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Abstract
Cold press oils are value-added food ingredients that are increasingly produced. Due to the removal of oil, protein content in 
cold press deoiled meals substantially increase. Here, we made an attempt to manufacture protein concentrates from cold press 
meals of black cumin and studied the influence of aqueous (alkali extraction-isoelectric precipitation, AE-IP) and organic 
(n-hexane) extraction conditions on the structure and functionality of these concentrates. To determine the basic structural 
attributes, SDS-PAGE and 2D-electrophoresis, DSC, rheological and FT-IR analysis were utilized. Black cumin proteins 
contained both α- and β-secondary structural elements, and the proteins were potentially glycosylated. This in turn affected 
their gel-like behavior prior to heating. The presence of a number of high pI proteins was also detected via 2D-electrophoresis. 
Functional characteristics of the concentrates were investigated based on solubility, water and oil holding capacities, and 
dynamic surface tension analysis. Deoiled meals contained 22.3% oil, which was only slightly affected by aqueous extraction. 
Protein content in the meals was approx. 26.5% which increased to 57.7 and 65.8%, after aqueous (AE-IP) extraction and both 
aqueous (AE-IP) and hexane extraction, respectively. Solubility, WHC, OHC were found to be improved by hexane extrac-
tion. Based on DSC analysis, presence of black cumin oil in the concentrates enhanced the thermal stability of the proteins, 
while black cumin proteins demonstrated considerable surface activity at the air–water interface. Finally upon enyzmatic 
proteolysis, protein hydrolyzates demonstrated slight angiotensin-converting enzyme (ACE)-inhibitory activity. Based on 
the current findings, deoiled black cumin meals represent a viable source of biologically and technically functional proteins.
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Introduction

Plants represent an alternative source of proteins available 
for utilization in commercial applications. Currently, there 
is a variety of commercial plant protein products manufac-
tured from legumes, cereals and oilseeds [1]. Due to the 
rapidly increasing global demand, the exploration of alter-
native sources is necessary. The drawbacks of using plant 

proteins include sulfur amino acid deficiency of some plants 
and presence of antinutritive agents in the final products. 
However, supplementation with other resources could solve 
these problems [1].

Raw materials used in plant protein production are renew-
able and current demand of the food industry heavily con-
sumes the commercially available plant proteins, therefore 
there is a potential to generate market share for novel prod-
ucts. Since plant proteins can be converted to animal pro-
teins at fairly low efficiency levels (i.e., approx. 15%), plant 
protein production is both sustainable and cost-efficient [2].

Oilseeds contain considerably higher amounts of protein 
compared to cereals [3]. After oil extraction, proteins are 
highly concentrated in the meals, and plant protein concen-
trates can be produced from these inexpensive by-products, 
where protein content could account for up to 60% [4]. In 
addition to economic reasons, manufacture of seed protein 
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products also bring in environmental advantages such as 
waste reduction [5].

Black cumin (Nigella sativa) is a valuable and annually 
flowering medicinal plant from Ranunculaceae family [6] 
which is native to the East Mediterranean countries, South 
Europe and Asia Minor [6]. Currently, black cumin is also 
cultivated in the Middle East, North Africa and Asia [7]. 
According to Commodity Trade Statistics Database, global 
consumption of black cumin was estimated to be 187,000 
tonnes. India cultivates more than 85% of the global produc-
tion of black cumin, whereas approximately 3.5% and 2.8% 
are generated by Syria and Turkey, respectively [8].

Black cumin seeds are composed of approximately 21% 
protein, 35% carbohydrates and 35–38% oil by weight [6]. 
In the deoiled meal, protein content can be anticipated to 
be > 30%. Black cumin seeds can be utilized in medicinal 
applications or nutritional supplements. Further utilization 
in industrial applications are unknown to us. Due to the dif-
ficulty of consuming black cumin seeds, protein products 
generated from this valuable resource could increase its 
global manufacture and consumption.

Proteins are functional biomolecules in the sense of both 
technical and biological functionality. Technical function-
ality of proteins are related to their hydration, structural/
rheological and interfacial/surface related characteristics. 
Once utilized in food formulations, novel protein products 
will be anticipated to be compatible with other ingredients 
[1]. Consequently functional properties such as water and oil 
holding capacities, solubility, and capabilities in lowering 
surface/interfacial tension are usually monitored.

The aim of this study was to investigate the structural 
and functional properties of black cumin protein con-
centrates manufactured using an aqueous protein isola-
tion methodology with or without the application of an 
organic extraction step. Firstly, in order to preserve the 
structural attributes, organic extraction was avoided. 
After further removal of oil by hexane extraction, struc-
tural and functional characteristics of both sets of samples 
were compared. Finally, based on partial proteolysis of 
proteins, ACE-inhibitory activity was tested. The simple 
methodologies utilized here are fully applicable to indus-
trial settings constructed for the valorization of industrial 
by-product streams. This study presents novel insights on 
both the technical and biological attributes of black cumin 
proteins. Consequently, the novelty of the current work is 
primarily related to the industrial valorization potential 
of an alternative resource. Cold press meals are compara-
tively less utilized in protein research and in the following 
years, we anticipate that their eminence in the manufacture 
of proteins and protein hydrolyzates will rise. Secondly, 
since black cumin is a physiologically active but relatively 
difficult to consume food, its applicability to novel and/
or functional food products require extended studies on 

its technically and biologically active ingredients. Here, 
using a wide variety of analytical tools, we made a first 
attempt to investigate certain physicochemical, structural 
and biological properties of these proteins.

Materials and methods

Materials

Cold press deoiled black cumin meals were donated by a 
local manufacturer (Neva Foods Ltd., İstanbul, Turkey). The 
maximum temperature observed by the cold press samples 
was lower than 40 °C. All chemicals were reagent grade and 
purchased from Sigma-Aldrich, except for sodium dodecyl 
sulfate (SDS) (Millipore Corp., Germany).

Determination of amino acid composition

Amino acid composition of the samples was determined 
using a Shimadzu LC-20AD HPLC unit (Shimadzu Cor-
poration, Kyoto, Japan). For separation, a 250 × 4.6 mm 
column packed with 5 μm Inertsustain C18 (GL Science, 
Tokyo, Japan) was used. The method of Gonzalez-Castro 
et al. [9] was utilized.

Prior to derivatization, proteins were subjected to acidic 
hydrolysis. 0.1 g lyophilized sample was weighed into screw 
cap Pyrex tubes and 15 mL of 6 N HCl was added. The tube 
was throughly flushed with nitrogen gas, quickly capped, 
and kept in an oven (40 °C) for 24 h. After the comple-
tion of hydrolysis, the tube contents were vacuum filtered 
to remove solids, and the filtrate was brought to 25 mL with 
water, and an aliquot of this solution was further filtered 
through a 0.45 μm membrane (Millipore). A standard solu-
tion containing 1.25 μmol mL−1 of each amino acid in 0.1 N 
hydrochloric acid was prepared.

Protein dispersions were dried under vacuum (65 °C). 
To enable the derivatization, 30 μL methanol–water-TEA 
(2:2:1 [v/v]) was added to the residues, and vacuum drying 
was carried out. 30 μL of the derivatizing reagent metha-
nol–water-TEA-PITC (7:1:1:1 [v/v]) was added to the dried 
sample, and the tube was kept shaken for 20 min. Finally, 
the solvents were evaporated under nitrogen gas flow, and 
the samples were stored at 4 °C until further analysis. Prior 
to injection, the samples were reconstituted in 150 μL 5 mM 
sodium phosphate (pH 6.2) containing 5% acetonitrile. The 
analysis was carried out at 30 °C using a gradient elution. 
Eluent A was a 0.5 mL L−1 TEA in 0.14 M sodium ace-
tate brought to pH 6.2 with glacial acetic acid; eluent B 
was acetonitrile–water (60:40 [v/v]). Gradient elution of B 
(4–100%) was carried out.
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Preparation of protein concentrates

Protein manufacture was based on alkali extraction-
isoelectric precipitation method. Solvent extraction was 
utilized to remove remaining black cumin oil from the 
samples.

Alkali extraction‑isoelectric precipitation method 
(AE‑IP)

AE-IP technique was based on the solubilization of pro-
tein molecules at basic pH, which was followed by iso-
electric precipitation at acidic pH values. Protein con-
centrates were produced from deoiled black cumin meals 
using the method of Boye et al. [10]. 50 g of deoiled 
meal was dispersed in water (1:15, w/v) and the pH of the 
medium was adjusted to pH 9.5 using 1.0 N NaOH. The 
dispersions were stirred at 500 rpm for 1 h. Immediately 
afterwards, the dispersions were centrifuged at 13500×g 
for 15 min at 4 °C using a CR22 N high-speed centrifuge 
(Hitachi Koki Co., Ltd., Tokyo, Japan). The supernatant 
containing the solubilized proteins was collected and the 
medium pH was adjusted to pH 4.5 to induce isoelectric 
precipitation. To ensure the completion of separation, the 
supernatant was centrifuged under identical conditions as 
before. The pellet was collected and immediately frozen 
at − 20 °C. Frozen samples were lyophilized using a TRS 
2/2 V freeze drier (Teknosem Corp., İstanbul, Turkey).

Solvent extraction

Soxhlet extraction system was used for the removal of 
black cumin oil from meals (Behr Labortechnik, R106S, 
Germany). Firstly, the samples were treated with hexane 
for 7 h at a sample to hexane ratio of 1:50. In order to 
remove hexane, the samples were dried at 55 °C until 
constant weight was reached.

Physicochemical analyses of meals and protein 
concentrates

The protein, moisture and ash contents of meals and pro-
tein concentrates were determined according to AOAC 
Official Methods 920.87 (%N × 6.25), 925.10 and 923.03 
respectively [11]. Fat content analysis was based on 
NMKL 960 [12].

Structural analyses on the black cumin protein 
concentrates

Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS‑PAGE)

SDS-PAGE analysis was carried out based on Laemmli [13] 
under reducing conditions using a Mini Protean Tetra Cell 
System (Bio-Rad Laboratories Inc., USA). Firstly, protein 
concentrates (1%) were dispersed in deionized water. Imme-
diately afterwards, protein samples and 2 × Laemmli loading 
buffer containing 0.004% Bromophenol blue, 10% 2-mer-
captoethanol, 20% glycerol, 4% SDS and 0.125 M Tris–HCl 
(pH 6.8) were mixed 1:1 in Eppendorf tubes. Samples were 
heated 5 min at 100 °C, cooled, and loaded on a TGX Stain-
Free Precast Gel (12%). Precision Plus protein standards 
from the same manufacturer were used as the reference. Gel 
electrophoresis was carried out for 45 min using Tris/Gly-
cine/SDS running buffer at 200 V (constant). Imaging was 
carried out by transferring the gel to a stain-free tray and 
using Gel Doc EZ System. The images were analyzed using 
Image Lab Software.

Two dimensional (2D) gel electrophoresis

240 µg protein was loaded onto immobilized 11 cm, pH 
gradient strips (IPG) (pH 3–10) by passive rehydration. Iso-
electric point based separation was achieved using a Pro-
tean isoelectric focusing cell (IEF) (Bio-Rad). The following 
conditions were used for IEF: 20 min at 250 V with rapid 
ramp, 2 h at 4000 V with slow ramp and 2.5 h for 4000 V 
with rapid ramp until a total of 32.000 V h−1 was reached 
(20 °C). After isoelectric focusing, strips were washed with 
buffer I (6 M Urea, 375 mM Tris–HCl pH 8.8, 2% SDS, 
20% glycerol, 2% (w/v) DTT) for 30 min and with buffer II 
(6 M Urea, 375 mM Tris–HCl pH 8.8, 2% SDS, 20% glyc-
erol, 2.5% iodoacetamide (w/v)) for 30  min and subjected 
to SDS-PAGE for the second dimension. After the separa-
tion, the gels were fixed in 40% methanol, 10% acetic acid 
and stained with Colloidal Coomassie Blue G250 (Bio-Rad, 
USA).

Differential scanning calorimeter (DSC) analysis

Thermal behaviour of protein dispersions was analyzed 
using a differential scanning calorimeter system (DSC 60 
Plus, Shimadzu Instruments, Japan). Approx. 10 mg of sam-
ples were placed into aluminum pans and heated from 30 to 
125 °C at a heating rate of 10 °C min−1.
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Rheological analysis

An Anton Paar rheometer (MCR 302, Austria) fitted with 
temperature controlled Peltier system was used to monitor 
temperature dependence of the rheological characteristics 
of black cumin protein concentrates (10%, pH 7). Approxi-
mately 1 mL protein dispersion was placed on the lower 
plate of the parallel-plate geometry. The diameter of upper 
parallel plate was 25 mm. A solvent trap cover was used, 
and light silicon oil was applied to the exposed part to mini-
mize evaporation during heating. The head was charged with 
water to saturate the medium with water vapor. The rheom-
eter was operated at constant angular frequency of 1 Hz and 
strain range of 1–10% depending on compliance to the linear 
viscoelastic behavior. The heating protocol involved a lin-
ear temperature ramp from 25 to 85 °C at a heating rate of 
5 °C s−1, holding at 85 °C for 2 min and thereafter cooling to 
25 °C at 5 °C s−1. Shear strain and modulus values (G′ and 
G″) were recorded as a function of time and temperature.

Fourier transform infrared (FT‑IR) spectroscopy analysis

FT-IR analysis of protein concentrates was carried out using 
an IRTracer-100 FT-IR spectrophotometer (Shimadzu, 
Japan) equipped with a DLATGS detector system, and 
MIRacle ATR module with a resolution of 2 cm−1 (Pike 
Technologies, USA). FT-IR absorption spectra were col-
lected from 4000 to 650 cm−1.

Functional properties of protein concentrates

Functional attributes of the protein concentrates were tested 
and where necessary, compared to that of a commercial soy 
protein isolate under identical conditions (Jem Nutrimax, 
Sonic Biochem, A Matlani Group Company, India).

Solubility

Protein solubility (%) was determined by dispersing 0.2 g 
protein (w/v) in 19 ml of 0.1 N NaCl solution, adjusting pH 
to 7 using 0.5 N HCl or NaOH, and keeping the dispersion 
stirred (500 rpm) for 1 h at 50 °C. Total solution volume was 
brought to 20 ml with 0.1 N NaCl. The mixtures were left to 
stand for 10 min and then centrifuged at 4200×g for 10 min. 
Solubility (%) was determined using an appropriate protein 
analysis kit based on a modified version of Lowry method 
(TP0300, Sigma Aldrich Corp.). For all samples, absorbance 
was measured at 750 nm.

Water or oil holding capacity

One gram protein concentrate was added to 10 mL of dis-
tilled water (or soy oil, S7381, Sigma Aldrich Corp.) in a 

15 ml centrifuge tube. Every 5 min, the contents were stirred 
for 30 s on a vortex stirrer (Vortex, Genie 2-Mixer, Scien-
tific Industrial Inc., Bohemia, NY, USA) and after 30 min 
the tubes were centrifuged at 3000×g for 20 min. Once the 
free water or oil portion was withdrawn, water/oil holding 
capacity was calculated using the increase (%) in sample 
weight [14].

Drop shape tensiometry

The surface tension at the air-aqueous solution interface 
was determined using drop shape tensiometry (25  °C) 
(Biolin Scientific, Attension Theta, Finland). An air bubble 
was automatically formed at the tip of an inverted syringe 
immersed in a quartz cuvette containing the protein disper-
sion (0.1%) prepared in 100 mM sodium phosphate buffer 
(pH 7). The droplet shape was automatically recorded over 
time, as the cuvette and syringe assembly were monitored 
by a CCD (charge coupled device) camera and high qual-
ity image acquisition was utilized [15]. Surface tension was 
calculated based on the Young–Laplace equation using One-
Attension 2.6 software provided by the manufacturer. All 
the measurements were carried out in triplicate. The surface 
pressure (π) was calculated as the difference in the surface 
tension of the buffer (approx. 72.3 mNm−1) and the protein 
solution at the air–water interface.

ACE‑inhibitory activity of black cumin protein 
hydrolyzates

In vitro proteolysis

Trypsinolysis or chymotrypsinolysis was carried out based 
on the previous literature [16]. Protein concentrate (1%) was 
dissolved in 50 mM sodium phosphate buffer (pH 7) by stir-
ring for 1 h. Enzymatic digestion was carried out for 4 h 
at an enzyme to protein ratio of 1:1000 on a thermomixer 
(MIULAB Thermo Shaker Incubator, 37 °C, 1000 rpm). 
Immediately afterwards, the digest was heated to 95 °C and 
held for 5 min to stop enzymatic activity. The samples were 
rapidly cooled using ice. Upon reaching ambient tempera-
ture, the samples were centrifuged for 30 min at 5000×g. 
Prior to chromatographic analysis, all samples were filtered 
through 0.45 µm PTFE syringe filters (Isolab, Germany).

Measurement of ACE inhibitory activity

All the solutions and reactants used here were prepared 
in 100 mM sodium borate buffer (pH 8.3). Angiotensin 
I-converting enzyme (ACE) inhibition assay was carried 
out based on the method described by Sheih et al. [17]. 
200 µL 5 mM HHL was mixed with hydrolyzates and the 
mixture was incubated at 37 °C for 10 min. Immediately 
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afterwards, 20 µL of concentrated ACE solution was added 
to generate an enzyme concentration of 1.68 mU in the 
mixture. The incubation was carried out for 0–4 h at 37 °C 
and stopped by the addition of 250 µL HCl (1 M). The 
final mixture was injected into the HPLC device in order 
to determine hippuric acid content [17]. Ascentis C18 Col-
umn (4.6 mm ID × 250 mm, 5 µm particle size, Supelco) 
was used in the analysis. The mobile phase was composed 
of 1:1 mixture of ethanol and water by volume, which also 
contained 1 mL L−1 TFA. The absorbance was recorded 
at 228 nm. The analysis was carried out at 40 °C at a flow 
rate of 1 mL min−1. In order to determine % ACE inhibi-
tion, the performance of the hydrolyzates was compared 
to the positive control samples, which did not contain any 
hydrolyzates. 0.02% sodium azide was added as a bacte-
riostatic in all cases.

Results and discussion

Amino acid composition of deoiled meals

Amino acid composition of the deoiled meals were deter-
mined using an HPLC method (Table 1). Based on the cur-
rent findings, approx. 33% of the meals accounted for essen-
tial amino acids. These findings were also comparable to that 
of Babayan et al. [18], where the extent of essential amino 
acids was found to be 37.85%, although the histidine content 
was not specified by these authors. Part of the differences in 
the results could be attributed to processing related losses 
or changes in amino acid structures during sample prepara-
tion, since sample preparation techniques differed between 
the two studies (immediate acid hydrolysis vs. treatment of 
cold press deoiled samples).

Compositional characteristics of black cumin 
protein concentrates

Using an AE-IP technique, protein concentrates were pre-
pared from the deoiled meals. Consequently, protein, mois-
ture and ash contents of meal and concentrates were deter-
mined immediately after lyophilization (Table 2). Protein, 
fat, ash and moisture contents (%) of black cumin meals were 
found to be 26.5, 22.3, 7 and 6%, respectively. Although the 
oil content of the meals was significantly lowered during 
the cold press treatment, the meal samples still contained 
appreciable amounts of oil. Based on AE-IP method, the 
protein content of the concentrate was 54.7% (Table 2) prior 
to the further extraction of remaining oil. Consequently, the 
extent of improvement in the protein content of black cumin 
meals was approximately 107% due to the aqueous extrac-
tion. Once solvent extraction was carried out, a further 20% 
improvement in protein content took place.

Based on Table 2 data, ash and moisture contents of 
AE-IP samples generally improved compared to the meal 
samples. It was indicated that strong alkali or acids used 
in isoelectric precipitation of proteins may result in salt 
formation and thus, yield higher ash levels in the protein 
isolate relative to the meal or flour [14]. Since no dialysis 

Table 1  Amino acid composition of the cold pressed black cumin 
meals as determined by an HPLC–UV method

Standard deviation was < 1% of the sample mean in all cases

Amino acids % Frequency

Essential amino acids Methionine 1.71
Histidine 3.40
Isoleucine 3.51
Phenylalanine 3.77
Threonine 3.74
Lysine 4.22
Valine 4.70
Leucine 5.90

Non-essential amino acids Cystine 2.03
Tryosine 3.74
Alanine 3.89
Serine 4.33
Proline 4.96
Glycine 5.85
Aspartic acid 9.19
Arginine 9.55
Glutamic acid 25.52

Table 2  Protein (%), moisture 
(%) and ash (%) contents of 
deoiled black cumin meals 
and black cumin protein 
concentrates before or after 
hexane extraction

The data represent the average of three independent experiments and their corresponding standard devia-
tion

Sample/prepara-
tion method

Solvent 
extraction

Protein content (%) Fat content (%) Moisture (%) Ash (%)

Deoiled meal – 26.47 ± 0.1 22.3 ± 0.5 6.03 ± 0.8 7.04 ± 0.7
Deoiled meal + 37.04 ± 0.1 6.69 ± 0.8 7.55 ± 0.4
AE-IP – 54.7 ± 0.5 21.56 ± 0.1 0.84 ± 0.1 1.32 ± 0.1
AE-IP + 65.83 ± 0.1 6.87 ± 0.3 4.32 ± 0.4
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was applied after the AE-IP treatment, a certain extent of 
increase in ash content may be expected. The influence of 
hexane extraction on moisture and ash contents was less 
clear.

Structural attributes of the protein concentrates

Electrophoretic analysis of protein concentrates

Molecular weight distribution of protein concentrates was 
analyzed by SDS-PAGE before and after hexane extraction 
(Fig. 1a). First of all, the major bands were found to lay 
between 15 and 40 kDa. For the hexane treated samples 
(Lane 1), there were also other faint bands between 10 and 
15 kDa and > 40 kDa. Previously Haq et al. [19] reported 
that Nigella sativa proteins ranged between 10 and 200 kDa. 
These investigators further fractionated the proteins by Roto-
for technology and mostly found the bands around 25, 40, 
65 and 200 kDa. Since the major bands in the current study 
were located around 15 kDa and 40 kDa in most cases, the 
current SDS-PAGE findings were generally coherent with 
the previous findings. After the oil extraction, broadening 
of the bands were observed. This could imply that broader 
bands represented less hydrophobic proteins, for which 
solubility was improved as oil was removed. In general, the 
influence of solvent extraction on the variety of bands was 
mostly weak.

Using similar samples, 2D-electrophoresis was also 
carried out in order to further clarify the distribution of 

molecular weights and isoelectric points of the protein 
molecules (Fig. 1b). The pH and molecular weight range 
was pH 3–10 and 20–200 kDa, respectively. Similar to the 
1D-gel (Fig. 1a, SDS-PAGE), there were some protein spots 
between 20 and 25 kDa and also between 25 and 40 kDa. 
Since there were spots around 65 kDa and larger and finally 
around 200 kDa, some of these findings were also compa-
rable to the previous literature [19]. The pI values of most 
proteins were ≤ pH 7; however, a variety of protein spots 
were also visualized for alkaline proteins. Based on Table 1 
data, amino acids with high pI such as arginine (pI 10.76), 
lysine (pI 9.47) and histidine (pI 7.59) account for approx. 
17.2% of all the amino acids in the deoiled meals. The pres-
ence of high pI proteins in food systems is relatively less 
frequent compared to acidic or neutral pI proteins, while in 
food processing and nanoparticle based delivery systems, 
positively charged proteins provide new opportunities [20].

Differential scanning calorimeter (DSC) analysis

Thermal denaturation characteristics of black cumin protein 
concentrates were analyzed both in the presence and absence 
of hexane treatments (Fig. 2). The denaturation temperatures 
for black cumin protein concentrates were approx. 71.9 and 
57.6 °C before and after hexane extraction, respectively. The 
remaining fatty acids potentially formed hydrogen bonds 
with the protein molecules, which in turn, have altered the 
thermal stability of the system. Similar results were obtained 
previously by Guimarães et al. [21]. Here, in both cases, 

Fig. 1  a SDS-PAGE analysis of black cumin protein concentrate dis-
persions (1%) manufactured by AE-IP method. Lane 1: hexane treat-
ment. Lane 2: no hexane treatment. b 2D-electropheresis of similar 

AE-IP samples. The pH range was pH 3–10 and the molecular weight 
range was 20–200 kDa. Representative runs
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although broad, unimodal denaturation peaks were observed. 
It is possible that black cumin proteins underwent partial 
denaturation during extraction processes, which also low-
ered the enthalphy of denaturation. This value (19.71 J g−1) 
was comparable to the literature data on the denaturation 
enthalpies for plant proteins [21].

Rheological characteristics

Temperature dependence of rheological characteristics 
were investigated using 10% aqueous protein dispersions 
(pH 7). Prior to heating, black cumin protein concentrates 
already exhibited gel like character (G′ > G″) (Fig. 3). When 
the temperature increased to approximately 60 °C, which 
was comparable to the denaturation range, phase angle 
was slightly larger than 45°. During 80 °C holding, phase 
angle was approximately 69°. Immediately afterwards, dur-
ing the cooling run, the sample returned to gel character 
around approximately 52 °C. During 25 °C holding, phase 

angle was approximately 15°. These findings indicated that 
although the changes in temperature had a bearing on the 
rheological characteristics of the protein dispersions, gel-like 
characteristics of the dispersions were not necessarily ther-
mally induced. During the heating and cooling experiments, 
loss moduli values were larger than or roughly equal to the 
storage moduli which indicated the absence of gel formation 
or the formation of weaker gels. Loss modulus measures the 
viscous contribution representing the molecular interactions 
that do not lead to formation of 3D-gel networks [22].

We hypothesize that rheological characteristics may be in 
part attributed to the presence of glycoproteins in the protein 
concentrates (see FT-IR data). Based on an α-amylase treat-
ment, gel-like characteristics of protein concentrates were 
considerably reduced in the absence of heating. While, in 
another qualitative experiment, starch content in the sam-
ples were found to be minimal, if any, based on a simple 
iodine test (data not shown). Consequently gel-like behav-
iour observed prior to heating could be attributed primarily 
to protein molecules and their water holding capacities.

Although it is not further discussed here, current protein 
concentrates were shown to form self-supporting gels at pH 
9. Similar results were previously obtained by Kim et al. [23] 
for canola protein isolates, while these authors commented 
that alkaline pH limited their extent of utilization in foods.

FT‑IR analysis

FT-IR spectroscopy is a vibrational technique that is 
used to monitor protein structural characteristics and any 
changes to them regardless of the physical state of the sam-
ple [24]. In the utilization of FT-IR data with respect to 
secondary structural characteristics of the proteins, Amide 
I and Amide II bands are commonly evaluated [24]. The 
Amide I band is due to carbonyl stretching vibrations 
(around 1700–1600 cm−1) while the Amide II band (around 
1600–1500 cm−1) is due primarily to NH bending vibra-
tions. In this study hexane treated samples demonstrated 
both Amide I and II bands (Fig. 4a), where prior to hexane 
treatment only Amide I was observed with a lesser extent 
of detail (Fig. 4b).

Some of the major peaks in the second derivative FT-IR 
spectra of were labelled on Fig. 4c and attributed to sec-
ondary structural elements according to Kong and Yu [25]. 
Consequently the peaks at 1631, 1641 and 1692 cm−1 repre-
sented β-sheet elements, whereas 1666 and 1680 cm−1 peaks 
demonstrated the presence of β-turn structure in the protein 
concentrates. Finally 1658 cm−1 peak was attributed to the 
presence of α-helices.

In the FT-IR spectra, intensities of specific components 
are related to certain structural attributes, which could 
largely vary between proteins [26]. Since the current sam-
ples are concentrates rather than purified proteins, it is 
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not possible to identify and relate structural characteris-
tics directly to certain components. However, current data 
clearly demonstrated that black cumin protein concentrates 
contained both α- and β-structures. Finally based on normal-
ized absorbance data between 1000 and 1200 cm−1 (Fig. 4d), 
a minor peak was detected around 1050 cm−1 possibly indi-
cating partial glycosylation of the proteins. This assign-
ment was based on the work of Khajehpour et al. [27] and is 
coherent with the current rheological observations.

Influence of solvent extraction on the functionality 
of the protein concentrates

Various functional properties of the protein concentrates 
were tested including solubility, water and oil holding capac-
ities. In addition, surface activity at the air–water interface 
was also monitored.

Functionality tests

Amino acid composition and distribution of their hydro-
philic/hydrophobic characteristics throughout the molecules 
influence aqueous solubility of proteins. Consequently pro-
tein solubility also has a bearing on the other functional 
properties such as foam and emulsion formation, gelation 

and thickening in food dispersions. Solubility (pH 7.0) char-
acteristics of the protein concentrates were listed on Table 3. 
Solvent extraction clearly increased the solubility of con-
centrates. Prior to solvent extraction, AE-IP concentrates 
demonstrated approximately 12.1% aqueous solubility, while 
after hexane extraction this number rose to 32.2%. In the 
previous literature, Karaca et al. [28] reported that extraction 
method significantly affected pea protein isolate solubility, 
which was attributed to the differences in surface charac-
teristics of the proteins that were induced by the extraction 
methods. In most cases, changes in solubility may also be 
attributed to conformational changes [29] and the stability/
destabilization of the native structure [30].

Fig. 4  The FT-IR analysis of protein concentrates was carried out 
using an FT-IR spectrophotometer equipped with an ATR module. 
FT-IR absorption spectra were collected from 4000 to 650  cm−1. 
Only the necessary portions were plotted. FT-IR spectrum for a hex-

ane treated AE-IP sample, b similar sample that was not treated with 
hexane, c second derivative spectrum for a. d Represents the normal-
ized absorbance spectrum for the glycosylated proteins, specifically 
between 1200 and 1000 cm−1. Representative runs

Table 3  Solubility (%), water holding capacity (WHC, g/g) and oil 
holding capacity (OHC, g/g) value of black cumin protein concen-
trates before or after hexane extraction. The data represent the aver-
age of three independent experiments

The standard deviation was < 2% in all cases

Sample/prepa-
ration method

Solvent 
extrac-
tion

Solubility (%) WHC (g/g) OHC (g/g)

AE-IP – 12.1 1.19 1.62
AE-IP + 16.33 1.31 2.33
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Water holding capacity (WHC) is among the most critical 
characteristics of food proteins. A pronounced WHC will 
inhibit the separation of water due to gravitational forces. 
Environmental conditions as well as amino acid content 
and conformational characteristics determine the interac-
tions between water and proteins, which in turn influence 
sensory and textural attributes of foods [31].

Water holding capacity (WHC) data for the current sam-
ples were also presented on Table 3. Once again, solvent 
extraction was shown to enhance the WHC of the protein 
concentrates. Prior to solvent extraction AE-IP samples 
demonstrated a WHC value of 119.2 (g/100 g), whereas after 
the extraction this value increased to 131.3 (g/100 g). In the 
literature, extraction technologies were shown to affect the 
WHC values of proteins [32]. Both the oil and water absorp-
tion capacity of the proteins in the oilseed meals were shown 
to increase due to deoiling of seeds [1]. Proteins with higher 
amounts of hydrophilic groups near the surface potentially 
hold increasing amounts of water [33].

The oil holding capacity (OHC) values for concentrates 
were presented on Table 3. Extraction techniques were pre-
viously shown to have a bearing on the OHC values of pro-
tein concentrates [32]. Prior to hexane extraction, OHC for 
AE-IP samples were 162 (g/100 g). After hexane extraction, 
this value increased to 232 (g/100 g). Consequently hexane 
extraction enhanced all the functional characteristics inves-
tigated here.

Drop shape tensiometry

The surface tension at the air-protein solution surface was 
determined by drop shape tensiometry (Fig. 5). The sur-
face tension values for black cumin protein concentrates 
before and after oil extraction were approximately 37.6 and 
37.5 mN m−1 respectively, at a protein concentration of 0.1% 
after 10,000 s. The surface pressure exerted by black cumin 

proteins were superior to that of a commercial soy protein 
sample (γ = 49 mN m−1) at the same protein concentration 
after 10,000 s. Although the equilibrium values for the sam-
ples before and after hexane extraction was comparable, hex-
ane extracted sample reached to this level of surface pressure 
sooner, which could imply differences in adsorption behav-
ior as well as concentration dependence of the plateau value. 
Interactions of the remaining oil might negatively increase 
the extent of interactions between the proteins and the air 
phase. These findings demonstrated that black cumin protein 
concentrates demonstrated significant technical functionality 
including surface activity as also demonstrated by function-
ality tests. The size range of the proteins investigated here 
(Fig. 1a, b) was mostly comparable to that of highly surface 
active food proteins. To the best of our knowledge, there 
were no previous studies that measured the surface tension 
values for black cumin proteins. As the long-term kinetics 
of the concentrates were investigated (i.e., ∆Π vs.  t−0.5) [15], 
maximum surface pressure values of 36.7 (no hexane extrac-
tion) and 35.8 (hexane extraction) mN m−1 were predicted.

The initial stages of protein adsorption are generally 
limited by diffusional characteristics. Following adsorp-
tion, proteins unfold and rearrange at the interfaces. This 
process is characterized by rapid increase in surface pres-
sure. In order for surface tension to reach the steady state, 
penetration, unfolding and molecular rearrangements in the 
adsorbed film have to be completed [15]. Tsoukala et al. 
[34] measured surface pressure for broad bean legumin pro-
tein dispersions (0.05% w v−1) as approx. 15 mN m−1 and 
for lupin protein isolate solutions (0.05% w v−1) as aprox. 
22 mN m−1 at 10 min. Our results were comparable to these 
findings.

ACE‑inhibitory activities of black cumin protein 
hydrolyzates

ACE converts angiotensin I to angiotensin II, and hydro-
lyzes bradykinin, a vasodilator peptide. Due to both actions, 
ACE has the potential to elevate blood pressure in humans 
[35]. ACE-inhibitory peptides could reduce blood pressure 
[36] without demonstrating pronounced side effects of syn-
thetic drug molecules. Food-grade ACE-inhibitory peptides 
may be utilized in functional foods or food supplements. 
Black cumin protein concentrates were treated with trypsin 
or chymotrypsin to determine whether they demonstrated 
ACE-inhibitory activity (Fig. 6). Although slight, in both 
cases, ACE-inhibition was observed and the extent of ACE-
inhibition was found to be minimally dependent on proteoly-
sis duration. ACE-inhibitory characteristics of chymotryptic 
peptides were more pronounced than tryptic peptides. Based 
on further purification or utilization of other enzymes [37], 
the potential to generate ACE-inhibitory peptides might be 
enhanced.

Fig. 5  Dynamic surface tension of black cumin protein concentrates 
(0.1%) prepared by AE-IP method as a function of drop age before 
and after hexane extraction. A representative run was shown for each 
sample. Data for a commercial soy protein isolate was added as a ref-
erence
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In summary, in this study, technical and biological activi-
ties of black cumin protein concentrates were investigated. 
Although some analyses on the proteomic and genomic 
characteristics of black cumin proteins were previously pub-
lished, here we report new information on the thermal, struc-
tural, rheological and ACE-inhibitory characteristics. Black 
cumin proteins contained both α- and β-secondary structural 
elements, part of which were potentially glycosylated, which 
potentially controlled the gel-like behavior of these proteins 
at ambient temperature, whereas thermally induced gelation 
was not observed at neutral pH. A number of high pI pro-
teins were also detected via 2D-electrophoresis. Technical 
functionality of the concentrates including solubility, WHC, 
and OHC were improved by hexane extraction, while the 
presence of black cumin oil in the concentrates enhanced the 
thermal stability of the proteins. Black cumin proteins also 
demonstrated considerable surface activity at the air–water 
interface. Finally upon enyzmatic proteolysis, protein hydro-
lyzates demonstrated slight angiotensin-converting enzyme 
(ACE)-inhibitory activity.

Conclusion

The global protein demand is constantly increasing, which in 
turn requires a sustainable supply. Cold press deoiled meals 
represent a viable and economic source of plant protein man-
ufacture. Here, based on a simple methodology which can 
conveniently be scaled up, black cumin protein concentrates 
were manufactured. Hexane extraction clearly enhanced the 
functional characteristics in most cases, due to the enhance-
ment of protein-solvent interactions in the absence of oil 
and also partial denaturation of the proteins during hexane 
treatments.

Secondary structural attributes of these proteins were 
analyzed based on FT-IR data and a number of peaks were 
reported for both α- and β-elements. Black cumin proteins 
potentially contained some glycosylated proteins, which 
explained their gel-like behavior prior to heating. Alkaline 
gelation was observed, whereas self-supporting gels did not 
form at pH 7. Findings on the structure and bioactivity of 
protein concentrates could enhance the utilization potential 
of this otherwise difficult to consume seed, which has a bal-
anced amino acid content and a relatively high concentration 
of essential amino acids.
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