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Abstract
Background: Gluten-free diets are critical for individuals with celiac disease or gluten intolerance. However, most gluten-free breads often lack desirable sensory and nutritional qualities due to the absence of gluten. Enriching rice-based bread with soy flour presents a promising approach to improve its functional and sensory properties. Aim: This study aimed to develop gluten-free rice bread enriched with soy flour and evaluate its sensory attributes using hedonic tests, Quantitative Descriptive Analysis (QDA), Principal Component Analysis (PCA), and preference mapping, in order to identify formulations acceptable to consumers and nutritionally improved.
Methods: Four bread formulations were prepared: Sample A (100% rice flour), Sample B (95:5 rice-to-soy flour), Sample C (90:10 rice-to-soy flour), and Sample D (100% wheat, as control). Sensory evaluation was conducted using a 7-point scale by panelists. Data were analyzed using ANOVA (p < 0.05), PCA biplot, and preference mapping to explore patterns in sensory preferences. Results: Hedonic evaluation showed that Sample D (wheat bread) had the highest overall acceptability (6.44 ± 0.77), while Sample C was the most preferred among gluten-free samples (5.30 ± 1.39), driven by improved taste, aroma, and texture. QDA confirmed similar trends, with Sample C receiving significantly better scores for key sensory attributes compared to other rice-based variants. PCA revealed that the first two principal components explained 97% of the total variation, clearly separating the samples by their sensory characteristics. Preference mapping identified Sample C and D as the most favored, correlating closely with taste and aroma. These findings demonstrate the positive sensory impact of soy flour at 10% substitution.
Conclusion and Recommendations: Incorporating 10% soy flour into rice bread significantly improves sensory appeal, making it a viable gluten-free alternative with enhanced nutritional value due to soy’s protein and other functional food properties. Future research should focus on optimizing textural characteristics using natural improvers and validating consumer acceptance across wider populations. Education on soy’s health benefits could boost market penetration of such gluten-free formulations.
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1.0 INTRODUCTION
Bread is a staple food prepared from a dough of flour and water, usually by baking. Throughout recorded history, it has been a prominent food in large parts of the world (Collar, 2015; Garba et al, 2023). It is one of the oldest man-made foods, having been of significant importance since the dawn of agriculture, and plays an essential role in both religious rituals and secular culture. Bread is mainly used for breakfast by most people. Bread is commonly made up using wheat, rye, or barley (Sharma et al., 2020). These cereals grains contain a protein known as gluten (Kourkouta et al., 2017; Filatova et al., 2021). Gluten is associated with an autoimmune disorder known as celiac disease which is the result of an immune system response to the ingestion of gluten in susceptible persons (López et al., 2018; Cabanillas, 2020; Sharma et al., 2020). 

When a person with celiac disease consumes gluten, his/her immune system perceives gluten to be a harmful substance and reacts negatively (Catassi et al., 2015). This immune response to gluten damages the small intestine and leads to malabsorption of nutrients and related health issues (Lionetti et al., 2015) including the activation of stress, trauma, and viral infections. Roughly 10-20% of first-degree relatives of those with celiac disease have the condition triggered in their lifetime (Cosnes et al., 2008). This disease is permanent and damage to the small intestine occurs always when gluten is consumed, regardless of whether or not symptoms are present (Catassi et al., 2015; Lionetti et al., 2015). Celiac disease affects about 1 in 100 individuals worldwide. Although most patients remain undiagnosed as a result of variation in the severity and range of symptoms that a patient experience (Catassi et al., 2015).
 
The signs and symptoms of celiac disease can include: diarrhea, fatigue, weight loss, bloating and gas, abdominal pain, nausea and vomiting, constipation (Cabanillas, 2020; Sharma et al., 2020). Anemia, usually from iron deficiency, loss of bone density (osteoporosis) or softening of the bone (osteomalacia), itchy, blistery skin rash (dermatitis herpetiformis), mouth ulcers, headaches and fatigue, nervous system injury, including numbness and tingling in the feet and hands, possible problems with balance, and cognitive impairment, joint pain, reduced functioning of the spleen (hyposplenism) (López et al., 2018; Cabanillas, 2020; Sharma et al., 2020). 

The gluten free food stuffs are thus important, though those which have not been fortified, are poor sources of protein, iminerals and vitamins such as folate, thiamine, riboflavin, and niacin. Thus, enriched or fortified gluten-free products improve the quality of a gluten-free diet (Vici et al., 2016; Peñalver et al., 2023). Rice flour is readily available in Tanzania and many other parts of the world and is gluten-free hence it is potential in making gluten-free bread (Sumczynski et al., 2018; Verma et al., 2018). The challenge is that, rice has a very low amount of protein hence enriching it with soy flour increases the protein content in the gluten-free rice bread (Taghdir et al., 2017). Despite rice being gluten-free, also it contains iron, fat, cholesterol, sodium, potassium, protein, carbohydrates, potassium, Vitamin B-6 and choline (Bhosale and Vijayalakshmi, 2015; Sumczynski et al., 2018; Verma et al., 2018).

Soy flour could be an essential part of functional foods, as well as it could be used for the enhancement of product quality (Ahmad et al., 2014). Soy flour also contains up to 45% protein (Taghdir et al., 2017) with a digestibility value of 91.41% (Zhao et al., 2014) and is a good source of vitamins and mineral supplies adequate amount of different amino acids required for repairing the damaged body tissues. Soy consumption is associated with a decrease in certain diseases including diabetes, atherosclerosis, and cancer (Ahmad et al., 2014). Soy flour proteins include all the essential amino acids that are important for health. Soy flour protein is about four times wheat, six times rice grain and it is also rich in Ca, P, and Vitamins A, B, C, and D. Soy flour has been used to improve the protein quality of bread (Taghdir et al., 2017).

To overcome health problems associated with consumption of bread containing gluten and to provide nutritious bread, the bread can be made using flour from gluten free grains. In this study gluten free bread was formulated from rice flour enriched with gluten-free soy flour and the sensory evaluation was done to evaluate its acceptability to consumers. 

2.0 MATERIALAND METHODS

2.1 Description of the study area and period
The study was conducted at the Sokoine University of Agriculture located in Morogoro, Tanzania. The flour for bread formulation were collected at Sokoine University Graduate Entrepreneurs Cooperative (SUGECO) while other ingredients were purchased from Kingalu Morogoro municipal market. Sample formulation and sensory analysis was done in the Department of Food Science, Nutrition, and Consumer Sciences laboratory of Sokoine University of Agriculture (SUA), Morogoro, Tanzania. The study was conducted for period of 4 months starting in April 2021 to July 2021.

2.2 Study design
This study employed an experimental research design to develop and evaluate the sensory quality of gluten-free bread formulated by partially substituting rice flour with soy flour at different levels. Four bread samples were prepared: 100% rice flour (Sample A), rice flour with 5% soy bean flour (Sample B), rice flour with 10% soy bean flour (Sample C), and 100% wheat flour as a control (Sample D). The sensory analysis techniques were used to evaluate the sample acceptability.
2.3 Ingreients
The bread was made from rice flour and soy flour with the following ingredients salt, sugar, baking powder, bicarbonate of soda (baking soda), yeast, cooking oil. Also, the wheat flour which is commonly used in making breads was purchased for making bread to be used for comparison during sensory evaluation.

2.4 Bread Development
Figure 1 represent the steps employed in bread development. The preparation started by weighing all ingredients. The varying proportions (% by mass) of rice flour and soy flour were made. Flour proportions included, rice flour: soy flour (95:5, 90:10 and 100: 0).  The reference sample was made from wheat flour. Other ingredients were added according to recommended Baker's percentage. The following step was the preparation of the mixture according to the specified sequence, the dry ingredients were added first, then water was added. After homogenization, 420g of bread dough was transferred to a greased baking pan. Dough rising was observed every 10 minutes to define the fermentation stage. The baking process was carried out in an electric oven at temperature of 180 degrees celsius for around 40 minutes. The baked bread was cooled down at room temperature for two hours and then sliced and wrapped up in polystyrene bags (Naqash et al., 2017).
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Figure 1: Steps for bread developement (flow diagram)


2.5 Sensory evaluation of developed bread
2.5.1 Quantitative descriptive analyis (QDA) of sensory attributes of formulated bread
Before actual sensory evaluation, fourteen panelists were exposed to 1hour training sessions on 2 consecutive days in order to develop a clear deﬁnition for each attribute identiﬁed for the different sample. Panelists each received a representative sample of the bread and were trained to increase their sensitivity and ability to discriminate between the sensory attributes of the different bread samples. Descriptors and lexicon of the characteristics of four different bread samples were developed by the panelists (Stone et al., 2012). Major sensory attributes to be assessed were color, aroma, taste, texture, chewability, and overall acceptability. The overall quality rating was measured with a scale of 1 to 7, where 1 =Very low, 2 =moderately low, 3 = slightly low, 4= neither low nor high, 5 = slightly high, 6 =moderately high, and 7=very high (Stone et al., 2012).
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2.5.2 Acceptability (hedonic) of sensory attributes of formulated bread
Sensory evaluation of bread was done whereby four coded samples were provided in which two was gluten-free rice bread enriched with soy flour varying ratio rice flour to soy flour including, 95:5 and 90:10, and the remaining two bread samples one having rice flour only and the other as a control sample (wheat bread), was served to 70 panelists. Panelists were assessing color, aroma, taste, texture, chewability, and overall acceptability. The order of presentation of the sample to panelist was randomized coded samples with three digit number. Pure drinking water was provided to rinse the mouth during evaluation. The degree of liking to the samples was under a hedonic scale of 7 points, where 1 = strongly disliked, 2 =moderately disliked, 3= slightly disliked, 4= neither like nor dislike, 5 = slightly liked, 6 =moderately liked, and 7 =strongly liked as explained by Tadesse et al., (2019).
2.6 Data analysis
The qualitative and quantitative data were carried out. Data were coded and analysed by using Microsoft excel 2013, SPSS version 20 and R software version 4.1.3. The descriptive statistics (mean, standard deviation) were computed. The mean score of different bread characteristics were compared by using one-way ANOVA where the statistical difference was considered at p ˂ 0.05. The PCA bi-plot and correlation loading plot were used to view the association of sensory attributes. 


3.0 RESULTS AND DISCUSSION
3.1 Quantitative descriptive analyis (QDA) of sensory attributes of formulated bread
Table 2 indicates results for sensory attributes such as color, taste, aroma, texture, and chewability of the four bread samples (Sample A: 100% rice flour, Sample B: 95:5 rice: soy flour, Sample C: 90:10 rice: soy flour, and Sample D: 100% wheat flour control).

3.1.1 Colour
Sample A (100% rice flour) received the highest score for color (6.64 ± 0.74), followed by Samples B (5.86 ± 0.77) and C (5.79 ± 1.12), which showed no significant differences in their color scores. Sample D (100% wheat flour control) scored 5.86 ± 1.03. Significant differences were found between Sample A and others (p < 0.05). Rice flour-based bread generally has a lighter, brighter appearance. This is probably due to rice flour's lack of natural pigments compared to the color contributed by the bran and germ in wheat flour, or the soy flour itself (Heberle et al., 2022). 
3.1.2 Taste and Aroma
Taste scores were almost similar between Samples A (6.00 ± 1.07), B (6.07 ± 0.68), and C (6.07 ± 1.21), with no significant differences observed (p ≥ 0.05). Sample D (5.36 ± 0.93) had the lowest score, indicating a less favorable taste. The addition of soy flour in Samples B, and C improved the overall taste of the bread, likely due to the nutty, umami notes imparted by soy (Mujtaba et al., 2022). Wheat bread, by contrast, has a more neutral flavor, which might be less preferred in comparison to the enhanced taste of the soy-enriched gluten-free breads. This is consistent with the results of Celi et al. (2020), which highlighted that soy flour contributes to a richer flavor profile in gluten-free bread.
With regards to aroma, sSample B (6.29±0.47) and Sample C (6.29±1.50) had the highest aroma scores, significantly higher than Sample D (4.36 ± 2.06) (p < 0.05). The addition of soy flour in Samples B and C likely contributed to their higher aroma scores. Soy flour contains aromatic compounds that improve the bread's smell, which is important for overall sensory acceptance (Sivam et al., 2022). The lower aroma score for Sample D suggests that wheat flour, although aromatic, may not be as complex or preferred in this context. The aroma of rice flour-based products is often mild, which could explain the relatively lower scores for Sample A (5.64±0.91).
3.1.3 Taste and Aroma
Taste evaluation revealed comparable scores among gluten-free samples: Sample A (6.00 ± 1.07), Sample B (6.07 ± 0.68), and Sample C (6.07 ± 1.21), with no statistically significant differences (p ≥ 0.05). Notably, Sample D (5.36 ± 0.93), made from wheat flour, had the lowest taste rating. The improved taste in soy-enriched samples (B and C) can be attributed to the contribution of soy flour’s naturally occurring umami, nutty, and beany notes, which enhance flavor complexity (Simonato, 2021).  Improved flavor richness in gluten-free products supplemented with legume flours such as soy. In contrast, wheat flour has a relatively bland flavor profile that may not stimulate the same level of taste satisfaction in the absence of flavor enhancers. Furthermore, partial substitution with soy flour has been shown to increase Maillard reaction products during baking, enhancing crust flavor and depth of taste (Zhang et al., 2012; Culetu et al., 2021, Jeong et al., 2021; Cakir et al., 2025)
Regarding aroma, Sample B (6.29 ± 0.47) and Sample C (6.29 ± 1.50) received the highest aroma scores, significantly outperforming Sample D (4.36 ± 2.06) (p < 0.05). The presence of soy flour in these samples likely elevated aromatic intensity due to its rich content of volatile compounds such as aldehydes, alcohols, and ketones that develop during thermal processing (Lu et al., 2023; Yang et al., 2023). These compounds contribute to a more appealing and complex aroma profile, which is crucial for consumer acceptance. Sample A (5.64 ± 0.91), composed solely of rice flour, exhibited a lower aroma score, likely due to rice flour’s limited volatile compound profile and relatively mild smell. The lower score for the wheat-based sample (Sample D) suggests that while wheat flour has a familiar aroma, it may lack the sensory excitement introduced by soy flour’s enhanced aromatic properties, especially when compared within a gluten-free context (Culetu et al., 2021, Jeong et al., 2021).
3.1.4 Texture and Chewability
The texture of gluten-free bread samples improved with increasing levels of soy flour substitution, rising from 4.29 ± 2.28 in the 5% soy formulation (Sample B) to 5.07 ± 1.49 in the 10% soy formulation (Sample C). Notably, Sample A (100% rice flour) achieved the highest texture score among all samples, outperforming both soy-enriched and wheat-based breads (p < 0.05) (Table 1). This suggests that rice flour, despite lacking gluten, may contribute to a more cohesive and acceptable crumb structure under specific formulation conditions. Among the soy-containing breads, the higher score for Sample C compared to Sample B reflects the beneficial effect of soy proteins in improving crumb softness and moisture retention. Conversely, the wheat bread (Sample D) had the lowest texture score, possibly due to its firmer crust or denser crumb, which might be less favorable in the sensory context of this study. These observations align with findings by Hager et al. (2012), who demonstrated that gluten-free breads made from various flours, including rice and soy, can achieve desirable texture profiles through careful formulation and processing techniques.

On the other hand, chewability scores of gluten-free bread samples decreased with increasing in the substitution of soybean flour. With respect to soy flour enriched breads, sample B had higher score than sample C. The score for chewability was very high for sample A (6.64±0.63) compared to other samples. There was no significant difference in chewability score among sampes B, C and D (p ˃ 0.05) (Table 1).

Table 1: Sensory evaluation data for quantitative descriptive analysis (QDA)
	SAMPLES
	Colour
	Taste
	Aroma
	Texture
	Chewability

	A
	6.64±0.74a
	6.00±1.07a
	5.64±0.91ab
	6.71±0.47a
	6.64±0.63a

	B
	5.86±0.77b
	6.07±0.68a
	6.29±0.47b
	4.29±2.28b
	5.00±1.57b

	C
	5.79±1.12b
	6.07±1.21a
	6.29±1.50b
	5.07±1.49b
	4.79 ±1.42b

	D
	5.86±1.03b
	5.36±0.93a
	4.36±2.06c
	4.21±1.31b
	4.71±0.91b


 Note: Values are presented as mean ± standard deviation. Means in the same column with different superscript letters (a, b, c) are significantly different (p < 0.05)

3.2 Acceptability (hedonic) of sensory attributes of developed bread
Table 2 revealed that, overall acceptability was highest for Sample D (6.44 ± 0.77), but among the gluten-free samples, Sample C (5.30 ± 1.39) received the highest rating. There was significance difference in overall acceptability sample D, C and the rest of the samples (p ˂ 0.05). The favorable sensory attributes of Sample C (especially in taste, aroma and texture) likely contributed to its higher overall acceptability, despite the control wheat sample being more preferred overall. This indicates that, although the wheat-based bread was superior, the inclusion of soy flour in rice flour formulations provides a more acceptable alternative for gluten-sensitive consumers. The increase in overall acceptability with the 90:10 rice-to-soy flour blend highlights the potential for developing more palatable gluten-free options for individuals with celiac disease.
The superior overall acceptability of Sample C (90:10 rice-to-soy flour blend) among gluten-free breads can be attributed to the synergistic enhancement of sensory attributes such as taste, aroma, and texture. Soy flour contributes essential amino acids and lipids, which not only improve the nutritional profile but also enhance the flavor and mouthfeel of the bread. This aligns with findings by Taghdir et al., (2017), who reported that incorporating 10–15% soy bean flour into gluten-free bread formulations significantly improved sensory characteristics, particularly taste and texture. Furthermore, Some studies has demonstrated that soy-enriched gluten-free bread not only enhanced sensory attributes but also increased the amino acid content, contributing to both taste and nutritional value (Taghdir et al., 2017; Nakatani and Tanaka, 2023). These findings collectively suggest that soy flour incorporation is a promising strategy for developing gluten-free breads with improved sensory and nutritional profiles.
Table 2: The degree of liking of the bread samples
	SAMPLES
	  Color
	
	Taste
	Aroma
	Texture
	Chewability
	Overall acceptability

	A
	 .27±1.44a
	
	4.96±1.80a
	4.67±1.93a
	4.37±2.15a
	4.47±2.08a
	5.11±1.61a

	B
	4.94±1.39b
	
	5.00±1.52b
	4.74±1.71b
	4.31±1.64b
	4.50±1.67b
	4.93±1.43a

	C
	5.31±1.38b
	
	5.41±1.50b
	5.84±1.68b
	4.71±1.81b
	4.89±1.64b
	5.30±1.39b

	D
	6.66±0.63c
	
	5.87±1.53c
	6.21±0.81c
	6.54±0.74c
	6.41±0.91c
	6.44±0.77c


Note: Values are presented as mean ± standard deviation. Means in the same column with different superscript letters (a, b, c) are significantly different (p < 0.05))

3.3 Principle Component Analysis (PCA) of Samples
The biplot indicates the PCA results (figure 2). The first two principal components explained 97% of the total variance. The first principal component (PC1) accounted for 74% of the total variance and the second principle component (PC2) accounted for 23%.  Rice bread and wheat bread as indicated in figure 3 by number 1 and 2 respectively were similar, in terms of texture, chewability and color although there was a slight a difference among them. At the same time rice bread with 5% soy flour and rice bread with 10% soy flour as represented by 3 and 4 respectively were similar in terms of aroma and taste despite having different scores.
This observation aligns with findings by Taghdir et al., (2017), who reported that incorporating soy flour into gluten-free bread formulations improved textural properties, making them more comparable to wheat bread. Additionally, the grouping of rice bread with 5% and 10% soy flour (Samples 3 and 4) in terms of aroma and taste indicates that soy flour enrichment enhances these sensory attributes, as supported by the study's sensory evaluations (Pokharel et al., 2023).
Comparative studies further corroborate these findings. For instance, Iwamura et al., (2022) utilized rapid sensory methodologies to profile gluten-free breads made with alternative flours, noting that specific flour combinations influenced aroma and taste profiles significantly . Similarly, a study by Ronie et al., (2023) on gluten-free rice bread supplemented with potato starch found that certain formulations closely resembled wheat bread in sensory attributes, particularly texture and moisture content. These studies underscore the potential of ingredient modifications, like soy flour enrichment, to enhance the sensory qualities of gluten-free breads, making them more acceptable to consumers seeking alternatives to wheat-based products.
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 Figure 2: PCA biplot for samples and their sensory attributes

3.4 Preference mapping
The X & Y correlation loadings plot (preference mapping) displays how consumer preferences (individuals coded as C1, C2, etc.) relate to sensory attributes and products (e.g., 100% rice bread, 90:10 soy-rice bread) (Figure 3). This method visually combines Principal Component Analysis (PCA) with consumer liking scores to uncover drivers of preference and product segmentation (Ares & Jaeger, 2015). Component 1 (X) explains 54% of the variance, and Component 2 (Y) explains 29%, totaling 83%, which is a robust cumulative variance explanation in sensory science (Delarue et al., 2021). Sensory attributes like texture, chewability, and color cluster on the left side of the plot, while taste and aroma are located on the lower left quadrant.Products (e.g., “100% wheat bread,” “90:10 bread,” etc.) and consumer data points (C1–C69) are plotted to show preference proximity. 
Consumers positioned near wheat and 90:10 soy-enriched bread (Sample C) show strong preference for aroma and taste, indicating these are primary drivers of acceptance among a majority of panelists. Consumers near the 100% rice sample (Sample A) appear more influenced by texture and chewability, suggesting a smaller group values physical structure over flavor intensity. Taste and aroma drive preference for soy-enriched and wheat bread, reflecting typical flavor-enhancement attributed to soy flour’s Maillard products during baking (Ribeiro et al., 2022). Texture and chewability are positively associated with 100% rice-based bread, likely due to its structural integrity and cohesive crumb (Gómez et al., 2021), but not as strong a driver of overall liking.
Preference mapping enables identification of consumer segments with distinct sensory expectations (Varela and Ares, 2012). In our case, Sample D (wheat) and Sample C (90:10 soy-rice) appeal to a broader segment probably due to enhanced aroma and taste, which are critical to consumer acceptance of gluten-free products. Soy addition enhances volatile compound production during baking, contributing to aroma complexity, while rice flour contributes positively to structure and mouthfeel but may lack flavor depth. These findings confirm the dual importance of flavor and texture in gluten-free product development and align with global consumer trends demanding nutritious but palatable alternatives (Ziobro et al., 2016: Diez-Simon et al., 2020).  
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Figure 3: Correlation loading plot





4.0 CONCULSION AND RECOMMENDATINS
Conclusively, this study confirms that enriching rice-based gluten-free bread with soy flour improves sensory appeal, particularly when using a 90:10 rice-to-soy flour blend (Sample C). This formulation was the most preferred among the gluten-free soy enriched options, primarily due to its enhanced taste and aroma sensory attributes identified as key drivers of acceptability through both QDA and preference mapping analyses. Although the wheat flour control (Sample D) generally scored highest overall acceptability across all sensory parameters, Sample C closely approached its performance, offering a promising gluten-free alternative with favorable sensory and nutritional profiles. Multivariate analysis using PCA further reinforced these findings by distinguishing the trade-offs between texture-related and flavor-related attributes across samples. While texture and chewability were more prominent in the 100% rice sample (Sample A), overall consumer preference leaned toward samples with superior flavor (taste and aroma) characteristics. Based on these findings, it is recommended that future formulation efforts focus on optimizing flavor and texture through the inclusion of functional ingredients such as hydrocolloids or natural enzymes and more variation in proportion of rice: soy flour ratios. Additionally, communicating the nutritional advantages of soy-enriched gluten-free products particularly their protein and isoflavone content could further improve consumer perception and marketability. With these improvements, rice soy composite breads stand as a viable and healthier alternative to conventional wheat breads for gluten-sensitive populations.
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