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Sunflower seed cake (SSC), the major by-product of oil extraction, is considered an under utilised protein resource due to its abundance.
The nutritional quality and functionality of protein fractions in SSC are negatively affected by phenolic compounds. This study compared
the functional and nutritional properties of phenolised and dephenolised protein fractions. Dephenolisation using ethanol extraction
reduced the total phenolic content significantly and improved the purity and yield of proteins. Significant improvements were recorded
in functional traits: water-holding capacity, oil-holding capacity, emulsifying activity and foaming capacity, after the removal of
phenolics. Nutritionally, dephenolised fractions had higher purities and yields due to exposure of active sites that were being held
internally within phenolic complexes. Of all fractions, globulin and albumin elicited better functional and nutritional performance upon
dephenolisation. Overall, these findings confirm dephenolisation as an appropriate pretreatment to enhance protein functionality in SSC,
supporting its application in sustainable food formulation and protein-enriched products.
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INTRODUCTION

Global demand for sustainable, plant-based proteins has
reinforced research into agro-industrial byproducts as alter-
native protein sources. De-oiled sunflower seed cake (SSC),
a major residue of the sunflower oil industry, is rich in protein,
majorly the globulin helianthinin protein fraction, fiber and
antioxidant phenolics particularly chlorogenic acid, making
it an attractive raw material for food-grade protein recovery
and valorisation [1]. Largely valued as animal feed, SSC con-
tains substantial levels of protein (often 20-40% on dry-basis,
depending on dehulling, oil extraction method and process-
ing) along with appreciable amounts of bioactive compounds
[2]. However, the natural co-occurrence of phenolic comp-
ounds with proteins in sunflower residues creates both oppor-
tunities and challenges, for example, phenolics can impart anti-
oxidant functionality and potentially beneficial bioactivity, yet
they also form strong non-covalent and covalent complexes
with proteins that reduce protein solubility, digestibility, colour
acceptability and some functional properties essential for food
applications [3].

Therefore, unraveling the full potential of SSC as a human
food ingredient, requires exploration to address these phen-
olic interactions. Dephenolisation wherein is the removal or
reduction in phenolic compounds prior to protein extraction or
during processing has emerged as a promising strategy. When
phenolics are removed or reduced, protein fractions tend to
have improved functional properties and sometimes enhanced
digestibility and bioavailability [4]. A recent example is work
by Vartiya et al. [5] found that dephenolised sunflower protein
isolate had significantly reduced phenolic content with conco-
mitant increases in crude protein and protein yield. Further-
more, optimisation-based extraction of proteins from de-oiled
sunflower meal shows that controlling pH, temperature and
extraction time with phenolic removal can yield isolates with
high protein purity, high recovery and good functional per-
formance.

In the nutritional aspects phenolic compounds exhibit dual
characteristics. Many phenolics such as chlorogenic acid, have
antioxidant, antimicrobial and health-promoting properties.
On the contrary, excessive presence of phenolics can reduce
protein digestibility by forming protein-phenol complex, enz-
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yme inhibition and interacting with mineral absorption, thus
negatively affecting the sensory properties [6]. Studies on
animal models revealed that protein fractions extracted from
sunflower seed with low residual phenolic content can supp-
ort growth and health efficiency comparable to conventional
protein sources, such as casein [7]. According to Sen &
Bhattacharyya [7] a sunflower seed protein fraction extracted
using isopropanol was shown to have very low residual chloro-
genic acid (0.07%) and animals fed with it exhibited similar
growth and food compared to casein-fed control groups.

Functionally, the food-product applications depend criti-
cally on protein solubility, emulsification capacity, foaming,
water holding, gelation, and other techno-functional proper-
ties. The presence of phenolics tends to reduce the performance
and can impart dark colour or off-flavours. Hence, dephenoli-
sation strategies such as solvent washes, Soxhlet extraction,
or other “green” techniques have been explored [8]. Despite
these advances, there remain significant gaps. Thus, these dual
effects have prompted the recent work comparing “pheno-
lised” SSC-P and “dephenolised” SSC-DP protein fractions
to identify how the two differently treated protein fractions
shape the nutritional value and functional properties. To the
best of our knowledge, the extraction and characterisation of
sunflower seed cake protein fractions have not been explored
to date. Therefore, the present work is designed to fill the gaps
related to sunflower seed cake protein fractionation, followed
by their functional characterisation.

EXPERIMENTAL

Raw material: The sunflower seed cake was purchased
from Annapurna Ladki Ghana oil, Maharashtra, India. A total
of 5 kg of sunflower seed cake was used for this study.

Preparation of sunflower seed cake: The sunflower
seed cake was grinded finely in a mechanical grinder and then
subjected to defatting by Soxhlet extraction using hexane for
8 h to get the defatted meal. It was then dried at 40 °C in a
tray dryer to remove the residual solvent. Finally, the defatted
seed cake was stored in air tight bags for further analysis.

Chemical analysis of sunflower seed cake: The mois-
ture, protein, ash, lipid and crude fibre content of the sun-
flower seed cake was performed using the standard AOAC
method [9]. The carbohydrate content was estimated by subt-
racting the sum of percentage of moisture, ash, fiber, protein
ash, lipid and crude fibre.

Dephenolisation of sunflower seed cake: Dephenolisa-
tion of sunflower seed cake was performed as per Permanov¢
et al. [10] with slight modifications. Defatted sunflower seed
cake was dispersed in 60% (v/v) ethanol at a meal to solvent
ratio of 1:20 (w/v) and stirred using shaking incubator for 2 h.
The suspension was filtered and extraction was repeated twice
followed by drying of dephenolised seed cake at 30 °C over-
night.

Determination of total phenolic compounds: Total
phenols were analysed utilizing Folin-Ciocalteu (FC) reagent.
The seed cake extract of 1 mL was combined with 5 mL
(10%) FC reagent and 4 mL 7.5% (w/v) Na,COs and left
undisturbed for incubation. The absorbance was measured at
765 nm. The findings were obtained as gallic acid equivalents
[11].

Osborne fractionation of sunflower seed cake protein:
Protein fractions, i.e., albumin, globulin, prolamin and glut-
elin were extracted form defatted sunflower seed cake using the
method of Kaur et al. [12] with slight modifications. Defatted
sunflower seed cake powder was dissolved in deionised
water at a ratio of 1:10 (w/v) (pH-7.0) and kept in a magnetic
stirrer for overnight mixing. The solution was then centri-
fuged at 6000rpm for 20 min. the supernatant was decanted
and saved as albumin-1. Following the similar procedure,
albumin-2 and albumin-3 were also collected. Three stage
extraction was conducted in order to extract the maximum
amount of protein. Similarly, globulin-1,2 and 3, prolamin-
1,2 and 3 and glutelin -1,2 and 3 were extracted using 0.5 N
NaCl, 70% aqueous ethanol and 0.2% NaOH solution, resp-
ectively. The rest of the procedure for the extraction of glob-
ulin, prolamin and glutelin was the same as for albumin. After
extraction, all the protein solutions were kept in a refrigerator
at 4 °C for further analysis.

Preparation of protein powder: To prepare protein
powder, supernatants collected from albumin, globulin, pro-
lamin and glutelin were separately freeze-dried and kept under
refrigerated condition in air-tight bags for further analysis.

Determination of yield and protein content: The yield
of each fraction of protein extracted from sunflower seed cake
was determined according to eqgn. 1:

Yield (%) = gxlOO )

where, P = weight of particular protein fraction (g); S = dry
weight of sunflower seed cake taken for protein extraction (g).

The protein content of each fraction was estimated using
the Kjeldahl apparatus.

Functional properties

Water holding capacity (WHC) and oil holding capa-
city (OBC): The water and oil holding capacity of SSC frac-
tions was determined as per Mathews et al. [13] with some
modifications. The readings were recorded in triplicates and
the results were expressed as either as g of water or sunflower
oil per g of sunflower seed cake.

Foaming capacity: The foaming capacity of protein frac-
tions were determined as per Sert et al. [14] with minor modifi-
cations. Deionised water was added to each protein fraction
(0.5 g), bringing the total volume to 50 mL (V>). The disper-
sion was homogenised for 2 min at 10,000 x g. The samples
were then immediately transferred into a measuring cylinder
and the total volume (V1) was measured. The foaming capa-
city was calculated according to the following formula:

Foaming capacity (%) = %xloo 2
2
where V1 = volume of protein sample solution (mL) and V»
= volume of foam (mL).

Emulsifying capacity: The emulsifying capacity (EC) was
determined according to a method described by Tounkara et
al. [15] with some modifications. A 20 mL of protein solution
was mixed with 2 mL of soyabean oil and homogenised in an
electric blender for 5 min. The sample was then centrifuged
at 3000 rpm for 10 min and the supernatant was left undistur-
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bed to separate into emulsified layers. The EC was calculated
using eqn. 3:

Emulsification capacity (%) = M-V, %100 3)
w

where V1 = volume of oil mixed to prepare emulsion (mL);
V2 = volume of oil released after centrifugation (mL); W =
sample weight (g, db).

Particle size: The protein fractions were analysed for
particle size distribution using a laser light particle size anal-
yzer (Shimadzu SALD-2300, Shimadzu Corporation, Japan)
as per Deb et al. [16] with slight modifications. An amount
of 0.5 g of albumin, globulin, glutelin protein sample was
individually dissolved in 9.9 mL of aqueous ethanol and 0.1 g
of prolamin protein sample was dissolved in 9.9 mL of de-
ionised water. After preparation of the sample, protein frac-
tions were vortexed for 5 min. Finally, the prepared sample
was added to a cuvette until the refractive index reached in
between 20 and 40%.

FTIR analysis: FT-IR analysis was performed at room
temperature by using a Perkin-Elmer spectrometer (Lambda
750s; Perkin-Elmer Instruments, USA). It was conducted as
per the method of Kyomugasho et al. [17]. In brief, 1 g of
sample was mixed with 100 mg of KBr dics and ground under
infrared lamp irradiation. The mixture was then compressed
into a transparent sheet with appropriate diameter and thick-
ness by using a tablet press and then subjected to FT-IR scan
at 4000-400 cm™.

Surface hydrophobicity: The surface hydrophobicity
was measured according to the SDS-binding method given
by Yao et al. [18] with slight modifications. A 1 mL of SDS
solution (0, 0.02, 0.04, 0.06, 0.08 and 0.1 mmol/L) was taken
and added to 20 mL of chloroform and 5 mL of 0.24 g/L
methylene blue solution. The solution was centrifuged at
3457 g for 20 min. The mixture of SDS and methylene blue to
the bottom was collected. Absorbance was taken at the wave-
length of 655 nm. The surface hydrophobicity of the protein
fractions was expressed as 1 mg of protein combined with SDS
(ng/mg). About 10 mg of sample was dissolved in 40 mL of
0.1 mmol/L SDS solution and stirred for 4 h at room temp-
erature. The mixture was centrifuged at 3500 g for 10 min
and the supernatant was mixed with 20 mL of chloroform.
The collected chloroform was added along with 5 mL of 0.24
g/L methylene blue solution. The mixture was mixed and
centrifuged at 1500 g for 20 min. The mixture of SDS and
methylene blue at the bottom was taken for the absorbance
taken at the wavelength of 655 nm. Surface hydrophobicity
was calculated using the following eqn. 4:

Surface hydrophobicity = % (4)
3
where A; is the total SDS quantity, A, is the unbound SDS
quality and As is the sample quantity.

Free and total sulphydryl content: Free and total sulph-
ydryl content was calculated according to Ellman's reagent
(DTNB) colorimetry, to measure the free and total sulphydryl
of protein [19]. The sample (0.05 g) was mixed with in 4 mL of
8 mol/L urea tris-gly solution (pH 8) and centrifuged at 10414 g
for 15 min. The supernatant was obtained and protein content

was determined by biuret method. Each Protein fractions
sample (1 mL) was added to 5 mL of 8 mol/L urea tris-gly
solution (pH 8) and 8 mL of 4 mg/mL DTNB and placed in a
water bath at 25 °C for 25 min. Absorbance (B) was taken at
the wavelength of 412 nm and blank control was replaced by
the protein sample solution with 8 mol/L urea tris-gly solution
(pH 8). Free sulphydryl content was calculated according to
the following formula:

FSC (umolfg) = 73.53x 2z P

(®)
where FSC is the free sulphydryl content; D is the dilution
factor (D = 6.04 for free sulphydryl content), p is the mass
concentration of the protein sample (mg/mL), 73.53 is the
molar extinction coefficient of Ellman reagent [L/(mol cm)].

The liquid protein sample (0.6 mL) was added with 3 mL
of 8 mol/L urea Tri—Gly solution (including 40 mmol/L DTT
with pH 8). The mixture was placed in a water bath at 25 °C
for 1 h and added with 6 mL 12% TCA. The mixture was
placed again in the water bath at 25 °C for 1 h and then
centrifuged at 3214 g for 10 min. The precipitate was washed
four times with 12% TCA and dissolved in 9 mL of 8 mol/L
urea Tris—Gly solution. The mixture was added with 0.09 mL
of4 mg/mL DTNB solution and placed in a water bath for 25
min at 25 °C. Absorbance (B1) was recorded at the wave-
length of 412 nm.

TSC (umol/g) = 73.5181B
p

where TSC is the free sulphydryl content and D is the dilution
factor (D = 16.15 for total sulphydryl content determination).

Statistical analysis: All the experiments were perfor-
med in triplicate. One-way analysis of variance (ANOVA)
was performed to check the variation in proper ties. Simul-
taneously, Duncan’s multiple range tests (SPSS version 16.0,
IBM, USA) were applied to check the homogeneity among
the protein fractions at a probability factor of 0.05.

RESULTS AND DISCUSSION

Proximate analysis: The proximate composition of
SSC-P and SSC-DP is given in Table-1. A significant varia-
tion (p < 0.05) was observed between the two types in most
of the compositional parameters, indicating the impact of
dephenolisation on the nutritional profile. As expected, the
phenolic content reduced drastically in SSC-DP (0.67 + 0.14
mgGAE/g) compared to SSC-P (5.02 + 0.02 mgGAE/qg). This
significant reduction confirms the effectiveness of dephenoli-
sation in removing the phenolic compounds. Their high pre-
sence may reduce protein digestibility and mineral bioavail-
ability [20]. Hence, dephenolisation can improve the overall
digestibility of SSC. In terms of protein content, SSC-DP
exhibited significantly higher value (38.71 + 0.19%) comp-
ared to SSC-P (34.02 £ 1.29). This increase is likely because
phenolised cakes retain phenolic-protein complexes, which
reduce protein extractability and purity. The presence of phenolic
compounds like chlorogenic acid, a dominant phenolic com-
pound in SSC [21] binds to protein via hydrophobic interact-
ions forming non-covalent complexes [22]. Furthermore,
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TABLE-1

PHYSICO-CHEMICAL DATA OF SSC-P AND SSC-DP

Composition SSC-P SSC-DP
Moisture (%) 9.34 £0.612 9.24 +0.23°
Ash (%) 7.92 £0.76° 7.84 +0.1°
Fiber (%) 17.23 +0.022 17.01 +0.02°
Protein (%) 34.02 +1.29° 38.71 £0.19°
Fat (%) 2.21 £0.39° 1.81 +0.05°
Carbohydrates (%) 24.06 £ 0.342 24.04 £ 0.40b
Phenolic content 5.02 £ 0.02% 0.67 £ 0.14b
(mgGAE/g extract)

Superscripts (a-b) within a row shows significant differences (p <
0.05) between native and dephenolised samples.

washing with solvents like ethanol removes ~96% of phenols
from the meal. Hence, dissolving phenolics, effectively and
breaking the hydrophobic seals between phenolics and proteins
[10]. The presence of high protein content in sunflower seed
cake indicate that sunflower seeds or sunflower seed cake can
be used to develop new value-added products [23,24]. The fat
content showed a statistically significant decrease after the
dephenolisation process. The lower value of fat for SSC-DP
may be attributed primarily to the solvent-based extraction
process employed during dephenolisation, which may co-
extract lipid soluble components along with phenolic comp-
ounds [25]. Moreover, phenolic compounds can form comp-
lexes with lipids, potentially stabilizing or protecting them
from oxidation. Their removal may lead to minor reduction
in fat content. Crude fiber and ash content were slightly but
significantly reduced in SSC-DP compared to SSC-P, possibly
due to partial leaching or breakdown of cell wall- bound
phenolic-fiber complexes [25]. Moisture and carbohydrate
contents showed only minor differences, though statistically
significant, indicating limited impact of dephenolisation on
these components of SSC.

Protein yield and content of dephenolised and pheno-
lised sunflower seed cake protein: Protein yields and total
protein content of different fractions of native and dephenol-
ised SSC are shown in Tables 2 and 3, respectively. Among
all fractions, globulins represented the predominant protein
class, contributing 65.01% and 69.07% of the total protein in
native and dephenolised SSC, respectively. The higher prop-

ortion of globulin in dephenolised SSC suggests improved
extractability of salt-soluble proteins following phenolic
removal. The albumin fraction was the second major compo-
nent, making up about 17.02 and 17.41% in native and dephen-
olised SSC, respectively. Dephenolisation resulted in a slight
increase in yield with the albumin fraction from 5.36 g in the
native form to 5.80 g. This indicates that with dephenolisa-
tion, there is enhanced solubilisation of water-soluble proteins.
Globulins, particularly 11S helianthinin, are the predominant
storage proteins in sunflower seeds. These phenolic comp-
ounds are known to form strong hydrophobic and hydrogen
bonds with seed proteins especially, globulins and hinder the
extractability and relative proportion of the globulin protein
fraction. Karefyllakis et al. [26] have demonstrated that solvent
based dephenolisation effectively disrupts these complexes,
resulting in increased proportion of globulins. Moreover,
globulins recovered from SSC-DP exhibit superior functional
properties like enhanced emulsification, foaming, solubility
compared to those from phenolic rich SSC. The findings
suggest that phenolic removal not only improves the purity
of protein besides also enriches the globulin content by
minimizing interference from non-proteinaceous polyphenolic
constituents. A combination of albumin and globulin protein
together showed that SSC had the highest proportion of
albumin and globulins. While globulins constitute approxi-
mately 60-70% of the total seed protein, alboumin-specifically
2S albumin make up around 30% of the protein content [27].
Although less abundant than globulins, albumins stand out
for their pronounced functional properties. As per Janssen et
al.’s report [28] albumin fractions were found to exhibit
higher foaming capacity and foam stability than globulin
fractions thus making them valuable for food applications
requiring aeration and stability in foamed systems. In addi-
tion, SSC albumins are rich in sulphur containing amino acids
and methionine, contributing to its favourable amino acid
profile, making them more digestible with a high biological
value and digestibility compared to legume proteins [29]. The
minor fractions included prolamins and glutelins, which
together contributed less of the total protein content in both
samples. However, no significant difference was seen in the
protein content and yield of prolamin and glutelin fractions

TABLE-2
PROTEIN FRACTIONS, YIELD AND PROTEIN CONTENT OF PHENOLISED SUNFLOWER SEED CAKE

Protein fractions Extract I (g) Extract I (g)

Extract 11 (g) Total yield (g) Total protein (%)

Albumin 2.20 £ 0.60* 1.82 +£0.51°
Globulin 8.75+0.09% 7.32 £ 0.04°
Prolamin 1.32 £0.01* 1.01 +£0.01°
Glutelin 1.21 +0.009 0.97 +0.01°

1.34 +0.06° 5.36 + 0.38° 17.02%
3.55 +0.06° 19.62 + 0.184 65.01%
0.45 +0.01° 2.78 £ 0.01f 9.2y
0.21 +0.01° 2.39 +0.009¢ 7.9

Superscripts (a-c) within a row;(d-g) and (w-z) within the column shows significant differences (p < 0.05) between phenolised protein fractions.

TABLE-3
PROTEIN FRACTIONS, YIELD AND PROTEIN CONTENT OF DEPHENOLISED SUNFLOWER SEED CAKE

Protein fractions Extract I (g) Extract 11 (g)

Extract 111 (g) Total yield (g) Total protein (%)

Albumin 2.30 £ 0.03% 1.94 +£0.12°
Globulin 9.04 +0.11* 8.10 £ 0.34
Prolamin 1.30 +0.21* 1.14 +0.03°
Glutelin 1.74 + 0.29% 0.98 +0.26"

1.56 + 0.03¢ 5.80 + 0.38° 17.41%
3.78 +£0.32° 20.92 +0.18¢ 69.07"
0.60 +0.14° 3.04 +0.20f 8.04Y
0.34 +0.31° 3.06 +0.19f 6.18°

Superscripts (a-c) within a row; (d-f) and (w-z) within the column shows significant differences (p < 0.05) between dephenolised protein fractions.
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of SSC-P and SSC-DP. This is largely due to their low native
abundance in SSC. While globulins and albumins constitute
the bulk of SSC proteins, glutelin and prolamin together cons-
titute less than 10% of the total protein content [30]. Almost
all proteins derived from seed cakes showed such a low
quantity of prolamin and glutelin content and globulin as the
typically predominant protein fraction [31-33].

Functional properties of phenolised and dephenolised sun-
flower seed cake protein

Water holding capacity and oil holding capacity: The
WHC and OHC of SSC protein fractions is significantly influ-
enced by their interaction with polyphenols and the data is
shown in Fig. 1a-h. In SSC-DP, the WHC and OHC of albumin
were 4.16 + 0.04 g/g and 2.14 + 0.03 g/g, respectively, which
were significantly higher when compared to SSC-P (2.82 £
0.05 g/g and 1.89 + 0.04 g/g, respectively). Globulin also
recorded high WHC and OHC values of 3.65 £ 0.02 g/g and
3.16 £ 0.02 g/g in SSC-DP compared to 2.45 + 0.05 g/g and
2.14 +£0.04 g/g in SSC-P, respectively. Glutelin and prolamin
fractions had relatively lower values but followed the same
trend, with improved hydration and oil-binding properties
after dephenolisation. These results indicate WHC increased
significantly after dephenolisation. The phenolic compounds
are abundant in the untreated sample and they tend to form
non-covalent and covalent complexes with proteins, thereby
reducing the exposure of hydrophilic site necessary for effici-
ent water absorption [34]. Through dephenolisation process,
these polyphenol-protein interactions are disrupted leading to
structural modifications including decreased crystallinity and
increased flexibility of protein chains [35]. Hence, causing
enhancement in the WHC of proteins by exposing polar
groups and increasing their interaction with water molecules.
Among the four protein fractions, albumin demonstrated the
highest WHC, attributing to its high solubility and abundance
of hydrophilic residues. Globulin follows showing significant
improvement after removal of phenols due to reduced aggre-
gation and improved solubility. Glutelin although structurally
rigid and require alkaline conditions for its solubilisation, shows
moderate improvement after dephenolisation. In contrast,
prolamin characterised by inherent hydrophobicity remains
largely unaffected. This pattern reinforces the importance of
dephenolisation and remains same for both SSC-P and SSC-DP
although with a significant difference.

Oil holding capacity is protein’s ability to entrap lipids.
The OHC is enhanced by hydrophobic amino acid residues,
porous protein structure and surface interactions. The protein-
polyphenol complexes occlude hydrophobic amino acid resi-
due sites and reduce the porosity, impairing lipid retention.
Dephenolisation removes the bounded phenolics and hence
the protein networks become more open and flexible. These
structural changes expose the lipid binding sites, substantially
enhancing OHC. Among protein fractions, globulins were
found to possess the maximum OHC due to more accessible
hydrophobic patches and enhanced structure after dephenoli-
sation. Albumins, despite being more hydrophilic displayed
improved OHC post-dephenolisation. Glutelin gained modest
OHC due to structural rigidity, while prolamins being insol-
uble and tightly packed, retain poor oil binding capacity even

after dephenolisation, therefore, the relative OHC improved
significantly.

Foaming capacity: The foaming capacity are critical for
their application in aerated food systems like bakery prod-
ucts. The comparative analysis for foaming capacity of SSC-P
and SSC-DP protein fractions are shown in Fig. 1c. Albumins,
being water soluble and relatively small, exhibited the
highest foaming capacity (21.19%). Globulin also exhibited
moderate foaming performance with enhanced interfacial
adsorption, whereas glutelin and prolamins being more hydro-
phobic and less soluble reduced the surface activity and
exhibited less foaming performance. It can be seen that in
both cases the protein fractions presented a stark difference
and a higher value for SSC-DP. The noticeable difference is
obviously due to dephenolisation, which improves the foaming
behaviour of SSC proteins. The removal of phenolic compo-
unds reduces the protein aggregation and allows more protein
molecules to interact freely with the air-water interface. This
results in stronger and more elastic interfacial films that stabi-
lize better over a period of time [36]. Furthermore, this impro-
vement can be attribute to the reduced protein-polyphenol
interactions and increased solubility. On the other hand, in
SSC-P the polyphenols bind to protein side chains, particu-
larly on globulin and glutelin, due to their higher content of
aromatic and hydrophobic residues, which have a greater
affinity for polyphenols, impairing their ability to unfold and
adsorb at the air-water interface. The absolute values improve
markedly following dephenolisation in SSC-P and SSC-DP
protein fractions.

Emulsification capacity: Fig. 1d showed the emulsifi-
cation capacity of phenolised and dephenolised SSC protein.
Albumin again demonstrated the maximum emulsifying
capacity of 60.04 + 0.14%, followed by globulin with an emul-
sifying capacity of 49.92 + 0.18%, glutelin 41.91 + 0.24% and
prolamin 40.05 + 0.31% in SSC-DP. Corresponding values
in SSC-P are 58.55 + 0.15%, 47.92 + 0.08%, 40.23 + 0.17%
and 39.81 + 0.06%, respectively. SSC-P reduced interfacial
activity due to protein-phenol complex formation, which
hampers the protein unfolding and adsorption at the oil-water
interface, thereby decreasing both emulsification capacity and
emulsion stability. Dephenolisation disrupts these complexes,
increasing solubility, structural flexibility and ability to form
robust interfacial films. Li et al. [8] employed green solvent
defatting and reported that sunflower protein isolate displayed
an improved structural looseness and solubility, suggesting
enhanced emulsifier function. Another study conducted by
Huang et al. [37] conducted a comparative analysis of two sun-
flower protein concentrates, e.g. one prepared through chloro-
genic acid removal using isoelectric precipitation followed by
ultrafiltration (AI-SPC), and the other obtained via alkaline
extraction coupled with ultrafiltration (AU-SPC). Their study
revealed that AU-SPC exhibited superior emulsifying capacity
and greater emulsion stability compared to AI-SPC. It also
presented that smaller oil droplet sizes, smoother surface
morphology and higher protein recovery and purity.

Albumin fraction innately highly soluble showed the
highest enhancement in emulsifying performance, by almost
doubling the performance post-dephenolisation. Globulins,
although less soluble in water, stand to gain form better disper-
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Fig. 1. Functional properties of phenolised and dephenolised sunflower seedcake protein isolate (a) water holding capacity, (b) oil holding

capacity, (c) foaming capacity and (d) emulsification capacity

sion and less agglomeration. Glutelin showed modest impro-
vements, while prolamins exhibited little to no enhancement in
emulsification performance; similar to the trend observed for
foaming capacity, this pattern persisted after dephenolisation,
although the absolute emulsifying capacity (EC) values increased.

Particle size: The particle size of protein fractions in SSC
is greatly affected by the presence of phenolic compounds
(Fig. 2a). A significant decrease in the particle size was
observed after dephenolisation. Phenolics like chlorogenic, prior
to dephenolisation, create non-covalent (hydrophobic and
hydrogen bonds) and covalent (quinone-mediated) interactions
with protein molecules, resulting in aggregation and increased
particle size [38]. These interactions lower solubility and modify
the functional activity of proteins by hiding reactive groups.
Within the fractions, globulins (886.26 + 4.20 um) and glut-
elins (746.81 + 2.45 um) have the highest phenolic binding
because of their hydrophobic residues and restricted solubi-
lity, leading to bigger and irregular aggregates and albumins
(595.05 * 4.45 um) are relatively dispersed, while prolamins
(624.62 £+ 2.39 um) have medium aggregation. Following
dephenolisation, disruption of protein-phenol crosslinks results
in decrease of particle size from the extraction of phenolics.

This decrease of binding forces triggers disaggregation and
protein structure unfolding with elevated hydration and disper-
sion. Recent studies further confirm these findings. According
to Prignet et al. [39] ethanol-mediated dephenolisation of sun-
flower seed cake proteins significantly improved the protein
dispersion. Similarly, optimised ethanol extraction shifted the
molecular weight profiles toward smaller aggregates [40].
Further Zhang et al. [41] conducted a comparative study on
canola and soybean proteins and reported that fractionation
improved protein solubility and reduced the average particle
size. Consequently, the average hydrodynamic diameter mea-
sured by dynamic light scattering became significantly smaller,
producing fractions with more uniform particle sizes.
Among the fractions, albumins experience a minor particle
size decrease due to their already high solubility and limited
phenolic interaction. Globulins have a huge size reduction
upon dephenolisation, suggesting the breaking of phenalic
crosslinks and better salt solubility. Prolamins, being less polar,
experience moderate decrements, whereas glutelins have the
most significant particle size decline as a result of the disrup-
tion [40]. Therefore, the expected particle size hierarchy after
dephenolisation globulin < glutelin < prolamin < albumin.
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Surface hydrophobicity: The surface hydrophobicity (Ho)
reflects the extent of exposed non-polar amino acid residues in
proteins, which directly influences solubility, emulsification
and foaming behaviour. Fig. 2b summarizes the effect of dep-
henolisation on the surface hydrophobicity of SSC protein
fractions. A significant difference was observed between
phenolised and dephenolised fractions across all proteins.
Among the fractions, albumin exhibited the highest surface
hydrophobicity (26.11), followed by globulin, glutelin and
prolamin. This trend remained consistent for both SSC-P and
SSC-DP samples, although the magnitude of hydrophobicity
differed significantly. Dephenolisation markedly modified
the protein structure by disrupting covalent and non-covalent
interactions formed between phenolic compounds and amino
acid side chains. This treatment facilitated the restoration of
native conformations and exposed previously masked hydro-
phobic regions. Albumin showed the highest increase in
surface hydrophobicity, likely due to its relatively flexible
tertiary structure, which allowed extensive unfolding and re-
exposure of non-polar residues once phenolics were
removed. In contrast, globulin exhibited only a moderate
increase in hydrophobicity, indicating partial refolding and

limited exposure of hydrophobic sites. This behaviour can be
attributed to its more compact quaternary structure, which
restricts extensive conformational rearrangement. Glutelin
and prolamin, being salt-soluble and alcohol-soluble fractions,
respectively, displayed comparatively smaller increases in
hydrophobicity after dephenolisation. Their limited response
suggests that these fractions underwent only partial tertiary
structure restoration, consistent with their inherently rigid or
aggregated nature. These findings align with Kaur & Prasad
[12] and Akharume et al. [42] where phenolic interactions
were found to either conceal or expose hydrophobic residues
based on protein structure and the nature of phenol—protein
binding.

Free and total sulphydryl content: Fig. 2c-d shows the
free and total sulphydryl content of the protein fractions and
it can be observed that phenolised protein fractions have less
sulphydryl groups, which suggests the oxidative coupling
and protein crosslinking, leading to decreased solubility and
flexibility but enhanced structural rigidity. On the other hand,
dephenolised protein fractions have higher sulphydryl content
implying restored thiol functionality, improved emulsifying
and foaming properties and greater reactivity toward struct-
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ural modifications [43]. Albumin is water soluble and rich in
reactive cysteine residues; hence phenolics can easily mask
them. The phenolised fraction of albumin exhibit the lowest
total and free -SH content due to its compact globular nature
and strong interactions with phenolics. Upon dephenolisation
it shows significant increase in free —SH groups due to the
release of bound thiols and partial unfolding. Globulins form
large quaternary structures; phenolics may oxidize accessible
thiols on the surface. Hence, it was followed by albumin and
an increase in the total and free -SH content was observed
reflecting reversible phenol—protein interactions. Glutelin has
a high cysteine content and tends to polymerize easily under
oxidative conditions. Followed by albumin and globulin, an
increase in total —SH content was measured in glutelin after
dephenolisation, suggesting partial unfolding and exposure
of buried cysteine residues. Prolamins are rich in cysteine and
glutamine; phenolic oxidation promotes —S—-S— formation.
Dephenolisation increased both free and total -SH bonds in
prolamin fraction due to breakdown of disulphide-linked
aggregates. Hence, the overall trend follows, albumin <
globulin < prolamin < glutelin. This trend is consistent with
earlier reports [44,45] and also concluded that the phenolic—
protein coupling, through covalent thiol-quinone reactions or
hydrophobic binding, effectively blocks accessible cysteine
residues and promotes inter-protein cross-linking.

FTIR analysis: Fig. 3 represents the FTIR spectra of
phenolised and dephenolised protein fractions. The spectra
revealed consistent amide-1 (~1700-1600 cm™), amide-II
(~1600-1500 cm™*) and amide-I11 (~1400-1200 cm™*) bands,
for each globulin, albumin, glutelin and prolamin. Phenolised
fractions showed systematic downshifts and broadening of the
amide-I band and increased O—H/N-H stretching band width
(~3400-3200 cm™?), consistent with stronger H-bonding and
partial unfolding due to protein—phenolic interactions; most
profound effects were found in globulin followed by glutelin
and least in prolamin. Phenolised globulin exhibited a more
intense and broadened amide-I band, suggesting disruption of
ordered a-helical structures and an increase in 3-sheet or agg-

regated conformations [46]. Dephenolised globulin showed
sharper, better-resolved peaks, reflecting a more native con-
formation. Dephenolised albumin retained higher structural
integrity, showing less alteration in the fingerprint region
(1200-900 cm™). Glutelin, a more hydrophobic fraction,
displayed broader peaks overall whereas phenolised glutelin
revealed greater reductions in amide-I intensity and an incr-
ease in aromatic ring vibrations around 1600-1510 cm?,
consistent with the bound phenolic groups. The dephenolised
form had more distinct secondary structure signatures, impl-
ying removal of phenolic interferences [47]. Prolamin, rich
in non-polar residues, showed minimal shifts in the main
Amide bands, but phenolisation caused a significant increase
in the C—H stretching intensities (2950-2920 cm™), indica-
ting increased hydrophobic clustering. Dephenolised prolamin
displayed clearer amide-Il1 and distinct peaks in the finger-
print region, reflecting improved structural clarity [48]. Further-
more, the dephenolised fractions exhibit sharper amide 1/I1
peaks and a relative recovery of fingerprint-region features
(1200-900 cm™?), indicating removal of phenolic adducts and
partial restoration of native secondary-structure peaks. The
relative sensitivity followed the order globulin > glutelin >
albumin > prolamin, consistent with globulin’s larger surface
exposed binding sites and hydrophobic domains that favour
phenolic binding; this fraction-specific pattern agrees with
recent studies showing that phenolic removal reduces surface
hydrophilicity and restores clearer FTIR secondary-structure
signals in sunflower protein isolates [30]. Thus, the FTIR
indicates that phenolic complexation induces conformational
loosening and increased hydrogen bonding, while dephenoli-
sation partially reverses these modifications and clarifies the
secondary-structure features.

Conclusion

The present study demonstrated that dephenolisation
significantly enhances both the functional and nutritional
properties of SSC protein fractions. The removal of phenolic
compounds effectively improved protein purity and overall
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Fig. 3. FTIR spectra of phenolised (a) and dephenolised (b) sunflower seed cake protein



Vol. 38, No. 4 (2026)

Impact of Phenolic Removal on the Molecular and Functional Properties of Sunflower Seed Cake Proteins 879

digestibility of the protein’s fractions albumin, globulin, pro-
lamin and glutelin. Functional characteristics such as WHC
and OHC, emulsifying activity and foaming ability were not-
ably improved after dephenolisation, indicating the reduction
of protein-phenol interactions enhanced protein flexibility and
surface activity. Among all fractions, globulin and albumin
showed the most remarkable enhancement in functional attri-
butes, suggesting their superior potential for food formu-
lation applications. Nutritionally, phenolic removal facilitates
enzyme accessibility and minimizes anti-nutritional inter-
vention. These enhancements emphasize dephenolisation as
an efficient strategy to upgrade the quality of plant-derived
proteins from oilseed by-products containing anti nutritional
compounds such as phenols and the value of SSC as a cost-
effective, sustainable and nutrient-rich protein source which
can be utilised in the development of functional and fortified
food products. Altogether, this comparative analysis reinforces
dephenolisation as an effective way to alleviate the negative
effects of phenolic compounds but additionally enhances the
techno-functional performance and nutritional potential of
sunflower seed cake protein fractions.
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