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Abstract
The objective of this study was to investigate the process engineering behavior and physicochemical characterization of 
extruded snacks produced from purple corn flour (PCF) enriched with black nightshade (Solanum nigrescens) powder 
(BNP). The combined effects of extrusion temperature (ET = 125–175 °C), feed moisture content (FMC = 18–25 g/100 g), 
and BNP/PCF ratio (0–50 g/100 g) were evaluated using response surface methodology to determine their influence 
on process parameters (residence time, torque, and specific mechanical energy), structural properties (expansion index, 
bulk density, and hardness), functional properties (water absorption index, water solubility index, and pH), and color pa-
rameters (L*, a*, and b*). The results showed that the BNP/PCF ratio was the most influential factor affecting most of the 
evaluated responses, exceeding the effects of ET and FMC. Increasing BNP significantly modified melt rheology, reduced 
expansion, and increased bulk density and hardness of the extrudates. Likewise, functional properties (WAI, WSI, and 
pH) exhibited nonlinear responses primarily governed by formulation, reflecting interactions among starch, protein, 
and fiber. Lightness (L*) was the color parameter most sensitive to BNP substitution. These findings demonstrate that 
incorporating BNP into PCF-based extruded matrices represents a viable technological strategy for developing func-
tional extruded snacks with natural pigmentation and suitable technological properties, providing relevant evidence for 
the design of cereal-based snacks enriched with value-added plant ingredients.
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Introduction

Extruded snacks represent one of the most dynamic seg-
ments of the ready-to-eat food industry due to their tech-

nological versatility, low production cost, and high sensory 
acceptance. From a process engineering perspective, the 
successful incorporation of non-conventional plant ingre-
dients into extruded matrices depends on understanding 
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how formulation and processing variables jointly govern 
melt rheology, mechanical energy input, and the result-
ing structural and functional properties of the extrudate. 
In recent years, the development of these products has 
increasingly focused on incorporating plant-based func-
tional ingredients to improve their nutritional value and 
provide bioactive compounds with potential health bene-
fits (Hernández-Santos et al. 2025; Juárez-Barrientos et al. 
2025). In this context, extrusion technology constitutes an 
efficient processing strategy for transforming starchy matri-
ces into expanded structures with functional properties that 
can be tailored through modifications in formulation and 
processing variables (Singh et al. 2007; Brennan et al. 2013).

Purple corn (Zea mays L.) is a pigmented cereal whose 
incorporation into extruded products presents specific 
technological challenges, since its anthocyanin-rich peri-
carp is sensitive to thermal degradation and can undergo 
structural modifications of the starch matrix during ther-
momechanical processing (Salinas-Moreno et al. 2013). 
Extrusion conditions (temperature, moisture, shear) sig-
nificantly affect both the physical properties and the sta-
bility of bioactive compounds in pigmented cereal-based 
matrices (Escalante-Aburto et al. 2014; Ruiz-Armenta et 
al. 2019; Menchaca-Armenta et al. 2020; Neder-Suárez 
et al. 2021), making process engineering a critical factor 
for the successful use of this raw material. Anthocyanin 
degradation during thermal processing follows well-es-
tablished kinetic mechanisms, primarily governed by 
temperature, pH, and moisture content, which promote 
structural transformations among flavylium, quinoidal, 
and degraded forms (Patras et al. 2010).

Likewise, black nightshade (Solanum nigrescens Mart. 
& Gal.), a traditionally consumed plant resource in Mex-
ico, is rich in dietary fiber, protein, and minerals, which 
makes it a suitable ingredient for increasing the nutritional 
density of cereal-based snacks. Species-specific composi-
tional and bioactivity data for S. nigrescens remain scarce; 
the antioxidant properties reported for Solanum nigrum L. 
(Campisi et al. 2019), a closely related species within the 
“black nightshade” complex, are cited here only as indica-
tive evidence of the genus’ nutraceutical potential. From a 
process engineering standpoint, however, the incorpora-
tion of BNP into extruded systems is expected to modify 
melt rheology, product expansion, and functional proper-
ties, since its fiber and protein content dilutes the expand-
able starch fraction and increases the proportion of non-
starch structural components (Shevkani et al. 2019). This 
raises the question of how far BNP can be incorporated 
without compromising the technological performance of 
the extrudate. Recent studies have similarly reported that 
incorporating leafy or vegetable-derived powders into 
extruded starch-based matrices modifies structural and 
functional properties due to dilution of the starch fraction 
and the introduction of fiber, protein, and pigment-rich 
components. For instance, the addition of leguminous 
vegetable powder to corn- and gram-based extrudates 
increased ash, protein, and antioxidant content, though 
it also affected expansion and hardness depending on 

the concentration used (Sahoo et al. 2022). Likewise, the 
incorporation of chard (a leafy vegetable) together with 
pigmented cereals and legumes in third-generation snacks 
demonstrated that leafy components influence color pa-
rameters and the retention of bioactive compounds dur-
ing extrusion (Neder-Suárez et al. 2021b).

From a process engineering perspective, extrusion 
variables particularly extrusion temperature and feed 
moisture content play a key role in determining specific 
mechanical energy transfer, melt viscosity, and the de-
velopment of the cellular structure of extrudates. These 
variables interact with formulation composition to define 
key properties such as expansion index, bulk density, tex-
ture, and hydration-related functional properties (Ding et 
al. 2005; Singh et al. 2007). In complex matrices enriched 
with fiber- and protein-rich plant ingredients, formu-
lation may exert an even greater influence than thermal 
variables within moderate processing ranges.

In this context, response surface methodology (RSM) 
has been widely used as a statistical tool to model and 
optimize extrusion processes, allowing the simultaneous 
evaluation of multiple independent variables and their 
interactions on technological and functional properties 
of the final product (Escalante-Aburto et al. 2014; Mont-
gomery 2017). This approach is particularly useful in mul-
ticomponent systems in which material behavior depends 
on both thermomechanical severity and matrix composi-
tion. Therefore, the objective of this study was to evaluate 
the effects of extrusion temperature, feed moisture con-
tent, and the proportion of black nightshade powder in 
purple corn flour on process engineering parameters and 
physicochemical properties of extruded snacks using re-
sponse surface methodology. The results provide relevant 
information for the design of functional snacks based on 
pigmented cereals enriched with value-added plant ingre-
dients for food applications.

Materials and methods
Raw materials

Purple corn kernels were obtained from San José Chilte-
pec, Oaxaca, Mexico, while black nightshade (Solanum 
nigrescens) leaves were purchased from the central market 
of San Juan Bautista Tuxtepec, Oaxaca, Mexico.

Preparation of black nightshade powder (BNP) 
and purple corn flour (PCF)

Black nightshade leaves were washed to remove surface 
impurities and excess water was drained prior to drying 
at 60 °C for 24 h. The dried samples were then milled and 
sieved through a No. 35 mesh (0.595 mm). Purple corn 
kernels were cleaned to remove foreign materials and 
impurities, milled, and sieved through a No. 35 mesh 
(0.595 mm) to obtain purple corn flour (PCF).
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Proximate chemical analysis of raw materials

The proximate composition of the raw materials was 
determined according to the official methods of AOAC 
(2005): moisture (925.10), ash (923.03), protein (920.87), 
fat (920.39), and crude fiber (962.09). Total carbohydrate 
content was calculated by difference. All analyses were 
performed in triplicate.

Determination of water absorption index (WAI), 
water solubility index (WSI), and pH

The WAI, WSI, and pH of both raw materials and ex-
truded products were determined. WAI and WSI were 
measured according to the methodology reported by 
Hernández-Santos et al. (2015). pH was determined 
using a digital potentiometer (Thermo Scientific Inc., 
Orion Star A211 pH/mV meter, USA). Briefly, 1 g of 
flour was mixed with 10 mL of distilled water at 25 °C. 
The electrode was immersed in the suspension, and the 
reading was recorded after stabilization (Rivera-Mirón 
et al. 2020).

Color parameter evaluation

Color parameters (L*, a*, and b*) of the raw materials 
and extruded products were determined using a Hunt-
erLab tristimulus colorimeter (MiniScan HunterLab, 
model 45/0L, Hunter Associates Laboratory Inc., Res-
ton, VA, USA), based on the CIELAB (CIE L*a*b*) color 
space (CIE 1978). The recorded values corresponded to L* 
(lightness, 0 = black to 100 = white), a* (red-green chro-
maticity, negative = green, positive = red), and b* (yel-
low-blue chromaticity, negative = blue, positive = yellow) 
(Hernández-Santos et al. 2015).

Extrusion process

The blends were conditioned to the desired feed moisture 
contents by adding distilled water (Table 1), which was 
incorporated manually. The moistened blends were then 
placed in sealed polyethylene bags and allowed to equil-
ibrate at room temperature (~25 °C) for 12 h to ensure 
uniform moisture distribution throughout the mixture 
prior to extrusion. Snack extrusion was carried out us-
ing a single-screw extruder (Extruder 19/25DN, model 
832005.007, Brabender GmbH & Co. KG, Germany). Ex-
trusion was performed at a feed rate of 200 g/min, screw 
speed of 200 rpm, screw compression ratio of 3:1, and a 
die internal diameter of 3 mm. The barrel temperature 
profile was progressively increased from the feed to the 
die section (50 °C in zone 1, 80 °C in zone 2, and 100 °C in 
zone 3) to promote gradual heating, mixing, and initial 
gelatinization of the material before it reached the die sec-
tion, thereby preventing abrupt thermal shock, premature 

moisture flashing, and material blockage inside the barrel. 
Zones 1 to 3 were kept constant in all treatments, while 
only the die temperature (zone 4) was varied from 125 to 
175 °C according to the experimental design (Table 1), 
since this zone exerts the greatest influence on melt vis-
cosity, mechanical energy input, and the structural devel-
opment of the extrudates. After extrusion, the products 
were dried at 60 °C for 2 h.

Process variables evaluated

Determination of residence time (RT), torque (To), and 
specific mechanical energy (SME)
Residence time (RT), torque (To), and specific mechanical 
energy (SME) were determined according to the method-
ology reported by Pensamiento-Niño et al. (2018).

The RT was determined following the tracer method 
described by Pensamiento-Niño et al. (2018). A pellet 
containing rhodamine B red dye (Eastman Kodak Co., 
Rochester, NY) was introduced into the feed stream once 
steady-state extrusion conditions were reached. The dye 
distribution in the extrudate collected at the die exit was 
monitored over time, and the mean residence time was 
defined as the time at which half of the extruded material 
exhibited a residence time shorter than the mean, and the 
other half longer.

The To readings were taken directly from the extruder 
computer while each of the samples was being processed. 
The following equation was used for the SME:

SME = 2πNT/m	 Eq. 1

Where: SME = specific mechanical energy (J/kg), N = 
screw speed (rad/s), T = torque (N·m), and m = mass flow 
(kg/s).

Table 1. Composite center design used.

Run ET (°C) FMC (g/100 g) BNP/PCF (g/100 g)
1 135.13 19.42 10.13/89.87
2 135.13 23.58 10.13/89.87
3 164.87 19.42 10.13/89.87
4 164.87 23.58 10.13/89.87
5 135.13 19.42 39.87/60.13
6 135.13 23.58 39.87/60.13
7 164.87 19.42 39.87/60.13
8 164.87 23.58 39.87/60.13
9 150.00 18.00 25.00/75.00
10 150.00 25.00 25.00/75.00
11 125.00 21.50 25.00/75.00
12 175.00 21.50 25.00/75.00
13 150.00 21.50 0.00/100.00
14 150.00 21.50 50.00/50.00
15 150.00 21.50 25.00/75.00
16 150.00 21.50 25.00/75.00
17 150.00 21.50 25.00/75.00
18 150.00 21.50 25.00/75.00

ET: Extrusion temperature, FMC: Feed moisture content, BNP/PCF: 
Black nightshade powder (BNP) in purple corn flour (PCF).
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Characterization of extruded products

Determination of hardness (HA)
Immediately after drying, extrudate strands were cut into 
segments of 5 cm (50 mm) in length and dried at 60 °C for 
10 min prior to hardness determination. Hardness (HA) 
was determined by measuring the maximum force re-
quired to fracture extruded samples using a universal tex-
ture analyzer (Texture Analyzer TA-XT Plus, Stable Micro 
Systems, UK) equipped with a Warner–Bratzler blade. 
The test conditions were set as follows: pre-test speed 
1.0 mm/s, test speed 5.0 mm/s, post-test speed 10.0 mm/s, 
and trigger force 5 g. Seventeen measurements were per-
formed per treatment (Téllez-Morales et al. 2022).

Determination of the expansion index (EI) and appar-
ent density (BD)
The EI was calculated in 20 extrudate samples per treat-
ment using a digital Vernier caliper (Vernier, Science Pur-
chase, 0604CAL6, USA), dividing the average diameter of 
the extruded product by the internal diameter of the die 
exit orifice (3 mm), according to the method described by 
Rodríguez-Miranda et al. (2014) and Pensamiento-Niño 
et al. (2018).

The BD was determined according to the method de-
scribed by Navarro-Cortez et al. (2016), based on Wang et 
al. (1993). The diameter (d) and length (l) of 10 randomly 
selected extrudate samples per treatment were measured 
with a digital caliper, and each sample was weighed (W). 
Bulk density was calculated as:

BD = W / [π(d/2)2l]	 Eq. 2

where W is the sample weight (g), d is the extrudate diam-
eter (cm), and l is the extrudate length (cm). Results were 
expressed in g/cm³.

Experimental design and data analysis

A central composite design within the response surface 
methodology (RSM) framework was employed (Table 1) 
using Design-Expert statistical software (version 7.0.0, 
Stat-Ease Inc., Minneapolis, MN, USA). The independ-
ent variables considered were extrusion temperature (ET: 
125–175 °C), feed moisture content (FMC: 18–25 g/100 g), 
and the proportion of black nightshade powder in pur-
ple corn flour (BNP/PCF: 0–50 g/100 g). The response 
variables evaluated included residence time (RT), torque 
(TO), specific mechanical energy (SME), hardness (HA), 
expansion index (EI), bulk density (BD), water absorp-
tion index (WAI), water solubility index (WSI), pH, and 
color parameters (L*, a*, and b*). Experimental data were 
analyzed by fitting second-order (quadratic) polynomial 
response surface models. The statistical significance of the 
model terms was evaluated by analysis of variance (ANO-
VA) for each response variable. Model adequacy was as-
sessed based on the coefficient of determination (R2), 
lack-of-fit test, and significance level (p < 0.05).

Results and discussion
Chemical composition, techno-functional prop-
erties, color parameters, and pH of raw materials

The characterization of the raw materials revealed sig-
nificant differences (p < 0.05) between black nightshade 
powder (BNP) and purple corn flour (PCF) across all 
evaluated parameters (Table 2). BNP showed higher pro-
tein (24.5 g/100 g), fiber (19.74 g/100 g), and ash contents 
(10.33 g/100 g) than PCF (5.39, 2.10, and 2.14 g/100 g, re-
spectively), whereas PCF exhibited higher carbohydrate 
content (73.28 vs. 32.8 g/100 g) and slightly higher fat 
content (4.74 vs. 3.21 g/100 g). These results show that 
BNP acts as a protein-, mineral-, and fiber-rich enrich-
ment ingredient, while PCF provides the starch fraction 
required to promote expansion during extrusion, in 
agreement with previous reports comparing leafy flours 
with starch-rich cereal matrices (Salata et al. 2014; Fer-
rari et al. 2014). Likewise, the incorporation of non-
starch plant ingredients into corn-based matrices has 
been shown to increase the nutritional value of extruded 
snacks (Shevkani et al. 2019).

BNP exhibited higher WAI (4.41 g H2O/g) and WSI 
(11.79%) than PCF (2.53 g H2O/g and 8.30%, respective-
ly), which can be attributed to its higher content of hydro-
philic fiber and proteins. These results agree with previous 
studies indicating that raw material composition strong-
ly influences hydration properties in extruded systems 
(Brennan et al. 2013). Therefore, increasing BNP levels 
could reduce the predominance of starch gelatinization 
from PCF while enhancing hydration phenomena associ-
ated with fiber and protein fractions.

BNP also showed higher pH values (6.31) than PCF 
(5.42) (Table 2). This behavior is consistent with the 
pigmented nature of PCF, which is rich in anthocyanins 
whose chromatic stability depends on pH (Escalan-
te-Aburto et al. 2014). Consequently, BNP incorporation 
may modify the chemical microenvironment and influ-
ence the chromatic response during extrusion processing.

Table 2. Chemical composition (g/100 g, dry basis), 
functional properties, and color parameters of black 
nightshade powder (BNP) and purple corn flour (PCF).

Component BNP PCF
Protein 24.5 ± 0. 41ª 5.39 ± 0.25b

Fat 3.21 ± 0. 17ª 4.74 ± 0.27b

Fiber 19.74 ± 0. 38ª 2.10 ± 0.42b

Ash 10.33 ± 0. 81ª 2.14 ± 0.04b

Carbohydrates 32.8 ± 0. 21ª 73.28 ± 0.74b

WAI (g H2O/g) 4.41 ± 0. 11ª 2.53 ± 0.10b

WSI (%) 11.79 ± 0. 57ª 8.30 ± 0.94b

pH 6.31 ± 0.05ª 5.42 ± 0.02b

L* 39.50 ± 0. 41ª 69.86 ± 0.12b

a* -3.47 ± 0. 23ª 4.84 ± 0.57b

b* 13.34 ± 0. 72ª 2.77 ± 0.38b

The results represent the average of 3 determinations ± Standard devi-
ation. Different letters in the same row indicate statistically significant 
difference (P <0.05). WAI = Water absorption index. WSI = Water sol-
ubility index.
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Regarding color parameters, PCF exhibited higher 
lightness (L* = 69.86) than BNP (L* = 39.50). BNP pre-
sented negative a* values (–3.47) and high positive b* val-
ues (13.34), whereas PCF showed positive a* values (4.84) 
and lower b* values (2.77), confirming its characteristic 
chromatic signature associated with anthocyanins. These 
differences reflect the influence of phenolic compounds, 
proteins, and fiber on color development and visual qual-
ity of the raw materials (Brennan et al. 2013; Escalan-
te-Aburto et al. 2014).

Influence of ET, FMC, and BNP/PCF ratio on 
Residence Time (RT), torque, and Specific Me-
chanical Energy (SME)

Residence Time (RT)
The RT showed a statistically less robust behavior than 
other process responses. The fitted quadratic model 
yielded an R2 = 0.6406, R2 adj = 0.5705, and p = 0.2640 
(Table 3), with no significant linear effects of ET, FMC, or 
BNP/PCF (p < 0.05). However, FMC showed a marginal 
trend (p = 0.0919), and the lack-of-fit was significant (p 
= 0.0314) (Table 4). Therefore, the interpretation of RT 
should be approached cautiously, as the model exhibited 
limited predictive capability within the evaluated experi-
mental domain.

Response surface plots (Fig. 1a) suggested minimum 
RT values under intermediate ET and FMC conditions 
(~150–165 °C and 21–22 g/100 g), whereas the highest 
residence times were observed toward the extremes of the 
experimental design, particularly at low FMC and outside 
the central ET–BNP/PCF interaction region. The FMC–

BNP/PCF interaction also showed a curvilinear response 
consistent with the positive quadratic coefficients of the 
fitted model.

This behavior can be explained by the compositional 
differences between the raw materials (Table 2). The high-
er protein, fiber, ash, and WAI contents of BNP, compared 
with the predominantly starchy nature of PCF, modified 
the rheological behavior of the blend by increasing the 
contribution of structural components with high hydra-
tion capacity and internal friction, particularly under lim-
ited plasticization conditions. In extrusion systems, matri-
ces with higher protein and fiber contents alter melt flow 
behavior and residence time within the barrel.

Similar findings indicate that moisture content and 
temperature significantly influence viscosity, flow behav-
ior, and energy transfer during extrusion (Pansawat et al. 
2008; Meng et al. 2010). Likewise, the effect of moisture on 
RT depends on the material system: whereas Pensamien-
to-Niño et al. (2018) reported increases in RT with higher 
FMC in taro-mango pulp extrudates, in cereal-based ma-
trices moisture typically acts as a plasticizer and reduces 
residence time. In the present study, the absence of sig-
nificant effects and the presence of lack-of-fit suggest that 
RT was governed by nonlinear interactions among water 
plasticization, thermal softening of the melt, and structur-
al changes associated with BNP incorporation rather than 
by a single dominant factor.

Torque
Torque is a variable closely associated with material flow 
resistance inside the barrel and with the apparent viscos-
ity of the melt during extrusion. In this study, the fitted 
quadratic model was significant (p = 0.0015; Table 3) 

Table 3. Best-fit response surface models in terms of coded variables terms.

Parameter Response surface model R2 R2 adj P-value
Residence time (RT) RT= 6.18–0.0778A – 0.0908B + 0.0318C – 0.0205AB +0.0759AC – 0.0879BC + 

0.0673A2 + 0.0938B2 + 0.0639C2
0.6406 0.5705 0.2640

Torque (To) To= 2.72–0.1797A – 0.1092B – 0.2696C – 0.0234AB + 0.0214AC + 0.0407BC + 
0.0955A2–0.0213B2 +0.0648C2

0.9221 0.8530 0.0015

Specific mechanical energy (SME) SME= 15.46–0.7011A – 0.4516B – 1.480C – 0.0275AB + 0.1099AC + 0.4331BC 
+0.4852A2–0.3761C2 + 0.2585C2

0.8730 0.8045 0.0090

Hardness (HA) HA= 4.69–0.3341A – 0.0242B – 0.6529C + 0.105AB – 0.026AC – 0.078BC – 0.220A2–
0.2227B2 + 0.8507C2

0.6230 0.5556 0.2994

Expansion index (EI) EI= 1.12–0.0222A – 0.015B – 0.1011C – 0.0143AB – 0.0379AC +0.0165BC – 0.0145A2 
+ 0.0294B2–0.0191C2

0.8201 0.7505 0.0308

Bulk density (BD) BD= 0.9308–0.0164A + 0.0090B + 0.0017C + 0.0017AB + 0.0304AC – 0.0105BC + 
0.0039A2–0.0072B2 + 0.097C2

0.5250 0.4770 0.5155

Water absorption index (WAI) WAI= 2.13–0.0545A + 0.0353B – 0.0852C + 0.0162AB + 0.0011AC – 0.0058BC – 
0.0214A2–0.0025B2 + 0.0932C2

0.7102 0.6824 0.1433

Water solubility index (WSI) WSI= 3.39–0.1625A + 0.0230B – 0.0047C + 0.1884AB + 0.1057AC + 0.0971BC – 
0.2405A2–0.1769B2 + 0.3885C2

0.6663 0.6334 0.2155

pH pH= 2.44–0.0011A – 0.0055B + 0.0216C + 0.0046AB – 0.0006AC – 0.0003BC + 
0.0024A2–0.0011B2–0.0115C2

0.7604 0.7340 0.0795

L* L*= 6.87 + 0.0174A – 0.0059B – 0.248C – 0.0179AB – 0.0204AC + 0.021BC – 
0.0263A2 + 0.0071B2 + 0.1459C2

0.8026 0.7723 0.0421

a* a*= 0.2971 + 0.0837A + 0.0706B – 1.03C – 0.1246AB – 0.0937AC – 0.0149BC – 
0.1627A2–0.0269B2 + 0.7955C2

0.7335 0.7126 0.1111

b* b*= 3.52 + 0.0133A – 0.0098B – 0.0962C – 0.0251AB – 0.0361AC + 0.0315BC + 
0.0463A2 + 0.1065B2–0.1437C2

0.5177 0.4823 0.5319

A= ET= Extrusion temperature, B= FMC= Feed moisture content, C= BNP/PCF= black nightshade powder in purple corn flour.



Hernández-Santos, et al.: Purple corn extruded snacks enriched with black nightshade powder6

Emirates Journal of Food and Agriculture

Table 4. Analysis of variance (ANOVA) for the response variables of extruded snack.

Source Residence time (RT) Torque (To) Specific mechanical energy (SME) Hardness (HA)
SS F-value P-value SS F-value P-value SS F-value P-value SS F-value P-value

Model 0.5747 1.58 0.2640 1.71 10.52 0.0015 43.12 6.11 0.009 20.69 1.47 0.2994
Lineal
ET 0.0689 1.71 0.2273 0.3678 20.34 0.0020 5.6 7.14 0.0283 1.27 0.8126 0.3937
FMC 0.1477 3.66 0.0919 0.2136 11.81 0.0089 3.65 4.66 0.0629 0.0105 0.0067 0.9368
BNP/PCF 0.0115 0.2855 0.6076 0.8281 45.78 0.0001 24.93 31.79 0.0005 4.86 3.1 0.1162
Interaction
ET-FMC 0.0053 0.1312 0.7266 0.0069 0.3801 0.5547 0.0095 0.0121 0.915 0.1388 0.0886 0.7735
ET-BNP/PCF 0.0461 1.14 0.316 0.0037 0.2033 0.6640 0.0967 0.1233 0.7346 0.0054 0.0035 0.9546
FMC-BNP/PCF 0.0973 2.41 0.1588 0.0208 1.150 0.3148 2.36 3.01 0.121 0.0765 0.0489 0.8306
Quadratic
ET2 0.056 1.39 0.2723 0.1128 6.230 0.0371 2.91 3.71 0.0902 0.5988 0.3825 0.5535
FMC2 0.2116 5.25 0.0512 0.0109 0.605 0.4591 3.4 4.34 0.0707 1.19 0.7625 0.408
BNP/PCF2 0.0504 1.25 0.2957 0.0519 2.87 0.1286 0.3106 0.3961 0.5467 8.95 5.72 0.0438
Residual 0.3225 --- --- 0.1447 --- --- 6.27 --- --- 12.52 --- ---
Lack of fit 0.2883 8.43 0.0314 0.0701 0.9411 0.5228 3.02 0.9262 0.5287 12.38 84.95 0.0004
Pure error 0.0342 --- --- 0.0745 --- --- 3.26 --- --- 0.1457 --- ---
Total 0.8972 --- --- 1.86 --- --- 49.39 --- --- 33.22 --- ---
Source Expansion index (EI) Bulk density (BD) Water absorption index (WAI) Water solubility index (WSI)

SS F-value P-value SS F-value P-value SS F-value P-value SS F-value P-value
Model 0.1841 4.05 0.0308 0.0671 0.9824 0.5155 0.3041 2.18 0.1433 4.9 1.77 0.2155
Lineal
ET 0.0056 1.12 0.3214 0.0031 0.4041 0.5428 0.0339 2.18 0.1778 0.3009 0.9816 0.3508
FMC 0.004 0.8016 0.3968 0.0015 0.1911 0.6735 0.0224 1.44 0.2643 0.0095 0.0309 0.8649
BNP/PCF 0.1165 23.07 0.0013 0.0376 4.96 0.0566 0.0828 5.34 0.0496 0.0003 0.0008 0.9777
Interaction
ET-FMC 0.0026 0.5111 0.495 0 0.005 0.9453 0.0033 0.2132 0.6566 0.4468 1.46 0.2617
ET-BNP/PCF 0.0115 2.28 0.1698 0.0074 0.9754 0.3523 9.32E-06 0.0006 0.981 0.0894 0.2918 0.6038
FMC-BNP/PCF 0.0034 0.6813 0.4331 0.0014 0.1831 0.68 0.0004 0.0272 0.873 0.1187 0.3874 0.551
Quadratic
ET2 0.0026 0.5175 0.4924 0.0002 0.0244 0.8798 0.0057 0.3664 0.5618 0.7151 2.33 0.1652
FMC2 0.0207 4.11 0.0773 0.0012 0.1629 0.6971 0.0002 0.0098 0.9234 0.7532 2.46 0.1556
BNP/PCF2 0.0045 0.8963 0.3715 0.0109 1.44 0.2644 0.1075 6.93 0.0301 1.87 6.09 0.0389
Residual 0.0404 --- --- 0.0607 --- --- 0.1241 --- --- 2.45 --- ---
Lack of fit 0.0337 5.05 0.073 0.0347 1.33 0.3934 0.107 6.25 0.0519 2.15 7.19 0.0411
Pure error 0.0067 --- --- 0.026 --- --- 0.0171 --- --- 0.2995 --- ---
Total 0.2245 --- --- 0.1279 --- --- 0.4282 --- --- 7.35 --- ---
Source pH L* a* b*

SS F-value P-value SS F-value P-value SS F-value P-value SS F-value P-value
Model 0.0096 2.8200 0.0795 1.11 3.61 0.0421 24.84 2.45 0.1111 0.7734 0.9541 0.5319
Lineal
ET 0.0000 0.0393 0.8478 0.0034 0.1011 0.7587 0.0799 0.0708 0.7969 0.002 0.0225 0.8846
FMC 0.0006 1.460 0.2616 0.0006 0.0184 0.8955 0.0892 0.0791 0.7857 0.0017 0.019 0.8937
BNP/PCF 0.0053 14.08 0.0056 0.7011 20.58 0.0019 11.97 10.61 0.0116 0.1054 1.17 0.3109
Interaction
ET-FMC 0.0003 0.6955 0.4285 0.004 0.1188 0.7392 0.1953 0.1731 0.6883 0.0079 0.0879 0.7744
ET-BNP/PCF 2.89E-06 0.0076 0.9325 0.0033 0.0979 0.7624 0.0703 0.0623 0.8092 0.0104 0.1159 0.7423
FMC-BNP/PCF 1.23E-06 0.0032 0.956 0.0056 0.1631 0.6969 0.0028 0.0025 0.9614 0.0125 0.1385 0.7194
Quadratic
ET2 0.0001 0.1838 0.6794 0.0085 0.251 0.6299 0.3272 0.29 0.6049 0.0265 0.2947 0.602
FMC2 0.0000 0.0791 0.7857 0.0012 0.0354 0.8554 0.0174 0.0154 0.9042 0.2727 3.03 0.12
BNP/PCF2 0.0016 4.3200 0.0712 0.2631 7.73 0.0239 7.83 6.93 0.03 0.2556 2.84 0.1306
Residual 0.003 --- --- 0.2725 --- --- 9.03 --- --- 0.7206 --- ---
Lack of fit 0.0025 4.77 0.0798 0.2679 58.53 0.0008 8.76 32.05 0.0027 0.7143 114.18 0.0002
Pure error 0.0005 --- --- 0.0046 --- --- 0.2732 --- --- 0.0063 --- ---
Total 0.0126 --- --- 1.38 --- --- 33.87 --- --- 1.49 --- ---

SS = Sum of squares, ET= Extrusion temperature, FMC= Feed moisture content, BNP/PCF= black nightshade powder in purple corn flour.

and showed high explanatory capacity (R2 = 0.9221; R2 
adj = 0.8530), with no significant lack-of-fit (p = 0.5228; 
Table 4), confirming the adequacy of the model to describe 

the combined effects of ET, FMC, and BNP/PCF. The line-
ar effects of ET (p = 0.0020), FMC (p = 0.0089), and BNP/
PCF (p = 0.0001) were significant, as was the quadratic 
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term ET2 (p = 0.0371), whereas interaction terms were not 
significant. The negative linear coefficients indicated that 
increasing these variables reduced torque values.

Response surface plots (Fig. 1b) showed higher torque 
values at low ET and FMC, with progressive decreases as 
both variables increased. This behavior is consistent with 
the plasticizing effect of water and the thermal softening 
of the melt, which reduce internal friction and apparent 
viscosity. Similar trends have been reported in cereal- and 
legume-based extrudates (Ding et al. 2005; Pansawat et al. 
2008; Meng et al. 2010).

Likewise, increasing the BNP/PCF ratio reduced 
torque values, particularly when combined with high ET 
or FMC. Although BNP exhibited higher protein, fiber, 
ash, and WAI contents than PCF (Table 2), the dominant 
effect was the dilution of the continuous starch fraction 
of PCF, which reduced the mechanical resistance of the 
system. Comparable results have been reported in corn-
based matrices enriched with nonconventional plant in-
gredients (Shevkani et al. 2019; Sahu et al. 2022).

The significance of the ET2 term further confirms a 
nonlinear temperature response associated with rheologi-
cal transitions resulting from gelatinization, denaturation, 
and macromolecular degradation phenomena (Meng et 

al. 2010; Téllez-Morales et al. 2022). Overall, the results re-
veal that torque was mainly governed by the linear effects 
of ET, FMC, and BNP/PCF, demonstrating that higher 
levels of temperature, moisture, and partial substitution of 
PCF with BNP promoted conditions of lower mechanical 
resistance within the extruder, with direct implications for 
material transport and the structural development of the 
final extruded product.

Specific Mechanical Energy (SME)
The SME is an integrative indicator of the mechanical 
severity of the extrusion process, as it reflects the energy 
transferred by the screw to the molten material and its re-
lationship with apparent viscosity, internal friction, and 
the degree of thermo-mechanical cooking. In this study, 
the fitted quadratic model for SME was significant (p = 
0.0090; Table 3) and showed adequate predictive capacity 
(R2 = 0.8730; R2 adj = 0.8045), with no significant lack-of-fit 
(p = 0.5287; Table 4). The linear effects of ET (p = 0.0283) 
and, particularly, BNP/PCF (p = 0.0005) were significant, 
whereas FMC showed a marginal trend (p = 0.0629); inter-
action and quadratic terms were not significant (p > 0.05). 
The negative linear coefficients indicated that increasing 
ET, FMC, and BNP/PCF reduced SME values.

Figure 1. Contour plots illustrating the effects of extrusion temperature (ET), feed moisture content (FMC), and 
black nightshade powder/purple corn flour ratio (BNP/PCF) on: (a) residence time (RT), (b) torque (To), and (c) spe-
cific mechanical energy (SME). In each panel, the third (non-plotted) variable was held constant at its central point 
value (ET = 150 °C, FMC = 21.5 g/100 g, or BNP/PCF = 25.00 g/100 g, as applicable).
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Response surface plots (Fig. 1c) confirmed higher SME 
values at low ET and low-to-intermediate FMC, with pro-
gressive decreases as temperature and moisture increased. 
Likewise, the highest SME values were observed in for-
mulations with low BNP content and low FMC, whereas 
the combination of higher BNP substitution with elevated 
moisture or temperature produced a broad region of re-
duced energy demand. This behavior reflects water plasti-
cization and thermal softening of the melt, which decrease 
shear resistance and the energy required to transport and 
transform the blend, in agreement with previous reports 
(Pansawat et al. 2008; Meng et al. 2010).

Increasing BNP reduced the continuous starch fraction 
provided by purple corn flour and increased the propor-
tion of non-starch components with high hydration capac-
ity. In this system, the dominant effect was dilution of the 
gelatinization-susceptible matrix, decreasing the effective 
melt viscosity and the energy dissipated by shear. Similar 
trends have been reported in corn-based extrudates en-
riched with plant and protein-rich ingredients (Shevkani et 
al. 2019; Téllez-Morales et al. 2022). From a technological 
perspective, the observed reduction in SME suggests low-
er mechanical severity of the extrusion process, which is 
generally associated with reduced dextrinization and lower 
expansion potential when starch dilution occurs together 
with the incorporation of fiber- and protein-rich ingredi-

ents (Brennan et al. 2013). Therefore, the SME response 
reveals that increasing BNP not only modifies the nutri-
tional and chromatic composition of the blend but also the 
mechanical intensity of the extrusion process, with direct 
implications for expansion behavior, texture development, 
and functional properties of the final extruded product.

Influence of ET, FMC, and BNP/PCF ratio on 
hardness, expansion index, and bulk density

Hardness (HA)
The HA showed a quadratic model with limited fit (R2 = 
0.6230; R2 adj = 0.5556; p = 0.2994; Table 3) and a sig-
nificant lack-of-fit (p = 0.0004; Table 4), indicating low 
predictive capacity within the evaluated experimental do-
main. None of the linear effects of ET, FMC, or BNP/PCF 
were significant (p > 0.05), whereas the only significant 
term was the quadratic effect BNP/PCF2 (p = 0.0438), in-
dicating a predominantly curvilinear response associated 
with the substitution level. The negative linear coefficients 
and the positive quadratic term (C2 = +0.8507) suggest 
lower hardness at intermediate BNP/PCF levels and high-
er hardness toward the extremes of the formulation range. 
Response surface plots (Fig. 2a) confirmed this trend, 
showing lower HA values in the central region of the 

Figure 2. Contour plots illustrating the effects of extrusion temperature (ET), feed moisture content (FMC), and 
black nightshade powder/purple corn flour ratio (BNP/PCF) on: (a) hardness (N), (b) expansion index (EI), and (c) 
bulk density (BD). In each panel, the third (non-plotted) variable was held constant at its central point value (ET = 
150 °C, FMC = 21.5 g/100 g, or BNP/PCF = 25.00 g/100 g, as applicable).
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FMC–BNP/PCF plane and higher values toward the ex-
tremes, as well as a minor influence of ET. In the ET–FMC 
plane, the lowest hardness values were observed at high 
temperatures and medium-to-high moisture contents.

Although these trends are not conclusive, they are 
technologically plausible. Hardness in extruded products 
mainly depends on the degree of expansion and the cellu-
lar architecture generated during melt exit at the die. PCF, 
which is rich in starch, promotes gelatinization and expan-
sion, whereas BNP, with higher fiber and protein contents, 
may dilute the expandable starch fraction and reinforce 
cell walls, leading to more compact structures (Brennan 
et al. 2013; Shevkani et al. 2019). However, the nonlinear 
behavior suggests that intermediate BNP levels promoted 
a structural balance that reduced fracture resistance.

The influence of ET on HA was weak, although high-
er temperatures tended to reduce hardness by promoting 
greater cooking and expansion, resulting in more po-
rous structures (Ding et al. 2005; Pensamiento-Niño et 
al. 2018). Likewise, increasing FMC visually tended to 
reduce HA when combined with high ET, which can be 
attributed to the plasticizing effect of water on melt vis-
cosity and deformation behavior (Pansawat et al. 2008; 
Meng et al. 2010). Similar results have been reported in 
extrudates enriched with plant- and protein-based ingre-
dients, where partial starch substitution modifies expan-
sion and texture depending on the interaction between 
formulation and processing conditions (Shevkani et al. 
2019; Téllez-Morales et al. 2022). The exclusive signifi-
cance of the BNP/PCF2 term suggests that hardness was 
mainly governed by a structural balance effect rather than 
simple linear responses; therefore, these trends should be 
interpreted as indicative and complemented with the joint 
analysis of expansion index and bulk density.

Expansion index (EI)
In the present study, the fitted quadratic model for EI was 
significant (p = 0.0308) and showed adequate explanatory 
capacity (R2 = 0.8201; R2 adj = 0.7505), with no significant 
lack-of-fit (p = 0.073; Table 3). The only significant linear 
effect was BNP/PCF (p = 0.0013), whereas ET (p = 0.3214) 
and FMC (p = 0.3968) did not show significant linear ef-
fects. Likewise, no significant interaction or quadratic 
terms were detected (Table 4), although FMC2 showed a 
marginal trend (p = 0.0773). The negative linear coeffi-
cients for ET (–0.0222), FMC (–0.0150), and especially 
BNP/PCF (–0.1011) indicate that increasing these varia-
bles reduced EI values, with the BNP proportion being the 
most influential factor.

Response surface plots (Fig. 2b) showed higher EI val-
ues at low BNP/PCF levels, with progressive decreases as 
PCF substitution with BNP increased. Although ET and 
FMC were not significant in linear terms, contour plots 
suggested greater expansion at low-to-intermediate mois-
ture contents and intermediate-to-high temperatures, 
whereas combinations of high FMC and high BNP/PCF 
shifted the response toward lower EI values. This behavior 
agrees with extrusion theory, since expansion depends on 
the formation of a continuous viscoelastic starch-rich ma-

trix capable of retaining steam during decompression at 
the die exit (Ding et al. 2005; Brennan et al. 2013).

Increasing BNP diluted the expandable starch frac-
tion and introduced fiber and protein components that 
disrupted melt-phase continuity, thereby limiting bubble 
nucleation and stability. Similar trends have been report-
ed in extrudates enriched with nonconventional plant 
ingredients (Shevkani et al. 2019; Téllez-Morales et al. 
2022). Likewise, higher moisture levels visually reduced 
expansion, particularly when combined with high BNP/
PCF ratios, due to decreased melt viscosity and reduced 
pressure drop at the die exit (Pansawat et al. 2008; Meng 
et al. 2010). In contrast, ET showed a relatively weak ef-
fect within the evaluated range (125–175 °C), suggesting 
that formulation composition was the primary factor con-
trolling the structural development of the extrudates.

Bulk density (BD)
The BD showed a non-significant quadratic model (p = 
0.5155) with limited explanatory capacity (R2 = 0.5250; 
R2 adj = 0.4770), although the lack-of-fit was not signif-
icant (p = 0.3934; Table 3). The linear term for BNP/PCF 
showed a near-significant trend (p = 0.0566), suggesting a 
stronger influence of formulation compared with process 
variables. The negative linear coefficient for ET (–0.0164) 
and the positive coefficients for FMC (+0.0090) and BNP/
PCF (+0.0017) indicate, as a trend, a decrease in BD with 
increasing temperature and an increase with higher mois-
ture content and greater BNP substitution.

Response surface plots (Fig. 2c) showed lower BD val-
ues at relatively high temperatures and low-to-intermedi-
ate moisture contents, whereas density increased as FMC 
increased, particularly under low or intermediate ET con-
ditions. Likewise, increasing BNP/PCF tended to increase 
BD, especially at lower temperatures, and the combination 
of high FMC with intermediate-to-high BNP/PCF levels 
produced regions with higher density and lower expan-
sion. However, due to the non-significance of the overall 
model, these trends should be interpreted as indicative 
rather than conclusive.

From a physicochemical perspective, the increase in 
BD with greater BNP substitution can be attributed to di-
lution of the expandable starch fraction of PCF and the 
incorporation of fiber and protein components that lim-
it gelatinization and bubble expansion, resulting in more 
compact structures. Similar results have been reported in 
corn-based extrudates enriched with nonconventional 
plant ingredients (Altan et al. 2008; Shevkani et al. 2019).

The positive trend of FMC on BD is consistent with 
previous studies, since higher moisture levels reduce melt 
viscosity and the pressure drop at the die exit, thereby de-
creasing radial expansion (Ding et al. 2005; Pansawat et al. 
2008; Meng et al. 2010). In contrast, ET showed a negative 
trend on BD, consistent with the higher degree of cooking 
and expansion at elevated temperatures (Ding et al. 2005; 
Escalante-Aburto et al. 2014), although this effect was 
weak, suggesting that formulation composition, particu-
larly the partial substitution of PCF with BNP, modulated 
the structural response of the extruded system.
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Influence of ET, FMC, and BNP/PCF proportion 
on water absorption index (WAI), water solubil-
ity index (WSI), and pH

Water absorption index (WAI)
The WAI showed a response primarily governed by for-
mulation rather than processing variables. The overall 
model was not significant (R2 = 0.7102; R2 adj = 0.6824; 
p = 0.1433), although the lack-of-fit was non-significant 
and borderline (p = 0.0519; Table 3), indicating moder-
ate descriptive capacity but limited predictive robustness. 
According to the ANOVA (Table 4), the only significant 
linear effect was BNP/PCF (p = 0.0496), together with the 
quadratic term BNP/PCF2 (p = 0.0301), whereas ET, FMC, 
and interaction terms were not significant (p > 0.05). This 
confirms a predominantly curvilinear response controlled 
by the proportion of black nightshade powder.

This behavior is consistent with the composition of 
the raw materials: BNP exhibited higher WAI than PCF 
(4.41 vs. 2.53 g H2O/g), as well as higher protein and fib-
er contents, whereas PCF was predominantly starch-rich. 
Consequently, the incorporation of BNP reduced the con-
tinuity of the gelatinizable starch phase but increased the 

contribution of hydrophilic groups associated with fiber 
and proteins. The negative sign of the linear coefficient 
and the positive quadratic coefficient for BNP/PCF con-
firm this nonlinear response, characterized by an initial 
decrease in WAI followed by recovery at higher substitu-
tion levels.

Response surface plots (Fig. 3a) confirmed this trend, 
whereas ET showed a weak negative effect and FMC a mi-
nor positive influence. These results suggest that WAI was 
more strongly associated with compositional reorganiza-
tion of the blend than with changes in thermomechanical 
process severity, unlike predominantly starch-based ma-
trices where temperature and moisture typically dominate 
the response.

Similar findings indicate that WAI depends on the bal-
ance between starch gelatinization and the presence of 
non-starch components (Brennan et al. 2013). Likewise, 
Shevkani et al. (2019) reported reductions in WAI in corn-
based extrudates enriched with chickpea and spinach due 
to protein-starch interactions that limited hydration. Al-
though other studies have reported increases in WAI with 
higher feed moisture content (Sahu et al. 2022), recent 
reviews suggest that this trend may change in composite 

Figure 3. Contour plots illustrating the effects of extrusion temperature (ET), feed moisture content (FMC), and 
black nightshade powder/purple corn flour ratio (BNP/PCF) on: (a) water absorption index (WAI), (b) water solu-
bility index (WSI), and (c) pH. In each panel, the third (non-plotted) variable was held constant at its central point 
value (ET = 150 °C, FMC = 21.5 g/100 g, or BNP/PCF = 25.00 g/100 g, as applicable).
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matrices rich in fiber and protein due to competition for 
water and modifications in starch gelatinization behavior 
(Ali et al. 2024).

Water solubility index (WSI)
The WSI showed a non-significant quadratic model (R2 = 
0.6663; R2 adj = 0.6334; p = 0.2155; Table 3) and a sig-
nificant lack-of-fit (p = 0.0411; Table 4), indicating that 
the fitted equation did not fully describe the experimental 
variability. None of the linear effects of ET, FMC, or BNP/
PCF were significant (p > 0.05), whereas the only signifi-
cant term was the quadratic BNP/PCF2 term (p = 0.0389), 
confirming a predominantly curvilinear response associ-
ated with formulation. Response surface plots (Fig. 3b) 
showed lower WSI values at intermediate BNP/PCF levels 
and increases toward the substitution extremes, particu-
larly under intermediate-to-high ET conditions. The neg-
ative linear coefficient of ET and the negative quadratic 
terms of ET2 and FMC2, together with the positive quad-
ratic coefficient of BNP/PCF2, confirm that the response 
was more strongly influenced by composition than by 
temperature or moisture. In extrusion processing, WSI is 
commonly associated with the degree of molecular degra-
dation and the release of soluble compounds; it generally 
increases with temperature and decreases with moisture 
due to the plasticizing effect of water.

The composition of the raw materials explains the 
stronger influence of BNP/PCF. BNP exhibited higher 
WSI than PCF (Table 2) and higher contents of protein, 
fiber, and ash, suggesting that its incorporation increased 
the soluble fraction recovered after extrusion. The ob-
served curvilinear response indicates that intermediate 
BNP/PCF levels promoted starch-protein-fiber interac-
tions with lower solubility, whereas higher substitution 
levels increased the contribution of non-starch soluble 
solids. Similar trends have been reported in extrudates 
enriched with plant-based ingredients, where WSI de-
pends on both processing severity and matrix composi-
tion (Brennan et al. 2013; Salata et al. 2014; Shevkani et al. 
2019; Sahu et al. 2022).

Although the negative linear coefficient of ET sug-
gests an initial tendency for WSI to decrease with in-
creasing temperature, this response may be explained 
by the formation of protein-starch associations or less 
extractable aggregates in matrices with high contents of 
non-starch components. Recent reviews indicate that 
WSI generally increases with temperature and decreas-
es with moisture; however, this behavior may be modi-
fied in fiber- and protein-rich systems (Ali et al. 2024). 
Overall, these findings indicate that WSI behavior in the 
BNP/PCF matrix was primarily governed by composi-
tional reorganization of the system, rather than by the 
isolated effects of ET or FMC.

pH
The pH of the extruded products showed a model with 
acceptable explanatory capacity (R2 = 0.7604; R2 adj = 
0.7340; p = 0.0795; Table 3), although with borderline 

overall significance. The lack-of-fit was not significant (p 
= 0.0798), indicating that the fitted equation adequately 
described the experimental trend within the evaluated 
domain. According to the ANOVA (Table 4), the only sig-
nificant linear effect was BNP/PCF (p = 0.0056), whereas 
ET and FMC were not significant (p > 0.05); additionally, 
the quadratic term BNP/PCF2 showed a marginal trend 
(p = 0.0712). Therefore, the pH response was primarily 
determined by formulation.

Response surface plots (Fig. 3c) confirmed that the 
highest pH values were concentrated in formulations with 
intermediate-to-high BNP/PCF levels (≈25–45 g/100 g), 
whereas the lowest values were observed at lower BNP in-
corporation levels. The effect of ET was weak, and FMC 
showed only a slight tendency toward higher pH values at 
lower moisture contents. Overall, the estimated pH range 
varied approximately between 5.6 and 6.1, with maximum 
values associated with BNP-enriched formulations and 
minimum values in PCF-dominated blends.

This behavior is consistent with the composition of the 
raw materials (Table 2), since BNP exhibited higher pH 
than PCF (6.31 vs. 5.42), shifting the system toward less 
acidic conditions as its proportion increased. Similar re-
sults were reported by Escalante-Aburto et al. (2014) in 
blue corn extrudates, where extrusion conditions did not 
significantly affect pH and values remained between 6.1 
and 6.8, highlighting their relevance for anthocyanin sta-
bility. In contrast, Blejan et al. (2025) observed a decrease 
in pH after the incorporation of cranberry pomace due to 
its higher acidity, confirming that the direction of change 
depends on the chemical nature of the enrichment ingre-
dient. In the present study, BNP acted as a relative alkaliz-
ing modulator compared with PCF.

Influence of ET, FMC, and BNP/PCF proportion 
on color parameters (L*, a*, b*)

Among the evaluated color parameters (L*, a*, and b*), 
formulation showed the most important effect. The mod-
el for L* was significant (R2 = 0.8026; R2 adj = 0.7723; p 
= 0.0421), whereas those for a* (R2 = 0.7335; R2 adj = 
0.7126; p = 0.1111) and b* (R2 = 0.5177; R2 adj = 0.4823; p 
= 0.5319) were not significant (Table 3). According to the 
ANOVA (Table 4), for L* the only significant linear effect 
was BNP/PCF (p = 0.0019), and the quadratic term BNP/
PCF2 was also significant (p = 0.0239); similarly, for a*, 
only BNP/PCF (p = 0.0116) and BNP/PCF2 (p = 0.0300) 
were significant, whereas for b* no significant effects were 
detected (p > 0.05). The lack-of-fit was significant for all 
three parameters (L*, p = 0.0008; a*, p = 0.0027; b*, p = 
0.0002), indicating that L* can be discussed with stronger 
statistical support, whereas a*, and especially b*, should 
be interpreted mainly as visual and mechanistic trends.

For L* (Fig. 4a), contour plots showed a marked de-
crease in lightness as the BNP/PCF proportion increased 
from low to intermediate levels, followed by slight recov-
ery at higher concentrations, consistent with the negative 
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Figure 4. Contour plots illustrating the effects of extrusion temperature (ET), feed moisture content (FMC), and 
black nightshade powder/purple corn flour ratio (BNP/PCF) on color parameters: (a) L*, (b) a*, and (c) b*. In each 
panel, the third (non-plotted) variable was held constant at its central point value (ET = 150 °C, FMC = 21.5 g/100 g, 
or BNP/PCF = 25.00 g/100 g, as applicable).

linear coefficient of C and the positive quadratic coeffi-
cient of C2. Visually, regions with higher lightness were 
concentrated at low BNP proportions, whereas lower 
L* values appeared at intermediate-to-high substitution 
levels, indicating progressive darkening of the extru-
dates. This trend agrees with the composition of the raw 
materials, since BNP was considerably darker than PCF 
(L* = 39.50 vs. 69.86) and therefore reduced the reflec-
tance of the final matrix. In extruded systems, reductions 
in L* have been associated with replacement of the light 
starch fraction by plant ingredients rich in fiber, pro-
tein, and dark pigments, as well as with non-enzymatic 
browning reactions induced by extrusion. Shevkani et al. 
(2019) observed that the incorporation of spinach and 
chickpea into corn extrudates significantly modified L*, 
a*, and b*, with the plant fraction being the main factor 
affecting product darkening. Similarly, in corn snacks en-
riched with bilberry pomace, Blejan et al. (2025) reported 
a progressive decrease in L* with increasing addition of 
the pigmented ingredient, attributed to both the intrinsic 
chromatic intensity of the raw material and reformulation 
of the starch-based system.

The a* parameter (Fig. 4b) exhibited a predominantly 
curvilinear response with respect to BNP/PCF. The nega-
tive linear coefficient of C and the positive quadratic coef-
ficient of C2 indicate that the initial increase in BNP tended 
to reduce a* values, whereas at higher substitution levels 
the response increased again. Contour plots showed the 
lowest a* values at intermediate BNP/PCF levels, whereas 
higher values appeared at low or high substitution levels. 
Since PCF exhibited positive a* values (4.84), associated 
with reddish tones typical of anthocyanin-rich matrices, 
while BNP showed negative a* values (–3.47), associated 
with greenish leaf-derived pigments, incorporation of BNP 
modified the red-green balance of the blend in a nonlinear 
manner. This behavior suggests that, at intermediate BNP 
levels, dilution of the red-purple color of PCF combined 
with incorporation of plant pigments from BNP attenuated 
the red coordinate; however, at higher substitution levels 
thermal transformations of pigments and browning reac-
tions may have shifted a* again toward positive values. This 
behavior is consistent with reports on other pigmented ce-
real matrices, where extrusion temperature and moisture 
content were identified as the main drivers of anthocyanin 
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degradation and pigment transformation (Menchaca-Ar-
menta et al. 2020; Neder-Suárez et al. 2021), following 
degradation kinetics broadly described for anthocyanins 
in thermally processed foods (Patras et al. 2010). Escalan-
te-Aburto et al. (2014) demonstrated in blue corn extrudates 
that a* was the most sensitive color coordinate to extrusion 
variables and anthocyanin transformations, due to transi-
tions among flavylium, quinoidal, and degraded structures 
during thermal processing. Consistently, Téllez-Morales et 
al. (2022) reported that increasing cricket flour incorpora-
tion into nixtamalized corn flour increased the color index 
and reduced the whiteness index, confirming that addition 
of nonconventional ingredients strongly modifies chro-
matic coordinate expression primarily through formula-
tion effects rather than isolated temperature effects.

For b* (Fig. 4c), statistical evidence was weak because 
the model was not significant and no individual terms 
were significant in the ANOVA. Nevertheless, contour 
plots suggested a tendency toward lower b* values un-
der combinations of intermediate ET, intermediate FMC, 
and high BNP/PCF proportions, whereas the highest val-
ues appeared at low-to-intermediate substitution levels. 
Since b* describes the transition from blue (negative val-
ues) to yellow (positive values), this pattern suggests that 
BNP incorporation partially reduced the yellowish tone 
of the extrudates. However, because BNP showed much 
higher b* values than PCF (13.34 vs. 2.77), the observed 
response in the extrudates likely depended not only on 
the original ingredient color but also on thermal degra-
dation of pigments, dilution of starch within the matrix, 
and interactions among phenolic compounds, degraded 
chlorophylls, and Maillard reaction products. In blue corn 
extrudates, Escalante-Aburto et al. (2014) reported that b* 
was useful for tracking the intensity of blue-purple tones 
and observed that feed moisture significantly affected this 
coordinate due to changes in anthocyanin stability during 
extrusion. Similarly, in extrudates enriched with cassava 
leaves, Salata et al. (2014) reported that color was mainly 
affected by the level of leafy ingredient and feed moisture, 
and that some chromatic parameters could exhibit limited 
predictive capacity when multiple color-change mecha-
nisms occurred simultaneously.

Conclusions
Black nightshade powder (BNP) showed high protein, ash, 
and fiber contents, as well as high water absorption and 
solubility capacities. Formulation was the most determin-
ing factor in the structural and functional configuration 
of the extruded system. This confirms the key role of com-
position in complex matrices based on pigmented cereals 
enriched with functional plant ingredients.

The BNP/PCF ratio significantly controlled specific 
mechanical energy and torque, and showed a clear influ-
ence on expansion index. In contrast, its effects on resi-
dence time, hardness, and bulk density should be inter-
preted as indicative trends rather than statistically robust 
effects, since these models showed limited explanatory 
capacity and, in some cases, significant lack-of-fit. Overall, 
these results reflect the dilution of the expandable starch 
fraction and the increased presence of non-starch struc-
tural components, which modified melt rheology and the 
cellular architecture of the extrudates.

Functional properties (WAI, WSI, and pH) responded 
mainly to compositional reformulation rather than to pro-
cessing conditions. These properties showed nonlinear be-
haviors, associated with starch-protein-fiber interactions and 
changes in the acid-base microenvironment of the system.

Among the color parameters, L* was the most sensitive 
to BNP substitution, showing progressive darkening of 
the product. In contrast, a* and b* reflected the combined 
influence of the anthocyanin-rich fraction from purple 
corn, leaf-derived pigments from BNP, and transforma-
tions induced by thermomechanical processing.

Overall, these results show that formulation had a 
stronger effect than moderate extrusion conditions on the 
structural, functional, and color properties of the extru-
dates. This evidence supports the rational design of func-
tional extruded snacks using underutilized plant ingredi-
ents such as BNP. Incorporating BNP allows modulation 
of key technological properties without compromising 
process stability. This strategy contributes to the develop-
ment of extruded products with improved nutritional value 
and natural chromatic differentiation, in line with current 
trends toward healthier and more sustainable food systems.
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