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ur (a cold-pressed by-product):
characterization and rheological assessment in
gluten-free bread premixes

Juan José Burbano, *a Manuel Rojas,a Marina Fernández Bravo,a Julio Vidaurre-
Ruiz,bc Ritva Repo Carrasco Valenciabc and Maŕıa Jimena Correa *a

Cold-pressed oil production generates high-quality oil and a nutrient-rich press cake as a by-product.

Cucurbita pepo seeds (var. styrica) are typically used for this purpose. This work aims to add value to the

press cake by-product by characterizing the techno-functional, physicochemical, nutritional, and

microstructural properties of pumpkin seed flour (PSF), and evaluating the impact of PSF on the pasting

and rheological behaviour of gluten-free model premixes (rice flour based). Nutritionally, PSF contained

41% protein. Although lipids accounted for one-third of its composition (predominantly unsaturated fatty

acids), PSF showed high oxidative stability. Regarding its techno-functional properties, PSF showed good

emulsion activity (55%), high thermal emulsion stability (51%) and good water, oil, and organic molecule

retaining capacities. Characterization of PSF and rice flour (RF) showed that the two flours complement

each other when forming composite mixtures. In addition, the suitability of PSF for breadmaking was

determined by evaluating its effect on the rheology of premixes. The premixes were prepared by

substituting RF with PSF at 10%, 20% and 30%. The viscoamylograph showed that regardless of the

substitution level, PSF formed premixes that were less susceptible to retrogradation and had the

potential to enhance oven spring during baking. At 20% and 30% substitution, PSF also improved the

rheological quality of the gluten-free dough models, acting similarly to xanthan gum. This effect could

be related to the ability of PSF to retain water and to form emulsions. These results showed the aptitude

of PSF to be included in formulations intended for gluten-free bakery products.
Sustainability spotlight

Reusing and revaluing by-products contributes to the circular economy. Pumpkin seed our (PSF) is a by-product of cold-pressed oil production. PSF is rich in
protein, healthy lipids and dietary bre, and it showed good techno-functional properties and a heterogeneous microstructure. Moreover, its incorporation
improved the technological (pasting and rheological) properties of premixes for gluten-free bread. Therefore, this research aligns with the United Nations'
Sustainable Development Goals, especially Goals 12 and its targets 12.2 (efficient use of natural resources), 12.3 (reduce the food waste at the consumer level)
and 12.5 (reduce waste by reusing).
1 Introduction

Obtaining seed oil can be achieved through a variety of common
methods, including mechanical pressing, supercritical extrac-
tion, and solvent extraction. The chosen method directly
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the Royal Society of Chemistry
impacts both the physicochemical properties of the oils and
their nal price. For this reason, cold-press mechanical extrac-
tion stands out as the optimal choice when seeking high-quality
oil at a reasonable price,1 as it also yields an equally high-quality
pressed cake as a by-product.

The Styrian pumpkin (Cucurbita pepo subsp. pepo var. styr-
iaca), which originated from south-eastern Austria, is distin-
guished from other varieties by its hull-less seeds. This
characteristic makes it a prime source for oil extraction.2,3 The
production of this high-quality oil results in a press cake rich in
proteins and residual oil, which, through milling, is trans-
formed into pumpkin seed our (PSF). On the other hand,
gluten-free bakery products are usually of low nutritional
quality because their main components are rened starches
and ours. Among them, rice our (RF) is one of the most
Sustainable Food Technol., 2025, 3, 2041–2051 | 2041
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Table 1 Proximal composition of pumpkin seed flour and rice flour (g
per 100 g wet basis)a

Pumpkin seed our Rice our

Calories (kcal) 500 366
Proteins (g) 41 6
Total fat (g) 35 1.2
Saturated fat (g) 6.5 0.4
Carbohydrates (g) 5 80
Dietary bre (g) 4.3 2.4
Sodium (mg) 10.7 0

a Nutritional information provided by each manufacturer.
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View Article Online
common due to its wide availability, hypoallergenicity, smooth
avour, and low price.4 However, RF has low protein content
and lacks bioactive compounds and saturated fat, with starch
being its main component.5 Furthermore, gluten-free ours like
RF do not have the ability to form a network structure similar to
gluten, which is essential for creating the matrix of products
like bread. Consequently, many components, including hydro-
colloids, various protein sources, and emulsiers, are added to
achieve products of high technological quality. In this regard,
pressed-cake by-products have proven to be valuable ingredi-
ents for the development of gluten-free bakery products.6–9

Particularly, the high protein and good dietary bre content of
PSF could be optimal for increasing the nutritional quality and
simultaneously helping the formation of a suitable matrix for
bread. Therefore, the formulation of premixes could be the
perfect vehicle for encouraging the reuse of this by-product,
thereby promoting the circular economy. Thus, this work
aims to add value to the pumpkin seed press cake by-product by
characterizing the techno-functional, physicochemical, nutri-
tional, and microstructural properties of pumpkin seed our
(PSF), and evaluating the impact of PSF on the pasting and
rheological behaviour of gluten-free premixes.
2 Materials and methods
2.1. Materials

Pumpkin seed our (PSF) was provided by Grupo Aceites del
Desierto SRL (Córdoba, Argentina). Rice our (RF) (Santa Maŕıa,
Argentina) and xanthan gum (Onza de oro, Condiment S.A.,
TI ¼ ðC14 : 0þ C

ð0:5� SMUFAÞ þ ð0:5� Sn� 6

HH ¼ ðC18 : 1cis� 9þ C18 : 2n� 6þ C20 : 4n� 6þ C1

ðC14 :

2042 | Sustainable Food Technol., 2025, 3, 2041–2051
Argentina) were acquired at a local market. All ingredients were
certied gluten-free, and all reagents were of analytical or
chromatography grade. Table 1 shows the proximal composi-
tion of PSF and RF (100 g wet basis).
2.2. Methods

2.2.1. Nutritional properties of PSF
2.2.1.1 Fatty acid prole. The PSF fatty acid prole was

determined by gas chromatography, aer in situ trans-
esterication to obtain fatty acid methyl esters (FAMEs). The
methodology of Park and Goins10 was followed with minor
modications: 0.2 g of PSF was weighed into a screw-cap test
tube, and 1 mL 0.5 N NaOH in methanol and 200 mL of meth-
ylene chloride (CH2Cl2) were added. Aer injecting N2 the tube
was immediately closed, and aer this, the tube was heated in
a water bath at 90 °C for 10 min. The tube was cooled with
running water before addition of 1 mL of 14% boron triuoride
(BF3) in methanol. Aer injecting N2, the tube was tightly
closed, and the heating continued in a water bath at 90 °C for
10 min. The tube was cooled with running water, and then,
1 mL of Milli-Q water and 500 mL of hexane (C6H14) were added.
The tube was shaken vigorously in order to transfer the FAMEs
to hexane. The tube was centrifuged at 3000 rpm (Rolco CM2036
Duron, Rolco Srl, Argentina) for 15 min. The top layer was
collected with a (1 mL) syringe and ltered through a 0.22 mm
Nylon lter directly into an amber vial. The FAMEs in hexane
were analysed in an Agilent 7890A gas chromatograph (Agilent
Technologies, Santa Clara, CA, USA) with a ame ionization
detector (injector temperature, 250 °C). The chromatograph was
equipped with a DB-23 capillary column (30 m length, 0.25 mm
ID × 0.25 mm lm thickness), and a split ratio of 50 : 1 was
employed. A Supelco 37 component FAMEMIX was employed as
the external standard.

2.2.1.2 Lipid nutritional quality. Lipid nutritional quality of
PSF was evaluated with the following indices: the atherogenic
index (AI) (eqn (1)), the thrombogenic index (TI) (eqn (2)) and
the hypocholesterolaemic/hypercholesterolaemic fatty acid
ratio (HH) (eqn (3)).11 These indices are related to the impact of
fatty acid composition on the risk of developing cardiovascular
disease.

AI ¼ ðC12 : 0þ ð4� C14 : 0Þ þ C16 : 0Þ
SMUFAþ Sn� 6þ Sn� 3

(1)
16 : 0þ C18 : 0Þ
þ ð3� Sn� 3Þ þ ðSn� 3=Sn� 6ÞÞ (2)

8 : 3n� 3þ C20 : 5n� 3þ C22 : 5n� 3þ C22 : 6n� 3Þ
0þ C16 : 0Þ (3)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In addition, the iodine value of PSF was calculated according
to eqn (4).12

IV = (C18 : 1 × 0.899) + (C18 : 2 × 1.814)

+ (C18 : 3 × 2.737) (4)

2.2.2 Oxidative stability indices (OSI) of pumpkin seed
our. PSF was subjected to accelerated oxidation at 130, 140,
150 and 160 °C in a 743 Rancimat (Metrohm, Switzerland) with
constant airow (20 L min−1). From the curves at each
temperature, the oxidative stability indices (OSI) were obtained.
The estimated shelf life and the temperature acceleration factor
(Q10) were also calculated. The Q10 factor predicts the increase
in oxidation rate with a 10 °C increase in temperature.13 In
addition, the calculated oxidizability (COX) value was calculated
according to eqn (5).14
COX ¼ ð16 : 1Þ þ ð18 : 1Þ þ ð20 : 1Þ þ 10:3ð18 : 2þ 20 : 2Þ þ 21:6ð18 : 3Þ
100

(5)
2.2.3. Physicochemical properties of PSF
2.2.3.1 Moisture content. Due to its high unsaturated lipid

content, the moisture content of PSF was measured in a vacuum
oven (70 °C, 50–55 mbar) (Arcane, China) connected to a dia-
phragm pump (Vacuubrand PC 500 Series-CVC 3000, Germany)
until constant weight was achieved.13 The assay was performed
at least in triplicate.

2.2.3.2 Water activity (aw). aw of PSF was measured at 25 °C
using an AquaLab (Decagon Devices, Inc Pullman, USA).

2.2.3.3 Colour. CIE-L*a*b* parameters of ours (PSF and
RF) were evaluated using a colorimeter (Chroma Meter CR-
400C, Minolta, Osaka, Japan).

2.2.3.4 pH values. A 10% (w/v) suspension of PSF was
prepared with distilled water in centrifuge tubes. The suspen-
sion was allowed to rest for 30 minutes and the pH values were
measured.

2.2.3.5 Particle size measurements. The measurement was
performed by laser diffraction using a Mastersizer 2000E (Mal-
vern Instruments Ltd, UK) with a Hydro 2000 MU accessory at
a pump speed of 2000 rpm. PSF was suspended in distilled
water (10%w/w). Refractive indices of 1.33 for water and 1.52 for
PSF were used. The assay was performed with the application of
ultrasonic treatment to favour the dispensability (ultrasonic
displacement of 10 mm for 10 s).15 The size of PSF was evaluated
in terms of the 10th (D10), 50th, (D50) and 90th (D90) percentiles
and span ((D90 − D10)/D50), which were obtained from the
volume-weighted distribution using the Mastersizer 2000E
soware (version 5.54).

2.2.4. Differential scanning calorimetry assay. Thermal
properties of PSF dispersions (10% w/w on Milli-Q water) were
analysed using DSC equipment (Q200 TA Instruments, USA).
Approximately 8 mg of the dispersion was weighed in an
aluminium pan and hermetically sealed. The sample was
© 2025 The Author(s). Published by the Royal Society of Chemistry
subjected to controlled heating from 10 °C to 140 °C at 10 °
C min−1, using an empty pan as a reference. Using the TA
Universal Analysis soware, the delta of enthalpy (DH), the
width at half-height of the peak (DT1/2) and the onset (Tonset),
peak (Tpeak) and nal (Tnal) temperatures of the transition were
obtained.

2.2.5. Techno-functional properties of PSF
2.2.5.1 Emulsion activity and stability of PSF. PSF (1.5 g) was

homogenized with 50mL of water for 30 seconds using an Ultra-
Turrax homogenizer (T25 basic, IKA-Werke, Germany) at
9500 rpm. Then, 25 mL of sunower oil was added, and the
mixture was homogenized for 30 seconds. Aerwards, another
25 mL of oil was added, and the mixture was homogenized for
90 seconds. The emulsion was divided evenly into two 50 mL
centrifuge tubes. The rst tube was centrifuged at 3000 rpm for
5 min (CM 2036, Rolco SRL, Argentina) to determine emulsion
activity. To determine the emulsion stability, the second
centrifuge tube was heated in a water bath at 85 °C for 15 min.
Then, the mixture was also centrifuged. The assay was con-
ducted in triplicate. Emulsion activity and stability were calcu-
lated according to the following equations.16

Emulsion activity (%) = vol2/vol1 × 100 (6)

Emulsion stability (%) = vol3/vol1 × 100 (7)

where vol1 is the volume of the emulsion before centrifugation,
vol2 is the volume of the emulsied layer aer centrifugation
and vol3 is the volume of the emulsied layer aer heating.

2.2.5.2 Interaction of PSF with water, oil and organic mole-
cules. The water holding capacity (WHC), oil absorption capacity
(OAC) and organic molecule absorption capacity (OMAC) of PSF
were determined as follows: WHC and OAC were determined
using the methodology by Burbano et al.17 OMAC was deter-
mined following the OAC methodology, but aer oil was added,
the sample was maintained for 24 h at 20 °C before being
centrifuged.

2.2.6. Attenuated total reectance Fourier transform
infrared (ATR-FTIR) spectroscopy analysis. ATR-FTIR spectra
were measured using an FTIR spectrometer (Thermosher
Nicolet iS50, Germany).18 Flours (PSF and RF) were placed in
a diamond crystal ATR accessory and scanned 32 times with
a resolution of 4 cm−1 between 4000 cm−1 to 400 cm −1.

2.2.7. Microstructural analysis. The microstructure of both
ours (PSF and RF) was evaluated by confocal scanning laser
microscopy (CSLM) according to the methodology of Burbano
et al.19,20

2.2.8. Formulations of PSF premixes. One way to assess the
suitability of a new ingredient as PSF for baking is by evaluating
its effect on the rheological properties of premixes designed for
Sustainable Food Technol., 2025, 3, 2041–2051 | 2043
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Table 2 Nutritional quality of lipids and oxidative stability of pumpkin
seed floura

Nutritional indices Oxidative stability

HH 6.76 COX 4.75
AI 0.15 OSI at 130 °C (hours) 19.1 � 0.2
TI 0.41 OSI at 140 °C (hours) 9.5 � 0.1
P

SFA (%) 17.6 OSI at 150 °C (hours) 4.42 � 0.09P
MUFA (%) 40.5 OSI at 160 °C (hours) 2.45 � 0.05P
PUFA (%) 41.9 Activation energy (kJ mol−1) 100.5

P
UFA/

P
SFA 4.7 Q10 2.0 � 0.1

IV 113 Shelf life at 20 °C (months) 45 � 3

a Mean ± standard deviation (SD); HH: hypocholesterolaemic/
hypercholesterolaemic fatty acid ratio; AI: atherogenic index; TI:
thrombogenic index; SFA: saturated fatty acid; MUFA:
monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; UFA:
unsaturated fatty acid; IV: iodine value; COX: calculated oxidizability;
OSI: oxidative stability index; Q10: temperature acceleration factor.
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breadmaking, as their behaviour has a direct impact on the nal
quality attributes of the baked bread. In this study, premixes
were prepared using rice our (RF) as a control, given its
widespread use in gluten-free breadmaking. RF was then
partially replaced by pumpkin seed our (PSF) at three different
substitution levels: 10% (PSF 10%), 20% (PSF 20%) and 30%
(PSF 30%). Also, an extra premix was prepared with rice our
and 1% xanthan gum (XG) (Control-XG). This specic formu-
lation was included because xanthan gum is a widely used
hydrocolloid in gluten-free baking, and its established visco-
elastic properties provide a good point of comparison.

2.2.9. Pasting properties of PSF premixes. To evaluate the
pasting properties of ours and premixes, a rapid viscoanalyser
(RVA 4500, Perten Instruments, NSW, Australia) was employed.
The assay was performed following the AACC method 76-21.01
(ref. 21) and the STD1 test prole. The curves were analysed
using the Thermocline for windows (TCW 3.17.3.509) soware.
From the curves the following parameters were obtained: the
pasting temperature, the peak viscosity (hp), the minimum
viscosity (hmin) or trough, the breakdown (hp − hmin), the nal
viscosity (hf), and the setback (hf − hmin).

2.2.10. Dynamic oscillatory measurements of gluten-free
model dough. Gluten-free dough model samples were
prepared using the same premix formulations, with the addi-
tion of distilled water and salt (90% and 1.5% based on the our
mixture, respectively). The dough samples were formed by hand
in 6 minutes. In a bowl, the dry ingredients were mixed for
1 min, and then water was slowly added and mixed until the
dough was formed (5 min). Five gluten-free dough (GFD)
formulations were obtained: GFD-Control, GFD-Control-XG,
GFD-PSF 10%, GFD-PSF 20% and GFD-PSF 30%.

The rheological behaviour of GFD was measured using the
method given by Burbano et al.19 with slight modications.
Measurements were performed at 25 °C in a hybrid rheometer
(HR 20, TA Instruments, USA) with parallel-plate geometry
(diameter 40mm, with a 2mm gap). Liquid paraffin was applied
around the sample to prevent the dough from drying during
testing. Stress sweeps were performed in the range between 0.01
and 30 Pa at a constant frequency of 1 Hz in order to determine
the linear viscoelastic range (LVR) of each formulation.
Frequency sweeps were performed within the LVR from 0.1 to
40 Hz. From themechanical spectrum, the storage (G0), loss (G00)
and complex (G*) moduli were obtained as a function of
frequency. The dynamic complex modulus (G*) was tted to
a weak gel model.

2.2.11. Statistical analysis. Statgraphics Centurion XVII
soware (Statpoint Technologies, USA) was used to perform
a one-way ANOVA (a: 0.05), and the LSD test was applied to
discriminate among means. In addition, the rheological data
were modelled with OriginPro8 (OriginLab Corporation, USA).

3 Results and discussion
3.1. Nutritional properties

3.1.1 Proximal composition. Pumpkin seed our (PSF) is
produced by milling the oil cake that remains aer the cold-
pressed oil extraction process. This extraction method
2044 | Sustainable Food Technol., 2025, 3, 2041–2051
efficiently preserves the optimal physicochemical, nutritional,
and organoleptic properties of both the oil and the PSF. Because
of this, PSF has the potential to improve the nutritional quality
of gluten-free baked goods. Table 1 compares the proximal
composition of PSF and rice our (RF), which is widely used for
gluten-free baking. Notably, PSF had higher contents of protein,
total fat and dietary bre than RF.

3.1.2 Fatty acid prole and lipid nutritional quality. The
evaluation of the fatty acid prole of PSF is relevant because
lipids represent its second most important constituent, and
their composition has a signicant impact on human health.
The fatty acids detected in PSF were : linoleic acid (18 : 2, cis n −
6) (41.6%), followed by oleic acid (C18 : 1, cis n − 9) (40.5%),
palmitic acid (16 : 0) (12.2%), stearic acid (18 : 0) (5.11%),
arachidic acid (20 : 0) (0.31%), a-linolenic acid (18 : 3) (0.28%)
and eicosenoic acid (20 : 1) (0.060%) These values were similar
to those previously reported for cold-pressed pumpkin seed
oil.22 Essential fatty acids, which cannot be synthesized by the
human body and must be obtained from the diet, are involved
in different physiological functions. In this regard, PSF showed
considerable amounts of linoleic acid but negligible amounts of
a-linolenic acid.

Table 2 shows the calculated iodine value (IV) for PSF. The
value was consistent with the degree of unsaturated lipids in its
composition (

P
UFA: 82.4%) and coincides with the previous IV

determined for pumpkin seed oil, also obtained by cold
pressing.23

In addition, the calculated lipid nutritional indices for PSF
are shown in Table 2. These indices are useful for estimating the
impact of food on health. The atherogenic and thrombogenic
indices were very low, which could indicate that PSF lipids had
an anti-atherogenic action and they do not stimulate platelet
aggregation. Also, PSF could have a potential protecting role
against coronary heart disease since a high HH value (6.76) was
obtained.14
3.2. Oxidative stability

Lipids are the second main component of PSF, and a high
percentage of them are unsaturated (high IV value).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Consequently, oxidation could limit its shelf life, leading to
rancidity. This chemical phenomenon modies the avour,
aroma, and appearance of foods. Despite this, PSF exhibited
high oxidative stability, as the calculated oxidizability (COX)
value was 4.75, which is higher than that previously reported for
another press cake by-product (almond our: 2.82).24 In addi-
tion, from the oxidative stability indices obtained from the
Rancimat assay (Table 2), a shelf life of 45 months was esti-
mated for storage at 20 °C. This high stability could be related to
the presence of remnant seed particles that protect the fatty
acids from oxidation, as well as to the presence of bioactive
compounds with antioxidant capacity.23,25 Although the Ranci-
mat estimation is useful, it is recommended to perform a real-
time storage assay at different temperatures to determine the
actual shelf life.
3.3. Physicochemical properties of the ours

Table 3 shows the physicochemical and colour parameters of
PSF. PSF had a low water activity value (0.523), which indicates
that it does not favour the growth of microorganisms. Consis-
tent with this, PSF also had a low moisture content (z5%),
which is below the maximum level (#15%) for various ours set
by the European Union.26 To use PSF (Fig. 1A) as an ingredient
in different baking formulations, its appearance is of utmost
importance. The instrumental colour of PSF (Table 3) and rice
our (L*: 93.5 ± 0.3, a*: 0.13 ± 0.03, and b*: 6.36 ± 0.05) was
determined to compare the impact of PSF on composite
formulations. While PSF was characterised by a bright green
colour, rice our presented a higher L* value, reecting its
whiteness. Thus, depending on the level of PSF used, it could
slightly or signicantly modify the nal colour of the baked
product. However, in the case of gluten-free bakery products,
this could be a positive attribute because these types of products
are commonly white due to the starches used in their formu-
lations. Finally, PSF presented an almost neutral pH (6.74),
showing that it would not inhibit or modify the fermentation
process during baking.
Table 3 Physical, physicochemical and techno-functional properties
of pumpkin seed flour (PSF)a

Parameters Value

aw – water activity 0.523 � 0.004
Moisture content (%) 5.1 � 0.1
pH value 6.74 � 0.01
L* value – luminosity 48 � 1
a* value 1.1 � 0.3
b* value 21.6 � 0.8
WHC (g of water per 100 g of PSF) 114 � 4
OAC (g oil per 100 g of PSF) 74 � 4
OMAC (g oil per 100 g of PSF) 79 � 4
Emulsion activity (%) 55 � 2
Emulsion stability (%) 51 � 1

a Mean ± SD. (n $ 4). OAC: oil absorption capacity, OMAC: organic
molecular absorption capacity and WHC: water holding capacity.

Fig. 1 (A) Photograph of pumpkin seed flour (PSF) andmicrographs of (B)
PSF and (C) rice flour (RF) by CSLM at 20×. PSF was dyed with Calcofluor
white (CF), Nile Red (NR) and rhodamine B (RB) and RF was dyed with CF,
RB and fluorescein isothiocyanate (FITC). Fluorophore channels were
selectively switched on and off. Images B0 and C show all respective
channels on, while images B and C0 show NR and FITC channels off,
respectively. F: fibre fragments, L: lipids, S: starch granules and P: proteins.

© 2025 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2025, 3, 2041–2051 | 2045

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00268k


Fig. 2 Particle size distribution of pumpkin seed flour.
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3.3.1 Particle size measurements. In terms of particle size
distribution (Fig. 2), PSF showed wide heterogeneity, with
a multimodal distribution with a coarse fraction at approxi-
mately 600 mm and a ne one starting at approximately 1 mm.
The median (D50) and span distribution of PSF were 123 ± 6 mm
and 5.4 ± 0.2, respectively. For commercial rice our, lower
values for both parameters (D50: 65.3 mm and span: 2.1) have
been reported.5 This would indicate that the two ours could
complement each other in forming gluten-free dough, with the
rice our occupying the small spaces between the larger PSF
particles.
3.4. Thermal properties of PSF

Protein was the main component in PSF, so the thermal tran-
sitions observed by differential scanning calorimetry (DSC) can
be attributed to denaturation of that protein under controlled
heating. The sample showed an endothermic signal at around
92 °C (Tonset 80± 1 °C, Tpeak 91.5± 0.4 °C and Tnal 106.7± 0.4 °
C) and a denaturation enthalpy (DH) of 7.0 ± 0.3 J per g solids.
These values are within the range previously indicated for
pumpkin seed protein isolates.27 Furthermore, PSF showed
a high value of DT1/2 (11.0 ± 0.9 °C), which could be related to
the protein heterogeneity in pumpkin seeds28 and/or the
protective effect of some remaining fragments towards the
protein bodies in PSF.
3.5. Techno-functional properties of PSF

The evaluation of the techno-functional properties of the by-
products allows the prediction of how they will behave when
used as ingredients. Table 3 shows the results of how PSF
interacted with water, oil, and organic molecules (WHC, OAC
and OMAC, respectively). PSF retained good amounts of water
and oil, likely related to its bre and protein content. The
absorption and retention of water and oil by ours are impor-
tant in the breadmaking process because they are related to the
consistency of the dough or batter during kneading and
subsequent baking time. In addition, OMAC values are associ-
ated with the ability of dietary bre to interact with carcinogenic
and mutagenic substances and with bile acids, leading to
a hypocholesterolemic effect.29 OMAC of PSF was 79, and values
near 100 have been reported as healthy.30
2046 | Sustainable Food Technol., 2025, 3, 2041–2051
On the other hand, PSF showed the ability to form emul-
sions, which is quite important in the food industry and
particularly, for the development of gluten-free products since
batters are emulsion systems. At its natural pH, PSF formed
a light green emulsion with a few dark green particles. The PSF
emulsion activity and stability (Table 3) are related to its
proteins and remnant lipids aer the cold-press oil extraction.
All these techno-functional properties directly inuence the
sensory attributes of the nal product, such as the desired
texture of baked goods.31
3.6. Spectrophotometric analysis

Fig. 3 shows the ATR-FTIR spectra of RF and PSF. Both ours
presented a signal at 3280 cm−1, corresponding to the stretch-
ing vibration of the O–H bond, which is related to the presence
of water and polyphenol molecules. The RF signal was stronger,
which coincides with its higher moisture content (12.5 ± 0.2%),
while the PSF signal is likely a result of the presence of both
water and those bioactive molecules.23 PSF exhibited stronger
signals at 2923 cm−1 and 2854 cm−1 that arise from the
stretching vibrations of C–H present in aliphatic –CH2 and –

CH3 of triglycerides. At 1744 cm
−1, a signal appeared in PSF that

is associated with the vibrations of the C]O group of triglyc-
erides and phospholipids. The signals at 1633, 1641 and
1536 cm−1 are related to proteins; the former two are mainly
assigned to C]O stretching (amide I) and the latter to N–H
bending (60%) and C–N stretching (40%) (amide II).32,33 Finally,
both ours presented signals at around 1000 cm−1 assigned to
the C–O stretching of carbohydrates. As expected, this signal
was much stronger on the RF spectrum at 995 cm−1.
3.7. Microstructural analysis

Confocal scanning laser microscopy enables the differentiation
of distinct macroscopic components within the observed
samples. The microstructure of PSF was compared to that of
rice our, which is widely used in gluten-free baking. PSF was
dyed with a mix of Nile red, rhodamine B and Calcoour white.
Meanwhile, RF was dyed with a mix of uorescein iso-
thiocyanate (FITC), rhodamine B and Calcoour white. These
two mixes of uorophores were used to colour lipids, starch,
proteins and bre. Fig. 1 shows the micrographs of PSF and RF
by CSLM. In the micrographs, uorophore channels can be
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 ATR-FTIR normalized spectra of pumpkin seed flour (PSF) and rice flour (RF).

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 9
:4

2:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
selectively switched on or off to facilitate observation. As ex-
pected aer milling, Fig. 1B (Nile red channel off) shows PSF
protein all over the image. Moreover, some bre fragments from
the seeds (in blue)2 were observed. In this micrograph of PSF,
when proteins and lipids share the same position, the uoro-
phore colocalization is observed as a yellow-greenish colour
(image B0 shows all respective channels on). This colocalization
phenomenon could explain PSF's ability to form emulsions.
Also, Fig. 1C shows that starch is the major component of RF.
This our showed high heterogeneity in terms of its compo-
nents, i.e. blue and red structures were visible corresponding to
bre fragments and protein bodies, respectively. In contrast to
PSF, RF had a low protein content. Therefore, to facilitate
observation, the FITC channel was switched off (image C0).
3.8. Pasting properties of premixes

In the milling industry, the pasting prole of the premixes, as
determined by RVA, provides useful information on viscosity
changes during heating. Besides, a correlation has been found
between RVA parameters (setback)34 and how the breads would
behave during storage. Fig. 4 shows the pasting prole of
Fig. 4 Pasting behaviour of premixes of rice flour (Control) with increasi
with 1% xanthan gum (Control-XG).

© 2025 The Author(s). Published by the Royal Society of Chemistry
pumpkin seed our (PSF), the premixes of rice our with
increasing replacements of PSF and premix control with xan-
than gum (Control-XG). All formulations presented the typical
pasting prole for a baking premix, while PSF presented
a differentiated prole. The viscosity of PSF slightly increased
(654 ± 0.7 cP) during heating (z90 °C) and then dropped
rapidly, remaining constant (z356 cP). The initial increase in
viscosity coincides with the protein denaturation temperature,
as seen by DSC. Moreover, the subsequent decrease would be
related to the interaction of the denatured proteins with the
lipids of PSF under the constant shear stress. Besides, PSF
starch (∼3%)25 could also contribute to its prole.

Table 4 shows pasting parameters of the premixes with PSF.
PSF increased the pasting temperature of the premixes (p <
0.05), which shows that when PSF is included in a dough
formulation the dough setting occurs at higher temperature.
Thus, dough/batter could have more time to expand in the oven
(oven spring). At the same time, the peak, minimum and nal
viscosities progressively decreased as the substitution level
increases, which could be related to a combined effect: starch
dilution and water restriction due to the ability of PSF to
ng replacements of pumpkin seed flour (PSF) and a premix of rice flour

Sustainable Food Technol., 2025, 3, 2041–2051 | 2047
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Table 4 Pasting parameters of gluten-free premixes with pumpkin seed flour (PSF)a

Pasting temperature (°C)

Viscosities (cP) Secondary parameters (cP)

Peak Minimum Final Breakdown Setback

hp hmin hf hp − hmin hf − hmin

Control 73.5 � 0.0a 3978 � 28e 2765 � 30d 5437 � 8e 1213 � 2e 2672 � 21c

Control-XG 73.5 � 0.2a 2513 � 24b 2271 � 25b 4025 � 6b 242 � 1a 1754 � 31a

PSF 10% 83.1 � 0.1b 3316 � 21d 2632 � 7c 4867 � 88d 684 � 13d 2235 � 95b

PSF 20% 85.2 � 0.5c 2720 � 34c 2224 � 33b 4392 � 3c 497 � 1c 2169 � 36b

PSF 30% 86.0 � 0.6c 2110 � 8a 1744 � 19a 3610 � 67a 366 � 11b 1866 � 86a

a Mean ± SD. Different letters in the same column indicate signicant differences (p < 0.05, n $ 3).
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interact with water. A lower minimum viscosity reects a higher
stability of starch granules to heating which could be related to
lower water availability. In addition, lower nal viscosities are
indicative of a lower tendency to form gels.34 On the other hand,
the RVA prole exhibited by Control-XG was comparable to the
pasting prole of PSF20%. This effect is relevant since the
Fig. 5 (A) Storage (G0), loss (G00) and complex (G*) moduli as function of
(PSF). GFD-Control-XG was made with 1% of xanthan gum (XG). (B) G* v

2048 | Sustainable Food Technol., 2025, 3, 2041–2051
rheological behaviour of dough is determinant of the nal
volume of bread.18 In terms of secondary parameters, the
premixes with PSF and XG showed less physical disruption
during the assay (a decrease in breakdown values, p < 0.05).
Likewise, the use of PSF and XG caused a decrease in the
setback values. This suggests that these premixes could be less
frequency for gluten free dough (GFD) made with pumpkin seed flour
alues were fitted following the weak gel approach (R2 $ 0.978).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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susceptible to retrogradation, which is favourable for bakery
products since retrogradation is a key factor in determining
shelf life.34

3.9. Rheological properties of model gluten-free doughs

The rheological properties of the ve model gluten-free dough
formulations were evaluated. These are considered model
dough samples because they were prepared with only RF, PSF,
water, and salt, whereas real systems usually contain many
other ingredients. However, these ingredients could be used as
the base for a baking formulation. On this basis, the loss,
storage and complex moduli were obtained as a function of
frequency. In all samples (Fig. 5A), throughout the entire test
range, the storage modulus (G0) was higher than the respective
loss modulus (G00), suggesting a predominance of solid char-
acter in all ve formulation samples. A similar tendency was
previously reported for gluten-free dough and batters.18,35 The
behaviour of G0 and G00 of the control dough showed values
ranging from 517 to 1664 Pa and from 125 to 1193 Pa, respec-
tively (data not shown in Fig. 5A). Additionally, increasing the
replacement of RF with PSF led to a signicant increase in the
moduli values (G0, G00 and G*).

Fig. 5B shows the complex modulus of the samples, which
were modelled according to the weak gel approach (R2 $ 0.978).
However, for the control dough (RF, salt, and water), the
modelling was only successful from 0.1 to 20 Hz. Therefore,
GFD-Control is not shown in Fig. 5B. This behaviour of the GFD-
Control sample could be related to the fact that this sample
showed poor water retention and was prone to syneresis during
manipulation.

In this approach (weak gel model), the dough matrix is
considered a network formed by weak strands that interconnect
topological points, with weak interactions responsible for its
stabilization.36 From this modelling, two parameters, AF and z,
were calculated (Table 5). AF is related to the strength of the
interactions present in the weak gel. In this case, AF values (Pa
s1/z) increased considerably with the use of PSF (p < 0.05). The
control dough containing xanthan gum showed a moderate gel
strength that was between to that of the GFD-PSF10% and GFD-
PSF20% doughs. This indicates that replacing RF with PSF at
20% resulted in a dough with a viscoelastic behaviour similar to
Table 5 Rheological parameters of gluten-free dough (GFD) obtained
from the fitting of the complex modulus (G*) according to the weak
gel modela

AF (Pa s1/z) z R2

GFD-control† 792 � 3 8.9 � 0.1 0.966
GFD-control-XG 13702 � 284b 7.04 � 0.03a 0.996
GFD-PSF10% 4524 � 94a 10 � 1c 0.982
GFD-PSF20% 18563 � 375c 9.0 � 0.4bc 0.978
GFD-PSF30% 36672 � 176d 8.3 � 0.1ab 0.991

a Mean ± SD. † Since control dough was modelled from 0.1 to 20 Hz, it
was not included in the one-way ANOVA. Different letters in the same
column indicate signicant differences (p < 0.05, n $ 3). AF: gel
strength, z: coordination number.

© 2025 The Author(s). Published by the Royal Society of Chemistry
that achieved with xanthan gum, a hydrocolloid commonly and
effectively used in gluten-free bread production. The rheological
behaviour exhibited by dough with PSF was in agreement with
the previously discussed techno-functional properties of PSF,
particularly its capacity to interact with water and its ability to
form emulsions. Finally, the coordination degree (z) of ow
units in these dough formulations decreased with the use of PSF
(p < 0.05). z values went from 10 to 8.3 as the substitution level of
PSF increased. This parameter is related to the number of
interactions in the dough matrix, which could be explained by
the difference in particle size between the ours (PSF and RF).
The larger PSF particles created fewer, but stronger, connection
points.

4 Conclusion

Pumpkin seed our (PSF), obtained through a cold-pressing
process, presented a high nutritional value and promising
techno-functional properties. Although lipids represent one-
third of its composition (with 82.4% being unsaturated fatty
acids), PSF showed a high oxidative stability. Characteriza-
tion through FTIR, microstructural, and particle size anal-
yses showed that PSF and rice our complement each other
when forming composite mixtures. Furthermore, viscoamy-
lograph results demonstrated that PSF (at 10% to 30%) was
suitable for developing gluten-free premixes, as premixes
with PSF exhibited improved pasting properties. Moreover,
PSF enhanced the rheological quality of the gluten-free
dough model systems when used at 20% and 30%, even
acting as a typical hydrocolloid (xanthan gum). This effect
could be related to the ability of PSF to retain water and to
form emulsions. Therefore, the next step will be to focus on
the effect of using PSF on the overall quality of gluten-free
bread.
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