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A B S T R A C T

Cassava-based bread is naturally gluten-free but nutritionally limited due to low protein, fibre, and bioactive 
content. This study investigated the incorporation of nettle leaf powder (NLP) and watermelon pecel powder 
(WPP) as sustainable functional ingredients to enhance its nutritional, physicochemical, and health-promoting 
properties. Composite breads were formulated by partially substituting cassava flour (CF) with increasing 
levels of NLP and WPP at CWN1 (85% CF: 10% WPP: 5% NLP), CWN2 (70% CF: 20% WPP: 10% NLP), CWN3 
(60% CF: 25% WPP: 15% NLP), and CWN4 (50% CF: 30% WPP: 20% NLP). The inclusion of NLP and WPP 
resulted in expected increases in protein, dietary fibre, and total phenolic content, reflecting the intrinsic 
composition of the added materials. More importantly, significant (p < 0.05) increase in antioxidant activity 
were observed, with CWN4 being highest (DPPH⋅: 573.49 ± 0.60 µmolTE/g, ABTS⋅₊: 547.69 ± 0.88 µmolTE/g). 
In vitro starch hydrolysis revealed a progressive reduction in digestibility, with hydrolysis index decreasing from 
73.21 to 66.39 and predicted glycaemic index (pGI, dimensionless) from 71.54 to 62.12, indicating moderated 
glycaemic potential. Colour analysis revealed darker crumb appearance (L* = 15.75), increased greenness (a* =
− 8.47), and yellowness (b* = 27.84), attributable to chlorophyll and phenolic pigments. Electronic taste further 
demonstrated distinct taste profiles, with increased bitterness and umami responses that reflected increasing 
phenolic and minerals. Overall, while physical bread quality was not improved, the incorporation of NLP and 
WPP significantly enhanced antioxidant capacity and reduced starch digestibility, highlighting their potential in 
the development of functional gluten-free products with improved metabolic relevance.

1. Introduction

Celiac disease (CD) is a chronic autoimmune enteropathy that occurs 
in genetically predisposed individuals following ingestion of gluten 
proteins found in wheat, barley, and rye (Aljada et al., 2021; NIH, 2020). 
In affected individuals, gluten exposure triggers immune-mediated 
damage to the small intestinal mucosa, resulting in villous atrophy, 
malabsorption, and systemic inflammation, which can lead to nutrient 
deficiencies and gastrointestinal symptoms distress (Rai et al., 2018). 

With increasing global awareness and diagnosis of CD and non-celiac 
gluten sensitivity, strict lifelong adherence to a gluten-free diet re
mains the only effective therapeutic strategy (NIH, 2020; Tanyitiku 
et al., 2024). Consequently, demand for nutritionally adequate and 
sensory-acceptable gluten-free staple foods, particularly bread, has risen 
markedly in recent years (Olawoye et al., 2020; Rai et al., 2018). 
However, many commercially available gluten-free breads rely heavily 
on refined starches and non-whole-grain ingredients, resulting in prod
ucts that are often deficient in protein, dietary fibre, iron, folate, B 
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vitamins, calcium, magnesium, and zinc (Eduardo et al., 2013; Olawoye 
et al., 2020). These nutritional shortcomings highlight the need for 
ingredient innovations that can enhance both the physicochemical and 
nutritional quality of gluten-free baked products.

Cassava (Manihot esculenta Crantz) is an essential staple crop for 
more than 700 million people worldwide and a primary caloric source 
across tropical regions (Tanyitiku, 2024; Ze et al., 2021). Cassava flour is 
valued for its high carbohydrate content, neutral flavour, fine particle 
size, and functional starch properties, making it a promising gluten-free 
ingredient for bread production (Sigüenza-Andrés et al., 2021; Ze et al., 
2021). However, breads formulated solely with cassava flour often 
exhibit limited viscoelasticity due to the absence of gluten, resulting in 
technological and sensory shortcomings such as reduced loaf volume, 
weak crumb structure, rapid staling, and pale crust coloration compared 
with wheat-based breads (Eduardo et al., 2013; Halake & Chinthapalli, 
2020; Sigüenza-Andrés et al., 2021). To overcome these drawbacks, the 
fortification of cassava flour with functional ingredients from legumes, 
leafy greens, fruit or vegetable by-products has gained interest, as these 
can supply proteins, minerals, and bioactive compounds, modify dough 
rheology through fibre and polysaccharides crosslinking networks, and 
impart natural pigments that enhance crumb and crust colour.

Stinging nettle (Urtica dioica L.) is widely distributed in Europe, Asia, 
Africa, and South America, and have a long ethnobotanical history of use 
as food and medicine (Tanyitiku et al., 2024). Its powder is a promising 
functional ingredient with the potential to improve the nutritional 
quality, antioxidant activity and potential glycaemic regulation in foods 
(Adhikari et al., 2016; Mohammadian et al., 2024; Wójcik et al., 2021). 
Studies incorporating nettle leaf powder into bakery products such as 
breads, cookies, and waffles, have consistently reported increased in 
protein, dietary fibre, essential minerals, carotenoids, and antioxidant 
compounds (Maietti et al., 2021; Tanyitiku & Njombissie Petcheu, 2025; 
Đurović et al., 2020).

Similarly, watermelon (Citrullus lanatus) peel, an underutilized by- 
product representing nearly one-third of the fruit’s mass, has recently 
gained attention as a sustainable source of functional ingredient (Asoka 
et al., 2022; Gu et al., 2023). The peel and rind are rich in dietary fibre, 
L-citrulline, vitamin C and phenolic compounds, and demonstrate strong 
antioxidant activity in in vitro assays (Gu et al., 2023; Kataria & Kaur, 
2023). Prior studies have shown that incorporating watermelon peel or 
rind powders into baked goods such as cookies and cakes could enhance 
dietary fibre and antioxidant content while lowering the predicted gly
caemic response (Acun et al., 2025; Al-Sayed & Ahmed, 2013; Naknaen 
et al., 2016). Despite these promising attributes, the application of nettle 
leaf and watermelon peel flours has been predominantly limited to 
gluten-containing wheat bakery products (Mohammadian et al., 2024; 
Naknaen et al., 2016). Their functionality, nutritional potential, and 
sensory influence in gluten-free food matrices remain under-explored.

Therefore, this study aimed to evaluate the effects of nettle leaf and 
watermelon peel powders on physicochemical, nutritional, antioxidant, 
and glycaemic properties of gluten-free cassava bread.

2. Materials and method

2.1. Raw materials

Three principal raw materials were used in this study: cassava flour 
(CF), watermelon peel powder (WPP), and nettle leaf powder (NLP). 
Cassava flour was obtained from a local supplier (African taste, Jumbo, 
United Kingdom). Fresh stinging nettle (Urtica dioica L.) leaves were 
collected from a vegetable farm in Dockside, Chatham, United Kingdom, 
and identified by morphological characteristics (Tanyitiku et al., 2024). 
The leaves were washed thoroughly with deionised water and 
shade-dried at 25 ± 2℃ for three days. Watermelon (Citrullus lanatus) 
peels were obtained from fresh fruits purchased at a local supermarket 
(ASDA, Gillingham Pier, Chatham, United Kingdom). The outer green 
rind and white mesocarp were sliced, then oven-dried in an incubator 

(GenLab, United Kingdom) at 55℃ to a moisture content of below 10%. 
Dried nettle leaves and watermelon peels were separately milled to fine 
powders using a Thermomix TM6 (Vorwerk, Wuppertal, Germany) to 
obtain nettle leaf powder (NLP) and watermelon peel powder (WPP). 
Other ingredients: wheat flour, corn starch, dry yeast, salt, sugar, and 
rapeseed oil, were procured from the same supermarket. Before use, all 
flours and powders were sieved through a < 250 µm UWL 400 T sieve 
shaker (Haver & Boecker, VWR International, United Kingdom) and 
stored in airtight polyethylene bags at 25 ± 2℃ until bread preparation 
and analysis. All chemicals and reagents were of analytical grade.

2.2. Bread preparation

Six bread formulations were prepared by partially substituting cas
sava flour (CF) with increasing levels of NLP and WPP at CWN1 (85% 
CF: 10% WPP: 5% NLP), CWN2 (70% CF: 20% WPP: 10% NLP), CWN3 
(60% CF: 25% WPP: 15% NLP), and CWN4 (50% CF: 30% WPP: 20% 
NLP). WWB: white wheat bread served as the reference bread for gly
caemic index (HI = 100), CFB: cassava flour bread of control for the 
gluten-free series, CWN1: low substitution level, CWN2: moderate sub
stitution level, CWN3: high substitution level, CWN4: very high substi
tution level. WF: wheat flour, CF: cassava flour. WPF: watermelon peel 
powder, NLF: nettle leaf powder. The substitution levels for watermelon 
peel powder (WPP) and nettle leaf powder (NLP) were selected based on 
preliminary formulation trials and literature reports (Al-Sayed & 
Ahmed, 2013; Naknaen et al., 2016; Rai et al., 2018) on fibre-rich 
ingredient incorporation in gluten-free bakery systems. The chosen ra
tios (CWN1-CWN4) were designed using a Breville bread maker (Model 
BBM800, Breville Group Ltd., Australia) to provide a progressive in
crease in functional ingredient content while maintaining dough work
ability and structural integrity. Higher substitution levels were avoided 
due to observed detrimental effects on dough handling and bread 
structure during preliminary testing. For each formulation, all in
gredients were accurately weighed using a digital precision balance 
(±0.01 g) and sequentially added into the bread maker pan in the 
following order: 460 mL water, 6 g oil, 2.5 g sugar, 2.5 g salt, 300 g 
composite flour (cassava + watermelon peel + nettle leaf), 5 g corn 
starch, and 3 g of dry yeast. The white wheat bread (formulation A) was 
baked using the standard ‘White Bread’ program, while the gluten-free 
formulations (CFB, CWN1-CWN4) were prepared using the ‘Gluten-
Free’ cycle (2 h 10 min total: 20 min mixing/kneading, 40 min proofing, 
and 70 min baking with intermittent kneading phases). To ensure uni
formity across batches, the bread maker was pre-warmed before each 
run, and baking was performed in single-loaf mode (pan capacity: 1.2 L). 
Upon completion of the cycle, loaves were removed from the pan, cooled 
at ambient laboratory conditions (25 ± 2℃) for 2 h, and subsequently 
analysed for loaf volume, weight, moisture, and fat content. Each loaf 
was packaged in polyethylene bags to minimize moisture loss and stored 
at 4 ± 2℃ for subsequent analyses. To prevent cross-contamination, all 
equipment and utensils were thoroughly cleaned between batches, and 
gluten-containing breads were processed last.

2.3. Chemical analysis

Each flour, powder and bread sample was analysed for moisture, fat, 
protein, starch, and dietary fibre content. Moisture and fat were deter
mined using a CEM Smart 6 moisture analyser (CEM Corp., Matthews, 
NC, USA) and Oracle fat analyser (CEM Corp., Matthews, NC, USA). Both 
moisture and fat determination was carried out according to the AOAC 
2008.06 official method (Leffler et al., 2008). Protein content was 
quantified using the Bradford dye-binding assay kit (Sigma-Aldrich, St. 
Louis, MO, USA). Briefly, homogenized bread samples were extracted in 
phosphate-buffered saline (pH 7.9) and centrifuged at 4000 × g for 
15 min. The resulting supernatant was reacted with Coomassie Brilliant 
Blue G-250 reagent, and absorbance was measured at 595 nm using a 
UV-Vis spectrophotometer (Jenway, Cole-Parmer, United Kingdom). 
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Protein concentration was calculated from a standard curve prepared 
with bovine serum albumin (BSA). Dietary fibre content was analysed 
using the Total Dietary Fibre Kit (Sigma-Aldrich, United Kingdom) 
following the enzymatic-gravimetric AOAC Method 991.43. Both solu
ble dietary fibre (SDF) and insoluble dietary fibre (IDF) fractions were 
determined, and total dietary fibre (TDF) was expressed as the sum of 
SDF and IDF. Starch content was measured using the Total Starch Assay 
Kit (Sigma-Aldrich, United Kingdom) based on enzymatic hydrolysis of 
starch to glucose by thermostable α-amylase and amyloglucosidase. 
Released glucose was quantified spectrophotometrically at 510 nm 
using the glucose oxidase/peroxidase (GOPOD) reagent, and total starch 
was expressed as a percentage of dry matter.

2.4. Specific volume

Specific loaf volume was determined using the rapeseed displace
ment method according to AACC International Approved Method 
10–05.01 (AACC Method 10–05.01, 2010). After cooling (25 ± 2℃, 2 h), 
loaves were weighed, and volume was measured. Specific volume 
(cm³/g) was calculated as the ratio of loaf volume to loaf weight. 
Measurements were performed in triplicate.

2.5. Colour measurement

Bread colour was measured using a Minolta Chroma Meter (CR-400, 
Konica Minolta Sensing Inc., Osaka, Japan) calibrated with a standard 
white tile. Measurements were performed using illuminant D65 and a 
10◦ standard observer with d/8◦ geometry. Slices (2 cm thickness) were 
analysed at five random points on crumb and crust surfaces using an 
8 mm aperture. Colour parameters were recorded in the CIE Lab* sys
tem. Chroma (C*), hue angle (h◦), and total colour difference (ΔE*) were 
calculated from L*, a*, and b* values relative to the control sample.

2.6. Texture Profile Analysis (TPA)

Texture Profile Analysis (TPA) of the bread samples was performed 
using a Texture Analyzer (TA-XT Plus, Stable Micro Systems, God
alming, Surrey, United Kingdom) equipped with a 50 mm diameter 
cylindrical probe. After 12 h of storage at ambient temperature 
(25 ± 2℃), loaves were sliced at the centre into 50 mm thick sections, 
and the crumb portion was used for analysis to avoid crust interference. 
Each sample wa s subjected to a double compression cycle to 50% of its 
original height at a test speed of 1.0 mm/s, with a trigger force of 5 g and 
a 5 s interval between compressions. Each measurement was performed 
on at least five slices per loaf, and mean values were calculated. The 
texture parameters, hardness, adhesiveness, resilience, cohesiveness, 
springiness, and chewiness, were derived automatically from the force- 
time curve using the Exponent Connect 32 software (Ver. 8.1, Stable 
Micro Systems, UK).

2.7. Total phenolic content and antioxidant activity

2.7.1. Total phenolic content (TPC)
The TPC of bread samples was determined using the Folin-Ciocalteu 

colorimetric method according to Lohvina et al. (2022) with slight 
modifications. Briefly, 1 g of bread crumb was extracted with 10 mL of 
70% ethanol under agitation (350 rpm, 25℃ for 1 h) and centrifuged at 
4000 g for 15 min. The supernatant (0.2 mL) was mixed with 1 mL of 
10% (v/v) Folin-Ciocalteu reagent, followed by the addition of 0.8 mL of 
7.5% sodium carbonate. After incubation in the dark at 25℃ for 30 min, 
absorbance was measured at 765 nm using a UV-Vis spectrophotometer 
(Jenway, Cole Palmer, United Kingdom). TPC was expressed as mg gallic 
acid equivalents (GAE) per g dry weight using a gallic acid calibration 
curve (0–200 mg/L)

2.7.2. DPPH⋅ radical scavenging activity
The antioxidant capacity was assessed using the DPPH (2,2- 

diphenyl-1-picrylhydrazyl) radical scavenging assay (Yu et al., 2013). A 
0.1 mM DPPH solution in methanol was freshly prepared. An aliquot of 
0.2 mL of bread extract was added to 2.8 mL of DPPH solution, vortexed, 
and incubated in the dark at room temperature for 30 min. Absorbance 
was recorded at 517 nm, and results were expressed as Trolox equivalent 
antioxidant capacity (TE, µmol Trolox equivalents/g dry weight) using a 
Trolox calibration curve (0–500 µM) (Shen et al., 2019).

2.7.3. ABTS⋅₊ radical cation scavenging activity
The ABTS⋅₊₊ value of bread samples were determined according to 

Rachman et al. (2023). The ABTS⋅₊₊ radical was generated by reacting 
7 mM ABTS stock solution with 2.45 mM potassium persulfate and 
incubating in the dark for 16 h. The solution was diluted with ethanol to 
an absorbance of 0.70 ± 0.02 at 734 nm. To 3.0 mL of diluted ABTS⋅₊₊ 

solution, 0.2 mL of bread extract was added, mixed, and incubated at 
room temperature (25 ± 2℃) for 6 min. Absorbance was measured at 
734 nm, and antioxidant activity was expressed as µmol Trolox equiv
alents/g dry weight using a Trolox calibration curve (0–500 µM).

2.8. Bread hydrolysis and predicted glycaemic index

The hydrolysis index was determined as described by Pasqualoni 
et al. (2024). In brief, 100 mg of bread was incubated in glass vials at 
37℃. During incubation, 4 mL of maleic buffer (pH 6) containing 40 mg 
of pancreatic amylase (3000 U/mg) and 4 mL of amyloglucosidase so
lution (300 U/mL) (Sigma-Aldrich, United Kingdom) were added. Ali
quots (1 mL) were withdrawn at 0, 20, 60, 90, 120, and 180 min. 
Enzyme activity in the aliquots was immediately stopped by heating at 
100 ◦C for 5 min, and samples were centrifuged at 4000 g for 10 min. 
Reducing sugar release was determined spectrophotometrically at 
510 nm using a Sigma Glucose (GO) Assay Kit (Sigma-Aldrich, United 
Kingdom) according to the manufacturer’s instructions. The hydrolysis 
index (HI) was determined as the percentage ratio of the area under the 
curve representing bread samples hydrolysis (0–180 min) to the area 
under the curve of a reference white bread (WWB). The pGI was esti
mated using Eq.1 according to (Goñi et al., 1997). 

pGI = 39.71+(0.549 × HI) (1) 

2.9. Microstructural analysis by Scanning Electron Microscopy (SEM)

The microstructure of the optimized gluten-free bread crumb was 
examined using a ZEISS Sigma Field Emission Scanning Electron Mi
croscope (FE-SEM) (Carl Zeiss Microscopy GmbH, Germany). Bread 
samples were cut into approximately 5 × 5 × 5 mm from the crumb 
region and immediately frozen at − 20℃ to minimize structural collapse. 
The frozen samples were subsequently freeze-dried (-50℃, 0.1 mbar, 
48 h) using a FT33 MK11 vacuum freeze dryer (Armfield, United 
Kingdom), to remove moisture while preserving pore structure. The 
dried samples were then fractured to expose interior surfaces and 
mounted on aluminium stubs using double-sided carbon adhesive tape. 
Imaging was performed under high vacuum conditions using an accel
erating voltage of 5–10 kV and a working distance of 8–10 mm. Mi
crographs were captured at magnifications ranging from 250 × to 
1000 × to visualize the overall crumb porosity and cell wall integrity. 
The images were evaluated to assess pore size distribution, gas cell wall 
thickness, and starch-protein network formation.

2.10. Instrumental taste evaluation

The taste profile of bread samples was analysed using an electronic 
tongue system (TS-5000Z, Intelligent Sensor Technology Inc., Kana
gawa, Japan). Prior to analysis, the system was calibrated with standard 
taste solutions to ensure accurate discrimination of each taste modality. 
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Bread samples were cut from the central portion of each loaf, including 
crust. Approximately 20 g of the crumb was homogenised with 40 mL of 
deionised water using a Thermomix TM6 (Vorwerk, Wuppertal, Ger
many) for 2 min at 25℃ to obtain a uniform slurry. The homogenate was 
centrifuged at 4000 × g for 15 min, and the clear supernatant was 
collected for analysis. The supernatants were placed in sample trays and 
loaded into the e-tongue equipped with cross-selective lipid membrane 
sensors designed to mimic human taste perception. The system objec
tively quantified taste attributes including sweetness, saltiness, sour
ness, bitterness, umami, and overall taste intensity. All measurements 
were carried out in triplicates. Between measurements, the sensors were 
rinsed with especial washing solution and standard solutions and 
reconditioned in reference solution to prevent carryover effects.

2.11. Statistical analysis

Data were analysed using IBM SPSS Statistics using IBM SPSS 
v.31.0.0.0 (117) (IBM Corp., Armonk, NY, USA). The results are re
ported as mean ± standard deviation (SD). One-way analysis of variance 
(ANOVA) was performed to evaluate the effect of flour substitution 
levels on all measured parameters. When ANOVA indicated significant 
differences (p < 0.05), Tukey’s Honestly Significant Difference (HSD) 
test was applied for pairwise comparisons among means. In addition to 
analysis of variance (ANOVA), Pearson’s correlation analysis was per
formed to evaluate the relationships among physicochemical, antioxi
dant, colour, and texture parameters of the bread samples. Correlation 
coefficients (r) were calculated to determine the strength and direction 
of associations between variables.

3. Results and discussion

3.1. Chemical composition of breads

The macronutrient composition and antioxidant potential of cassava 
flour (CF), watermelon peel powder (WPP), and nettle leaf powder 
(NLP) are presented in Table 1. NLP exhibited notably higher protein, 
dietary fibre, and antioxidant-related parameters (TPC, DPPH⋅, ABTS⋅₊), 
whereas CF was characterised by high starch content and minimal fat. 
These differences reflect the intrinsic composition of the raw materials 
and are consistent with previous reports (Adhikari et al., 2016; Asoka 
et al., 2022; Kumbaji et al., 2026). As the study focused on gluten-free 
formulations, comparisons were restricted to gluten-free raw materials 
rather than gluten-containing wheat flour.

The proximate composition of the formulated breads is shown in 
Table 2. Moisture and fat contents did not vary significantly among 
formulations, indicating that substitution with WPP and NLP had 
limited influence on water retention and lipid composition under the 
conditions applied. Significant differences (p < 0.05) were observed in 

protein, fibre, and starch contents. The white wheat bread (WWB) 
showed a high protein content (7.96%), which was statistically com
parable (p > 0.05) to CWN3 and CWN4 but significantly higher 
(p < 0.05) than the other cassava-based formulations. The increase in 
protein and dietary fibre in composite breads (CWN1-CWN4) reflects the 
intrinsic composition of WPP and NLP rather than a processing-induced 
effect. Similar trends have been reported in fibre-enriched bakery 
products (Al-Sayed & Ahmed, 2013; Naknaen et al., 2016). Conversely, 
starch content decreased with increasing substitution levels, primarily 
due to dilution by non-starch components. While this reduction is ex
pected, it may have important nutritional implications, particularly in 
relation to starch digestibility and glycaemic response, which are dis
cussed in later sections. Overall, while compositional changes were 
largely predictable based on ingredient composition, they provide the 
basis for understanding the functional and health-related properties of 
the enriched breads.

3.2. Total phenolic content and antioxidant activity

The incorporation of WPP and NLP resulted in significant increases 
(p < 0.05) in total phenolic content (TPC) and antioxidant activity 
across all composite formulations (Table 1). Unlike proximate compo
sition, these changes reflect functional enhancement, as they indicate 
the retention and activity of bioactive compounds following thermal 
processing. The highest TPC was recorded in CWN4 (7.68 mg GAE/g), 
followed by CWN3 (4.92 mg GAE/g), reflecting the progressive inclu
sion of nettle leaf powder (NLP) and watermelon peel powder (WPP), 
both rich in polyphenolic compounds (Table 1). This trend agrees with 
findings by Gu et al. (2023) and Maietti et al. (2021), who reported 
significant phenolic enrichment in bakery products enriched with 
watermelon rind or nettle leaf powders respectively. Similarly, Đurović 
et al. (2020) observed an increase from 2.90 ± 0.05 mg GAE/g (control 
wheat bread) to 11.34 ± 0.11 mg GAE/g in nettle-enriched breads. 
Maietti et al. (2021) reported TPC increases from 372 ± 14 µg GAE/g in 
white wheat bread to 597 ± 17 µg GAE/g in nettle-enriched bread, 
while Naknaen et al. (2016) observed elevated phenolics in cookies 
incorporated with watermelon rind powder, from 2.22 ± 0.36 mg 
GAE/g (control) to 6.72 ± 0.31 mg GAE/g (30% substitution).

A similar trend was observed for both DPPH⋅ and ABTS⋅₊ radical 
scavenging activities, confirming a dose-dependent enhancement in 
antioxidant capacity. Between the control samples, WWB exhibited 
higher DPPH⋅ and ABTS⋅₊ values than CFB (Table 3), consistent with 
previous reports (Shen et al., 2019). In that study, antioxidant activities 
ranged from 132 to 281 µmol TE/mg (crust) and 2–49 µmol TE/mg 
(crumb) for DPPH⋅, and from 420 to 1079 µmol TE/mg (crust) and 
66–167 µmol TE/mg (crumb) for ABTS⋅₊. In the present study, the 
composite breads significantly (p < 0.05) enhanced scavenging capac
ities compared to CFB, with CWN4 showing the greatest DPPH⋅ inhibi
tion (573.49 µmol TE/g) and ABTS⋅₊ activity (547.69 µmol TE/g). These 
results suggest that bioactive compounds present in NLP and WPP 
retained their functional integrity during the baking process. The 
enrichment effect can be attributed to the abundance of polyphenols, 
flavonoids, and chlorophyll pigments in nettle leaves (Adhikari et al., 
2016; Maietti et al., 2021; Man et al., 2019; Đurović et al., 2020), along 
with phenolic acids and antioxidant metabolites in watermelon peel 
(Al-Sayed and Ahmed, 2013; Gu et al., 2023). Similar enhancements in 
phenolic and antioxidant activity have been documented in 
nettle-enriched or watermelon rind-enriched bakery systems (Dubey 
et al., 2021; Maietti et al., 2021; Mohammadian et al., 2024). These 
findings suggest that phenolic compounds present in WPP and NLP 
remained stable during baking and contributed effectively to the anti
oxidant potential of the final product.

The enhanced antioxidant activity can be attributed to the presence 
of polyphenols, flavonoids, and pigments in nettle leaves, as well as 
phenolic acids and associated compounds in watermelon peel (Adhikari 
et al., 2016; Al-Sayed & Ahmed, 2013; Gu et al., 2023; Maietti et al., 

Table 1 
Macro-nutrients and antioxidant capacity of casava, watermelon peel and nettle 
leaf powders.

Composition CF WPP NLP

Moisture (%) 10.21 ± 0.08a 9.25 ± 0.00b 8.35 ± 0.04c

Protein (%) 1.26 ± 0.66c 5.60 ± 0.0b 28.53 ± 0.11a

Fats (%) 0.07 ± 0.45c 0.40 ± 0.02a 0.23 ± 0.08b

Starch (%) 87.59 ± 1.30a 9.53 ± 0.34b 6.29 ± 0.02c

Soluble fibre (%) 1.27 ± 0.55b 0.43 ± 0.71c 2.40 ± 0.53a

Insoluble fibre (%) 1.06 ± 0.04b 0.58 ± 0.04c 22.30 ± 0.08a

Total dietary fibre (%) 2.43 ± 1.23b 0.40 ± 0.88c 23.43 ± 2.41a

TPC (mg GAE/g) 0.17 ± 0.08c 8.88 ± 0.46b 53.09 ± 0.35a

DPPH⋅ (µmol TE/g) 140.06 ± 0.02c 302.75 ± 0.01b 463.90 ± 0.41a

ABTS⋅₊ (µmol TE/g) 194.56 ± 0.02c 265.65 ± 0.08b 386.71 ± 0.55a

CF: cassava flour. WPP: watermelon peel powder, NLP: nettle leaf powder. Re
sults are expressed as mean ± standard deviation (n = 3) and means with 
different superscripts in the same row are significantly (p < 0.05) different
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2021). While similar enrichment trends have been reported in previous 
studies, the magnitude of improvement observed here highlights the 
potential of these underutilised materials in developing functional 
gluten-free bakery products. Importantly, these results demonstrate that 
the incorporation of WPP and NLP does not merely alter composition but 
significantly enhances the functional properties of cassava-based bread, 
particularly in terms of antioxidant capacity. This has direct implica
tions for the development of value-added gluten-free products with 
potential health benefits.

3.3. Specific volume and loaf characteristics

The specific volume of the bread samples is presented in Table 2. The 
gluten control (WWB) exhibited the highest specific volume (4.41 mL/ 
g), consistent with the viscoelastic gluten network and starch-rich na
ture of wheat flour that promote optimal gas retention and expansion 
during proofing and baking (Halake & Chinthapalli, 2020; Rachman 
et al., 2023). In contrast, the specific volume of the 
cassava-watermelon-nettle breads (CWN1-CWN4) showed no significant 

differences (p > 0.05) compared with the gluten-free cassava control 
(CFB), indicating that partial substitution with watermelon peel powder 
(WPP) and nettle leaf powder (NLP) did not markedly affect gas cell 
expansion or loaf aeration. Similar observations were reported by 
Eduardo et al. (2013) and Zhao et al. (2022) who found that moderate 
incorporation of maize or rice protein flours into gluten-free formula
tions did not significantly alter loaf volume when hydrocolloids or sta
bilizers were present. Likewise, Rachman et al. (2023) reported lower 
specific volume values (1.61–1.86 cm³/g) in banana-cassava composite 
breads relative to wheat bread (3.54 cm³/g).

In this study, cassava was selected as the gluten-free base due to its 
wide availability, affordability, and neutral taste, making it a suitable 
staple for gluten-intolerant populations. However, to address the 
shortcomings of cassava flour including nutritional (low protein, fibre, 
and bioactive compounds) and functional (crumbling texture, loaf vol
ume) properties, nettle leaf and watermelon peel powders were incor
porated as functional ingredients. The specific volume values for gluten- 
free samples ranged from 2.19 to 2.41 mL/g, suggesting that the struc
tural integrity of cassava-based doughs was maintained across substi
tution levels. This relative stability may be attributed to the inherent 
starch content of cassava flour, which contributes to adequate batter 
viscosity and gas cell stabilization. Although WPP and NLP are rich in 
fibre and phenolic compounds (see Table 1), components that can 
impede gas retention, the inclusion levels used were likely below the 
threshold required to significantly disrupt dough rheology or expansion. 
Moreover, the combination of these ingredients not only enhances the 
nutritional and functional quality of cassava-based bread but also sup
ports sustainability through the valorisation of underutilized and agro- 
industrial by-products.

Representative cross-sectional images of the gluten-free cassava 
breads are presented in Fig. 1. WWB exhibited a more open and aerated 
crumb structure, characterised by larger and more uniformly distributed 
gas cells. In contrast, CFB and CWN1-CWN4 displayed a comparatively 
denser and more compact crumb matrix with smaller and less uniformly 
distributed pores. This structural difference is consistent with the 

Table 2 
Physicochemical characteristics of bread formulations.

Parameters WWB CFB CWN1 CWN2 CWN3 CWN4

Chemical ​ ​ ​ ​ ​ ​
Moisture (%) 36.55 ± 2.93a 38.85 ± 1.75a 40.53 ± 2.00a 41.12 ± 2.24a 43.83 ± 5.57a 41.39 ± 0.88a

Protein (%) 7.96 ± 1.02a 1.62 ± 0.08c 1.98 ± 0.12c 3.04 ± 0.04b 5.38 ± 0.46a 6.43 ± 0.88a

Fats (%) 3.34 ± 0.16a 1.30 ± 0.17b 1.14 ± 0.78b 1.24 ± 0.11b 1.23 ± 0.33b 1.14 ± 0.65b

Starch (%) 63.56 ± 0.42a 64.41 ± 0.51a 63.21 ± 1.12a 53.70 ± 0.04b 52.41 ± 0.60b 47.72 ± 0.34c

SDF (%) 0.79 ± 1.14a 0.90 ± 0.22a 1.35 ± 0.08a 1.71 ± 0.34a 2.14 ± 1.42a 2.43 ± 0.38a

IDF (%) 2.43 ± 0.08d 2.54 ± 0.60d 3.67 ± 1.53d 7.34 ± 0.98c 10.25 ± 1.46b 16.74 ± 1.76a

TDF (%) 2.65 ± 0.22e 3.80 ± 1.22e 4.90 ± 1.42d 6.02 ± 1.40c 12.63 ± 1.32b 15.49 ± 0.87a

TPC and antioxidant capacity ​ ​ ​ ​ ​ ​
TPC (mg GAE/g) 0.41 ± 0.62e 0.12 ± 0.02 f 1.19 ± 0.69d 3.42 ± 0.11c 4.92 ± 0.08b 7.68 ± 1.31a

DPPH⋅ (µmol TE/g) 163.66 ± 0.45e 158.65 ± 0.00 f 208.90 ± 0.45d 352.75 ± 0.54c 522.65 ± 0.08b 573.49 ± 0.60a

ABTS⋅₊ (µmol TE/g) 243.66 ± 0.32e 186.41 ± 0.08 f 256.45 ± 0.31d 385.90 ± 0.04c 396.05 ± 0.52b 547.69 ± 0.88a

Specific volume (mL/g) 4.41 ± 0.14a 2.37 ± 0.75b 2.24 ± 0.51b 2.23 ± 0.28b 2.19 ± 0.32b 2.41 ± 0.58b

Colour ​ ​ ​ ​ ​ ​
L* 83.56 ± 1.15a 68.41 ± 1.98b 37.91 ± 0.62c 22.93 ± 0.46d 21.42 ± 0.50d 15.75 ± 0.88e

a* 2.65 ± 0.48a 1.78 ± 0.80b -1.69 ± 0.34c -4.53 ± 0.28d -4.66 ± 0.65d -8.47 ± 0.72e

b* 16.18 ± 0.60d 19.62 ± 0.78c 20.21 ± 0.22c 23.43 ± 0.83b 26.01 ± 0.40a 27.84 ± 0.66a

Chroma (C*) 15.55 ± 2.45d 20.50 ± 0.88c 20.52 ± 0.17c 22.63 ± 0.44b 24.22 ± 0.36b 26.66 ± 0.64a

Hue angle (h◦) 83.2 82.25 70.30 72.34 71.64 68.43
ΔE 8.64 ± 1.02d 5.71 ± 0.43e 10.82 ± 0.11c 13.28 ± 0.73ab 13.97 ± 0.02b 15.34 ± 0.42a

Texture profile analysis ​ ​ ​ ​ ​ ​
Hardness (N) 8.28 ± 2.50e 10.53 ± 3.26e 15.66 ± 2.05d 18.03 ± 0.64c 21.02 ± 1.64b 32.78 ± 0.94a

Adhesiveness (N.s) 0.00187 ± 0.00171a 0.00011 ± 0.00353b -0.00111 ± 0.00479c -0.00241 ± 0.00736d -0.00383 ± 0.00350e -0.00414 ± 0.00946 f

Resilience 29.956 ± 3.49a 13.495 ± 1.68c 25.845 ± 3.34a 19.459 ± 3.49b 13.034 ± 2.29c 13.439 ± 4.20c

Cohesiveness 0.607 ± 0.034a 0.522 ± 0.014b 0.501 ± 0.063b 0.448 ± 0.087b 0.350 ± 0.050c 0.347 ± 0.079c

Springiness 93.403 ± 0.211a 81.955 ± 2.106b 68.778 ± 3.900c 58.281 ± 5.417d 35.922 ± 1.594 f 39.193 ± 7.589e

Chewiness (N) 5.80 ± 6.74d 8.05 ± 4.25c 9.89 ± 3.39c 11.41 ± 0.61b 13.41 ± 0.72a 14.62 ± 0.83a

WWB (100% WF: 0% WPP: 0% NLP; gluten control), CFB (100% CF: 0% WPP: 0% NLP; gluten-free control), CWN1 (85% CF: 10% WPP: 5% NLP), CWN2 (70% CF: 20% 
WPP: 10% NLP), CWN3 (60% CF: 25% WPP: 15% NLP), and CWN4 (50% CF: 30% WPP: 20% NLP), WF: wheat flour, CF: cassava flour. WPP: watermelon peel powder, 
NLP: nettle leaf powder, means with different superscripts in the same row are significantly (p < 0.05) different.

Table 3 
AUC, HI and pGI of formulated bread samples.

Formulation AUC (mg.min/g) HI (%) pGI

WWB 17,456.32 ± 2.34a 100.00a 94.45 ± 0.56a

CFB 13,687.54 ± 0.88b 73.21 ± 1.28b 71.54 ± 0.65b

CWN1 12,986.70 ± 3.76c 70.47 ± 0.54c 69.43 ± 0.72c

CWN2 11,496.56 ± 4.56e 68.65 ± 0.81d 64.21 ± 0.84d

CWN3 11,653.42 ± 3.21d 67.90 ± 0.34d 65.39 ± 0.44d

CWN4 11,107.65 ± 2.11 f 66.39 ± 1.04d 62.12 ± 0.56e

WWB (100% WF: 0% WPP: 0% NLP; gluten control), CFB (100% CF: 0% WPP: 
0% NLP; gluten-free control), CWN1 (85% CF: 10% WPP: 5% NLP), CWN2 (70% 
CF: 20% WPP: 10% NLP), CWN3 (60% CF: 25% WPP: 15% NLP), and CWN4 
(50% CF: 30% WPP: 20% NLP), WF: wheat flour, CF: cassava flour. WPP: 
watermelon peel powder, NLP: nettle leaf powder, means with different super
scripts in the same column are significantly (p < 0.05) different.

S. Kumbaji et al.                                                                                                                                                                                                                                Food and Humanity 6 (2026) 101235 

5 



significantly (p < 0.05) higher specific volume recorded for CWWB 
(4.41 mL/g) compared to the composite cassava breads (2.19–2.41 mL/ 
g), which did not differ (p > 0.05) significantly among themselves. 
Although minor visual variations in pore distribution were observed 
among the composite formulations, the overall crumb compactness 
remained comparable (Fig. 2), reflecting the statistically similar specific 
volume values. The denser internal structure of the cassava-based breads 
corresponds with the higher hardness values obtained in texture profile 
analysis (Table 2), suggesting reduced gas retention and matrix expan
sion relative to the control formulation. Also, its darker crumb colour is 
likely attributable to the intrinsic pigmentation of nettle leaf and 
watermelon peel powders, as well as enhanced browning reactions 
during baking.

SEM micrographs (Fig. 2) revealed comparable microstructural fea
tures in WWB, CFB, CWN1 to CWN4. All samples exhibited a relatively 
continuous matrix with well-dispersed gas cells and partially gelatinized 
starch domains; no marked differences in pore size distribution, cell wall 
thickness, or granule fragmentation were evident at the magnifications 
examined. Visible porosity and apparent cell-wall integrity appeared 
similar across these samples, supporting the outcome of the specific 
volume analysis where no significant differences in loaf expansion were 
observed. The absence of notable microstructural divergence suggests 
that the substitution levels (≤30% combined WPP + NLP in CWN1- 
CWN4) did not disrupt starch gelatinization or the formation of a 
cohesive crumb matrix under the applied baking conditions. Possible 
explanations include 1) the relatively low substitution levels being 
insufficient to exceed the threshold at which fibres and phenolics per
turb matrix continuity, 2) effective action of the gluten-free processing 
aids, such as hydrocolloid/stabilizer, and cassava starch properties that 
maintained batter viscosity and gas-cell stabilization, and 3) thermal 
processing promoting comparable gelatinization across formulations, so 
starch-polyphenol interactions remained limited in their impact on gross 
microstructure. Comparable microstructural characteristics were re
ported by Zhao et al. (2022) in gluten-free breads fortified with rice 
protein flour, were moderate fibre inclusion enhanced matrix 
compactness without severely compromising loaf expansion. Function
ally, these SEM findings corroborate the texture and specific volume 
data: samples with similar microstructure displayed comparable loaf 
volumes and TPA parameters (especially for CWN1-CWN2 vs CFB and 
WWB, see Table 3). From a product-development perspective, this in
dicates that moderate incorporation of WPP and NLP into gluten-free 
formulations can improve nutritional and antioxidant attributes while 
preserving microstructure and macro-textural quality.

3.4. Colour

The addition of nettle leaf powder (NLP) and watermelon peel 
powder (WPP) significantly (p < 0.05) altered both crumb and crust 
colour of the cassava-based gluten-free breads (Table 2). The control 
breads (WWB and CFB) exhibited pale, nearly white crumbs and light 
golden crusts, characteristic of refined wheat and cassava flours. With 
increasing substitution levels of NLP and WPP (CWN1-CWN4), a pro
gressive reduction in lightness (L*) was observed, from 37.91 to 15.75, 
indicating a darker overall appearance. The a* and b* coordinates also 
reflected compositional effects, showing lower a* values (shift toward 
green tones) and slightly reduced b* values (less yellow intensity) at 
higher substitution levels. These trends correspond to the elevated 
polyphenol and antioxidant contents observed in the enriched breads 
(Table 2).

Also, the colour modifications can be attributed to the intrinsic 
pigments of the added flours. WPP contributed subtle yellow-orange 
hues due to carotenoids and natural flavonoid pigments, while NLP 
imparted a dark green tone from chlorophyll and phenolic constituents. 
The combined effect of these bioactive compounds likely produced the 
characteristic greenish-brown hue of enriched samples. Additionally, 
polyphenols and carotenoids from both sources may have participated in 
non-enzymatic browning reactions (Maillard and caramelization) dur
ing baking, further intensifying crust pigmentation. Comparable find
ings have been reported in breads fortified with nettle powder (Maietti 
et al., 2021; Đurović et al., 2020) and watermelon rind powder 
(Al-Sayed & Ahmed, 2013; Naknaen et al., 2016). To further interpret 
colour variation among samples, chroma (C*), hue angle (h◦), and total 
colour difference (ΔE) were calculated from L*, a*, and b* values. 
Chroma, representing colour saturation or vividness, decreased with 
higher levels of NLP and WPP, indicating less intense but more natural 
pigmentation due to the blending of chlorophyll (green) and 
phenolic-derived brown pigments. Correspondingly, hue angle values 
shifted from 83.0◦ (WWB) and 82.3◦ (CFB) toward lower values 
(71.6–68.4◦) in CWN3 and CWN4, reflecting a perceptible shift toward 
greenish-brown tones.

The total colour difference (ΔE) between the control and composite 
breads exceeded 3.0 in all cases, indicating visually perceptible colour 
differences to the human eye. These findings confirm that substitution 
with nettle and watermelon peel flours significantly modified bread 
pigmentation, consistent with the increased total phenolic and antioxi
dant contents. Similar trends in hue and chroma have been observed in 
other chlorophyll- or fruit by-product-enriched bakery products (Maietti 
et al., 2021; Naknaen et al., 2016; Wójcik et al., 2021), supporting the 

Fig. 1. Representative cross-sectional crumb structure of gluten-free cassava breads: (A) fresh bread crumb; (B) freeze-dried crumb prior to microstructural analysis. 
Freeze-drying was conducted to preserve structural features for subsequent SEM evaluation. WWB (100% WF: 0% WPP: 0% NLP; gluten control), CFB (100% CF: 0% 
WPP: 0% NLP; gluten-free control), CWN1 (85% CF: 10% WPP: 5% NLP), CWN2 (70% CF: 20% WPP: 10% NLP), CWN3 (60% CF: 25% WPP: 15% NLP), and CWN4 
(50% CF: 30% WPP: 20% NLP), WF: wheat flour, CF: cassava flour. WPP: watermelon peel powder, NLP: nettle leaf powder.
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role of plant-based functional food ingredients in enhancing both 
nutritional and aesthetic properties of gluten-free breads.

3.5. Texture of formulated breads

The texture profile parameters of the gluten-free cassava breads were 
significantly affected (p < 0.05) by the incorporation of watermelon 

peel powder (WPP) and nettle leaf powder (NLP) (Table 2). Hardness 
values increased significantly (p < 0.05) with increasing substitution of 
NLP and WPP. WWB exhibited the lowest hardness (8.28 N), followed 
by the cassava control bread (CFB) (10.53 N). The progressive incor
poration of plant powders resulted in a marked increase in crumb 
firmness, with CWN4 showing the highest hardness value (32.78 N). The 
increase in hardness may be attributed to the high dietary fibre content 
of NLP and WPP, which can interfere with gas cell expansion and 
weaken the continuous starch matrix in gluten-free systems. Fibre par
ticles likely disrupted the crumb structure and reduced moisture 
mobility, resulting in a denser and more compact internal matrix. 
Additionally, the absence of gluten in cassava-based formulations limits 
network elasticity, further contributing to increased firmness at higher 
substitution levels. Conversely, the wheat control bread (WWB) 
exhibited the lowest hardness (8.28 ± 2.50 N), consistent with its gluten 
network and superior gas retention capacity (Eduardo et al., 2013; Rai 
et al., 2018).

Chewiness followed similar trends to hardness, although no signifi
cant (p > 0.05) differences were observed between CWN3 and CWN4, 
reflecting the denser matrix and reduced aeration of the composite 
loaves. In contrast, adhesiveness increased slightly in the enriched 
breads (Table 2), possibly due to the higher soluble fibre fractions from 
WPP and NLP, which enhance crumb stickiness and moisture retention. 
Cohesiveness and springiness showed slight but consistent reductions 
with increasing WPP and NLP substitution, suggesting that the absence 
of gluten reduced internal elasticity and recovery after compression. 
Nonetheless, the moderate substitution levels (CWN1-CWN2) retained 
acceptable resilience and chewiness, indicating that limited incorpora
tion of these flours can enhance nutritional value while maintaining 
desirable textural integrity. Comparable patterns have been observed in 
gluten-free breads fortified with fruit and vegetable by-products, where 
fibre- and phenolic-rich components modified dough rheology and 
crumb structure without severely impairing palatability (Acun et al., 
2025; Eduardo et al., 2013; Naknaen et al., 2016; Rai et al., 2018). 
Overall, these results suggest that the incorporation of watermelon peel 
and nettle leaf powders enhances the nutritional and functional profile 
of cassava-based breads, though higher substitution levels may slightly 
compromise softness and elasticity. Optimisation of fibre ratios or hy
drocolloid supplementation may further improve the texture of such 
composite gluten-free systems.

3.6. In vitro starch hydrolysis and predicted glycaemic index

Throughout the digestion period, white wheat bread (WWB) 
exhibited the highest rate of starch hydrolysis and reducing sugar 
release (Fig. 3). Cassava bread (CFB) demonstrated a moderate reduc
tion in glycaemic response, releasing 179.5 mg/g of reducing sugars and 
yielding an area under the curve (AUC) of 13,687.54 mg⋅min/g. The 

Fig. 2. SEM micrographs of bread crumb at 250 × and 1000 × magnification. 
WWB (100% WF: 0% WPP: 0% NLP; gluten control), CFB (100% CF: 0% WPP: 
0% NLP; gluten-free control), CWN1 (85% CF: 10% WPP: 5% NLP), CWN2 
(70% CF: 20% WPP: 10% NLP), CWN3 (60% CF: 25% WPP: 15% NLP), and 
CWN4 (50% CF: 30% WPP: 20% NLP), WF: wheat flour, CF: cassava flour. WPP: 
watermelon peel powder, NLP: nettle leaf powder.
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Fig. 3. Reducing sugar release of formulated bread samples. WWB (100% WF: 
0% WPP: 0% NLP; gluten control), CFB (100% CF: 0% WPP: 0% NLP; gluten- 
free control), CWN1 (85% CF: 10% WPP: 5% NLP), CWN2 (70% CF: 20% 
WPP: 10% NLP), CWN3 (60% CF: 25% WPP: 15% NLP), and CWN4 (50% CF: 
30% WPP: 20% NLP), WF: wheat flour, CF: cassava flour. WPP: watermelon 
peel powder, NLP: nettle leaf powder.
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hydrolysis index (HI) was 73.21, corresponding to a predicted glycaemic 
index (pGI), a dimensionless parameter, of 71.54 (Table 3). In contrast, 
the incorporation of watermelon peel powder (WPP) and nettle leaf 
powder (NLP) (CWN1-CWN4) resulted in a progressive reduction in 
glycaemic potential. Reducing sugar release decreased from 168 mg/g 
in CWN1–156 mg/g in CWN4, while AUC values declined from 
12,986.70 to 11,107.65 mg⋅min/g. The corresponding HI and pGI 
values were lowest in CWN4 (66.39 and 62.12, respectively).

According to the glycaemic index classification (Atkinson et al., 
2021), WWB falls within the high-GI range (pGI ≥ 70), while CFB and 
CWN4 are classified as medium-GI foods (pGI = 56–69). The observed 
decline in HI and pGI with increasing WPP and NLP substitution suggests 
that these flours can effectively lower the glycaemic potential of 
cassava-based breads. This effect may be attributed to their high dietary 
fibre and polyphenol contents, which are known to impede enzymatic 
hydrolysis of starch and slow glucose diffusion during digestion (Englyst 
et al., 1992; Goñi et al., 1997; Gu et al., 2023). The reduction also aligns 
with the lower starch content and higher fibre levels observed in the 
composite flours, supporting a matrix-driven attenuation of starch 
bioavailability.

Similar trends have been reported for bakery products enriched with 
polyphenol-rich or fibre-dense plant materials, which exhibited reduced 
starch digestibility and glycaemic response (Acun et al., 2025; Goñi 
et al., 1997; Pasqualoni et al., 2024; Tanyitiku et al., 2024). For example, 
Tanyitiku et al. (2024) reported a decreased (p < 0 05) of predicted 
glycaemic index (GI) (pGI) from 48.60% (100% corn control cookies) to 
33.18% (20% stinging nettle incorporated cookies). Additionally, 
several in vitro and in vivo studies have reported the hypoglycemic 
activity of nettles suggesting it decreases the intestinal absorption of 
glucose as well as inhibits key carbohydrate digestive enzymes, 
including α-amylase and α-glucosidase (Ziaei et al., 2020). These find
ings suggest that WPP and NLP incorporation not only improves the 
nutritional and functional attributes of cassava bread but may also 
promote better glycaemic control, an important consideration for in
dividuals with celiac disease or those managing blood glucose levels 
(NIH, 2020; Rai et al., 2018). The composite breads therefore hold 
promise as functional gluten-free foods that combine enhanced nutri
tional quality with moderated glycaemic response.

White wheat bread (WWB) exhibited the highest rate of starch hy
drolysis and reducing sugar release throughout the digestion period 
(Fig. 3). The cassava control bread (CFB) showed a moderate reduction 
in glycaemic response, with a reducing sugar release of 179.5 mg/g and 
an area under the curve (AUC) of 13,687.54 mg⋅min/g. This corre
sponded to a hydrolysis index (HI) of 73.21 and a predicted glycaemic 
index (pGI, dimensionless) of 71.54 (Table 3). Incorporation of water
melon peel powder (WPP) and nettle leaf powder (NLP) (CWN1–CWN4) 
resulted in a progressive reduction in starch hydrolysis. Reducing sugar 
release decreased from 168 mg/g (CWN1) to 156 mg/g (CWN4), while 
AUC values declined from 12,986.70 to 11,107.65 mg⋅min/g. The 
lowest HI and pGI values were observed in CWN4 (66.39 and 62.12, 
respectively), indicating a clear attenuation of glycaemic potential with 
increasing substitution level.

According to glycaemic index classification (Atkinson et al., 2021), 
WWB falls within the high-GI range (pGI ≥ 70), whereas both CFB and 
the composite formulations are classified as medium-GI foods (pGI =
56–69). The reduction in HI and pGI observed in the composite breads 
represents a key functional outcome of this study, indicating improved 
starch digestibility characteristics relative to the control formulations. 
This effect can be attributed to the presence of dietary fibre and poly
phenolic compounds in WPP and NLP, which are known to limit enzy
matic access to starch, reduce diffusion of hydrolysis products, and 
potentially inhibit digestive enzymes (Englyst et al., 1992; Goñi et al., 
1997; Gu et al., 2023). Additionally, the partial replacement of 
starch-rich cassava flour with fibre-rich materials contributes to a dilu
tion of readily digestible carbohydrates, further reducing starch hydro
lysis. Similar reductions in starch digestibility have been reported in 

bakery products enriched with fibre- and polyphenol-rich ingredients 
(Acun et al., 2025; Pasqualoni et al., 2024; Tanyitiku et al., 2024). For 
instance, Tanyitiku et al. (2024) reported a significant decrease in pre
dicted glycaemic index from 48.60 to 33.18 with the incorporation of 
stinging nettle in cookies. Moreover, bioactive compounds present in 
nettle have been associated with inhibition of key 
carbohydrate-digesting enzymes, including α-amylase and α-glucosidase 
(Ziaei et al., 2020). Overall, these findings demonstrate that incorpo
ration of WPP and NLP can effectively reduce the glycaemic potential of 
cassava-based gluten-free bread. This highlights their potential appli
cation in the development of functional gluten-free products with 
improved metabolic relevance, particularly for individuals requiring 
moderated postprandial glucose responses.

3.7. Taste evaluation using electronic tongue

The radar plot (Fig. 4) illustrates the electronic tongue responses 
across five primary taste attributes, bitterness, umami, sourness, salti
ness, and aftertaste, for the various bread samples. Significant differ
ences (p < 0.05) were detected among the formulations, indicating that 
incorporation of nettle leaf and watermelon peel powders (WPP and 
NLP) notably influenced the taste profile of the cassava-based breads. 
Cassava formulations exhibited higher sourness (CAO values ranging 
from − 10.2 in CFB to − 25.5 in CWN4) compared to the wheat control 
(3.4). CWN4 also recorded the highest intensities of bitterness (17.1), 
astringency/aftertaste (5.8), and umami (14.5). These increases are 
consistent with previous reports on functional breads fortified with 
nettle or other green plant powders (Maietti et al., 2021; Tanyitiku & 
Njombissie Petcheu, 2025; Wójcik et al., 2021). Tanyitiku and Njom
bissie Petcheu (2025) similarly observed enhanced bitterness (7.43) and 
aftertaste (7.63) in nettle-incorporated rice waffles, attributing these to 
organic acids and phenolic compounds inherent in nettle leaves. Such 
bioactive constituents are known to impart mild acidity, astringency, 
and complex mouthfeel in plant-based bakery matrices (Kohajdova 
et al., 2018).

Moderate substitution levels (CWN1-CWN2) yielded the most 
harmonious sensory balance, combining subtle umami enhancement 
with minimal bitterness, while higher substitutions introduced more 
pronounced plant-derived flavour notes. Despite the elevated sourness 
and bitterness observed at higher substitution levels, moderate incor
poration (CWN1 and CWN2) produced relatively symmetrical radar 
plots, indicative of balanced sensory profiles. In contrast, CWN3 and 
CWN4 displayed more irregular shapes, reflecting intensified bitterness 
and aftertaste due to greater concentrations of polyphenols and chlo
rophyll pigments. These results suggest that the inclusion of WPP and 
NLP modulates the flavour complexity of cassava breads in a 
concentration-dependent manner. Overall, the radar plot profiles 
confirm that watermelon peel and nettle leaf powders can enrich the 
multidimensional flavour characteristics of gluten-free cassava breads, 
potentially appealing to niche consumer groups seeking health-oriented, 
functional bakery products with distinctive sensory identities.

3.8. Correlation analysis

The relationships among key chemical, and physical parameters of 
the formulated breads were examined using Pearson’s correlation co
efficients (Table 4). Strong positive correlations were observed between 
total phenolic content (TPC), antioxidant activities (DPPH⋅ and ABTS⋅₊₊), 
and dietary fibre (r = 0.812–0.950, p < 0.05), confirming that the 
incorporation of nettle leaf and watermelon peel powders enhanced 
both nutritional and functional quality. Protein content also showed a 
moderate positive correlation with TPC (r = 0.642), reflecting the 
nutrient-dense nature of nettle powder.

Conversely, specific volume correlated negatively with fibre (r = - 
0.653 for IDF and r = -0.742 for SDF) and TPC (r = -0.727), indicating 
that higher levels of fibrous and phenolic compounds may have 
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interfered with gas retention and loaf expansion. Similarly, bread 
hardness exhibited a positive association with fibre (r = 0.854 for SDF 
and r = 0.632 for IDF), whereas springiness and cohesiveness showed 
inverse relationships with phenolic content (r = -0.687 and − 0.653, 
respectively). These trends are consistent with observations by Acun 
et al. (2025), who reported that fibre- and antioxidant-rich fortification 
tends to improve nutritional properties but can adversely affect crumb 
softness and elasticity. A significant negative correlation (p < 0.05) was 
also observed between TPC and both hydrolysis index (HI) and predicted 
glycaemic index (pGI), suggesting that phenolic compounds may 
interact with starch or digestive enzymes to retard hydrolysis and 
glucose release. Likewise, total dietary fibre correlated inversely with 
reducing sugar release, supporting the hypothesis that fibre creates a 
physical barrier limiting enzymatic access to starch. Similar interactions 
between fibre, phenolics, and starch digestibility have been reported by 
Gu et al. (2023) and Pasqualoni et al. (2024).

Overall, the correlation matrix underscores a distinct trade-off be
tween nutritional enrichment and textural performance, highlighting 
the need to optimize the substitution levels of watermelon peel and 
nettle leaf powders to achieve a desirable balance between functionality, 
sensory acceptability, and health-promoting properties in gluten-free 
cassava bread formulations. Nonetheless, the use of nettle leaf and 
watermelon peel powders, particularly the valorisation of watermelon 
peel as an underutilised agri-food by-product, highlights the sustain
ability potential of the formulations by reducing food waste and 
contributing to more circular and resource-efficient food systems.

4. Conclusion

This study demonstrated that partial substitution of cassava flour 
with nettle leaf powder (NLP) and watermelon peel powder (WPP) 
modifies the compositional and functional properties of gluten-free 
bread. The incorporation of these plant-based ingredients led to 

expected increases in protein, dietary fibre, and phenolic content, 
resulting in significantly enhanced antioxidant activity (DPPH⋅ and 
ABTS⋅₊). Importantly, the composite formulations exhibited reduced in 
vitro starch hydrolysis and lower predicted glycaemic index values, 
indicating improved starch digestibility characteristics and potential for 
glycaemic moderation. These findings highlight the functional relevance 
of NLP and WPP in developing gluten-free products with enhanced 
health-related properties. However, the inclusion of these materials did 
not improve key physical attributes, as no significant changes in loaf 
specific volume were observed and crumb hardness increased with 
higher substitution levels. Colour and electronic tongue analyses further 
indicated notable changes in visual and taste profiles, reflecting the 
presence of plant-derived pigments and bioactive compounds. Overall, 
while physical bread quality was not enhanced, the incorporation of NLP 
and WPP offers a promising strategy for producing gluten-free bread 
with improved antioxidant capacity and moderated glycaemic response. 
Future work should focus on formulation optimisation, particularly 
through hydrocolloid systems, as well as sensory validation and shelf- 
life assessment to support industrial application.
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