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Abstract: Fat replacers contribute to obesity prevention; however, they have limitations in fully
replicating the texture and flavor of fat. This study aimed to determine the optimal combination of
fat replacers that best mimic the characteristics of butter-based madeleines (control, CON) using a
mixture design. Within a 50% replacement range, maltodextrin (MD), whey protein isolate (WPI),
and medium-chain triglycerides (MCT) were incorporated in single, binary, and ternary
combinations. Physicochemical properties, including pH, crust color, and texture profile analysis,
were evaluated, and consumer acceptance testing was conducted with 55 subjects to assess liking
scores and drivers of (dis)liking. Multiple factor analysis revealed that samples containing WPI were
drier and firmer, whereas those with MD exhibited higher moisture and stickiness. Among the tested
formulations, MD+MCT and MD+WPI+MCT were the most similar to the CON in terms of
physicochemical properties, consumer acceptance, and drivers of (dis)liking, characterized by
desirable softness and crispiness. These findings suggest that a strategic combination of
carbohydrate-, protein-, and fat-based replacers can effectively replicate the physicochemical and
sensory properties of full-fat madeleines, offering a viable approach for fat reduction in baked
products without compromising consumer acceptance.

Keywords: maltodextrin; WPL; MCT; fat replacer; madeleines; physicochemical properties; consumer
acceptance; drivers of liking

1. Introduction

Obesity and overweight occur due to an imbalance between energy intake (diet) and energy
expenditure (physical activity). High-fat diets are associated with an increased risk of obesity, which
in turn elevates the risk of various chronic diseases [1]. In particular, the fat consumed in snacks
contributes to excessive energy intake, promoting weight gain. While reducing fat intake is an
important strategy for addressing obesity, such reductions may not be well accepted by consumers
due to a potential decrease in the sensory quality, such as texture and flavor, of food products.
Therefore, the use of fat replacers to reduce the fat content in foods offers the potential to lower the
caloric content, which can significantly affect health maintenance by altering the energy density of
specific foods [2].

Fat replacers provide some or all of the functions of fat while producing fewer calories. These
ingredients mimic the physicochemical and sensory properties of fats in food. Fat replacers are
typically categorized into three groups based on their composition: carbohydrate-based, protein-
based, and fat-based [3]. Carbohydrate-based fat replacers include dextrin, modified starch, cellulose,
fruit-based fibers, hydrocolloid gums, maltodextrin, pectin, and polydextrose. These replacers
primarily absorb water and form gels, typically providing only 1-2 kcal/g. Protein-based fat replacers,
such as microparticulate protein and modified whey protein concentrate, provide a creamy texture
similar to fat, offering 1-4 kcal/g. Fat-based replacers, like altered triglycerides and sucrose polyester,
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contain short-, medium-, and long-chain fatty acids randomly distributed on a glycerol backbone,
and provide 5 kcal/g. Most fat-based replacers are heat-stable and versatile in use [2,3].

In this study, maltodextrin, whey protein isolate (WPI), and medium-chain triglycerides (MCT)
were selected as fat replacers. Madeleines were chosen as the application model due to their relatively
high fat content compared to other baked products. Maltodextrin has been shown to reduce overall
quality when replacing more than 60% of fat, with 70-80% substitution leading to undesirable
stickiness and unacceptable cake texture. Additionally, complete fat replacement (100%) significantly
reduces consumer acceptance in baked products, suggesting that full-fat replacement is not
recommended [4,5]. Substituting 12.5-25% of fat with WPI causes minimal changes in dough density,
volume, texture, crystallinity, and sensory characteristics. However, replacing more than 80% of fat
with WPI leads to an increase in cake volume, but the cake becomes heavier and firmer due to the
heat-induced coagulation of WPI, rather than remaining soft [6,7]. For MCT, a 33% substitution is
considered optimal, while complete fat replacement (100%) results in a less oily or moist texture,
which could lead to consumer rejection [8]. Reduced-fat cookies made with blended carbohydrate-
or protein-based fat replacers have been reported to exhibit superior textural properties compared to
full-fat versions [9].

As evidenced by previous studies, fat contributes significantly to the flavor and texture of most
foods [2], particularly in baked products, fat substitution has a greater impact on texture than
substituting sugar or flour [9,10]. The studies mentioned above utilized either single fat replacers or
binary mixtures and thus did not compare the effects of triple blends. To cater to a diverse consumer
base, it is essential to evaluate the effects of fat replacers based on their composition and the combined
effects of blended replacers. This approach will allow for the optimization of product quality,
ensuring that physicochemical and sensory characteristics resemble those of full-fat foods. Therefore,
in this study, maltodextrin, WPL, and MCT were used as carbohydrate-based, protein-based, and fat-
based fat replacers, respectively. The effects of single, double, and triple blends of these replacers on
the characteristics of madeleines were investigated.

2. Materials and Methods
2.1. Meaterials

The ingredients used in this study were as follows: butter (Anchor Butter, Fonterra, New
Zealand), flour (Soft Flour, CJ CheilJedang, Korea), eggs (Healthy Eggs, Pulmuone, Korea), sugar
(White Sugar, CJ CheilJedang, Korea), baking powder (Good Baking Powder, Bread Garden, Korea),
lemon juice (Squeezed Lemon, Solimon, Spain), salt (Sea Salt, Chungjungone, Korea), maltodextrin
(Nutricost, UT, USA), WPI (Marron Foods, NY, USA), and MCT (Bioriginal, Canada). Maltodextrin
(MD) and whey protein isolated (WPI) were hydrated at concentrations of 20% and 30%, respectively,
to form gels that exhibited rheological properties similar to those of fat [9,11].

2.2. Sample Preparation

Madeleines were prepared according to the formulation recommended by the Human Resources
Development Service of Korea (HRDK) for craftsman confectionary making. Cristina M. Rosell (2022)
recommended replacing 35-65% of fat with fat replacers in baked products [12]. Based on this
recommendation, preliminary experiments were conducted, and a 50% replacement level was
identified to be optimal for maintaining the structure of madeleines. The proportions of MD, WP],
and MCT were determined using a mixture design, specifically a second-degree simplex lattice
design, with a total fat replacer content of 25g (Table 1).
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Table 1. Formulation of madeleines with fat replacers in a mixture design "
Base Ingredients Fat and Fat Replacers?
1 - :
Samples Flour Sugar Egg Baking LlII.IOI‘l Salt Butter MD WPI  MCT
Powder Juice

CON 50 0 0 0

MD 25 25 0 0

WPI 25 0 25 0

MCT 25 0 0 25

MD+WPI 30 >0 50 2 ! 05 25 12.5 12.5 0
MD+MCT 25 12.5 0 12.5
WPI+MCT 25 0 12.5 12.5
MD+WPI+MCT 25 8.33 8.33 8.33

1 All values are expressed in grams (g) 2 MD, WPI, and MCT represent maltodextrin, whey protein isolate, and
medium-chain triglyceride, respectively.

Flour and baking powder were sifted, and butter was melted using a double boiler. Eggs were
beaten using a whisk and mixed with sugar and salt to prevent clumping. After thorough mixing, the
sifted flour was added, followed by lemon juice, melted butter, and fat replacers. The dough was
placed into madeleine molds in 20g portions, then baked at 180°C for 15 minutes in a preheated oven
(Gas Oven Range, SK magic, Korea). After baking, the madeleines were cooled at room temperature
for 1 hour before being used in experiments. This process was repeated three times for each sample.

2.3. Physicochemical Properties
23.1.pH

The pH of the samples was measured in triplicate using a pH meter (Orion Star™ A211 pH
Benchtop Meter, Thermo Fisher Scientific, MA, USA). A 5 g portion of the sample, ground using a
blender (HR2041, Philips, Netherlands), was mixed with 45 mL of distilled water. The mixture was
then agitated for 5 minutes at 140 rpm using a stirrer (KA-11-98, Korea Ace, Korea). After shaking,
the sample was filtered through a paper filter (VCF-01-100W, Hario, Japan), and the filtrate was
collected for pH measurement.

2.3.2. Crust Color

The crust color of the samples was measured for lightness (L), redness (a), and yellowness (b) in
triplicate using a Spectrophotometer (YS3060 Grating, Shenzhen 3nh Technology, China). The
standard white plate values for L, a, and b were 97.21, 0.01, and 0.27, respectively.

2.3.3. Moisture Content

The moisture content of samples was measured in triplicate according to American Association
of Cereal Chemists (AACC) Method 44-15A using a dry oven (J-300M, Jisco, Korea).

2.3.4. Texture Profile Analysis

The texture profile analysis (TPA) of the samples was conducted using a texture analyzer
(TA.XTExpressC, Stable Micro Systems, England). Hardness, cohesiveness, springiness, and
chewiness were determined from the force-time curves obtained from two-bite compressions. The
samples were cut into 2 x 2 x 2 cm pieces for analysis, and the analysis conditions were as follows:
Pre-test speed: 3.0 mm/s, Test speed: 1.0 mm/s, Post-test speed: 1.0 mm/s, Strain: 30.0%, Time: 3.0 s,
Trigger Force: 4.0 g. TPA measurements were repeated five times, and the values were analyzed after
excluding the minimum and maximum hardness values.
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2.4. Consumer Accpetnace Test

2.4.1. Subjects

A total of 55 consumers participated in this study, consisting of 6 males (10.9%) and 49 females
(89.1%), with an average age of 21.0 + 2.4 years. Subjects were recruited through an advertisement
posted on an online platform. The study was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the Ethics Committee of CUK-IRB (1040395-202309-16)
on September 15, 2023. All subjects voluntarily agreed to take part in the study and provided
informed consent before participation.

2.4.2. Sample Preparation and Presentation

The samples were cut in half along their longer side and presented in disposable dishes (100 mm,
Cleanlab, Korea) labeled with a random three-digit number. The order of sample presentation was
arranged using a William Latin-square design to minimize contrast effects [13]. A sequential monadic
order was used for sample evaluation [14], and water (ICIS 8.0, Lotte Chilsung Beverage, Korea) was
provided between samples to prevent carry-over effects.

2.4.3. Test Procedure

The subjects evaluated overall, appearance, odor, taste/flavor, and texture liking using a 9-point
hedonic scale (1 = extremely dislike, 5 = neither like nor dislike, 9 = extremely like) after tasting the
samples [15]. They also freely described the drivers of liking and disliking of each sample through
open-ended questions [16]. Following the sensory evaluation, subjects completed a questionnaire on
their baked product consumption habits (frequency, consumption context, and concerns) and their
perceptions of fat replacers, including their awareness, interest, and willingness to consume them.
The consumer test was conducted in individual booths and took approximately 30 minutes to
complete.

2.5. Statistical Analysis

Analysis of variance (ANOVA) was performed to examine differences in pH, crust color (L, a,
and b), moisture content, TPA parameters, and liking score among the samples. When a significant
effect was observed at the 5% significance level, Duncan’s multiple range test was conducted as a
post-hoc analysis to compare the mean values between samples.

The open-ended questions were analyzed qualitatively. Similar terms mentioned as drivers of
(dis) liking were categorized into representative terms. Textural analysis was performed to identify
drivers of (dis) liking that were mentioned with a frequency of 10% or higher, or those that had
significantly higher observed values than expected values based on the chi-square per cell test.
Additionally, correspondence analysis (CA) was conducted to visually summarize the relationship
between the samples and the drivers of (dis) liking.

Multiple factors analysis (MFA) was used to analyze the relationship between the
physicochemical properties, liking scores, and drivers of (dis) liking, with fat replacer content treated
as a supplementary variable. To further classify the samples based on the MFA results, hierarchical
clustering on principle component analysis (HCPC) was applied.

All data analyses were conducted using SPSS software (IBM SPSS Statistics, IBM Corp., NY, USA)
and FactoMineR [17] in R-Studio.

3. Results and Discussion

3.1. Physicochemical Properties

The results of pH, crust color, and moisture content of the samples are shown in Table 2. The
pH values of the MD, MPI, and MD+MPI samples were lower than those of the CON sample, while

d0i:10.20944/preprints202502.0468.v1
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the pH values of the MCT and MCT-contianing samples (MD+MCT, WPI+MCT) were significantly
higher.

For crust color, significant differences were observed in the L and a values between the samples,
but no significant differences were found for the b value. The browning of baked products, which
results from the Maillard reaction and caramelization, is mainly reflected in the L value [11,18]. The
L value was lower in the MD-containing samples, likely because the reducing sugars in maltodextirn
participate in the Maillard reaction with amino compounds, darkening the color [19]. In contrast, the
L values were higher in the WPI, MCT, and WPI+MCT samples. WPI, which is white, and MCT,
which is colorless, replaced the carotenoid-based pigments found in butter, resulting in a relatively
ligher color in these samples [20]. This finding aligns with Chung [21]’s study, which showed that
increasing the proportion of whey protein concentrate in muffins significantly lightened their color.

Moisture content was higher in the MD-containing samples (31.7-38.5%), with moisture content
tending to increase as the proportion of MD added increased. MD acts as a hygroscopic agent [22],
and this finding is consistent with Colla and Gamlath [23]’s research, which showed that moisture
content increased significantly with higher levels of MD in baked savory legume snacks. On the other
hand, the WPI, MCT, and WPI+MCT samples had lower moisture content (26.0-29.6%). The strong
water-holding capacity of WPI contributes to the firming of air cells during heating, but it reduces its
ability to retain moisutre, leading to a decrease in moisture content with higher WPI levels [6].
Additionally, in the MCT-containing samples, larger pore sizes seem to have resulted in decreased
moisture content. Fat reduces the permeability of cell walls to gases, leading to greater expantion,
and consequently, the formation of larger holes and a more porous structure [24,25].

Table 2. Mean * SD of pH, crust color, and moisture content in madeleine samples.

Samples pH™ Crust Color Moisture
L a” b Content” (%)
CON 8.6110.14%2 44.0%4.25¢%b¢ 10.7£0.47¢ 36.7£2.62 34.7+1.362°
MD 8.47+0.18b¢ 41.2+3.16¢ 11.0+0.26bc 34.9+£5.12 38.5+3.522
WPI 8.27+0.10¢ 50.1+4.622 12.0+0.582 43.616.20 29.630,24bcd
MCT 8.94+0.122 49.1+1.874 10.6£0.24¢ 40.2+3.33 27.4+2,73%
MD+WPI 8.37+0.09¢ 42.8+3.56b¢ 11.7+0.552b 36.5+2.27 36.6+3.26%
MD+MCT 8.631£0.11b 42.4+6.27bc 10.9+0.21bc 34.5£5.95 31.7+2.80abed
WPI+MCT 8.63+0.11° 48.9+1.142b 11.3+0.31bc 41.6x2.84 26.0+9.25¢
MD+WPI+MCT 8.48+0.10p¢ 42.7+2.69bc 11.0+0.32bc 37.4+2.67 32.1+4.458bcd

17", and ™ represent significant differences at p<0.05, p<0.01, and p<0.001, respectively. 2 Different letters indicate

significant differences between samples at p<0.05.

The TPA results of the samples are presented in Table 3. Significant differences were observed
in hardness, cohesiveness, and chewiness between the samples, except for springiness. The MD
sample showed the lowest hardness value, likely due to its higher moisture content, which reduced
its hardness [5]. In contrast, the WPI samples exhibited a higher hardness level, which aligns with the
findings of Kim [6], where an increase in WPI content led to a significant increase in the hardness of
cakes. Chewiness, closely related to hardness, showed a similar trend to hardness [26]. All samples
with fat replacers had significantly higher cohesiveness than the CON sample, due to the reduction
in total fat content. Gluten in flour helps with moisture absorption, cohesiveness, viscosity, and
elasticity in dough [27], while fat disrupts the continuity of protein and starch structures, preventing
gluten formation and acting as a shortening agent [25].
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Table 3. Mean * SD of texture profile analysis in madeleine samples.
Samples Hardness™™ Cohesiveness™ Springiness Chewiness™

CON 159+20.892 0.54+0.04¢ 0.80+0.03 68.1+4.43cde

MD 98.9+10.4°¢ 0.62+0.01°¢ 0.91+0.04 55.2+3.59¢

WPI 169+37.5° 0.660.0420c 0.86%0.02 95.3+17.4°
MCT 107+8.2°¢ 0.69+0.0220 0.86£0.05 63.9+0.70%
MD+WPI 319+26.82 0.67+0.0120 0.850.03 183.3+22.02
MD+MCT 159+11.9° 0.65+0.01b¢ 0.850.03 88.0+5.19bc
WPI+MCT 118+22.8¢ 0.71+0.032 0.86+0.03 71.3+10.8¢de
MD+WPI+MCT 137+21.4b¢ 0.70+£0.012 0.85%0.02 81.5+11.0bed

17, ", and ™" represent significant differences at p<0.05, p<0.01, and p<0.001, respectively. 2 Different letters indicate

significant differences between samples at p<0.05.

3.2. Consumer Acceptance Test
3.2.1. Consumer Acceptance and Drivers of (dis) Liking

The samples had a significant effect on overall, taste/flavor, and texture liking, while no
significant differences were observed for appearance and odor liking (Table 4). The MD+WPI+MCT
sample received the highest liking scores, followed by MD+MCT and CON, which showed similar
levels of liking. In contrast, the MD and WPI samples had the lowest overall liking scores. Overall,
samples with a single fat replacer had lower liking scores compared to those with two or more
components. However, the MCT sample showed no significant differences from the CON sample,
suggesting that MCT contribute to maintaining consumer acceptance. A similar trend was observed
for taste/flavor and texture liking. Although appearance liking did not differ significantly among
samples, WPI-containing samples tended to receive lower scores, likely due to their lower L values,
which indicate a darker color.

Table 4. Mean * SD of liking scores in madeleine samples.

Samples Overall™ Appearance Odor Taste/Flavor™ Texture™
CON 6.25+1.98%) 6.29+1.81 6.20+1.85 6.38+1.722% 5.89+2.22%

MD 5.51+1.89° 6.33+1.86 6.18+1.50 5.53+1.77¢ 5.07+2.22b¢

WPI 5.36+1.52" 5.95+1.82 5.98+1.59 5.38+1.72° 4.71+1.61°
MCT 5.89+1.82% 6.24+1.92 6.00+1.70 5.89+2.00°%¢ 5.71+2.12%
MD+WPI 5.89+1.51% 5.95+1.63 6.05+1.67 5.78+1.94% 5.29+2.03
MD+MCT 6.25+1.532 6.22+1.87 6.24+1.76 6.44+1.66% 6.15+1.752
WPI+MCT 5.69+1.88% 5.89+2.14 5.89+1.95 6.11+1.832c 5.27+1.88%
MD+WPI+MCT 6.29+1.562 5.67+2.09 6.38+1.72 6.64+1.672 6.29+1.822

17, ", and ™" represent significant differences at p<0.05, p<0.01, and p<0.001, respectively. ? Different letters indicate

significant differences between samples at p<0.05.

The CA results for the drivers of (dis) liking in the samples (Figure 1) showed that Dim 1 and
Dim 2 accounted for 34.84% and 31.79% of the variance, respectively, explaining 66.63% of the total
variance. The WPI samples were positioned in the (+) of Dim 1, where L_appetizing, closely linked
to high ratings for appearance liking, was frequently mentioned as a major driver of liking. However,
D_dry and D_hard were identified as drivers of disliking, which explained the lower texture liking
scores. This finding is consistent with Kim [6]’s study, which reported that increasing the amount of
WPI in butter sponge cakes led to a drier and firmer texture. In contrast, the CON sample and the
samples containing MCT were located in the (-) of Dim 1, with L_crispy and L_soft commonly cited
as drivers of liking. However, the CON and MCT samples in the (+) of Dim 2 were distinguished by
D_brittle and D_burnt. Samples containing MD were positioned in the (-) of Dim 2, with L_moist


https://doi.org/10.20944/preprints202502.0468.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 February 2025 d0i:10.20944/preprints202502.0468.v1

7 of 11

being identified as a driver of liking. However, for the MD samples, D_sticky was specifically
mentioned as a driver of disliking.

CA factor map

o

D_brittle

Dim 2 (31.79%)

i D_burnt
: x
05 MCT!
« ¢ !
CON " | textule
A [ » '
L_crispy .
_Crspy WPEI+MCT_appetizing .
D_residual | sweet | L0

00 F===--mmmmmmmmmmemTtoo Al w---Dhard -
A + L_odor

L_soft “D_rougMR+WPI

MD+MCT--_tasty‘tf) o
MD+WPI+MCT » & 1+ —/Ear 0der

[}
05 L_moisti
= , D_sticky

-1.0 05 0.0 05 1.0
Dim 1 (34.84%)

Figure 1. Correspondence analysis results for drivers of (dis) liking in madeleine samples.

3.2.2. Consumer Perception of Fat Replacers

The analysis of baked product consumption frequently revealed that more than half of the
consumers (58.3%) reported consuming them two to three times per week, followed by two to three
times per month (34.5%). These results suggest that baked products are deeply integrated into
consumers’ daily dietary patterns. Moreover, the majority of consumers tend to consume baked
products as snacks (74.5%) rather than meal replacement (23.6%). Regarding concerns related to
baked product consumption, caloric content (38.2%) was the most frequently mentioned issue. This
indicates a widespread perception that baked products are generally high in calories. Additionally,
12.7% of consumers were concerned about nutritional facts (e.g., sugar and fat content). Overall,
consumers exhibited a significant interest in the caloric and nutritional aspects of baked products,
which may be further amplified due to their predominant consumption as snacks.

Table 5. Consumer consumption habits of baked products.

Category Frequency (%)
Consumption frequency
2-3 times per week 32 (58.3)
2-3 times per month 19 (34.5)
Less than once a month 4 (7.2)

Consumption context
Meal replacement 13 (23.6)
Snack 41 (74.5)

Reasons for concern

Caloric content 21 (38.2)
Nutritional facts 7 (12.7)
Ingredient 3 (5.5)

Others (e.g., taste) 8 (14.5)

None 16 (29.1)
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The results of consumer awareness, interest, and willingness to consume products containing
fat replecer showed that awareness was relatively low at 41.8%, but interest increased to 63.3%.
Notably, 90.9% of consumers expreesed a willingness to consume products containing fat replecer,
suggesting strong potential for consumer acceptance.

Awareness Interest Willingness to consume
(a) (b) ()

Figure 2. Consumer (a) awareness, (b) interest, and (3) willingness to consume products containing fat

replacer.

The consumer perception of fat replacers was predominantly positive (Table 6). The main
reasons for the positive perception were their low calorie (71.4%) and low fat (21.4%) content, with
weight loss and obesity prevention (16.7%) and health benefits (19.0%) also being important factors.
Neutral perceptions were mainly due to a lack of urgency (33.3%). Negative perceptions were
primarily related to concern about the lack of safety information.

Table 6. Consumer perception of fat replacers.

Category Frequency (%) !
Positive (n=42, 76.4%)
Low calorie 30 (71.4)
Low fat 9 (21.4)
Good for health 8 (19.0)
Weight loss and obesity prevention 7 (16.7)
Nutritional benefits 3 (7.1
Neutral (n=12, 21.8%)
Lack of urgency 4 (33.3)
Unfamiliar with fat replacers 2 (16.7)
No strong option 2 (16.7)
Negative (n=1, 1.8%)
Lack of safety information 1 (100.0)

! Duplicate response possible. 2 Perceptions were classified based on a 5-point scale: 1-2 as negative, 3 as neutral,

and 4-5 as positive.

3.3. Correlation Between Physicochemical Properties and Consumer Acceptance

MFA was performed to analyze the correlation between physicochemical properties and
consumer acceptance (Figure 3). Dim 1 and Dim 2 explained 35.13% and 24.36% of the variance,
respectively, accounting for a total of 59.49% of the variance. Additionally, HCPC analysis classified
the samples into four clusters (Figure 3-(b)): Cluster 1 (CON, MD+MCT, MD+WPI+MCT), Cluster 2
(WPI), Cluster 3 (MD, MD+WPI), and Cluster 4 (MCT, WPI+MCT).
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In the (+) of Dim 1, Cluster 1 (CON, MD+MCT, MD+WPI+MCT) was positioned, and these
samples showed generally low TPA parameter values. Consequently, L_crispy, L_soft, and L_moist
were identified as key drivers of liking, and these samples received high liking ratings from
consumers. In contrast, the WPI sample, which demonstrated opposite characteristics, was located in
the (-) of Dim 1. This sample exhibited high TPA parameter values, leading consumers to frequently
mention D_hard and D_dry as drivers of disliking, resulting in lower liking ratings.

In the (+) of Dim 2, Cluster 3 (MD, MD+WPI) was positioned, and the MD-containing samples
were characterized by high moisture content. As a result, moisture-related sensory attributes such as
L_moist and D_sticky were frequently mentioned as drivers of (dis) liking. Conversely, Cluster 4
(MCT, WPI+MCT), which contained MCT samples, was positioned in the (-) of Dim 2. These samples
with relatively lower moisture content, thus, D_brittle was identified as the main driver of disliking.

Factor map for the contingency table(s)
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Figure 3. Multiple factor analysis results of (a) physicochemical properties, consumer acceptance, and (b) drivers

of (dis) liking (c) in madeleine samples.

4. Conclusions

This study analyzed the physicochemical properties, consumer acceptance, and drivers of (dis)
liking of madeleine using fat replacers, as well as consumer perceptions of fat replacers. The results
showed that the binary and ternary blend samples did not exhibit the distinct physicochemical
characteristics seen in the single component samples. This is interpreted as the result of the interaction
between the fat replacers, which neutralized their individual effects. The MD sample showed that the
high moisture content was the primary drivers of disliking (D_sticky), while the WPI sample was
associated with D_hard, D_dry as drivers of disliking, and the MCT sample was associated with
D_brittle. However, these negative characteristics were alleviated by the blending of the fat replacers,
and in the MD+MCT and MD+WPI+MCT samples, drivers of liking such as L_crispy, L_soft, and
L_moist emerged. Moreover, HCPC results revealed that these samples were clustered with the CON
sample, showing similar characteristics. These results suggest that when multiple components are
present, balanced characteristics emerge rather than the distinct traits of individual components,
which positively impacted consumer acceptance and contributed to higher liking.

Additionally, consumers typically consume baked products as snacks, and the main concern
highlighted was the calorie content. This indicates a tendency among consumers to avoid high-calorie
foods, which, in turn, heightened interest in fat replacers. In fact, many consumers were not well-
versed in fat replacers, a significant portion (63.3%) expressed interest, and 90.9% of consumers
showed a willingness to consume. Particularly, the low calorie and fat content of fat replacers had a
positive impact on consumer perception. These findings suggest that fat replacers have considerable
market potential.

However, it should be noted that the consumers who participated in this study were relatively
young, so the results cannot be generalized to represent all consumers. Additionally, since the fat
replacers were used to substitute only 50% of the fat content, this limitation may affect the results.
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Nevertheless, the combination of fat replacers was found to be more favorable in terms of consumer
acceptance than single ingredients. It is expected that future research focused on identifying the
optimal combination of within a triple mixture could lead to even better results.
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The following abbreviations are used in this manuscript:

MD Maltodextrin

WPI Whey protein isolate

MCT Medium-chain triglycerides

TPA Texture profile analysis

ANOVA Analysis of variance

CA Correspondence analysis

MFA Multiple factor analysis

HCPC Hierarchical clustering on principle component analysis
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