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Abstract

In the contemporary food landscape, consumers increasingly seek snacks that combine convenience,
sensory pleasure and demonstrable nutritional benefits. This trend aligns with global priorities
regarding sustainability and food waste reduction, driving the industry to move away from ultra-
processed formulations towards functional, eco-responsible alternatives. Within this context, the
valorisation of plant-based by-products is a vital strategy for the circular economy. This study focuses
on broccoli stalks (Brassica oleracea var. italica), an under-exploited biomass rich in dietary fibre,
protein and phenolic compounds, all recognised for their antioxidant and anti-inflammatory
properties. An innovative snack prototype was developed by incorporating freeze-dried broccoli
stalk powder, resulting in an enhanced nutritional profile: high fibre (33.73 g/100 g) and protein (24.30
g/100 g), with moderate energy density (295.33 kcal/100 g). Results demonstrated microbiological and
bioactive stability over four months, with no significant losses in total phenolic content, antioxidant
capacity, or a-glucosidase inhibitory activity. These findings substantiate the product’s classification
as a functional snack. This research underscores the dual significance of broccoli stalk valorisation:
mitigating agri-food waste and promoting public health through the transition towards more
circular, sustainable and resilient food models.

Keywords: by-product; broccoli stalk powder; freeze-drying; functional snack; circular economy

1. Introduction

Food processing industries generate substantial volumes of by-products, including fruit and
vegetable pomace, cereal bran, soybean dregs, sugarcane bagasse, whey, and animal-derived
residues such as bones and skins [1-4]. Traditionally regarded as low-value waste streams, these
materials are increasingly recognised as promising resources within the framework of sustainable
food systems and circular bioeconomy strategies [5,6]. Their valorisation enables the development of
value-added food products and innovative food packaging solutions, thereby reducing
environmental burdens while enhancing resource efficiency [5,6]. Among these by-products, residues
specifically from fruit and vegetable processing, such as peels, pulps, pomace, and seeds, have
attracted particular attention due to their high concentrations of bioactive compounds, notably
phenolic compounds [7]. These constituents are associated with well-documented antioxidant,
antidiabetic and antimicrobial activities, conferring both technological functionality (e.g., natural
preservation) and potential health benefits related to the prevention and management of chronic
diseases [8-11]. Consequently, current innovations in sustainable food production increasingly focus
on incorporating such residues into value-added formulations, including extruded products,
functional snacks, and bakery items [11-13]. Brassica oleracea var. italica (broccoli), a member of the
Brassicaceae family closely related to cabbage, cauliflower, kale, turnip, mustard, and Brussels
sprouts, is widely recognised for its dense nutritional profile and abundance of bioactive
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phytochemicals [14-17]. Broccoli contains glucosinolates, phenolic compounds, vitamin C and
flavonoids, which exhibit antioxidant, anti-inflammatory, and chemo-preventive properties [18]. In
this context, broccoli waste upcycling has emerged as a promising strategy, particularly through the
utilisation of stalks and leaves that are commonly discarded during industrial processing [19]. The
broccoli stalk represents approximately 47% of the total plant biomass and has historically been
underutilised, despite its substantial nutritional value [19]. Its compositional profile indicates a high
content of dietary fibre, with insoluble fibre predominating [20,21]. Additionally, broccoli stalks are
low in fat and sugars and provide essential vitamins, minerals, and significant levels of bioactive
phytochemicals, including glucosinolates (notably glucoraphanin), flavonoids, and phenolic acids
[15,16,22,23]. Upon hydrolysis by the endogenous enzyme myrosinase, glucosinolates are converted
into isothiocyanates, compounds linked to cardioprotective and neuroprotective effects [24,25].
Appropriate processing and stabilisation techniques are therefore critical to preserve these bioactive
constituents and maximise their functional potential [19]. The incorporation of stabilised broccoli
stalk powder into food matrices represents a viable strategy for developing functional products with
enhanced nutritional and bioactive profiles, including soup, bakery products, pasta, and other
formulations [14,26-31]. In this context, the present study aims to develop and characterise a freeze-
dried snack formulated with broccoli stalk powder, integrating principles of nutritional enhancement
and sustainable innovation within the agri-food system. The study comprehensively evaluates the
product’s nutritional composition, namely total, soluble, and insoluble dietary fibre, together with in
vitro protein digestibility, bioactive potential (antioxidant and antidiabetic capacities), total phenolic
content, physicochemical properties, microbiological safety, and shelf-life stability over a four-month
storage period.

2. Materials and Methods

2.1. Production and Storage Conditions of the Broccoli Stalk Snack

The broccoli stalk snack was formulated using the ingredients and proportions listed in Table
1.1. The main ingredient, freeze-dried broccoli stalk powder (Alitec, Portugal), was obtained via
lyophilization in an Industrial Freeze Dryer Coolvacuum, Model Lyobiotic 10FD (Spain), by freezing
at -37°C, followed by primary drying from -40°C to 35°C under a vacuum of 1-0.15 mbar for 43 hours
and secondary drying at 37-40°C under 0.025 mbar for 7 hours, totaling a 50-hour cycle. The
formulation was completed by adding cooked chickpeas (purchased in bulk, Portugal), aquafaba
(from chickpea cooking, Portugal), onion (Sonae MC, Portugal), extra virgin olive oil (Oliveira da
Serra, Portugal), sliced jalapefio peppers (Mexifoods, Mexico), nutritional yeast flakes with vitamin
D (Engevita, UK), samphire (Qampo, Portugal), sun-dried tomato in oil (Ponti, Italy), fresh tomato
(Sonae MC, Portugal), Parmigiano Reggiano cheese (Parmareggio, Italy), and garlic powder and
herbs (Margao, Portugal).

Table 1. Ingredients for Snack Formulation.

Ingredient Mass (g) Percentage (in dry mass) (%) *
Freeze-Dried Broccoli Stalk Powder 550.0 32.2

Cooked Chickpeas 500.0 29.3

Aquafaba 230.0 13.5

Onion 110.0 6.4

Olive Oil 17.0 1.0
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Jalapefio 7.0 0.4
Nutritional Yeast 103.0 6.0
Samphire 4.5 0.3
Dried Tomato 83.0 49
Fresh Tomato 41.3 14
Cheese Powder 62.0 3.6
Garlic Power and Herbs 54 0.3
Total (Solids) 1713.2 100

*Note: In addition to the solid ingredients listed above, approximately 1 litre of water was added during the

formulation process to achieve the desired consistency.

For the snack preparation, the cooked chickpeas were first blended in a Thermomix® (Vorwerk
& Co. KG, Wuppertal, Germany) for 10 minutes. Subsequently, all other ingredients were
individually weighed and sequentially incorporated into the mixture, with each addition followed
by 2 minutes of blending. Three batches of this formulation were prepared and shaped into spherical
portions with approximately 1.5 cm in diameter and weighing around 2 g each, yielding 300 units
per batch. The portions were then frozen prior to freeze-drying. The freeze-drying process was
carried out using a Coolvacuum lyophilizer, model Lyobiotic 10FD, lasted a total of 50 hours. Initial
freezing was performed at -37°C, followed by a primary drying phase at -40°C to 35°C under vacuum
conditions between 1 and 0.15 mbar for 43 hours. A secondary drying phase was then conducted at
37°C to 40°C under a vacuum of 0.025 mbar for 7 hours. The resulting freeze-dried snacks were stored
at room temperature (18-22 °C) in sealed multilayer laminated bags (PA/PE/MET/MET,; 20x30 cm; 90
pm) until further analysis. The developed snack underwent comprehensive characterization
including nutritional composition (moisture, total fats, total protein, ash, total carbohydrates, total
dietary fibre and sugars), physicochemical parameters (water activity, pH, texture and colour),
microbiological quality, total phenolic content, biological properties (antioxidant and antidiabetic
activities), as well as in vitro protein digestibility and total and insoluble fibre content.
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Figure 1. (a) Snack prototype unit (spherical shape) with a diameter of approximately 1.5 cm (measured using a

ruler) and (b) a weight of 2.0 g (measured on an analytical balance).

2.2. Nutritional Composition Analysis

The proximate composition of the broccoli stalk powders and the formulated snack was
determined following the AOAC official methods (“AOAC (2000) Official Methods of Analysis. 17th
Edition, 2000)to evaluate their nutritional profiles. The parameters assessed included moisture
content (oven drying at 105 °C), ash content (incineration in a muffle furnace at 550 °C), crude protein
(Kjeldahl method, N x 6.25), total fat (Soxhlet method), total sugars (Munson and Walker technique),
dietary fibre (enzymatic-gravimetric method), and total carbohydrates (calculated by difference). The
gross energy value was estimated using Atwater conversion factors. All determinations were
performed in triplicate.

2.3. Physicochemical Characterization of the Broccoli Stalk Powders and Snack

2.3.1. Water Activity (aw)

Water activity of broccoli stalk snack was quantified using a water activity meter (LabMaster-
aw neo, Lachen, Switzerland). Measurements were carried out at 0, 1, 2, and 4 months of storage for
the snack. All measurements were conducted in triplicate, and results were expressed as mean
valuest standard deviation (SD).

2.3.2. pH Determination

The pH of snack was determined by homogenizing a single-serving portion of the snack in
phosphate-buffered saline (PBS, Sigma-Aldrich, St. Louis, MO, USA) at 1:9 (w/v) ratio, followed by
immersion of the electrode probe of a calibrated pH meter (Basic 20, Crison Instruments, Barcelona,
Spain) into the suspension. All measurements were conducted in triplicate, and results were
expressed as mean values+ SD.

2.3.3. Texture Analysis

Textural properties of the developed snack were analysed using a texture analyser (Stable Micro
Systems TA.XT.plus, Godalming, UK) equipped with a 30 kg load cell and a five-blade Kramer shear
cell probe, operating at a test speed of 5 mm/s. Hardness and crispiness were the main parameters
assessed. All samples were analysed in triplicate and results were expressed as mean values+ SD.

2.3.4. Colour Measurement

Colour parameters for snack were determined using a colorimeter (Chroma Meter CR-400,
Konica Minolta, Osaka, Japan). The instrument provided L (lightness), a* (red green), and b* (yellow—
blue) coordinates. Colour differences (AE*) between samples at different storage times were
calculated using the following equation:

AE, = /(AL")? + (Aa*)? + (Ab*)?
where AL*, Aa* and Ab* represent the differences in L* a* and b* values between two timepoints.

Perceptible colour variation was considered when AE* > 1-3 (Bodart et al., 2008).

2.4. Microbiological Quality Assessment

Microbiological analyses were performed on three randomly selected snack portions at 0, 1, 2,
and 4 months of storage. For the analysis, 0.5 g of each snack sample was diluted in 4.5 mL of sterile
PBS and homogenized using a vortex. Afterwards, serial decimal dilutions were prepared, and
aliquots were plated in triplicate on the following solid media: plate count agar (PCA, Biokar
diagnostics, Allone, France) for enumerating total aerobic mesophilic microorganisms, potato
dextrose agar (PDA; Biokar diagnostics) for counting yeasts and moulds, and violet-red bile glucose
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agar (VRBGA; Biokar diagnostics) for Enterobacteriaceae enumeration. PCA and PDA plates were
inoculated with 0.1 mL of decimal dilution using the spread plate method, while VRBGA plates were
inoculated with 1 mL of decimal dilution using the pour plate technique. Incubation was carried out
under aerobic conditions as follows: PCA at 30 °C for 2-5 days, PDA at 22 °C for 5 days, and VRBGA
at 37 °C for 24 h. After incubation, colony-forming units (CFU) were counted, and results were
expressed as colony-forming units per gram (CFU/g) of snack.

2.5. Extract Preparation for Total Phenolic Content, Antioxidant and Antidiabetic, Activities Determination

The broccoli snack extracts were prepared in triplicate according to the method described by
[34] with minor changes. Initially, 20 mL of 80% chilled ethanol were added to 50 mL centrifuge tube
containing 2 g of broccoli snack. The solution was homogenized by agitation in an orbital shaker
(Innova 42, Hamburg, Germany) for 20 minutes at 200 rpm at a temperature of 30 °C, followed by
sonication (Bath sonicator, Bandelin, Berlin, Germany) for 10 minutes. Subsequently, the sample was
subjected to centrifugation at 3850xg for 5 minutes and the supernatant was collected in a new 50 mL
centrifuge tube. Then, residues/pellets were re-extracted by adding 10 mL of 80% ethanol and
supernatants from first and second extraction were combined. Afterwards, the extracts were filtered
using a paper filter to eliminate possible particles in suspension and they were concentrated using a
speed vacuum evaporator at 40 °C. Lastly, the final volume of each extract was adjusted to 5 mL using
deionized water and the extracts were stored at -20° C until analysis.

2.6. Total Phenolic Content (TPC) Determination

The total phenolic content of the broccoli stalk snack (at 0 and 4 months of storage) was
determined using the Folin—Ciocalteu colorimetric method [35], with minor adjustments. Briefly, 30
uL of sample (or appropriate dilution) was combined with 100 pL of Folin-Ciocalteu reagent (20%
v/v) and 100 pL of anhydrous sodium carbonate solution (7.4% m/v) in a 96-well microplate. A
standard curve of gallic acid (0.025-0.200 mg/mL) was created to express the results as milligrams
gallic acid equivalents per gram of sample (mg GAE/g). After 30 minutes of incubation in the dark at
room temperature, absorbance was measured at 750 nm using a multi-detection plate reader
(Synergy H1, VT, USA) operated using the Gen5 software. All measurements were conducted in
triplicate.

2.7. Antioxidant Activity Determination

The antioxidant capacity of the broccoli stalk snack (at 0 and 4 months of storage) was evaluated
using the 2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) scavenging assay described
by [36] with slight modifications. Briefly, a mixture of 20 uL of sample (or appropriate dilution),
Trolox standard, or solvent and 180 uL of ABTS working solution was added to each well of a 96-
well microplate. After incubation for 5 minutes, absorbance at 734 nm was measured using a multi-
detection plate reader (Synergy H1, VT, USA) operated using the Gen5 software. A calibration curve
of Trolox (25-175 uM) was prepared to allow the expression of the results as pmol of Trolox
equivalents per gram of sample (umol TE/g). All assays were performed in triplicate.

2.8. Antidiabetic Activity Determination

The antidiabetic activity of snack (at 0 and 4 months of storage) was evaluated using the a-
glucosidase inhibitory activity assay described by [37] with minor modifications. Briefly, 50 uL of
sample and 100 uL of phosphate buffer (0.1 M, pH 6.9) containing a-glucosidase (1 U/mL) were pre-
incubated at 25 °C for 10 minutes in a 96-well microplate. Then 50 uL of 5 mM p-nitrophenyl-a-D-
glucopyranoside solution in phosphate buffer (0.1 M, pH 6.9) was added. Absorbance at 405 nm was
measured before and after 5 minutes of incubation at 25 °C. Furthermore, a negative control
containing 50 pL of buffer solution in place of the sample and a positive control containing 50 pL of
acarbose at a concentration of 10 mg/mL were included in each experiment. All assays were
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performed in triplicate. Inhibitory activity was expressed as percentage inhibition of a-glucosidase
enzyme, calculated using the formula:

(AAnegative control AAsample) % 100

a-Glucosidase Inhibition (%) =
A“lnegative control

where AA negative control is the variation of absorbance of the negative control and AA sample is
the variation of absorbance of the snack samples.

2.9. In Vitro Protein Digestibility

In vitro protein digestibility of the snack was determined according to [38] and [39], with
adaptations. Samples containing 16 mg of nitrogen were digested with pepsin (1.5 mg in 15 mL of 0.1
M HCI), at 37 °C, 150 rpm for 3 hours. After neutralization with 2 M NaOH, pancreatin at 4 mg in 7.5
mL phosphate buffer (pH 8.0) were added, followed by 1 mL of toluene to prevent microbial growth
and the solution was incubated for 24 hours at 37 °C, 150 rpm. Following enzyme inactivation with
10 mL of trichloroacetic acid (at 10%, w/v), the undigested proteins were precipitated, and the
samples were centrifuged at 5000 x g for 20 minutes at room temperature. Nitrogen content in the
supernatant was quantified by the Kjeldahl method. Protein digestibility (%) was calculated using
the formula:

. . - N -N trol
% Protein Digestibility = s""er“a”"; cuymecont® x 100
sample

where N supernatant is the nitrogen content in supernatant of snack samples; N enzyme control is

the nitrogen content in the control that corresponds to the condition subjected to the digestibility
protocol without samples and N sample is the nitrogen content in the snack samples. All assays were
performed in triplicate.

2.10. Total and Insoluble Dietary Fibre

Total and insoluble dietary fibre contents for the snack formulation were quantified following
AOAC Official Method 991.43 [40], employing the Megazyme assay kit (K-TDFR-200A 04/17).
Approximately 1 g of snack sample was suspended in 40 mL of MES-TRIS buffer (pH 8.2) and
sequentially digested with heat-stable a-amylase (98-100 °C, 30 min), protease (60 °C, 30 min), and
amyloglucosidase (60 °C, 30 min). Total dietary fibre was obtained by precipitation with 95% ethanol
(60 °C, 4:1 ratio) and held at room temperature for 60 min before filtration and washing. Insoluble
fibre was determined using the same protocol up to the amyloglucosidase step, followed by filtration
and drying. Residues were oven-dried (103 °C, overnight), weighed, and corrected for protein and
ash content. Soluble dietary fibre was obtained by difference between total and insoluble fractions.
All determinations were carried out in sextuplicate.

2.11. Statistical Analysis

All statistical analyses were performed using IBM® SPSS® Statistics version 27. Data normality
was assessed using the Shapiro-Wilk test (n < 50). For analyses involving repeated measurements of
the same samples over time, in the case of the snack, data were treated as paired samples or repeated
measures. When comparing two timepoints, differences within each subject were analysed using a
paired t-test (for normally distributed data) or a Wilcoxon signed-rank test (for non-normally
distributed data). For comparisons involving more than two timepoints, a repeated measures
ANOVA (for normally distributed data) or a Friedman test (for non-normally distributed data) was
conducted. When performing repeated measures ANOVA, Mauchly’s test was used to assess the
sphericity assumption. If sphericity was violated, corrections were applied using the Greenhouse-
Geisser test (¢ < 0.75) or the Huynh-Feldt test (¢ > 0.75), where ¢ represents the Greenhouse—Geisser
epsilon value. In all cases, the significance level was set at p <0.05.
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3. Results and Discussion

The formulation of the broccoli stalk powder snack aimed to obtain a health-oriented product,
which was subsequently subjected to systematic evaluation of its nutritional, physicochemical,
microbiological and bioactive properties. A storage study was performed over a period of four
months with the objective of assessing the stability and quality of the product over time.

3.1. Nutritional Analysis of Broccoli Stalk Snacks

Broccoli-derived ingredients are well-documented sources of bioactive compounds, minerals,
fibre and glucosinolate derivatives, which contribute to both nutritional value and potential health-
promoting effects [15,19]. The developed snack incorporated 32% freeze-dried broccoli powder and
showed the nutritional composition described in Table 2. This composition illustrates a low-moisture,
moderate-energy snack with notably high protein and dietary fibre content, while the substantial ash
fraction highlights the mineral contribution of broccoli stalks, known to be rich in calcium and iron
[20].

Table 2. Nutritional Composition of the broccoli stalk snack expressed per 100g of product .

Nutritional Parameter

Energy (kJ/100g) 1231 £ 16.52
Energy (kcal/100g) 295.33 £3.79
Moisture (g/100g) 3.83+£0.12
Total Fat (g/100g) 6.77 £0.45
Protein (g/100g) 24.30+ 0.92
Ashes (g/100g) 13.87 £0.15
Total Sugars (g/100g) 8.63 £0.25
Fibre (g/100g) 33.73+£0.78
Total Carbohydrates (g/100g) 51.23+1.10
Digestible Carbohydrates (g/100g) 17.50 + 0.46*

*Note: The results are expressed as mean * Standard Deviation.

According to the European Regulation (EC) No 1924/2006 on nutrition and health claims, the
developed snack meets the criteria to be labelled “high in protein”, since proteins contribute 32.9%
of its total energy value, exceeding the 20% threshold established by the regulation. It also fulfils the
requirements for the claim “high in fibre”, providing more than 6 g of dietary fibre per 100 g of
product (European Parliament and Council of the European Union, 2006).

3.2. In Vitro Protein Digestibility of Broccoli Stalk Snack

Protein is an essential macronutrient in the human diet. It is a source of nitrogen and essential
amino acids. However, the biological use of dietary protein is dependent on its digestibility and the
absorption of amino acids and di- and tripeptides in the gastrointestinal tract [42,43]. It is well
established that broccoli stalks constitute a valuable source of protein [44]. Furthermore, in vitro
intestinal digestibility studies on broccoli stalks (or related broccoli waste streams) demonstrate
digestibility values in the order of ~82.7% for crude protein in stems [45]. In this study, the broccoli
stalk snack displayed a protein digestibility of 84.71 + 4.08%, consistent with previous reports [45].

3.3. Total, Soluble and Insoluble Dietary Fibre Contents of Broccoli Stalk Snack

Despite ongoing debate, dietary fibres are still classified as soluble or insoluble according to their
water solubility (Buttriss & Stokes, 2008; Jia et al., 2020). Soluble dietary fibres (SDF) are known to
lower blood cholesterol levels, slow glucose absorption, enhance satiety, and are easily fermented
[48-50]. In contrast, insoluble dietary fibres (IDF) play a critical role in gastrointestinal health,
metabolic regulation, and chronic disease prevention. Broccoli stalks are rich in structural
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polysaccharides such as cellulose, hemicellulose and lignin, which constitute the primary
components of insoluble dietary fibre [15]. Despite their physiological benefits, IDFs exhibit low
fermentability and limited bioavailability, which constrain their full potential in human nutrition and
food technology [51].

As shown in Figure 2, the developed snack exhibited a high total dietary fibre (TDF) content
(35.48 = 0.91%), with the majority consisting of IDF (31.74 + 0.71%) and a smaller proportion of SDF
(3.75 + 0.84%). The TDF content obtained from proximate analysis (33.73 + 0.78%) (table X) did not
differ significantly from the values obtained using the Megazyme assay kit (p > 0.05), confirming the
reliability and consistency of the analytical measurements.

40

HH

35

HH

30

35.48
15 31.74

% of Fibre per 100g of the snack
N
o

3.;5
0

Total Dietary Fibre Soluble Dietary Fibre  Insoluble Dietary Fibre
Fibre Type

Figure 2. Total (TDF), Soluble (SDF) and Insoluble Dietary Fibre (IDF) (%) in the formulated snack.

Given that the snack’s main ingredient is the broccoli stalk powder, the high insoluble fibre
content was expected. Moreover, the total fibre content of the snack exceeds values typically reported
for comparable vegetable-based products and meets, as already seen in the nutritional profile
analysis, the European Regulation (EC) No. 1924/2006 requirements for the nutrition claim “high in
fibre” [41]. Despite their well-documented benefits, insoluble fibres pose specific challenges
regarding digestibility. These fibres resist hydrolysis by human digestive enzymes and are only
partially fermented in the hindgut by specific microbial populations [52]. Moreover, their inherent
physical properties can reduce microbial accessibility, potentially limiting their functional
contribution in food applications (Iriondo-DeHond et al., 2019; Tian et al., 2024). Nevertheless,
emerging research indicates that insoluble fibres can still exert important biological effects. They have
been shown to modulate gut immunity, strengthen intestinal integrity, promote mucosal
proliferation, and support the adhesion and activity of beneficial bacteria while contributing to the
reduction of pathogens, thereby contributing to improved host health [55,56]. IDF supports intestinal
immunity and integrity, while its binding to phenolic compounds can reduce their accumulation and
promote their contaminant elimination [57,58]. Recent studies also show that phenolic compounds
can associate with cellulose and other plant cell wall components, a mechanism that facilitates their
delivery to the colon, where they can be metabolised by colonic bacteria [57]. Therefore, the fibre
composition of this snack may provide additional biofunctional benefits that extend beyond its
traditional bulking effect.

3.4. Microbiological Quality of Broccoli Stalk Snack During Storage

Ensuring microbiological safety is a critical concern for snack foods, particularly in the growing
market for ready-to-eat products (Berezhanskiy et al., 2025). Although dry foods are often perceived
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as safe, microbial growth can occur depending on raw material quality, drying method, and storage
conditions (Alp & Bulantekin, 2021). The stability of the formulated snack was assessed over a 4-
month storage period at 18-22 °C, with the formulated snack samples maintained in sealed multilayer
laminated bags (PA/PE/MET/MET; 20 x 30 cm; 90 um).

As shown in Table 3, counts of total aerobic mesophiles, yeasts and moulds, and
Enterobacteriaceae remained consistently low throughout the four-month storage period. According
to the guideline of the Instituto Nacional de Satide Doutor Ricardo Jorge (INSA), aerobic mesophile
loads tend to increase during storage, and values exceeding 10* CFU/g may be classified as
unsatisfactory depending on the food group. In this study, aerobic mesophiles remained below 10+
CFU/g, confirming the microbiological suitability of the snack for this parameter. INSA guideline also
indicates that yeast levels above 10¢ CFU/g may lead to flavour alterations and spoilage; however,
the snack consistently showed values far below this threshold. Furthermore, Enterobacteriaceae
counts were maintained below 10°® CFU/g, which may be acceptable according to INSA, as values
above 103 CFU/g may be categorized as unsatisfactory, depending on the food group (Instituto
Nacional de Satide Doutor Ricardo Jorge., 2019). Overall, these results demonstrate that the
developed snack exhibited good microbiological quality throughout storage, consistent with
expectations for a low-moisture, shelf-stable product.

Table 3. Evolution of the Microbiological profile of the developed snack during 4-month storage at 18-22°C,

expressed as colony-forming units per gram of snack (CFU/g).

Microbiological Parameter Storage Time (Months)
Production day @ Month 1 Month 2 Month 4

Total aerobic mesophilic o, cpye cq0icRUlg <108CFUfg <104 CFUJg

microorganisms
Yeasts and moulds <10¢CFU/g <10¢CFU/g <10¢CFU/g <10*CFU/g
Enterobacteriaceae <103 CFU/g <103 CFU/g <103 CFU/g <10% CFU/g

3.5. pH Evolution of Broccoli Stalk Snack During Storage

Experimental studies have shown that the pH of a food matrix can significantly affect microbial
growth, enzymatic activity and chemical stability, thereby influencing product shelf life [61,62]. It is
known that foods with inherently low pH (< 4.5) are microbiologically more stable and not readily
spoiled by bacteria [63]. In contrast, when pH values are higher, it becomes essential to monitor this
parameter closely, as even small increases can create conditions that favour microbial proliferation
and accelerate spoilage processes.

As presented in Figure 3, the pH of the broccoli stalk snack showed a gradual decline throughout
the four-month storage period. The pH decreased from 6.39 + 0.04 at the production day to 5.90 + 0.02
at month 4, with statistical analysis confirming a significant difference between the initial and final
timepoints (p < 0.05). The overall reduction of approximately 0.5 pH units suggests a mild
acidification process during storage. This trend is consistent with processes described in vegetable-
based products, where gradual accumulation of organic acids may occur due to residual metabolic
reactions or slow chemical degradation of carbohydrates and organic compounds [64,65]. Despite the
relatively high initial pH, typically considered less favourable from a microbiological safety
perspective, the low water activity of this snack does not provide conditions that support microbial
growth. This is consistent with the microbiological results obtained, which remained within
acceptable limits throughout storage. Taken together, assessing pH alongside water activity and
microbial counts provides a more reliable evaluation of overall product stability and safety.
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Figure 3. Evolution of pH values of the Broccoli stalk snack during 4-month storage at 18-22°C. Note: a,b -

different letters represent significant differences (p < 0.05).

3.6. Water Activity Evolution of Broccoli Stalk Snack During Storage

It has been demonstrated that the growth of most microorganisms can be effectively inhibited
by lowering pH and water activity [66]. Water activity exerts a profound influence on the rate of
chemical reactions and microbial growth in foods [67]. It is evident that low water activity values,
which are generally below 0.60 in snack products, have a significant impact on the proliferation of
bacteria, yeasts and molds. This, in turn, has a crucial effect on the prevention of microbiological
spoilage and the extension of product shelf life [68,69]. As showed in Figure 4, the broccoli stalk snack
initially exhibited a low water activity (0.2119 + 0.0339), which increased slightly over the course of
storage. Nevertheless, water activity remained well below the critical thresholds for microbial growth
throughout the entire storage period, which are generally considered to be above 0.91 for most
bacteria and 0.60 for yeasts and molds [70,71]. The consistently low water activity values corroborate
the microbiological data (see section 3.2.4.), reinforcing that the product did not provide suitable
conditions for the survival or proliferation of spoilage or pathogenic microorganisms.

0.3500
I
0.3000
0.2500
0.2000 I
Ns
0.1500 e
0.2792

0.1000 02119 0.2223
0.0500
0.0000

0 1 2 )

Months

Figure 4. Water activity evolution of the broccoli stalk snack during 4-month storage at 18-22°C.
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3.7. Texture Parameters Evolution of Broccoli Stalk Snack During Storage

Texture is a key quality attribute in snack foods, with hardness and crispness particularly
influencing initial bite perception and overall consumer acceptance (Baingana, 2024; Bulgaru et al.,
2022; Heidenreich et al., 2004; Szczesniak, 1971).

As can be seen in Table 4, instrumental analysis of hardness (kg) and crispness (kg.sec) was
conducted over four months of storage. Hardness increased slightly from 11.33 + 1.90 kg at
production to 14.72 + 2.43 kg at four months, but no statistical differences were found in this texture
parameter throughout storage (p > 0.05). A minor decrease in hardness at month one (10.99 +2.49 kg)
was followed by progressive increases at months two and four. This trend aligns with literature on
low-moisture snacks, where gradual protein-starch interactions, moisture redistribution, and matrix
densification contribute to firmer textures over time (Heidenreich et al., 2004; Seymour & Ann, 1988).
Crispness also did not change significantly during storage (p > 0.05)., indicating that the snack
retained its characteristic crisp texture, highly associated with freshness and consumer appeal [78,79].

Table 4. Evolution of texture parameters (hardness and crispness) of the broccoli stalk snack during a 4-month
storage at 18-22°C.

Storage Time (months) Hardness (kg) Crispness (kg.sec)
Production Day (0) 11.33+1.90 43.75+4.11
Month 1 10.99 +2.49 40.64 £ 6.97
Month 2 12.23£2.22 41.81 +3.64
Month 4 14.72 +£2.43 45.54 +5.00

3.8. Colour Analysis of Broccoli Stalk Snack During Storage

Colour is a critical quality attribute in vegetable-based snacks, as it reflects the retention of
bioactive compounds [80-82] and plays a key role in attracting consumer attention and influencing
purchasing decisions.

To gain a comprehensive understanding of colour stability, both the interior and the exterior of
the snack were evaluated. As shown in Table X, the exterior initially exhibited minor colour variation,
with AE values of 1.27 at one month and a slight reduction to 0.46 when comparing the month 2 to
initial timepoint (production day). Between months one and two, external AE remained low (1.27),
confirming visual stability during the first two months. However, a marked shift occurred after
extended storage, with external AE increasing abruptly to values above 23 by the fourth month,
clearly surpassing perceptibility and acceptability limits and indicating substantial surface
degradation or pigment alteration [83,84]. In turn, the interior layer showed a slightly higher AE at
one month (2.75), remaining relatively stable between months one and two (1.08). Although internal
AE also increased by month four, the magnitude of change was lower than for the exterior, suggesting
slower chromatic alteration. This contrast demonstrates that the outer surface is far more susceptible
to storage-related deterioration, undergoing a sharp transition from stability to severe discolouration
after the second month, whereas the inner layer shows a slower and less intense progression of colour
alteration, likely due to limited exposure to oxygen, light and other environmental stressors [85].

Table 5. Evolution of AE values of interior and exterior broccoli stalk snack over 4-month storage at 18-22°C.

Months Comparison External AE Internal AE
1 -0 month 1.27 2.75
2 — 0 month 0.46 2.68
2 — 1 month 1.27 1.08
4 — 0 month 23.08 14.27
4 —1 month 23.90 11.59
4 — 2 month 23.47 12.19
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3.9. In Chemico Functional Characterisation of Broccoli Stalk Snack During Storage

3.9.1. Total Phenolic Content

Phenolic compounds, owing to their diverse biological activities, are increasingly regarded as
highly valuable bioactive compounds in the development of functional foods and nutraceuticals to
support health and prevent chronic diseases [86]. Consequently, assessing their stability during
storage is essential to determine the potential health benefits of the final product.

As can be seen in Figure 5, the broccoli-stalk snack exhibited at production a total phenolic
content of 2.121 + 0.076 mg GAE/g, which remained statistically unchanged after four months of
storage (1.932 = 0.321 mg GAE/g; p > 0.05). This indicates that phenolic compounds were relatively
stable within the snack matrix, consistent with previous reports suggesting that freeze-drying can
provide protection against phenolic degradation [87,88]. Retention of phenolic compounds in the
broccoli-stalk snack is nutritionally significant, as these compounds are associated with a range of
benefits, including antioxidant, anti-inflammatory, and anticancer effects [18], thereby enhancing the
snack’s potential as a functional food product.
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Figure 5. Total phenolic content (in mg GAE/g) of the broccoli stalk snack at production and after 4 months of
storage at 18-22°C.

3.9.2. Antioxidant Capacity

Antioxidant properties are a critical attribute to consider when seeking to improve the
nutritional quality of food products [89]. Antioxidant compounds, including phenolics, reduce
oxidative stress by neutralizing reactive oxygen species [90]. In the context of vegetable-based, freeze-
dried snacks, evaluating antioxidant stability during processing and storage is crucial to support the
product’s functional potential.

As shown in Figure 6, the broccoli stalk snack exhibited an initial antioxidant activity of 6.088 +
0.707 umol Trolox equivalent/g, which declined to 3.805 + 0.617 pumol Trolox equivalent/g after four
months of storage, representing an overall reduction of approximately 37%. Phenolic compounds are
recognised as the principal contributors to the radical-scavenging activity of plant-derived matrices
[91]; consequently, the stability of total phenolic content observed throughout storage would
generally be expected to correspond to a similar stability in antioxidant capacity. In the present study,
both parameters exhibited a moderate, even though statistically non-significant, decline, suggesting
that minor oxidative degradation of phenolic constituents may have occurred during storage.
Nevertheless, the maintained phenolic content and antioxidant activity indicate that freeze-drying
effectively preserved the structural integrity and functionality of bioactive compounds throughout
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the 4-month storage period. This observation is consistent with experimental reports that, while
freeze-drying better preserves phenolics and antioxidant capacity than many other dehydration
methods, prolonged storage may still induce oxidative modification of phenolic compounds [92,93].
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Figure 6. Antioxidant Activity (in pumol Trolox equivalent/g) of the broccoli stalk snack at production and after
4 months of storage at 18-22°C.

3.9.3. Antidiabetic Activity of Broccoli Stalk Snack During Storage

The World Health Organization defines diabetes as “a chronic, metabolic disease characterised
by elevated levels of blood glucose (or blood sugar), which leads over time to serious damage to the
heart, blood vessels, eyes, kidneys and nerves” (WHO, 2023). Dietary intake of plant-derived
bioactive compounds, particularly phenolic compounds, has been associated with beneficial effects
on glucose homeostasis and the management of type 2 diabetes, primarily through mechanisms
involving the modulation of carbohydrate metabolism, enhancement of insulin action, and inhibition
of key digestive enzymes such as a-glucosidase [95,96]. In this context, the potential antidiabetic
activity of the developed freeze-dried broccoli-stalk-based snack was evaluated through its ability to
inhibit a-glucosidase. This enzymatic inhibition represents a key biochemical mechanism that delays
carbohydrate hydrolysis and attenuates postprandial glycaemic responses, constituting an
established therapeutic strategy for managing blood glucose levels [96].

As shown in Figure 7, the broccoli stalk snack exhibited high a-glucosidase inhibitory activity
at production (73.95 + 8.16%) and maintained similar levels after four months of storage (79.40 +
2.87%). In fact, no statistically significant difference was observed between timepoints (p > 0.05),
indicating stable inhibitory potency over time.
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Figure 7. Antidiabetic Activity expressed in percentage (%) of a-glucosidase inhibition, of the broccoli stalk
snack at production and after 4 months of storage.

The a-glucosidase inhibitory activity observed can be primarily attributed to the snack’s high
content of bioactive compounds, including sulforaphane, flavonoids, polyphenols, and
glucosinolates [97]. Evidence from in vitro, in vivo, and human studies further supports the
antidiabetic potential of broccoli, highlighting their capacity to modulate carbohydrate metabolism,
oxidative stress, and insulin sensitivity [98,99]. The sustained a-glucosidase inhibitory activity
observed during storage may result from several complementary mechanisms. The freeze-drying
process helps preserve the structural integrity and bioactivity of phenolic compounds, indirectly
stabilizing the snack’s antidiabetic properties [92,93]. This is consistent with the maintenance of
phenolic content and antioxidant activity throughout four months of storage, suggesting that the key
bioactive compounds remained functionally active over time. Overall, these results indicate that
freeze-drying is an effective technique for producing a stable, functional snack with preserved
antidiabetic potential.

4. Conclusion

This study demonstrated the feasibility of valorising broccoli stalks as a powder, providing a
sustainable ingredient for the development of functional, nutrient-rich snacks. Incorporating freeze-
dried broccoli stalk powder into the snack formulation highlighted its technological and functional
potential. The resulting product exhibited an improved nutritional profile, being high in dietary fibre
(33.73 g/100 g) and protein (24.30 g/100 g), with moderate levels of sugars (8.63 g/100 g) and energy
density (295.33 kcal/100 g). Throughout the four-month storage period, the snack maintained stability
in both microbiological and textural parameters. Importantly, its total phenolic content, antioxidant
activity, and a-glucosidase inhibitory capacity were largely preserved, confirming the product’s
status as a stable, health-oriented functional snack. These findings underscore the potential of
transforming vegetable by-products into value-added snack products, contributing to the reduction
of agri-food waste and the development of sustainable, health-promoting foods in line with circular
economy principles.
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