, crumb
structure, flavor, aroma, and overall acceptability.

Statistical analysis confirmed significant differences among treatments (p < 0.05). The
results indicate that moderate incorporation of apple powder (5-10%) combined with opti-
mized whipping and freeze-thaw conditions produced bread with superior sensory quality
compared with both the control formulation and bread containing 150 g apple powder.

https:/ /doi.org/10.3390/ pr14152500


https://doi.org/10.3390/pr14152500

Processes 2026, 14, 2500

17 of 29

Table 7. Sensory evaluation of control and apple powder-enriched whipped yeast-free bread samples
(100-point scale, mean + SD, n = 12).

Sample Surface Shape Crumb Color Taste Aroma Crumb Overall
P Condition P (Score) Structure Acceptability
Control 80 +£2 75+3 90 +£2 68 £ 3 70£3 80 £2 772 +£2.1
Sample 1 76 + 3 83+2 82+3 86 + 2 86 + 2 90 + 2 83.8+1.9
Sample 2 70+ 3 63+ 3 70+ 3 76 £3 70 £2 83+3 720+ 24
Sample 3 63 +4 60 £ 3 70£3 80 £3 65+3 78+3 69.3 £2.7
Sample 4 80 +2 83+ 2 86 + 2 85+ 2 80+ 3 80 +2 823 +20
Sample 5 96 + 2 90 + 2 98 +1 96 + 2 97 +1 96 + 2 955+ 1.3
Sample 6 97 +1 96 + 2 96 + 2 97 +1 97 +1 98 +1 96.8 + 1.2
Sample 7 90 + 2 88 +2 80+3 90 + 2 87 +2 91+2 87.7+1.8
Sample 8 78 £ 3 75+3 80+ 3 86 + 2 80 + 2 70+£3 782 +23
Sample 9 95+ 2 94 + 2 95+ 2 97 +1 95+ 2 95 + 2 952 +14
Sample 10 96 + 1 96 + 1 96 + 1 97 +1 97 +1 97 +1 96.5 £ 1.1
Sample 11 84 +2 80 £2 85 +2 86 +£2 83+2 78+3 82.7+20
Sample 12 64 + 4 60 + 4 70+ 3 70+ 3 73+ 3 60 + 4 662 +2.8
Sample 13 90 £ 2 90 4+ 2 90 £ 2 95+ 2 90 + 2 95+ 2 91.7 £ 1.7
Sample 14 97 +£1 90 +2 90 +2 9 +1 97 £1 95 +2 942+ 1.5
Sample 15 86 +2 86 + 2 86 + 2 90 + 2 90 + 2 95 + 2 888+ 1.9
Sample 16 88 +2 85+ 2 80+3 90 + 2 90 + 2 97 +1 883+ 1.8
Note: Values are presented as mean =+ standard deviation (M £ SD, n = 12). Bread crumb color was visually
classified as follows: Control—cream; Samples 1-8—cream with a yellowish tint; Samples 9-12—light cream with
a yellowish tint; Samples 13-16—Tlight cream. Overall acceptability was calculated as the arithmetic mean of the
sensory attributes evaluated according to the procedure described in Section 2.7.
3.3. Nutritional, Amino Acid, and Microbiological Characteristics
The physicochemical characteristics of the baked whipped bread are presented in
Table 8 and demonstrate the combined influence of apple powder incorporation and
technological processing conditions on the quality of the finished products.
Table 8. Ranges of physicochemical properties of baked whipped bread obtained under different
processing conditions.
Sample Group Indicators
Moisture (%) Acidity (°T) Porosity (%) Specific Volume (cm3 g—1)
Control 412403 28 +£0.1 620+ 1.0 2.40 4+ 0.05
Samples 1-5 (50 g AP) 40.8 £ 0.2 32+01 66.0 + 1.8 2.65+0.12
Samples 6-10 (100 g AP) 40.1+0.3 35+0.1 71.0 £ 2.0 3.00 £ 0.15
Samples 11-16 (150 g AP) 39.2+0.2 40+0.2 73.0+23 3.15+£0.18

Note: Values represent the ranges observed among the experimental formulations within each apple powder level.

As shown in Table §, the incorporation of apple powder affected all evaluated quality
parameters. Bread moisture gradually decreased from 41.2% in the control sample to
38.9-39.6% in formulations containing 150 g apple powder, whereas titratable acidity
increased from 2.8 °T to 3.8-4.3 °T. Regression analysis demonstrated that protein content
(Y14) was significantly influenced by freezing temperature (X4) together with the quadratic
effects of whipping time (X32) and microwave thawing time (X32) (p < 0.05). Moisture
retention in baked bread (Y14) depended primarily on microwave thawing time (X3),
indicating that thawing conditions contributed substantially to water retention in the
finished product.

Both porosity and specific volume increased progressively with increasing apple
powder incorporation. Bread prepared with 100 g apple powder exhibited a favorable
combination of high porosity (68-74%) and specific volume (2.8-3.2 cm3 g~!) while main-
taining satisfactory crumb uniformity. Although formulations containing 150 g apple
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powder demonstrated the highest instrumental porosity (70-76%) and specific volume
(2.9-3.4 cm® g~ 1), visual evaluation (Figure 4) revealed a less homogeneous crumb charac-
terized by larger pores separated by thicker cell walls and localized compact regions. Thus,
higher instrumental porosity did not necessarily correspond to a more uniform crumb
structure. These observations indicate that excessive apple powder incorporation altered
gas-cell distribution during baking despite increasing the overall pore volume.

The biochemical composition of the bread samples is summarized in Table 9.

Table 9. Biochemical composition of whipped yeast-free bread (mean + SD, n = 3).

Parameter Control 50 g Apple Powder 100 g Apple Powder 150 g Apple Powder
Protein (%) 7.50 £ 0.12 7.80 £ 0.15 8.20 £ 0.14 8.60 + 0.18
Fat (%) 0.42 £ 0.02 0.48 £ 0.02 0.61 £ 0.03 0.73 £0.03
Carbohydrates (%) 229+04 243 +05 26.8 £ 04 284 +£05
Dietary fiber (%) 48+02 54102 6.1+03 73+03
Vitamin By (mg/100 g) 0.04 £ 0.01 0.05 £ 0.01 0.05 £ 0.01 0.06 £ 0.01
Vitamin B, (mg/100 g) 0.03 £+ 0.01 0.03 £ 0.01 0.04 £+ 0.01 0.04 £+ 0.01
Vitamin B3 (mg/100 g) 1.40 £ 0.05 1.65 £ 0.06 1.82 £+ 0.07 1.94 £+ 0.08
Vitamin By (mg/100 g) 0.13 £0.01 0.16 £ 0.01 0.22 £ 0.02 0.30 £ 0.02
Vitamin C (mg/100 g) n.d. 0.70 £ 0.04 1.50 £ 0.06 2.20 £ 0.08
Iron (mg/100 g) 2.45 + 0.08 2.73 £0.10 3.14 £ 0.12 320+0.11
Potassium (mg/100 g) 125.6 =34 1473 £ 4.1 1502 =45 156.7 + 4.8
Calcium (mg/100 g) 23.0+ 0.8 244+ 09 26.7 +£1.0 281 +1.1
Pb n.d. n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d.
As n.d. n.d. n.d. n.d.
Hg n.d. n.d. n.d. n.d.

Note: Values are presented as mean + standard deviation (M £ SD, n = 3). n.d. = not detected (below the
analytical limit of detection).

Apple powder enrichment resulted in a progressive improvement in the nutritional
composition of the finished products. Protein content increased from 7.5% in the control
sample to 8.6% in bread containing 150 g apple powder, while dietary fiber increased
from 4.8% to 7.3%, representing an increase of more than 50% compared with the control
formulation. Similar increases were observed for vitamins and minerals. Vitamin C,
which was not detected in the control bread, reached 2.2 mg 100 g~ ! in the formulation
containing 150 g apple powder. Potassium increased from 125.6 to 156.7 mg 100 g~ !,
whereas iron increased from 2.45 to 3.20 mg 100 g !, confirming the nutritional contribution
of apple powder.

These results demonstrate that nutritional enrichment increased proportionally with
apple powder incorporation. However, improvement of nutritional value was accompanied
by gradual changes in bread structure, particularly at the highest enrichment level. There-
fore, technological quality should be considered together with nutritional enhancement
when selecting the optimum formulation.

The observed nutritional improvements are consistent with previous reports describ-
ing fruit- and fiber-enriched bakery products, where the incorporation of plant-derived
powders increased the dietary fiber, vitamin, and mineral content while simultaneously
affecting dough hydration and crumb structure [55,56].

To further evaluate protein quality, the amino acid composition of the finished bread
was determined (Table 10).
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Table 10. Amino acid composition of whipped yeast-free bread (g/100 g product, mean & SD, n = 3).

Amino Acid Control 50 g Apple Powder 100 g Apple Powder 150 g Apple Powder
Lysine 0.26 £0.01 0.29 £0.01 0.31 £0.01 0.34 £ 0.02
Threonine 0.29 + 0.01 0.32 £0.01 0.36 + 0.02 0.41 + 0.02
Valine 0.43 £ 0.02 0.47 £ 0.02 0.52 £ 0.02 0.58 £0.03
Leucine + Isoleucine 0.51 £ 0.02 0.55 £ 0.02 0.60 £ 0.03 0.66 £ 0.03
Methionine 0.20 £ 0.01 0.21 £0.01 0.23 £0.01 0.26 £ 0.01
Phenylalanine + Tyrosine 0.53 4= 0.02 0.57 4= 0.02 0.63 = 0.03 0.71 +0.03
Histidine 0.05 £0.01 0.06 £ 0.01 0.07 £0.01 0.08 £ 0.01
Proline 0.65 £ 0.03 0.73 £0.03 0.89 £ 0.04 1.05 £ 0.05
Alanine 0.35 £ 0.02 0.39 £ 0.02 0.46 £ 0.02 0.53 - 0.03
Glycine 0.32 £0.01 0.36 £ 0.02 0.41 £ 0.02 0.48 £ 0.02
Arginine 0.24 £ 0.01 0.28 £0.01 0.33 £ 0.02 0.38 £ 0.02
Serine 0.43 £ 0.02 0.47 £ 0.02 0.54 £ 0.03 0.62 £0.03
Note: Values are presented as mean =+ standard deviation (M £ SD, n = 3) and expressed on a fresh product basis
(g/100 g product).

The amino acid profile demonstrated moderate but consistent improvements with
increasing apple powder incorporation. Lysine, the principal limiting amino acid in wheat-
based bakery products, increased from 0.26 to 0.34 g 100 g~! product, whereas threonine
increased from 0.29 to 0.41 g 100 g~ ! product. Similar increases were observed for valine,
methionine, phenylalanine + tyrosine, and several non-essential amino acids.

Although the absolute changes were relatively small, the results indicate gradual
improvement of protein quality following apple powder incorporation. Nevertheless, the
amino acid concentrations remained below the FAO/WHO reference pattern for essential
amino acids, which is typical for cereal-based bakery products. Consequently, apple
powder should be regarded primarily as a functional ingredient improving the nutritional
profile rather than as a major source of essential amino acids.

The formulation containing 150 g apple powder exhibited the highest total amino
acid content; however, previous rheological and structural analyses demonstrated that this
enrichment level adversely affected dough handling and crumb uniformity. In contrast,
the 100 g apple powder formulation provided a more balanced combination of nutritional
improvement and technological performance.

Microbiological characteristics of the bread samples are presented in Table 11.

Table 11. Microbiological characteristics of whipped yeast-free bread during storage (mean & SD, n = 3).
Samole Total Mesophilic Aerobic ~ Total Mesophilic Aerobic Coliform Bacteria Yeasts and Molds
P Count (CFU g1, 0 h) Count (CFU g~1,72 h) (CFUg™ )
Control (4.7 £0.2) x 10 (6.2 £0.3) x 10 Not detected <1.0 x 102
50 g Apple Powder (3240.2) x 10° (3940.2) x 10° Not detected <1.0 x 10?
100 g Apple Powder (2.6 +£0.1) x 10° (34+02) x 10° Not detected <1.0 x 10?
150 g Apple Powder (2.140.1) x 103 (3.140.2) x 103 Not detected <1.0 x 10?

Note: Values are presented as mean =+ standard deviation (M =+ SD, n = 3). Coliform bacteria were not detected in
any sample. Yeast and mold counts remained below the analytical detection limit throughout storage.

Total mesophilic aerobic counts increased during storage in all formulations, as expected.
After 72 h of storage, microbial counts increased from 4.7 x 10° to 6.2 x 10°> CFU g~ in the
control bread, whereas corresponding values for bread containing 5%, 10%, and 150 g apple
powder remained lower (3.9 x 103, 3.4 x 103, and 3.1 x 10° CFU g~ !, respectively). The
reduced microbial growth observed in the enriched formulations may be associated with
the presence of naturally occurring organic acids and phenolic compounds in apple powder,
together with the higher titratable acidity of these products.
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Coliform bacteria were not detected in any of the analyzed samples. Yeast and mold
counts remained below 10> CFU g~! throughout the storage period, indicating compliance
with microbiological safety requirements. Toxic elements (Pb, Cd, As, and Hg) were below
the analytical detection limits and therefore not detected in any bread sample.

Overall, increasing the apple powder content improved the nutritional composition
and contributed to enhanced microbiological stability. Nevertheless, considering the com-
bined rheological, structural, physicochemical, nutritional, sensory, and microbiological
characteristics, the formulation containing 100 g apple powder provided the most balanced
technological performance and overall product quality.

3.4. Mathematical Modeling and Optimization

Response surface methodology (RSM) based on the Draper-Lin small composite
design was used to quantify the effects of the technological variables on the rheological,
structural-mechanical, physicochemical, and quality characteristics of whipped yeast-free
frozen dough and the resulting bread. Four independent variables were included in the
regression analysis:
x1—whipping speed (rpm);
x;—whipping time (min);
x3—microwave thawing time (min);

x4—freezing temperature (°C).

The regression equations presented below were developed using coded factor values
in accordance with the Draper—Lin response surface design described in Section 2.6. The
coded-variable models were subsequently used for response surface construction and
optimization of the technological parameters. Apple powder level was not included as
an RSM factor because optimization was performed only within each formulation group,
whereas the regression models evaluated the influence of processing conditions after the
formulation had been established. This approach enabled the technological variables to be
analyzed independently of formulation composition, thereby avoiding confounding effects
between ingredient level and processing parameters, as recommended for multi-factor
optimization studies.

A second-order polynomial model was fitted for each response according to Equation
(1).

The principal response variables selected for regression modeling included dough
acidity (y»), elastic deformation (ys), viscosity index (y7), and starch retrogradation index
(yg). These identifiers correspond to the original response numbering adopted during
statistical analysis and are retained throughout the manuscript for consistency.

The general form of the regression equation for the four factors is as follows:

Yi =bo + b1 x1 + by Xo + b3 X3 + by xq + b1 X1 X2 + D13 X1 X3 + b1g X1 X4 + bz X X3 + bog X2 Xg + b3 X3 Xg + b1y X12 + bop X0p + b33 X320 + bag xgp. (2)

where:

e  yj—response variables characterizing dough and bread quality;
e  x;—whipping speed (rpm);

e  xp—whipping time (min);

e  xz3—microwave thawing time (min);

x4—f{reezing temperature (°C).

The developed regression models enable the prediction of dough and bread quality
parameters as a function of technological conditions and can be used to identify optimal
processing regimes. The regression equations describing the influence of technological
parameters on the studied responses are presented below:
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Yo = 3.43178 — 0.178381x1 + 0.237842x; + 0.0639032x3 + 0.237842x4 + 0.115417x;2 +
0.262842x1xp + 0.175x7x3 + 0.462842x1 x4 + 0.00935024x,2 + 0.125x,x3 — 0.303381xpx4 — 3)
0.132072x32 — 0.075x3x4 + 0.00935024x42.

Regression analysis showed that dough acidity was influenced not only by the indi-
vidual technological parameters, but also by their interactions. Among the studied factors,
the interaction between whipping speed and freezing temperature showed the strongest
influence, indicating that the acidity of whipped dough depended on the combined effect
of mechanical treatment and freeze-thaw conditions.

ys5 = 3.29854 + 0.0772986x; — 0.112975x, + 0.0626691x3 + 1.4984x, + 0.00845434x,2 +
1.4309x1x5 — 0.0675x7x3 — 0.590475x1x4 — 0.514806x52 + 0.1475xpx3 — 0.630201x5%4 —  (4)
0.300906x32 + 0.1675x3x4 + 0.224123x,2.

For elastic deformation of the dough, analysis of the regression coefficients showed
that freezing temperature exerted the strongest positive effect. The interaction between
whipping speed and whipping time was also substantial, indicating that elastic recovery
depends on the combined development of the mechanically aerated gluten—starch network.

y7 = 1.06194 + 0.297302x; — 0.300216x3 + 0.951367x4 + 0.136186x12 + 0.713867x1x —
0.4625x1x3 + 0.2875x1x4 — 0.0405912x,2 + 0.6625x5x3 — 0.290198x,x4 — (5)
0.0405912x32 — 0.3625x3x4 + 0.80794x,2.

Analysis of the regression model showed that freezing temperature had a strong influence
on viscosity development, especially through its quadratic effect and its interaction with
whipping parameters. This suggests that the rheological properties of the dough were affected
by the combined action of freezing conditions and mechanical treatment during processing.

yg = 1.0406 + 0.594605x; — 0.118921x, — 0.168414x3 + 0.594605x, + 0.3326951x12 +
0.307105x7xp — 0.2125x71x3 + 0.0935791x1 x4 + 0.0441073x52 + 0.3125x,x3 + 0.282105x,x4 —  (6)
0.0266036x32 — 0.6875x3x4 + 0.326951x42.

The regression model for dough acidity demonstrated satisfactory predictive capabil-
ity and significant overall model adequacy (ANOVA, p < 0.05). Among the linear effects,
freezing temperature (x4) and whipping time (x;) exerted the greatest influence. Signifi-
cant interaction terms were also observed, particularly x;x4 (Whipping speed x freezing
temperature) and xpx4 (Whipping time x freezing temperature), indicating that acidity
development depended on the combined action of mechanical aeration and freeze-thaw
treatment rather than on individual technological factors alone.

The regression model showed that elastic deformation was primarily governed by
freezing temperature and the interaction between whipping speed and whipping time. The
positive quadratic effect of freezing temperature indicates the existence of an optimum
freezing regime rather than a simple linear response.

These results demonstrate that the elastic recovery of mechanically aerated dough
depends on both the development of the gluten—starch—air network during whipping and
its subsequent preservation during frozen storage.

The viscosity index was significantly affected by freezing temperature together with
several interaction terms involving whipping conditions. The significant quadratic coef-
ficients confirm that the rheological response of whipped dough is nonlinear within the
investigated processing domain.
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Higher viscosity index values were generally predicted at whipping speeds of 700-900
rpm, whipping times of 5-7 min, freezing temperatures below —35 °C, and microwave
thawing periods of 4-6 min.

The starch retrogradation model demonstrated that freezing temperature and whip-
ping speed positively affected starch stability, whereas the interaction between microwave
thawing time and freezing temperature produced the strongest negative effect.

The response surface analysis indicated that deep freezing combined with relatively
short microwave thawing minimized starch retrogradation and therefore improved struc-
tural stability of the dough during freeze-thaw treatment.

Three-dimensional response surface plots illustrating the influence of the technological
variables on dough acidity are presented in Figure 5.

Overall analysis of the regression models demonstrated that the investigated techno-
logical variables affected different quality characteristics to different extents. Rheological
properties were influenced predominantly by whipping conditions, whereas physico-
chemical characteristics were jointly controlled by whipping parameters and freeze—thaw
conditions. Structural characteristics of the baked bread depended on the combined action
of all four technological variables included in the optimization procedure.

Among the investigated formulations, the technological conditions corresponding to
whipping speeds of 700-900 rpm, whipping times of 5-7 min, freezing temperatures below
—35 °C, and microwave thawing for 4-6 min provided the most favorable combination
of rheological stability, reduced starch retrogradation, satisfactory bread structure, and
improved nutritional quality.
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These optimized processing conditions were subsequently confirmed experimentally
and served as the basis for selecting the formulation containing 100 g apple powder,
which provided the best overall balance between technological performance, nutritional
enhancement, and sensory acceptability.

The present study demonstrates that the quality of mechanically aerated yeast-free frozen
dough depends on the combined effects of formulation composition and processing conditions
rather than on any individual technological factor. In contrast to conventional yeast-leavened
frozen dough, whipped yeast-free systems lack a fermentation stage capable of restoring struc-
tural defects after thawing. Consequently, preservation of the gluten—starch—air matrix during
freezing and thawing becomes the principal determinant of dough stability and bread quality.

The rheological results obtained in this study confirm that freezing temperature and
whipping conditions play a decisive role in maintaining dough integrity. Samples pro-
cessed under intensive whipping and deep-freezing conditions exhibited higher elastic
deformation and viscosity indices together with lower starch retrogradation, indicating
improved resistance of the dough matrix to freeze-thaw damage. These findings agree
with recent reviews describing freezing-induced modifications of gluten proteins, includ-
ing partial depolymerization, redistribution of water, and weakening of intermolecular
interactions, all of which reduce dough elasticity during frozen storage [44,54,57]. Similarly,
Guo et al. [45] and Chen et al. [58] demonstrated that preservation of the gluten—starch
matrix largely depends on limiting structural disruption during ice crystal formation.

The beneficial effect of lower freezing temperatures observed in the present work is
consistent with previous studies showing that rapid freezing produces smaller ice crystals
and minimizes mechanical damage to gluten continuity [50,51]. In contrast, slow freezing
promotes water migration, larger ice crystals, and more extensive disruption of the protein
network, resulting in greater deterioration of the rheological properties after thawing [45,52].
The response surface models obtained in the present study support these mechanisms,
indicating that freezing temperature exerted the strongest influence on elastic deformation,
viscosity development, and starch retrogradation.

Microwave thawing also significantly influenced dough quality. The regression analysis
demonstrated that thawing time interacted with freezing temperature in determining starch
retrogradation and moisture retention. These observations are consistent with Yang et al. [48]
and Yang et al. [53], who reported that microwave thawing can effectively reduce thawing
time and limit moisture redistribution provided that the heating process is carefully controlled.
Excessive thawing, however, may accelerate local starch gelatinization and gluten weakening,
whereas insufficient thawing results in incomplete structural recovery before baking. The
present results indicate that thawing for approximately 4-6 min after deep freezing provided
the most favorable balance between structural preservation and technological performance.

Apple powder acted simultaneously as a source of dietary fiber and as a functional
ingredient modifying dough hydration. Moderate incorporation improved dough stability
after freeze-thaw treatment, whereas excessive enrichment gradually reduced structural
uniformity despite increasing nutritional value. This behavior is consistent with previous
reports describing the dual role of dietary fiber in wheat dough systems. Fiber components
reduce the mobility of free water and may stabilize frozen dough; however, they also
compete with gluten proteins for available water, thereby limiting gluten network develop-
ment when present at high concentrations [46,49]. Similar mechanisms have recently been
described for fruit-derived dietary fibers incorporated into wheat dough [55-57].

The present study also demonstrated that the technological response depended not
only on the amount of apple powder but also on its interaction with mechanical processing
conditions. Samples containing approximately 100 g apple powder showed the most balanced
combination of rheological stability, bread quality, and nutritional improvement. Higher
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incorporation levels further increased dietary fiber, vitamin C, and mineral contents but
simultaneously produced less homogeneous crumb structures. Similar observations have
been reported for bakery products enriched with fruit pomace or fruit fiber, where moderate
enrichment improved functional value while excessive addition reduced gas retention and
crumb regularity because of the partial disruption of gluten continuity [47,55,56].

An interesting observation of the present work is that bread prepared with 150 g
apple powder exhibited higher instrumental porosity and specific volume but visually
showed a less homogeneous crumb structure. This apparent contradiction can be explained
by differences in pore morphology rather than total pore volume. Instrumental porosity
reflects the total gas volume within the crumb, whereas visual assessment considers pore
size distribution and structural uniformity. Larger irregular pores separated by thicker
cell walls may increase the total porosity while simultaneously producing a denser visual
appearance. Similar discrepancies between instrumental and visual quality assessment
have been reported for fiber-enriched bakery products [47,55].

The nutritional analyses confirmed that apple powder substantially improved the
functional value of the bread through increased dietary fiber, vitamins, and mineral el-
ements. Although improvements in essential amino acid concentrations were relatively
modest, the enriched formulations demonstrated a gradual enhancement of overall protein
quality compared with the control bread. These findings support previous reports showing
that fruit-derived ingredients primarily contribute dietary fiber and micronutrients rather
than substantially modifying the amino acid balance of cereal-based products [47,55].

Overall, the present study demonstrates that the optimization of processing conditions
is as important as formulation design in mechanically aerated frozen dough systems. The
response surface methodology enabled a simultaneous evaluation of whipping intensity,
freezing temperature, and microwave thawing conditions, providing a comprehensive op-
timization strategy for frozen bakery products. Within the investigated processing domain,
the formulation containing 100 g apple powder combined with intensive whipping, deep
freezing, and controlled microwave thawing provided the most favorable balance between
rheological stability, technological performance, nutritional enhancement, and sensory quality.

Despite these promising results, several limitations should be acknowledged. The
experiments were performed under laboratory-scale conditions using one type of wheat
flour and a single apple powder preparation method. Future studies should investigate
the influence of apple cultivar, particle size distribution, industrial-scale processing, longer
frozen storage periods, and microstructural characterization by microscopic techniques to
further elucidate the mechanisms responsible for freeze-thaw stabilization in mechanically
aerated yeast-free dough systems.

4. Conclusions

This study demonstrated that the technological performance of mechanically aerated
yeast-free frozen dough is governed by the combined effects of formulation composition
and processing conditions rather than by individual technological factors. The application
of response surface methodology (RSM) made it possible to quantify the influence of
whipping speed, whipping time, freezing temperature, and microwave thawing duration
on the rheological, structural, physicochemical, nutritional, and sensory characteristics of
frozen dough systems.

The regression models showed that freezing temperature was the dominant process-
ing factor affecting dough elasticity, viscosity development, starch retrogradation, and
structural stability after freeze—thaw treatment. Deep freezing at —38 °C, combined with
controlled microwave thawing for 4 min, minimized structural deterioration of the gluten—
starch matrix and promoted better preservation of dough quality throughout frozen storage.
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Apple powder acted as a multifunctional ingredient by simultaneously improving
the nutritional value and modifying the technological behavior of the dough. Increasing
the apple powder level progressively enhanced the dietary fiber, vitamin C, and min-
eral contents; however, excessive incorporation adversely affected dough rheology and
crumb uniformity despite increasing instrumental porosity and specific volume. These
results demonstrate that nutritional enrichment and technological performance should be
optimized simultaneously when developing frozen bakery products.

Among the investigated formulations, bread containing 100 g apple powder provided
the most balanced combination of rheological stability, freeze—thaw resistance, physico-
chemical quality, nutritional enhancement, microbiological stability, and sensory accept-
ability. The optimum technological conditions identified by response surface analysis were
a whipping speed of 900 rpm, whipping time of 7 min, freezing temperature of —38 °C,
and microwave thawing for 4 min.

The novelty of this work lies in the integrated optimization of formulation and pro-
cessing variables for mechanically aerated yeast-free frozen dough systems using response
surface methodology. Unlike previous studies that mainly investigated conventional yeast-
leavened frozen dough or individual technological factors, the present work demonstrates
how mechanical aeration, freeze—thaw treatment, and apple powder incorporation interact
to determine dough functionality and bread quality.

The obtained results provide a scientific basis for the development of functional
frozen bakery products enriched with fruit-derived ingredients and may be applied in
the optimization of industrial frozen dough technologies. Future research should focus
on long-term frozen storage, microstructural characterization of the gluten—starch matrix,
antioxidant activity, nutrient bioavailability, and industrial-scale validation of the proposed
technological approach.
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