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Abstract

Broccoli by-products represent an underutilized source of dietary fiber and bioactive com-
pounds with potential as functional food ingredients. This study evaluated the effect of
enzymatic treatment with Viscozyme® L on broccoli by-products and their incorporation
into gluten-free (GF) sourdough breads. Three GF bread formulations were developed: a
control bread (BCT), a bread enriched with untreated broccoli by-products (BBC), and a
bread enriched with enzymatically treated broccoli by-products (BBE), using a commer-
cial GF bread (COM) as reference. Nutritional composition, antioxidant activity, starch
digestibility, and sensory characteristics were evaluated. The incorporation of broccoli
by-products significantly improved protein, total dietary fiber, and antioxidant activity
compared with COM, with all reformulated breads meeting the EU “high fiber” claim.
Enzymatic treatment with Viscozyme® L further enhanced these properties, with BBE
reaching 2.66 g 100 g~ ! soluble dietary fiber and 13.51 uM TE g~! in FRAP, while exhibiting
the highest slowly digestible starch content (20.39 g 100 g~ 1), suggesting a potentially more
favorable starch digestibility profile. Sensory evaluation confirmed that these nutritional
improvements were achieved without significantly compromising consumer acceptability.
Overall, Viscozyme® L-treated broccoli by-products represent a sustainable, clean-label
ingredient for nutritionally enhanced GF bakery products, supporting agri-food by-product
valorization within a circular economy framework.
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1. Introduction

The gluten-free (GF) market has experienced substantial growth in recent years, driven
not only by the increasing prevalence and diagnosis of celiac disease, which affects approx-
imately 1-2% of the global population [1], but also by a growing consumer perception that
GF products are healthier alternatives to conventional foods [2]. As a result, the demand for
GF bakery products has expanded beyond individuals requiring a strict GF diet for medical
reasons, with an estimated annual growth rate of 7.6% between 2020 and 2027 [3]. Despite
this growing popularity, most commercially available GF products are characterized by
limited nutritional value, often containing high amounts of refined starches and fats while
providing low levels of dietary fiber, vitamins, minerals, and bioactive compounds [4].
Moreover, the absence of gluten, a key structural protein responsible for dough viscoelastic-
ity, negatively affects breadmaking performance, leading to reduced volume, poor texture,
and lower sensory acceptance compared with traditional wheat-based products [5].
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In this context, considerable research efforts have focused on developing strategies
to enhance both the nutritional value and technological performance of GF bakery prod-
ucts. Among them, sourdough fermentation has emerged as a promising biotechnological
approach due to its ability to enhance texture, flavor, shelf life, mineral bioavailability,
and nutritional value through the metabolic activity of lactic acid bacteria and yeasts [6].
Furthermore, fermented GF cereal-based foods have a long tradition in several regions of
the world, particularly in Asia, highlighting the broad consumer acceptance and market
potential of fermented GF products [7]. Additionally, the incorporation of plant-based
ingredients and agro-industrial by-products rich in dietary fiber and phytochemicals has
gained increasing attention as a sustainable strategy to develop functional GF foods. Pre-
vious studies have reported the successful incorporation of ingredients such as cereal
by-products [8], tomato pomace [9], or lime peels [10] into GF bread formulations, resulting
in improved nutritional profiles and enhanced antioxidant properties.

Among vegetable by-products, broccoli (Brassica oleracea var. italica) residues repre-
sent an abundant and underutilized source of valuable bioactive compounds. During
broccoli production and processing, approximately 85% of the total plant biomass is dis-
carded as by-products, including leaves and stems, despite their high nutritional value [11].
Broccoli leaves are particularly rich in phenolic compounds, especially flavonoids and
coumarins, which are strongly associated with antioxidant activity and other potential
health-promoting effects [12]. In contrast, broccoli stems are mainly characterized by high
dietary fiber content and significant levels of glucosinolates, sulfur-containing compounds
whose hydrolysis products have been associated with antioxidant, anti-inflammatory, and
chemoprotective activities [13]. Due to their valuable composition, broccoli by-products
have attracted increasing interest as functional ingredients in food systems. Several studies
have reported their successful incorporation into bakery products [14], pasta [15], and
meat products [16], contributing to improved nutritional quality, enhanced antioxidant
properties, and the valorization of agro-industrial residues.

Among the available valorization strategies, enzymatic treatment has emerged as an
environmentally friendly and efficient approach to improving the functionality of plant
by-products. Enzymatic valorization involves the application of hydrolytic enzymes, such
as cellulases, hemicellulases, and pectinases, to break down cell wall polysaccharides and
facilitate the release of bioactive compounds [17]. Enzymatic hydrolysis can increase the
soluble dietary fiber content and promote the release of phenolic compounds trapped within
the plant matrix, thereby enhancing their bioaccessibility and antioxidant potential [18].
This strategy has been successfully applied to several fruit and vegetable by-products,
improving their nutritional and functional properties and supporting their use as value-
added food ingredients [19].

In this study, enzymatically treated broccoli by-products were incorporated into GF
sourdough bread as a strategy to enhance its nutritional and functional value while pro-
moting the valorization of vegetable processing residues. The effect of broccoli by-product
incorporation on the physicochemical, nutritional, antioxidant, and sensory properties
of the breads was analyzed. This investigation aims to contribute to the development of
nutritionally improved GF bakery products while supporting the sustainable utilization of
broccoli by-products as value-added food ingredients.

2. Materials and Methods
2.1. Broccoli Extract Preparation

Broccoli by-products of the “Brassica oleracea var. italica” consisted of stems and were
supplied by Cricket (Lorca, Spain). Broccoli by-product powder (BC) was prepared as
described by Ayuso et al. [19]. The broccoli stems were dried at 50 °C in a forced-air oven
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for 24 h. Once dehydrated, the material was ground in a coffee mill and sieved to obtain a
fine powder with a particle size of 500 pm.

A portion of these by-product powders was subjected to enzymatic pre-treatment with
Viscozyme® L (Novozymes, Bagsveerd, Denmark) following the methodology described by
Ayuso et al. [19] with slight modifications. Viscozyme® L (enzyme activity > 100 FBGU/g)
is a multi-enzyme complex containing cellulase, arabinase, 3-glucanase, and xylanase
activities derived from Aspergillus aculeatus. The enzymatic treatment was performed by
incubating diluted broccoli (1:5 v/w, in distilled water) with 1% (v/w) enzyme, at 45 °C
and pH 4.5 in an orbital shaker at 600 rpm for 24 h. After incubation, the enzyme was
inactivated by cooling the mixtures in an ice bath for 20 min. The hydrolyzed mixtures were
dried in a forced-air oven at 60 °C and subsequently milled again to obtain the same particle
size as the untreated powder, yielding the enzymatically treated broccoli by-products (BE).

2.2. Sourdough Preparation

Before GF bread elaboration, an amaranth sourdough was prepared by mixing flour
and water at a 1:1 (w/v) ratio and then subjected to spontaneous fermentation at room
temperature (25-26 °C) following the protocol of Pefialver et al. [6]. The pH was measured
daily, and the mixture was refreshed regularly by adding equal amounts of flour and
water until a pH range of 3.8-4.2 was reached. Then, the sourdough was used in the GF
bread formulation.

2.3. Gluten-Free Bread Formulation

The GF sourdough breads were formulated using the ingredients detailed in Table 1,
all purchased at a local supermarket (Murcia, Spain). Three different formulations were
prepared: a control bread (BCT), a bread enriched with broccoli by-products (BBC), and a
bread enriched with enzymatically treated broccoli by-products (BBE). The incorporation
percentage of BC and BE was set at 5% (w/w) of the total flour used in the formulation,
based on previous findings in GF broccoli-enriched breads [20].

Table 1. Formulation of gluten-free sourdough breads.

Ingredients BCT BBC BBE
Buckwheat flour (g) 72 72 72
Quinoa flour (g) 22 22 22
Chickpea flour (g) 32 32 32
Flaxseeds (g) 45 45 45
Corn starch (g) 100 100 100
Amaranth sourdough (g) 50 50 50
Water (mL) 175 175 175
Oil (mL) 10 10 10
Sugar (g) 8 8 8
Salt (g) 5 5 5
BC (g) - 11.3 -
BE (g) - - 11.3

Abbreviations: BCT: Control gluten-free bread; BBC: Gluten-free bread enriched with BC; BBE: Gluten-free bread
enriched with BE; BC: Broccoli by-products; BE: Enzymatically treated broccoli by-products.

First, ground flaxseeds, sugar, water, and amaranth sourdough were mixed and
allowed to stand for 2 h at 25 °C to promote an initial fermentation and form the flaxseed
gel, thereby improving the dough cohesion. Then the remaining ingredients were added
and mixed until a homogeneous dough was obtained. The doughs were then allowed to
ferment for 5 h at 25 °C under controlled conditions. Then, the dough was baked first at
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250 °C for 15 min and then at 200 °C for 15 min. Finally, the loaves were allowed to cool at
room temperature, aerated, sliced, and stored at —20 °C for further analysis.
Additionally, a commercial GF bread (COM) was purchased from a local supermarket
for comparison purposes. According to the product label, it contains maize starch, water,
sourdough (rice flour, water), buckwheat flour, rice flour, rice syrup, psyllium, rice starch,
sunflower oil, soy protein, sorghum flour, thickener: hydroxypropyl methylcellulose; yeast,
salt, and sugar. The visual appearance of the different GF breads is presented in Figure 1.

BCT

BBC BBE COM

Figure 1. Visual appearance of the sourdough gluten-free breads. BCT: Control gluten-free bread;
BBC: Gluten-free bread enriched with BC; BBE: Gluten-free bread enriched with BE; BC: Broccoli
by-products; BE: Enzymatically treated broccoli by-products; COM: commercial bread.

2.4. Chemical Composition

Moisture (964.22), ash (923.03), protein (955.04), fat (920.39), and dietary fiber fractions
(insoluble, soluble, and total) (991.43) contents of broccoli by-products and GF breads
were analyzed following the procedures of the Association of Official Analytical Chemists
(AOAC) [21]. Carbohydrate content was calculated by difference, and caloric value was
estimated with standard conversion factors for proteins, carbohydrates, and lipids, in ac-
cordance with the recommendations established by the Food and Agriculture Organization
of the United Nations (FAO) [22]. All the analyses were performed in triplicate. Results for
GF breads are expressed on a fresh-weight basis, whereas results for broccoli by-products
are expressed on a dry-weight basis.

2.5. Antioxidant Capacity and Total Phenolic Content (TPC) Analysis

Before analysis, to extract bioactive compounds, 2 g of the sample were mixed with
8 mL of aqueous methanol (80%, v/v) solution. Then, the mixtures were kept in the dark
at 4 °C for 24 h and subsequently centrifuged (4500 rpm, 25 min, 4 °C) using a FC5718R
centrifuge (OHAUS Corp., Parsippany, NJ, USA). Resulting supernatants were finally
filtered through 0.45 um nylon syringe filters and stored at —20 °C.

Three complementary spectrophotometric assays were employed to determine the
antioxidant capacity of the broccoli by-products and the different GF breads. The ferric
reducing antioxidant power (FRAP) assay was performed following the protocol described
by Benzie & Strain (1996) [23]. For this, the FRAP reagent was prepared by mixing acetate
buffer, FeCl3-6H,0 solution, and a 2,4,6-tripyridyl-s-triazine (TPTZ) solution, in a 10:1:1
(v/v/v) ratio. Then, 100 pL of the extracted sample was mixed with 1 mL of this reagent,
and after 4 min of incubation, the absorbance was measured at 593 nm. The 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging activity assay was performed by homogenizing
100 pL of the extracted sample with 3.9 mL of a 0.064 mM DPPH solution [24]. After
30 min of incubation in darkness, the decrease in absorbance was measured at 515 nm.
Finally, the radical cation scavenging capacity of the 2,2-azinobis (3-ethylbenzothiazolin)-6-
sulphonic acid (ABTS) assay was conducted following the method described by Re et al.
(1999) [25]. After 2 min of incubation of 100 pL of the extracted sample with 1 mL of 7 mM
ABTS working solution, absorbance was measured at 734 nm. These spectrophotometric
assays quantified antioxidant activity using a Trolox standard curve, and the results were
expressed as M Trolox equivalents (TE) per 100 g of sample.
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Total phenolic content (TPC) of the extracted samples was quantified according to
Singleton et al. (1999) [26], by mixing 100 pL of the sample with 500 pL of the Folin—
Ciocalteu reagent and 400 pL of a NayCOj3 solution. After 1 h of incubation, absorbance
was measured at 750 nm. TPC results were expressed as mg of gallic acid equivalents (GAE)
per 100 g of sample, based on a gallic acid calibration curve. Antioxidant activity and TPC
assays were carried out with three independent replicates using a UV21 spectrophotometer
(ONDA, Carpi, Italy).

2.6. Physicochemical Properties Determination

Color, pH, and total titratable acidity (TTA) were measured to determine the physico-
chemical properties of the broccoli by-products and the GF breads. Color measurements
were obtained using a Konica Minolta CR-400 colorimeter (Konica Minolta, Tokyo, Japan)
in accordance with the CIEL*a*b* system. Lightness (L*), redness (a*), yellowness (b*),
chroma (C), and hue (h) parameters were recorded in triplicate on 16 mm-thick slices from
each sample. The total color differences (AE*) of each formulation compared to the Control
bread were calculated with the following equation:

AE" = \J(Lt — LY + (a2 —a2)2 + (0 — b2)?

where s and c indicate the samples and control.

The pH of the samples was measured using a senslON+ PH31 pH meter (Hach-
Lange, Barcelona, Spain). For the analysis, samples were homogenized with distilled
water at a ratio of 1:10 (w/v), and pH was determined directly in the resulting suspension.
Subsequently, total titratable acidity (TTA) was evaluated in the same homogenate by
titration with 0.1 M NaOH until reaching a pH of 8.5. Results were expressed as mL
of NaOH required to neutralize 10 g of sample. All determinations were carried out
in triplicate.

2.7. Digestible and Resistant Starch

Starch content of the different GF breads was quantified using the enzymatic Di-
gestible and Resistant Starch Assay Kit (Megazyme International, Bray, Ireland) based on
the method described by Englyst et al. (1992) [27]. The procedure involves controlled
enzymatic hydrolysis and subsequent colorimetric determination of released glucose, mea-
sured at 510 nm. Samples were subjected to in vitro digestion at 37 °C for 240 min using
a combination of pancreatic a-amylase and amyloglucosidase (PAA/AMG). At 20, 120,
and 240 min, aliquots were collected to determine rapidly digestible starch (RDS), slowly
digestible starch (SDS), and total digestible starch (TDS) and resistant starch (RS), respec-
tively, according to their respective digestion intervals. All analyses were performed with
three independent replicates, and results were expressed as g of starch per 100 g of sample.

2.8. Sensory Analysis

To assess the organoleptic characteristics of the different GF sourdough breads, a
hedonic sensory evaluation was conducted using an untrained panel of 29 consumers
of both genders, aged 18 to 60 years. Therefore, the evaluation was limited to consumer
perception and did not aim to provide a descriptive sensory characterization of the breads.
Participants evaluated appearance, aroma, texture, taste, overall color, juiciness, overall
acceptability, and purchase intention with a 5-point scale ranging from 1 (extremely dislike)
to 5 (extremely like). The evaluation was conducted in accordance with the International
Organization for Standardization (ISO) guidelines [28] in individual sensory booths. Sam-
ples were cut into 3 cm® portions and presented to the panelists with randomly assigned
three-digit codes, and mineral water was provided for palate cleansing between samples.
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The study protocol was approved by the Bioethics Committee of the University of Murcia
(M10/2024/444). All participants were informed about the study and signed the corre-
sponding informed consent form. Exclusion criteria included medical conditions, smoking,
and food allergies that could affect sensory perception.

2.9. Statistical Analysis

Statistical differences between GF bread formulations were evaluated by one-way
analysis of variance (ANOVA) followed by Tukey’s honestly significant difference (HSD)
post hoc test. Differences between broccoli by-products were assessed using Student’s t-test.
Statistical significance was set at p < 0.05. All analyses were performed in triplicate (n = 3),
and data were presented as mean =+ standard deviation (SD). All statistical analyses were
performed using version 28.0 of SPSS Statistics (IBM Corp., Armonk, NY, USA).

To explore relationships among the measured variables, Pearson correlation coeffi-
cients were calculated and visualized as a heatmap using the pheatmap package (version
2.5.0) in R software (version 4.5.0; R Foundation for Statistical Computing, Vienna, Austria).
Finally, principal component analysis (PCA) was also performed using the prcomp function
in the R software. The PCA biplot reduced the dimensionality of the dataset and visualized
patterns of similarity among samples based on the first two principal components, which
represent sample distribution and variable loadings.

3. Results and Discussion
3.1. Proximal Composition and Antioxidant Profile

Table 2 presents the chemical composition of the different broccoli by-products and the
GF sourdough bread formulations. Enzymatic treatment significantly modified the nutri-
tional composition of broccoli extracts, increasing moisture and ash content, and decreasing
fat and protein content of BE relative to BC. Moreover, a significant increment in SDF
was also observed in BE. These effects can be attributed to the action of Viscozyme® L, a
multi-enzyme complex, which catalyzes the hydrolysis of 3-1,4 and 3-1,3 glycosidic bonds
in plant cell wall polysaccharides, promoting the depolymerization and solubilization
of structural components in lower-molecular-weight soluble fractions [19,29]. Consider-
ing that broccoli IDF is mainly composed of insoluble polysaccharides such as cellulose,
hemicelluloses, and pectins [30], the increase in SDF observed in BE likely reflects the enzy-
matic conversion of these structural components into more soluble carbohydrates. Similar
increases in SDF have been reported in broccoli by-products treated with Viscozyme®
L [19,20], whereas studies using broccoli by-products or different gluten-free formulations
have reported more moderate improvements, likely due to differences in the plant matrix
and processing conditions. Similarly, Saroj et al. [31] reported a significant increase in the
SDF content of wheat bran after treatment with a cellulase-containing enzyme preparation,
attributed to comparable cell wall hydrolysis mechanisms.

With respect to GF bread formulations, comparative analyses were performed using
BCT as a reference to assess the impact of by-products incorporation, while comparisons
with commercial GF bread were used to evaluate the nutritional differences relative to
market-available products. The incorporation of broccoli by-products into reformulated
GF breads led to significant increases in protein and a decrease in fat. This reduction in
fat content may be explained by the ability of dietary fiber to interact with and retain
lipids within the food matrix, reducing their extraction during analytical procedures [32].
Significant increments were observed in dietary fiber content in BBC and BBE compared
to BCT, consistent with the higher fiber content in the broccoli by-products (Table 2).
Similar findings have been reported in breads enriched with broccoli stalk powder, where
increasing the level of broccoli stalk incorporation resulted in a progressive increase in
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the TDF content of the final products [33]. Comparable effects have been observed in
bakery products enriched with other vegetable by-products, particularly peel powders
such as potato and apple peel, where their incorporation has consistently been associated
with increased TDF content [34,35]. Moreover, BBE exhibited the highest SDF content,
reflecting the effectiveness of the enzymatic treatment of broccoli by-products. This finding
is consistent with the increased SDF content observed in BE, indicating that the enzymatic
conversion of insoluble cell wall polysaccharides into soluble carbohydrates was retained
after incorporation into the bread formulation. Overall, all reformulated breads contained
more than 6 g of TDF per 100 g, thereby meeting the requirements for the “high fiber”
nutrition claim established by Regulation (EC) No 1924/2006 [36]. On the other hand, all
reformulated sourdough breads exhibited higher protein and dietary fiber content, along
with reduced fat content compared with COM. These improvements can be attributed to
the replacement of refined ingredients in the commercial formulation with buckwheat,
chickpea, and quinoa flours, together with amaranth sourdough and flaxseeds, which
contribute to a clearly superior nutritional and functional profile [37,38].

Table 2. Proximate composition, antioxidant activity, total phenolic content (TPC), and physicochemi-
cal properties of broccoli by-products and gluten-free breads.

By-Products Gluten-Free Breads

BC BE BCT BBC BBE COM

Proximate composition

Energy (kcal 100 g 1) 254,60 + 0.71 a

230.25+3.45b

256.53 + 4.08 a

24219 £1.50a

24379 £3.85a

24133 £2.07 a

Moisture (g 100 g_l) 7.68 +0.39b 15.32 £ 0.02 a 3272 +£0.72b 35.04 £0.72b 3331 £150b 40.36 = 0.15a
Ash (g 100 gfl) 16.61 +£0.17b 17.65 + 0.24 a 2.01 £0.12 ab 231+021a 2.21 +£0.28 ab 1.47 £ 0.03b
Protein (g 100 g_l) 18.03 +0.03 a 16.50 = 0.45b 6.56 + 0.08 b 718 £0.07 a 7.31 £0.08 a 3.66 £ 0.11 ¢
Fat (g 100 gfl) 2.04 £0.65a 1.38 +0.36b 3.17+030a 293 +0.13 ab 244 +0.12b 3.23+0.07a
Carbohydrates (g 100 g_l) 26.65 £2.05a 26.76 £ 1.58 a 44.58 4+ 0.06 ab 41.63 £ 0.59b 41.68 +£1.02b 4757 £0.75a
IDF (g 100 gfl) 3720 £0.96 a 28.64 +=0.55b 943 +0.39b 10.01 £ 0.12a 10.52 + 0.33 a 3.46 +0.62 ¢
SDF (g 100 g_l) 0.85+0.10b 4.73 + 0.36 a 0.78 £0.02 ¢ 152 +0.16 b 2.66 +0.15a 0.27 £0.02d
TDF (g 100 gfl) 38.05 £ 0.87 a 33.37 2090 b 10.21 + 041 ¢ 11.54 +£0.04b 13.18 = 0.18 a 3.72+0.59d
Antioxidant Activity and Total Phenolic Content

TPC (mg GAE g*l) 235+0.11b 723+ 041 a 4.49 +0.09 a 3.84 £0.09b 461 £0.12a 1.76 + 0.04 ¢
FRAP (uM TE g_l) 17.76 + 0.78 b 2737 £0.41a 11.58 +0.37b 11.62 £ 0.23b 13.51 +0.32 a 4.33 +0.86 ¢
DPPH (uM TE g’l) 2115+ 0.62b 2947 £0.63 a 10.07 £ 0.40b 1155+ 0.75b 14.57 + 0.58 a 3.41+0.56¢
ABTS (uM TE g_l) 20.86 = 0.17b 2852 +£0.82a 13.59 +0.47b 11.85+ 0.10 ¢ 14.96 + 0.12 a 451 +022d

Results were expressed as the mean + standard deviation. Results for broccoli by-products are expressed on a
dry-weight basis, whereas results for GF breads are expressed on a fresh-weight basis. For broccoli by-products
powders, different letters within the same row indicate statistically significant differences, as determined by
Student’s t-test (p < 0.05). For each gluten-free bread formulation, different letters within the same row indicate
statistically significant differences, according to Tukey HSD (p < 0.05). Abbreviations: BCT: Control gluten-free
bread; BBC: Gluten-free bread enriched with BC; BBE: Gluten-free bread enriched with BE; BC: Broccoli by-
products; BE: Enzymatically treated broccoli by-products; IDF: Insoluble dietary fiber; SDF: Soluble dietary fiber;
TDF: Total dietary fiber; TE: Trolox equivalents; TPC: Total phenolic content; GAE: Gallic acid equivalents.

Moreover, the antioxidant activity (FRAP, ABTS, and DPPH) and TPC of broccoli
by-products and GF breads are presented in Table 2. BC and BE were characterized as they
correspond to the two ingredient forms incorporated into the bread formulations. Both
showed high antioxidant activity and TPC, which can be associated with the natural rich-
ness of broccoli by-products in phenolic compounds, flavonoids, and glucosinolates [39].
In addition, enzymatic treatment significantly enhanced all antioxidant parameters and
TPC in BE relative to BC. This enhancement confirms the promoting effect of enzymatic
hydrolysis on the release of antioxidant-related compounds by disruption of cell wall
polysaccharides [40,41]. Since BC and BE were prepared under comparable and relatively
mild drying conditions, the observed differences in antioxidant capacity are mainly at-
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tributable to the enzymatic pre-treatment rather than to the preparation process itself. This
high antioxidant potential of BC and BE was reflected differently in the corresponding
bread formulations. Although BC exhibited high antioxidant activity as an individual in-
gredient, its incorporation into bread resulted in only limited improvements in antioxidant
capacity. This may be explained by the fact that a considerable proportion of phenolic
compounds in untreated broccoli by-products remains bound to the plant cell wall matrix,
limiting their extractability and availability after incorporation into the bread matrix [42,43].
Consequently, the amount of readily extractable antioxidants transferred to the final prod-
uct may have been insufficient to produce consistent increases across all antioxidant assays.
In addition, FRAP, ABTS, DPPH, and TPC are based on different analytical principles and
therefore do not necessarily exhibit identical trends within the same sample [44]. In contrast,
the incorporation of BE resulted in consistently higher FRAP, DPPH, ABTS, and TPC values
than BCT. These findings support the role of enzymatic treatment in promoting the release
of antioxidant compounds from the broccoli by-product matrix, thereby increasing their
availability for extraction and detection in the GF bread [40,41]. Similar improvements in
antioxidant activity have been reported in GF breads enriched with Viscozyme® L-treated
broccoli stalks, confirming that enzymatic treatment enhances the transfer of antioxidant
compounds from broccoli by-products to the final baked product [20]. Finally, all refor-
mulated breads exhibited significantly higher antioxidant activity and TPC than COM.
Given the marked differences in formulation between commercial and experimental breads,
these results likely reflect the combined contribution of the reformulated recipe, including
pseudocereal flours, amaranth sourdough, flaxseeds, and broccoli by-products [38].

3.2. Physicochemical Profile

The physicochemical properties of the different broccoli by-products and GF bread
formulations are presented in Table 3.

Table 3. Physicochemical properties of broccoli by-products and gluten-free breads.

By-Products Gluten-Free Breads

BC BE BCT BBC BBE COM

Physicochemical Properties

pH 579 £0.05a 5.06 £0.06 b 482 +0.06a 493 +£0.02a 481 £0.06a 490+014a
TTA (mLNaOHO0.1N10g~}) 397+£021b 510+£0.10a 1290+0.14a 11454+049ab 11.20+0.14b 5.55+0.49c
L* 6798 £0.73a 4880+ 0.69b 49.63+£0.63b  49.67£058b  4830+1.07b 6924+ 0.96a
a* 1924+ 0.04b 874+018a 522+0.19ab 5.16 £0.18 b 570+ 0.31a 3.77£0.05¢
b* 2358 +£0.07b 26.02+03la 15.52+0.13c 15.85+0.76 ¢ 17.67 £0.40b 19.97 029 a
C 23.66+0.07b 2745+ 034a 1638+0.17b  16.67+£0.77b  17.00+0.77b  20.32+£029a
h 85.34 £0.08a 7142+021b 7143+053b 7197 +040b 71.83+0.62b 79324+0.20a
AE* 0.00+0.00b  20.64+024a 0.00£0.00d 0.51+0.05¢ 226 £0.11b 19.53 £0.09 a

For broccoli by-products powders, different letters within the same row indicate statistically significant differences,
as determined by Student’s t-test (p < 0.05). Results were expressed as the mean + standard deviation. Different
letters within the same row indicate statistically significant differences according to Tukey’s HSD test (p < 0.05).
Abbreviations: BCT: Control gluten-free bread; BBC: Gluten-free bread enriched with BC; BBE: Gluten-free bread
enriched with BE; BC: Broccoli by-products; BE: Enzymatically treated broccoli by-products; TTA: Total titratable
acidity; AE*: Total color differences.

Regarding the broccoli by-products, enzymatic treatment with Viscozyme® L signifi-
cantly reduced the pH and increased the TTA, thereby acidifying the sample. These results
may be associated with the enzymatic degradation of cell wall polysaccharides, which
promotes the release of previously bound organic acids and phenolic compounds within
the plant matrix [45]. However, incorporating these extracts did not result in significant
differences in pH among the fortified GF breads, which values are consistent with the
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range typically reported for sourdough GF breads, where organic acids generated during
fermentation produce a characteristic acidity to the final product [46]. In contrast, TTA
showed significant differences among the GF bread formulations (p < 0.05). All the refor-
mulated breads (BCT, BBC, and BBE) exhibited markedly higher TTA values than COM,
suggesting a greater accumulation of titratable acids despite their comparable pH values.
These differences may be related to variations in sourdough composition, fermentation
conditions, or organic acid production during breadmaking. Among the experimental
formulations, incorporating BC and BE resulted in a slight decrease relative to BCT. This
behavior may be associated with the release of phenolic compounds and soluble fiber
during enzymatic treatment, which can contribute to the buffering capacity of the matrix
and influence titratable acidity measurements [47].

In terms of color, the enzymatic treatment of broccoli by-products markedly altered the
appearance of BE, which exhibited lower L* and higher a* and b*, leading to a darker color
and a shift towards reddish-brown tones. These changes may be attributed to the release of
compounds during the enzymatic degradation of cell wall structures and their subsequent
oxidation by endogenous polyphenol oxidase and peroxidase enzymes, resulting in brown
pigments [48]. In GF breads, all reformulated formulations showed lower L* values than
COM, mainly due to the use of amaranth sourdough and pseudocereal flours, which
contain naturally pigmented compounds compared to the commercial formulation with
rice starch and refined ingredients. Moreover, the incorporation of BC and BE into GF bread
produced only minor changes in color compared with BCT. The slightly higher values of a*
observed in both enriched formulations, together with the increase in b* in BBE, reflect the
transfer of the pigments and browning products generated during the enzymatic treatment
of broccoli by-products to the bread matrix. Previous studies on GF bakery products
enriched with broccoli stems [20] and broccoli leaves [49,50] reported similar color changes,
including darker products and shifts towards reddish and yellowish tones after broccoli
incorporation. This consistent behavior across different broccoli fractions and GF bakery
products suggests that the intrinsic pigments of broccoli tissues are the main drivers of these
color modifications. Finally, color differences relative to BCT (AE*) ranged from 0.51 in BBC
to 2.26 in BBE and remained below the threshold of visual perceptibility (AE* = 3) [51]. This
indicates that despite the observed changes in individual color parameters, incorporating
BC and BE did not produce perceptible color differences from a consumer perspective.

3.3. Digestible and Resistant Starch Content

The results for the digestible starch and resistant starch of GF breads are presented in
Table 4.

Table 4. Digestible and resistant starch content of gluten-free breads (g 100 gfl).

BCT BBC BBE COM
RDS 3393 £0.05b 3098+011c 2911+£0.16d 49.12+0.11a
SDS 1392 £0.11c¢ 1484 +011b 2039=£0.16a 13.01+0.11d
TDS 4785+ 016¢c 4583+022d 4950+032b 6212+022a
RS 136 £0.02a 1.39 £0.03a 144 £0.01a 1.08 +£0.01b

Results were expressed as the mean =+ standard deviation. Different letters within the same row indicate
statistically significant differences according to Tukey’s HSD test (p < 0.05). Abbreviations: BCT: Control gluten-
free bread; BBC: Gluten-free bread enriched with BC; BBE: Gluten-free bread enriched with BE; BC: Broccoli
by-products; BE: Enzymatically treated broccoli by-products; COM: commercial bread; RDS: Rapidly digestible
starch; SDS: Slowly digestible starch; TDS: Total digestible starch; RS: Resistant starch.

Among the experimental bread formulations, incorporating broccoli by-products

significantly modified starch digestibility. A progressive reduction in RDS from BCT
to BBC and BBE was observed, with the effect more pronounced for BBE. In parallel,
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SDS exhibited an opposite behavior, increasing progressively across formulations from
BCT to BBC and reaching the highest values in BBE. Together, these results reflect a
modulation of the starch hydrolysis profile towards slower digestion in the experimental
breads, with the effect more pronounced with the enzymatic treatment. These changes are
nutritionally relevant, as lower RDS and increased SDS are associated with a slower glucose
release and improved glycemic response [52]. Moreover, these effects are consistent with
previous studies reporting similar shifts in starch digestibility, incorporating plant-based
ingredients into GF bakery products [53,54], where reductions in RDS and increases in
SDS were associated with the presence of dietary fibers and phenolic compounds. The
observed shifts may be attributed to complementary mechanisms reported in the literature.
Firstly, the dietary fiber present in broccoli by-products may act as a physical barrier,
limiting water availability and enzyme accessibility to starch granules, thereby delaying
starch gelatinization and hydrolysis [55,56]. Moreover, phenolic compounds released
from broccoli by-products, particularly in BBE following enzymatic treatment, have been
reported to interact with starch and digestive enzymes, reducing starch accessibility and
partially inhibiting enzymatic hydrolysis [57,58]. Consequently, the greater availability of
these bioactive compounds after enzymatic treatment may explain the more pronounced
reduction in RDS and increase in SDS observed in BBE. Finally, the RS presented comparable
values, with no significant differences among the formulations, with the highest value for
BBE. However, these RS values obtained may be influenced by sourdough fermentation,
which has been associated with starch retrogradation and the formation of less digestible
starch structures during processing and storage [59].

Conversely, COM exhibited the highest RDS values and lowest SDS and RS levels.
This digestibility profile reflects a predominance of starch fractions rapidly hydrolyzed
during the initial phase of digestion and a limited capacity to sustain starch hydrolysis over
time. This profile is consistent with the digestibility profiles reported by Giuberti and Gallo
for GF products formulated mainly with refined starches, which are characterized by rapid
starch hydrolysis and higher glycemic responses [60].

3.4. Sensory Evaluation

The results of the sensory evaluation of the four different GF breads assessed by the
panelists are presented in Figure 2.

In the sensory attribute radar plot (Figure 2A), significant differences (p < 0.05) were
observed between formulations. Both broccoli-enriched formulations, BBC and BBE, exhib-
ited sensory profiles comparable to those of BCT across all evaluated attributes. In contrast,
COM obtained the highest scores for all evaluated attributes. For a deeper understanding
of how sensory attributes contributed to the differentiation among formulations, a PCA
plot was generated based on the sensory scores, as shown in Figure 2B. PCA explained
70.3% of the variance on PC1 and 9.4% on PC2, revealing two distinct groups among
samples. COM was separated from the other formulations along PC1, clustering with
the positively rated sensory attributes, indicating higher consumer appreciation of these
characteristics. In contrast, BCT, BBC, and BBE clustered closer together on the opposite
side of the plot, reflecting their similar sensory behavior and their lower scores in the main
quality attributes.

Regarding consumer response, overall acceptance and purchase intention are pre-
sented in Figure 2C. These results exhibited the same trend, with COM achieving the
highest values and the experimental breads remaining at lower and comparable levels
without significant differences between them. The preference ranking analysis (Figure 2D)
further supported these findings, showing a clear shift in preference towards COM with
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Figure 2. Sensory evaluation of the different gluten-free breads. (A) Radar plots represent the intensity
scores of the evaluated sensory attributes for each formulation. (B) PCA biplot showing sample
clustering based on sensory characteristics and the relative contribution of individual attributes to
sample discrimination. (C) Consumer acceptance and purchase intention scores. (D) Ranking test
results showing the preference order of gluten-free bread formulations. Different letters (a, b) indicate
statistically significant differences between samples (* p < 0.05). BCT: Control gluten-free bread;
BBC: Gluten-free bread enriched with BC; BBE: Gluten-free bread enriched with BE; BC: Broccoli
by-products; BE: Enzymatically treated broccoli by-products; COM: commercial bread.

These results suggest that the incorporation of broccoli by-products, even after en-
zymatic treatment, did not negatively affect consumer acceptance of the experimental
breads. Likewise, the comparable sensory profiles of BBC and BBE indicate that the en-
zymatic pre-treatment of the broccoli by-products did not produce perceptible changes
in the sensory quality of the final breads. In contrast, the better sensory profile of COM
may be attributed to its formulation, which includes rice syrup, psyllium, and hydrox-
ypropyl methylcellulose, which are widely used in commercial GF breads to improve flavor,
moisture retention, crumb structure, and overall sensory quality [61,62]. Moreover, all
experimental formulations contain buckwheat, chickpea, and quinoa flours, which, de-
spite their nutritional benefits, have been associated with lower sensory acceptance scores
compared with rice-based formulations such as COM [63]. Nevertheless, the comparable
sensory profiles observed among BCT, BBC, and BBE, together with their substantially
superior nutritional and functional properties, support the viability of the reformulation
strategy for developing GF breads with improved health benefits without significantly
compromising consumer acceptability, as assessed by an untrained consumer panel.
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3.5. Multivariate Statistical Analysis

To further explore the relationships among the nutritional, physicochemical, and
sensory parameters evaluated in this study, Pearson correlation analysis and PCA were

performed (Figure 3).
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Figure 3. Multivariate analysis of gluten-free bread formulations based on the different measured
parameters. (A) Pearson correlation matrix showing the relationships among the evaluated variables.
Circle size and color intensity represent the strength of the correlation coefficient, with larger circles
indicating stronger correlations. Red and blue denote positive and negative correlations, respectively.
(B) PCA biplot illustrating sample distribution according to the evaluated parameters and the
contribution of each variable to sample differentiation. BCT: Control gluten-free bread; BBC: Gluten-
free bread enriched with BC; BBE: Gluten-free bread enriched with BE; BC: Broccoli by-products;
BE: Enzymatically treated broccoli by-products; COM: commercial bread; IDF: insoluble dietary
fiber; SDF: soluble dietary fiber; TDF: total dietary fiber; RDS: Rapidly digestible starch; SDS: Slowly
digestible starch; TDS: Total digestible starch; RS: Resistant starch; TTA: total titratable acidity.

The Pearson correlation matrix (Figure 3A) revealed a strong positive association
between the dietary fiber fractions (IDF, SDS, and TDF) and the antioxidant activity as-
says (FRAP, ABTS, and DPPH) as well as TPC. These observed correlations suggest that
GF breads with higher fiber content also present increased concentrations of phenolic
compounds, indicating that the incorporation of broccoli by-products contributed simul-
taneously to the enrichment of both the fiber and the phenolic profiles of the GF breads.
Moreover, this association can be attributed to the recognized capacity of dietary fiber to
interact with phenolic compounds, forming a carrier matrix that facilitates the retention of
antioxidant molecules through covalent and non-covalent interactions [64,65]. In addition,
protein content showed a strong positive correlation with ash content and a strong negative
correlation with carbohydrates and moisture. This reflects the compositional differences
between the nutrient-dense reformulated breads and the starch-based commercial product.
Similarly, SDS was positively correlated with SDF and antioxidant activity, supporting the
role of SDF and phenolic compounds in promoting the formation of less RDS by their inter-
action with the starch matrix [56]. Finally, sensory acceptance and purchase intention were
positively associated with juiciness, texture, and taste, suggesting that consumer perception
was primarily driven by sensory attributes rather than by nutritional parameters.

PCA of the nutritional parameters evaluated (Figure 3B) supported these findings,
explaining 92.2% of the total variance (PC1: 79.3%; PC2: 12.9%). PC1 clearly separated

https://doi.org/10.3390/app16147335


https://doi.org/10.3390/app16147335

Appl. Sci. 2026, 16, 7335

13 of 17

COM from the reformulated breads, with COM associated with moisture, carbohydrates,
RDS, and TDS. Conversely, the reformulated breads clustered on the opposite side, as-
sociated with protein, ash, IDF, TDF, TPC, and antioxidant capacities, supporting the
improved nutritional profile of the reformulated samples. Moreover, PC2 further differenti-
ated the experimental breads, with BBE associated with SDS and SDF. Overall, BBE was
clearly different from the other formulations, indicating that the enzymatic treatment with
Viscozyme® L produced a unique nutritional and functional profile.

4. Conclusions

The incorporation of broccoli by-products into GF sourdough bread formulations
represents a sustainable strategy to develop nutritionally improved GF bakery products,
highlighting the feasibility of incorporating these agri-food by-products into clean-label GF
products within a circular economy framework. The incorporation of broccoli by-product
extracts significantly improved the protein, ash, and total dietary fiber content of the re-
formulated breads, with all formulations meeting the EU criteria for “high fiber” claim,
as well as exhibiting significantly higher antioxidant activity and TPC than the commer-
cial GF product. These improvements are attributed to the rich bioactive composition
of broccoli by-products, including phenolic compounds, flavonoids, and glucosinolates,
which contributed simultaneously to the nutritional and functional enrichment of the final
product. Furthermore, the incorporation of broccoli extracts progressively reduced RDS
and increased SDS fractions, suggesting a more favorable glycemic profile compared to the
commercial formulation. Sensory evaluation confirmed that broccoli by-product incorpora-
tion did not significantly compromise consumer acceptability. Although COM achieved
superior sensory scores, it exhibited lower nutritional and functional properties than the re-
formulated breads, highlighting the challenge of balancing sensory quality with nutritional
value in GF bakery products. Future formulation strategies should aim to narrow this gap
through the incorporation of natural sweeteners or texture-improving hydrocolloids.

Enzymatic treatment with Viscozyme® L further maximized the functional poten-
tial of the broccoli by-products by promoting a significant conversion of IDF into SDF
and enhancing phenolic content and antioxidant activity through the hydrolysis of cell
wall polysaccharides and the release of bound bioactive compounds. Consequently, BBE
exhibited the most favorable overall profile among the experimental breads, combining
the highest SDF content, TPC, and antioxidant activity, with the greatest shift towards
slower starch digestibility. In contrast, the untreated extract showed a more limited effect,
highlighting enzymatic treatment as a key strategy for maximizing the value of broccoli
by-products as functional food ingredients.

Overall, these findings support the use of Viscozyme® L-treated broccoli by-products
as sustainable, clean-label functional ingredients for the development of nutritionally im-
proved GF breads within a circular economy framework. Future research should focus on
optimizing sensory quality while preserving the nutritional advantages of the formulations,
as well as evaluating the technical and economic feasibility of industrial implementa-
tion. Attention should be paid to enzyme cost, the availability and seasonal variability of
broccoli by-products, and the integration of the enzymatic treatment into existing food
processing lines. Addressing these aspects will facilitate the translation of broccoli by-
product valorization from laboratory-scale research to commercially viable circular food
production systems.
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