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Abstract

Galactomannan-rich ingredients from tropical legumes are promising biomaterials to design bakery
products with improved structure and nutritional quality. This study evaluated the structure—function
relationships of Caesalpinia pulcherrima seed flour (FSF) and seed gel (GSF) in wheat bread. A central
composite design assessed the effects of FSF (3.96-11.04%) and GSF (0.17-5.82%) on technological
properties, proximate composition and microstructure. FSF and GSF increased loaf specific volume
(from 2.16 to 3.87 mL g~"), alveoli number and circularity, while maintaining expansion index values
comparable to the control, indicating improved gas retention without impairing dough expansion. FSF-
enriched breads showed higher protein (up to 17.28%), lipid (up to 10.11%), ash and fiber contents than
the control, confirming FSF as the main contributor to nutritional enrichment, whereas GSF mainly
affected hydration and crumb structure. pH, moisture and water activity remained within typical ranges
for pan bread and compatible with standard yeast fermentation. SEM and CLSM images revealed a more
continuous and cohesive gluten—starch matrix with thinner cell walls and more uniform gas cells in
enriched crumbs, aligning with the improved technological performance. Overall, FSF and GSF act as
functional biomaterials that valorize an underutilized tropical legume and support the development of
nutritionally enhanced, structurally tailored wheat breads.

1. Introduction

Bread is one of the most consumed staple foods worldwide, typically eaten one to three times a day
depending on cultural habits and cereal cost. Its production follows standardized steps, mixing, gluten
development, fermentation, baking, and packaging. Although designed to meet basic energy needs,
consumer demand increasingly favors foods that support health and prevent diet-related diseases.
Conventional wheat bread, however, is largely composed of refined carbohydrates and contains limited
protein, fiber, minerals and vitamins [1, 2].

A common strategy to improve nutritional quality is the partial replacement of wheat flour with plant-
based ingredients such as whole grains, legume flours, by-products or natural hydrocolloids. Yet, due to
their gluten-free and fiber-rich nature, these ingredients often impair dough rheology, gas retention and
loaf volume when used at high levels [3]. Legume-derived materials are particularly attractive because
they combine proteins, lipids, minerals and dietary fiber with polysaccharides capable of modifying the
dough matrix.

Among tropical legumes, Caesalpinia pulcherrima, known as flamboyant-mirim, dwarf poinciana or
Barbados pride, is widely distributed in tropical regions such as Brazil, India, Malaysia and Sri Lanka and
is well adapted to the Brazilian Cerrado. Various plant parts exhibit biological activities [4].

Its seeds are rich in galactomannans, soluble dietary fiber with thickening, stabilizing and film-forming
properties [5, 6]. These polysaccharides are applied in dairy desserts, edible films and fiber-enriched
foods and strongly influence water binding, viscosity and phase behavior. In bread, galactomannans can
interact with gluten proteins and starch granules, modulating gas cell stability, crumb structure and
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staling. Additionally, C. pulcherrima seed flour has been explored for biofuel and animal feed due to its
protein- and lipid-rich matrix, suggesting nutritional density coupled with functional macromolecules.

Despite these attributes, no studies have evaluated C. pulcherrima seed derivatives in breadmaking. This
knowledge gap represents an opportunity to (i) valorize an underutilized tropical legume; (ii) investigate
how its galactomannan-rich biomaterials interact with the gluten—starch network; and (iii) establish
structure—function relationships relevant to enriched bakery products.

Therefore, galactomannan-rich ingredients from underutilized tropical legumes such as Caesalpinia
pulcherrima represent an attractive strategy to design bakery products with improved structure and
nutritional quality. However, the combined effects of seed flour and gel forms on dough behavior, bread
technological performance and microstructure remain unexplored. In this context, the present study
aimed to elucidate the structure—function relationships of C. pulcherrima seed flour (FSF) and gel (GSF)
in wheat bread, using response surface methodology to optimize their levels and advanced imaging
techniques (SEM and CLSM) to link microstructural organization with technological and nutritional
attributes.

2. Materials and Methods
2.1. Raw material collection

Pods of Caesalpinia pulcherrima containing mature seeds were collected at the Federal University of
Ceard, Campus Pici, Fortaleza, Brazil (3°44'38.6"S; 38°34'47.3"W), under SisGen authorization ABF331B.
Pods were selected based on dry texture, natural dehiscence, and brown coloration. A voucher specimen
was deposited in the Prisco Bezerra Herbarium (EAC 67246).

2.2. Preparation of C. pulcherrima seed flour (FSF)

Pods were manually opened, and seeds were selected for integrity and absence of defects. Seeds were
ground in an industrial blender (Li1.5, Skymsen, Brazil) for 5 min in 1-min intervals and then milled in a
knife mill (Luca-226/5, Lucadema, Brazil) for 5 min under the same conditions. The powder was sieved
through a 0.250 mm mesh using an electromagnetic shaker (Rotachoc Chopin®, France) for 10 min. The
resulting seed flour (FSF; 0.250 mm) was vacuum-packed, stored at room temperature.

2.3. Preparation of C. pulcherrima seed gel (GSF)

For the preparation of GSF, 20 g of seeds were mixed with 200 mL of distilled water and heated on a
magnetic hot plate (Q310-22B, Quimis, Brazil) at 70°C for 5 h. After cooling to room temperature, the
cooked mixture was homogenized with a vertical mixer (Black & Decker, Brazil) and filtered through a fine
mesh sieve to obtain the gel. The GSF was stored in polyethylene containers at 4°C (Electrolux, Brazil).
The gel yield was approximately 69.7%.

2.4. Bread formulation and experimental design
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The control bread formulation, without FSF or GSF, followed Guimaré&es et al. [7] and consisted of wheat
flour (100%), water (58%), hydrogenated vegetable fat (10%), refined sugar (5%), instant dry yeast (3.3%)
and salt (2%). Ingredients were purchased from a local market in Teresina, Piaui, Brazil.

The experimental design consisted of eleven runs combining different concentrations of FSF and GSF
according to the Central Composite Rotational Design. Run 1 was formulated with low levels of both
factors (X; = -1; 5.0% FSF and X, = -1; 1.0% GSF), while Run 2 maintained the same FSF level (5.0%)
combined with the high GSF level (X, = +1; 5.0%). Runs 3 and 4 used the high FSF concentration (X, = +1;
10.0%), combined with low GSF (1.0%) in Run 3 and high GSF (5.0%) in Run 4. The axial points included
Run 5 (X, = -1.41; 3.96% FSF and X, = 0; 3.0% GSF) and Run 6 (X, = +1.41; 11.04% FSF and X, = 0; 3.0%
GSF). Runs 7 and 8 were formulated with the central FSF level (X, = 0; 7.5%) combined with the lowest
axial GSF level (X, = -1.41; 0.17%) in Run 7 and the highest axial GSF level (X, = +1.41; 5.82%) in Run 8.
Finally, Runs 9, 10 and 11 corresponded to the central point of the design, containing 7.5% FSF and 3.0%
GSF in all replicates (X, = 0; X, = 0).

2.5. Bread-making process

Dough ingredients were mixed in a planetary mixer (Arno, Brazil) for 7 min, divided into 250 g portions
and manually shaped. Loaves were placed in single-sheet pans and proofed at 32°C and 75% RH for 90
min in a fermentation chamber (Frilux, Brazil). Baking was performed in an electric oven (Venancio,
Brazil) at 220°C for 20 min, followed by cooling at room temperature (25 + 2°C). Bread quality analyses
were conducted 2 h after baking [8].

2.6. Expansion index (El)

The El was determined according to Zambelli et al. [8]. Cylindrical dough portions (~ 10 g) had their
diameter and height measured with a calibrated caliper before fermentation and after baking. El was
calculated using Eq. (1):

_ (Dp/Hp)
B (Dar/Hyr)
:

where:

Dk - diameter of the bread after baking; H¥ — height of the bread after baking; D/ — diameter of the
molded dough before fermentation; H¥ — height of the molded dough before fermentation.

2.7. Specific volume of bread

Bread volume was measured by the millet seed displacement method (AACC Method 72 - 10) [9] in
triplicate. Specific volume (mL.g-") was calculated as the ratio between bread volume and weight.

2.8. Crumb structure image analysis
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The crumb structure was analyzed by digital image processing. Central bread slices were scanned at
550 dpi using an HP ScanJet 2400, and images (900 x 900 pixels) were processed in ImageJ® 1.47v.
Images were converted to 8-bit grayscale, thresholder using Otsu’s method, and analyzed for alveoli
number and circularity following [10].

2.9. Physicochemical and proximate analyses

Physicochemical analyses (pH, titratable acidity, protein, moisture, ash, and crude fiber) were performed
for FSF, GSF, and bread samples according to Adolfo Lutz Institute [11] and AOAC [12]. Water activity
(aw) was measured using a LabSwift-aw analyzer (Novasina, Switzerland), and carbohydrate content
was calculated by difference. All determinations were conducted in triplicate.

2.10. Scanning Electron Microscopy (SEM)

The microstructure of FSF, GSF, and bread crumb samples was examined by SEM. Samples were fixed on
aluminum stubs with carbon tape and sputter-coated with gold (~ 20 nm) using a Bal-Tec SCD 050
coater. Micrographs were obtained in a JEOL JSM-6390LV microscope operated at 15 kV, with
magnifications between 500x and 2000x to visualize surface morphology, starch granules, and the
protein—starch network.

2.11. Confocal Laser Scanning Microscopy (CLSM)

CLSM was used to visualize the crumb microstructure and the distribution of starch and protein.
Samples were mounted on glass slides and analyzed using a Zeiss LSM 710 microscope. Rhodamine B
(543/560-620 nm) and FITC (488/500-540 nm) were used to label protein and starch, respectively.
Images were acquired using ZEN software and processed to assess the three-dimensional organization
and interactions within the protein—starch matrix.

2.12. Statistical analysis

Statistical differences among treatments, control bread, and raw materials were assessed by ANOVA
followed by Tukey'’s test at 5% significance using Statistica® 10.0 (StatSoft Inc., USA). The effects of FSF
(x,) and GSF (x,) on bread quality variables were modeled using second-order polynomial regression, as
shown in Eq. (2).

Y = By + BqXq + BoXo + B11Xq 2+ BogXo? + Brp Xq Xo (2)

where Yis the dependent variable; 3, is the intercept; 3, and S, are the linear coefficients; 3,, and 3,, are
the quadratic coefficients; and 3,, represents the interaction coefficient between the independent
variables.

Model significance was assessed using the F-test, lack-of-fit, and determination coefficients (R?).
Validated models were then used to generate response surface and contour plots, illustrating how FSF
and GSF levels influenced the technological and nutritional attributes of the breads.
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This article does not contain any studies with human participants or animals performed by any of the
authors.

3. Results and discussion

The experimental values obtained for alveoli circularity and count, specific volume and expansion index
are shown in Table 1, together with the corresponding measurements of the control bread for
comparison.

Table 1

- Mean values and Tukey'’s test results for technological properties of breads supplemented
with FSF and GSF.

Runs Alveoli circularity  Alveoli number ElI Specific Volume (mL.g™ ")
(cells)
1 0.928 +0.022° 1034+58.00° 1.26+0.01% 3.27+0.13%
2 0.900 + 0.04° 1120+45.00°  1.32+0.11%  3.51+0.23%
3 0.903 +0.03° 1199+38.00°  1.32+0.05% 3.55%0.12%
4 0.939+0.022b 1244+29.00% 1.35+0.05% 3.59+0.25%
> 0.832 +0.049 912 +31.00° 1.28+0.018  3.00+0.13°
6 0.952 +0.012 1383+19.00°  1.30+0.04% 3.87+0.55°
U 0.908 +0.03° 1093 +2.00° 1.24+0.04% 3.44+0.15%
8 0.898 +0.03° 1012+32.00°° 1.25+0.05 3.37+0.35%
9 0.910+0.02° 1183+14.00°  1.31+0.022  3.60+0.24%
10 0.905+0.03° 1179+18.00°  1.32+0.03% 3.16+0.08%"
1 0.908 +0.03° 1190+21.00°  1.29+0.03% 3.53+0.01%°
Control 639 +0.03¢ 728 +30.00° 1.31+0.042 2.16+0.05°

Different lowercase letters in the same column indicate significant differences according to Tukey's test
(p<0.05).

The incorporation of FSF and GSF increased the specific volume of all enriched breads compared with
the control, indicating improved gas retention during proofing and baking. The highest specific volume
(3.87 mL g-") was observed in run 6 (11.04% FSF + 3% GSF), whereas the control showed the lowest
value (2.16 mL g~"). Crumb image analysis further supported these macroscopic differences: breads
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containing FSF and GSF had higher alveoli numbers (1034-1383) and circularity (0.832-0.952) than the
control (728; 0.639), resulting in a more homogeneous crumb with well-distributed and rounded gas cells
[13]. Despite these structural changes, the expansion index (El) remained statistically unchanged (1.24-
1.35 cm; p > 0.05; Table 1), suggesting that the partial replacement of wheat flour with FSF and GSF
preserved dough expansion capacity while allowing higher loaf volume and a finer crumb structure.

The observed increases in loaf volume and crumb aeration are mainly related to the galactomannans
naturally present in the seeds. These soluble fibers and hydrocolloids exhibit high water-holding capacity,
increase dough viscosity and stabilize gas cells during fermentation. In gluten-containing systems,
galactomannans interact with gluten proteins and starch granules, reinforcing the dough matrix and
promoting higher loaf volume [5, 14, 15]. In addition to the polysaccharide effect, the slightly higher lipid
contents measured in FSF- and GSF-enriched breads (8.78—-10.11%) compared with the control (8.28%)
may also have contributed to this behavior. Lipids can enhance dough aeration and stabilize gas bubbles
by forming surface-active complexes with proteins and starch, strengthening gas-cell walls during
proofing and baking.

Comparable improvements in loaf volume and crumb uniformity have been reported in breads enriched
with plant-based flours or hydrocolloids, which modify dough rheology and gas retention [8, 16—-18] In
line with these studies, the present results reinforce that galactomannan-rich legume ingredients behave
as functional biomaterials capable of strengthening the gluten—starch network and improving bread
structure. From a biomaterials standpoint, FSF and GSF therefore act as structuring agents that generate
a more cohesive and mechanically stable wheat-based crumb, explaining the improved technological
performance observed.
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Table 2

- pH, titratable acidity, moisture, and water activity of breads with FSF and GSF,
control, and raw materials.

Runs pH Titratable acidity (%) Moisture (%) Water Activity
1 5.40+0.01%  0.21+0.00° 37.00+0.03°  0.952+0.00°
z 5.41+0.01°%  0.16+0.009 35.03+0.27°  0.955+0.00°
3 5.43+0.01°%  0.20+0.01°¢ 32.78+0.259"  0.955+0.00°
4 5.51+0.01°  0.20+0.01b 32.33+0.04"  0.956+0.00°
S 5.48+0.01°°¢  0.17 +0.00f 32.88+0.149  0.952+0.00°
6 5.52 +0.04° 0.18 +0.00°% 34.11+0.01%"  0.954+0.00°
7 5.55+0.02°  0.19+0.00°d 32.52+0.119"  0.943+0.00°
8 5.48+0.02°¢  0.19 +0.02°¢% 33.79+0.09"  0.951+0.00°°
9 5.55+0.02°  0.17 +0.00%% 34.82+0.08°¢  0.950 +0.00°°
10 5.55+0.03° 0.18 + 0.00°def 34.54+0.07%  0.950 +0.00°
1 554+0.01°  0.18 +0.00%f 34.86+0.38°0  0.948 +0.00°
Control 5 3g+0.03¢ 0.30 +0.002 37.09+0.10°  0.951+0.00%
FSF 6.29+0.072  0.12+0.00" 5.92+0.12 0.496 +0.00¢
GSF 6.25 +0.02° 0.12 +0.00" 95.24+0.06°  0.986 +0.00?

Different lowercase letters in the same column indicate significant differences according to Tukey's test
(p<0.05).

The experimental results for pH, titratable acidity, moisture and water activity are presented in Table 2 for
the control bread, FSF, GSF and enriched breads. FSF and GSF showed slightly acidic pH values (6.29
and 6.25, respectively), which are typical of bakery ingredients and within the range reported for C.
pulcherrima seed mucilage (pH 5.7) [19]. Although near-neutral pH foods may favor spoilage
microorganism growth [20], the pH values observed for FSF and GSF remain compatible with safe
incorporation into bread formulations.

The pH of breads containing FSF and GSF ranged from 5.40 to 5.55, while the control presented a
slightly lower value (5.38). Formulations 1-3 (5.40—-5.43) were similar to the control, whereas runs 4-11
exhibited higher pH values. This range is technologically adequate, since yeast fermentation is optimal
between pH 4.5 and 6.5 and conventional breads typically show pH 4.7—-5.4 due to organic acid
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formation during fermentation [1]. Previous studies have also reported only minor pH changes when
plant-based ingredients are incorporated into wheat doughs [3, 21], indicating that FSF and GSF slightly
increased pH without impairing fermentation.

Titratable acidity, which is related to freshness and shelf stability [15], was lowest in FSF and GSF
(0.12%) and ranged from 0.16% to 0.30% in breads. Among the breads, formulation 2 exhibited the
lowest acidity, whereas the control showed the highest value, in agreement with reports of reduced
acidity when plant ingredients partially replace wheat flour [21]. The lower acidity of enriched breads,
combined with essentially unchanged water activity values (Table 2), suggests that the observed
differences were driven by the intrinsic composition of FSF and GSF rather than by deviations in
fermentation conditions, supporting process reproducibility and compatibility with standard
breadmaking.

Moisture values reflected the contrasting nature of the raw materials. FSF showed low moisture (5.92%),
whereas GSF presented very high moisture (95.24%), in agreement with previous reports for C.
pulcherrima seeds and mucilage [19, 23-24]. FSF complied with Brazilian standards for flours
(maximum 15% moisture; RDC 263/2005), confirming its suitability as a dry ingredient. Bread moisture
ranged from 32.33% to 37.09%, with the control displaying the highest value and formulation 4 (10% FSF
and 5% GSF) the lowest. These differences can be attributed to the balance between the additional water
introduced with GSF, the water-binding capacity of FSF and evaporative losses during baking. All breads
met regulatory limits for pan bread moisture (= 38%; RDC 90/2000), indicating that FSF and GSF did not
compromise product safety or legal compliance. Although several studies have reported increased
moisture when plant-based ingredients are incorporated into breads [3, 16, 18, 25], the present results
show that, under the conditions tested, FSF and GSF levels were compatible with moisture contents
typical of conventional breads.

Water activity followed a complementary pattern. FSF exhibited low aw (0.496), whereas GSF showed a
very high value (0.986), which explains the need for refrigeration of the gel. Bread aw ranged from 0.943
to 0.956, without significant differences (p > 0.05) relative to the control. These values confirm that all
breads are high-aw products, which accounts for their naturally short shelf life and the need for
appropriate packaging and storage conditions. The lack of significant changes in aw after FSF and GSF
incorporation indicates that the microenvironment of available water in the crumb was not markedly
altered, despite differences in formulation and moisture. Similar trends of essentially unchanged aw in
enriched breads have been reported when plant-based ingredients are added to wheat-based
formulations [22, 26, 27].

The proximate composition results (Table 3) highlighted marked differences in lipid content between the
seed-derived ingredients. GSF had a very low lipid content (0.08%), whereas FSF exhibited a substantially
higher value (9.90%), consistent with previous reports for C. pulcherrima seeds [22]. This lipid fraction is
intrinsic to the seed and, when transferred to the flour, represents a natural source of fats for bakery
formulations, offering the possibility of improving fatty acid profiles compared with conventional breads.
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Table 3

— Proximate composition and Tukey'’s test for breads with FSF and GSF, control, and raw materials.

Runs Lipids Proteins Crude Fiber (%) Ash Carbohydrate (%)
(%) (%) (%)
1 8.78 +0.03¢ 14.59+0.239"  0.24+0.02% 1.62+0.02°  37.75+0.4500f
2 9.44+0.31°°  14.81+0.089" 0.25+0.04% 2.03+0.049  38.43+0.52°0
3 9.70+£0.06®° 16.51+0.24°°  0.33+0.019% 2.19+0.03"  38.47+0.45°%¢
4 9.91+0.022°  16.41+0.22°¢ 0.35+0.02% 2.33+£0.02°  38.65%0.20%
5 8.86 + 0.23¢ 14.90+0.087"  0.23+0.03¢ 1.77+0.02"  41.34%0.30°
6 10.11+0.07%  17.28+0.29° 0.53+0.04° 2.97+0.04> 35.00+0.29"
U 9.58+0.09°°  15.95+0.13°%  0.37+0.02¢ 2.65+0.02¢9  38.93+0.37°
8 9.70+0.012°¢  16.34+0.15°%  0.34+0.02% 2.79+0.05° 37.04+0.16
9 9.76+0.10%°¢  16.17+0.26°%  0.36 +0.02% 2.76+0.02° 36.12+0.219"
10 9.64+0.11%°  1547+0.42%"  0.36 +0.03% 2.72+0.01%9  37.28 +0.369¢
1 9.37+0.06°  15.57+0.19%f  037+0.019 2.74+0.02¢¢  37.19+0.21¢%
Control  g28+0.12¢  14.20+0.24"  0.25+0.00% 1.57+0.05  38.59 +0.29%
FSF 9.90+0.40%®  27.34+0.782  1.32+0.112 3.85+0.00°  51.66+1.27°
GSF 0.08+0.01f 2.11+0.04 0.67 +0.05° 0.15+0.017  3.18+0.06

Different lowercase letters in the same column indicate significant differences according to Tukey's test
(p<0.05).

In the breads, lipid contents ranged from 8.78% to 10.11%, while the control presented the lowest value
(8.28%). The highest lipid level was observed in run 6 (11.04% FSF + 3% GSF), mirroring the higher FSF
inclusion. Similar increases in lipid content have been reported in breads enriched with plant flours [17,
27]. From a technological perspective, these lipids interact with gluten and starch, improving gas
retention, loaf volume and crumb elasticity, which reinforces the dual role of FSF as both a nutritional
and structuring ingredient.

Protein content also differed markedly between the seed ingredients. GSF showed low protein content
(2.11%), whereas FSF exhibited a much higher value (27.34%), similar to that reported by Omode et al.
[23] but lower than values described by Oderinde et al. [24] and Yusuf et al. [22]. In breads, protein
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contents ranged from 14.59% to 17.28%, all above the control (14.20%), with run 6 again presenting the
highest level. This pattern agrees with studies demonstrating that protein-rich plant flours increase the
protein content of breads [24]. Taken together, these results indicate that FSF functions as a protein-
dense biomaterial capable of enriching breads without compromising gluten functionality, since dough
expansion and loaf volume were maintained or improved.

Crude fiber contents were low in GSF (0.67%) and higher in FSF (1.32%), although still slightly below
values reported for C. pulcherrima seeds in some studies [22, 24]. In the breads, crude fiber ranged from
0.23% to 0.53%, with run 6 presenting the highest value, whereas the other formulations did not differ
significantly from the control (p > 0.05). These modest increases are consistent with the relatively low
fiber content of FSF compared with classical high-fiber ingredients. Similar outcomes have been
reported in breads formulated with moderate levels of plant-based ingredients, where fiber enrichment is
limited by technological constraints [18, 25, 27].

FSF had a high ash content (3.85%), whereas GSF showed a much lower value (0.15%). Reported ash
levels for C. pulcherrima seeds vary in the literature [22—-24], but the present values confirm that the flour
fraction concentrates most of the minerals. In breads, ash contents ranged from 1.62% to 2.97%, all
above the control (1.57%), with run 6 presenting the highest value. These findings are in line with the
Brazilian Food Composition Table and with studies showing that plant flours increase the mineral
content of breads [18, 27-28], reinforcing FSF as a nutritionally advantageous additive.

Carbohydrate contents also reflected the distribution of macronutrients between the seed fractions. FSF
exhibited a high carbohydrate content (51.66%), whereas GSF showed a much lower value (3.18%) (Table
3), confirming the predominance of carbohydrates in the flour fraction [22, 24—-25]. Bread carbohydrates
ranged from 35.00% to 41.34%. Formulations 1, 2, 3, 4 and 7 were statistically similar to the control (p >
0.05), while the remaining formulations differed significantly, with run 5 presenting the highest value
(41.34%) and run 6 the lowest (35.00%). These variations result from simultaneous changes in moisture,
ash, protein, lipid and fiber contents, since carbohydrates were calculated by difference. Similar patterns
have been reported in breads containing plant flours [8, 18, 25], indicating that FSF and GSF modify
macronutrient distribution without deviating from typical ranges for pan bread.

The response surface plots in Fig. 1 illustrate how FSF and GSF concentrations affect bread lipid and
protein contents. Increasing FSF levels consistently raised both lipid and protein values, confirming FSF
as the main contributor to the nutritional enrichment of the breads, whereas GSF had little effect within
the evaluated range. Based on the significant regression coefficients (p < 0.05), the lipid content (Y| pps)
was described by the following second-order model:

Y(11prps) =6.99 +0.41%; — 0.01x,% +0.23 x, — 0.0003%,2 ~ 0.02 X1, (3)

Where: x4 = FSF (%), X, = GSF (%).
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The positive linear term for x, and the negative quadratic coefficient indicates that lipid content
increases with FSF concentration up to the upper region of the experimental domain (10-11.04% FSF; x,
=+1 to +1.41). This trend is consistent with runs 3 (10% FSF, 1% GSF), 4 (10% FSF, 5% GSF) and 6
(11.04% FSF, 3% GSF), which presented the highest lipid contents (9.70-10.11%). In contrast, the non-
significant or small coefficients for x, confirm that GSF did not markedly influence lipid content within
the studied range (up to 5.83%).

Protein content followed a similar pattern and was modelled as:
Y proTEINg) = 13.20 +0.29%; + 0.006x;2 + 0.05x, + 0.01x,% = 0.01 X1, (4)
where: x; = FSF (%), X, = GSF (%).

As shown in Fig. 1, increasing FSF concentration resulted in a proportional rise in protein content.
Formulations containing 10—-11.04% FSF (x, = +1 to + 1.41) yielded the highest protein values, with runs
3,4 and 6 reaching 16.41-17.28%. GSF concentration did not significantly affect protein content within
the evaluated range. Together, these models highlight FSF as the key driver of nutritional enhancement,
while GSF plays a minor role in macronutrient enrichment but contributes structurally via its hydrated
galactomannan matrix.

Figure 2 shows the SEM micrographs of FSF, GSF, the control bread crumb, and the enriched bread
crumb (Run 4: 10% FSF, 5% GSF). The microstructural contrasts among these samples help clarify how
FSF and GSF interact within the bread matrix and contribute to their functional effects in the
formulations. The micrograph of FSF shows irregular particles with angular fragments, compact
aggregates and rough surfaces, typical of protein- and fiber-rich seed flours. This morphology reflects
the presence of galactomannans, proteins and lipids adhering to the matrix and suggests high water-
binding capacity and interaction potential with gluten, explaining the improved dough viscoelasticity in
formulations with higher FSF levels [29].

The GSF micrograph reveals a compact, sponge-like and cohesive gel, characteristic of hydrocolloid-rich
systems. Its smooth, continuous structure indicates a three-dimensional galactomannan network with
strong water retention and gas-cell stabilization capacity, supporting dough hydration without impairing
gluten development and consistent with its high moisture and aw values. The control bread crumb
exhibited a dense, compact starch—protein matrix with low porosity. Starch granules remained partially
embedded in the protein phase, suggesting limited gelatinization and weaker structural integration. This
morphology is consistent with a less stable gas-cell system and aligns with the lower specific volume,
alveoli number and circularity observed [29, 27].

In contrast, Run 4 (10% FSF, 5% GSF) showed a more cohesive, continuous crumb with fused starch
domains, thinner cell walls and larger interconnected pores, indicating enhanced gelatinization and
stronger interactions among FSF components (proteins, lipids, galactomannans) and gluten. This
expanded, elastic microstructure explains the higher specific volume and improved alveoli
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characteristics [8]. Overall, the SEM results confirm that FSF reinforces the matrix through its protein,
lipid and fiber fractions, whereas GSF contributes hydration and gas-cell stability. Together, they generate
a more porous, homogeneous and mechanically stable crumb, consistent with the superior technological
properties of the enriched breads.

The CLSM image (Fig. 3) of FSF (A) shows a heterogeneous fluorescence pattern with red, blue and
purple regions corresponding to proteins, polysaccharides and fiber-rich domains. This distribution
reflects FSF's nutritional density and its capacity for water binding and interaction with gluten,
supporting the improved dough viscoelasticity in the enriched breads [30]. The GSF micrograph (B)
presents a cohesive, uniformly fluorescent matrix typical of hydrocolloid gels, indicating a well-organized
galactomannan network. This structure explains its high-water retention and contribution to gas-cell
stabilization without disrupting gluten development.

The control crumb (C) displayed a dense, poorly organized matrix with weak fluorescence and limited
protein—starch definition, consistent with lower loaf volume and reduced aeration. This reflects the
limited structural efficiency of the wheat matrix without added biomaterials [30]. In contrast, the enriched
bread (D) exhibited a more open and continuous structure with clearer protein—starch interactions and
more uniformly distributed fluorescent domains, supporting the improved macroscopic quality of the
enriched breads. The confocal microscopy results confirm the synergistic action of FSF and GSF in
breadmaking. FSF strengthens the matrix through its protein- and fiber-rich composition, whereas GSF
enhances hydration and gas-cell stability. Together, they promote a more cohesive, elastic and aerated
crumb, consistent with the improved physicochemical and technological attributes observed.

4. Conclusion

This study demonstrated that galactomannan-rich ingredients obtained from Caesalpinia pulcherrima
seeds, applied as seed flour (FSF) and seed gel (GSF), act as functional biomaterials in wheat bread,
simultaneously modulating technological quality, nutritional composition and microstructure. Within the
ranges evaluated using a central composite design, the incorporation of FSF and GSF increased loaf
specific volume, enhanced crumb porosity and circularity, and maintained expansion index values
comparable to the control. These effects indicate improved gas retention and a more aerated,
homogeneous crumb without impairing dough expansion capacity.

The proximate composition results showed that FSF is the main contributor to nutritional enrichment,
leading to higher protein, lipid, ash and, to a lesser extent, fiber contents in enriched breads compared
with the control. GSF, in turn, had minor impact on macronutrient levels but played a relevant structural
role by contributing to a hydrated galactomannan matrix. Moisture and water activity values of the
breads remained within typical ranges for pan bread and complied with regulatory limits, while pH and
titratable acidity values confirmed that FSF and GSF are compatible with standard yeast fermentation
and do not compromise product safety.
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Microstructural analyses by SEM and CLSM provided mechanistic support for the macroscopic and
compositional findings. FSF reinforced the gluten—starch matrix through its protein-, lipid- and fiber-rich
particles, whereas GSF contributed a cohesive hydrocolloid network with high water-binding and gas-cell
stabilization capacity. Together, these ingredients generated a more continuous, cohesive and porous
crumb structure, explaining the improved technological performance of the enriched breads and
establishing clear structure—function relationships for C. pulcherrima seed biomaterials in bakery
systems.

Overall, the results highlight C. pulcherrima seeds as a promising and underutilized tropical resource for
the development of nutritionally enhanced and structurally tailored breads using clean-label, plant-based
ingredients. Future studies should address sensory acceptance, shelf-life behavior and process scaling,
as well as the incorporation of FSF and GSF into other cereal-based products, to further explore their
potential in sustainable and functional food design.
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Figure 1

Response surface plots showing the effects of FSF and GSF levels on (a) lipid and (b) protein contents
of breads.
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Figure 2

Scanning electron micrographs of FSF, GSF, and the bread crumb samples enriched with these
ingredients. (A) - FSF; (B) - GSF; (C) - Control bread; (D) — Bread enriched with 10% FSF and 5% GSF (Run

4).
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Figure 3

Confocal laser scanning micrographs of Caesalpinia pulcherrima seed flour (FSF), seed gel (GSF), and
the crumb of breads enriched with these ingredients. (A) — FSF; (B) — GSF; (C) — Control bread; (D) — Run
4 (10% FSF, 5% GSF).
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