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Abstract 
Kernel of sour cherry (Prunus cerasus L.) is a valuable source of protein generated as byproduct during processing of sour 
cherries. In this study, optimisation of protein extraction yield from sour cherry kernel was investigated using response 
surface methodology. Optimum conditions for alkaline solubilisation/isoelectric precipitation extraction were identified as 
pH 8.5, 1:10 solid-to-solvent ratio, and 1 h extraction time to obtain a protein yield of 63.8% for a protein content of 88.3%. 
The isoelectric precipitation point of sour cherry kernel protein isolate (SCKPI) was shown to be 4.2 and a high solubility 
of 85.3% was found at neutral pH. Results showed that SCKPI had a substantially high in vitro protein digestibility (95.7%). 
Other physicochemical properties such as water- and oil-holding capacities, gelling capacity, emulsion stability, foaming 
capacity as well as thermal properties were also reported and ensured comparable functionalities indicating a great potential 
as a valuable plant-based protein source for the food industry.
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Statement of Novelty

The utilization of sour cherry kernel (food industry waste) 
was done by extraction of valuable proteins with promising 
functional properties as an alternative to commercial plant-
based protein sources.

Introduction

Turkey is among the top global sour cherry (Prunus 
cerasus  L.) producers with an annual production of 
184,167 tonnes after Russia (232,200 tonnes) and Poland 
(200,632 tonnes) in 2018 [1]. Sour cherries are exclusively 
processed into various forms including juice, concentrate, 
jam, jelly, marmalade, canned or frozen products [2, 3]. 
Almost forty percent of the total sour cherry crop in Turkey 
is processed into juice due to consumer preferences [4]. Dur-
ing juice processing, significant amounts of fruit kernels are 
generated without further use or with very limited utility [5]. 
According to Bak et al. (2010), sour cherry kernel can be 
considered as an emerging source of functional food due to 
its bioactive constituents. No evidence of toxicity has been 
reported by consuming sour cherry seed in animal subjects 
[6] and human subjects [7]. Furthermore, cardioprotective, 
anti-inflammatory, anti-diabetic, antioxidant, dermal photo-
protection and therapeutic effects of sour cherry seed kernel 
have been studied [8, 9]. Sour cherry kernels are rich in 
carbohydrates, proteins and lipids with their corresponding 
concentrations of 46.6%, 29.3%, and 17.0%, respectively. 
Regarding its amino acid composition, sour cherry kernel 
contains glutamic acid at most, and lysine, a limiting essen-
tial amino acid in most cereals, is present in relatively high 
quantity in sour cherry kernel [10]. Various research groups 
have investigated utilization of sour cherry kernel as a source 
of oil [5, 10–13].

As a result of the diminishing food protein supplies 
worldwide, there has been an increasing interest for utiliza-
tion plant proteins as new and low-cost protein sources in 
food applications [14]. Current trends is pushing industry to 
find plant-based alternatives to animal-derived ingredients 
based on consumer perceived fears (e.g., prion disease), reli-
gious inhibitions, and dietary and moral preferences associ-
ated with consuming animal byproducts [15]. Several protein 
rich products such as flour, concentrates, or isolates, can be 
incorporated into food products to improve their functional 
and/ or nutritional properties [16]. Tuna (2015) indicated 
that 5% addition of sour cherry kernel flour (SCKF) did not 
diminish sensory quality of cake formulations [17]. How-
ever, protein isolates is of interest rather than the flour of 
seeds, since they have superior functional properties and 
are free of indigestible carbohydrates [18]. To the best our 

knowledge, there is solely one paper reported the impact of 
pH on protein extraction from defatted sour cherry kernel 
flour to obtain protein concentrate [19]. Thus, the poten-
tial of sour cherry kernel should be investigated in detail 
in terms of the effects of different extraction parameters for 
production of protein isolate. In recent studies, soy protein 
isolate (SPI) has been used as a reference for validation of 
experimental protein extraction from plant sources due to 
food industry preferences [20]. The aim of this work is the 
optimization of conventional alkaline protein extraction 
from sour cherry kernel in terms of yield and protein func-
tionality and to determine in vitro protein digestibility for 
the first time. Response surface methodology (RSM) was 
applied to determine the optimum preparation conditions of 
extraction pH, liquid-to-solid ratio, and time to obtain sour 
cherry kernel protein isolates (SCKPI) and physicochemical 
properties of the SCKPI against the commercially available 
soybean protein isolate were assessed.

Materials and Methods

SCKF Preparation

Pitted sour cherry kernels (seed part) were supplied from 
a local fruit byproducts processing company, Hedef Un 
A.S.(Izmir, Turkey). A commercial SPI (87.8% pro-
tein, db, Pingdingshan Tianjing Plant Albumen Co. Ltd., 
Henan, China) was used as a reference for comparison of 
functional properties. Double distilled water was used as 
solvent. All chemicals were reagent-grade and purchased 
from Sigma–Aldrich Co. LLC (Missouri, United States) 
unless otherwise mentioned. Pitted sour cherry kernels 
were ground into flour with liquid nitrogen using IKA T10 
basic disperser (IKA Werke, Staufen, Germany) and stored 
in freezer at − 80 °C until use to avoid lipid oxidation.

Proximate Analysis

Moisture content (AOAC Method 925.09, 1990), oil con-
tent using Soxhlet method (AOAC Method 960.39, 1990), 
total protein content using Kjeldahl method (AOAC Method 
950.48, 1990), and ash content (AOAC Method 923.03, 
1990) of SCKF were determined. Dietary fiber analysis 
(Method 32–07.01) was performed according to AACC 
method [21]. Carbohydrate content was calculated by sub-
tracting total percentage of other components.

Defatting

SCKF samples were defatted prior to extraction according to 
previously published method with minor modifications [22]. 
Samples were mixed with hexane (1:3, w/v) for 40 min using 
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magnetic stir plate at 500 rpm followed by hexane decanting. 
After repeating 3 times, the mixture was filtered through 
Whatman #1 filter paper (Whatman International Ltd., 
Maidstone, United Kingdom), and dried under fume hood 
at room temperature for 16 h. The defatted flour (d-SCKF) 
was stored at 4 °C until further analysis.

Surface Charge and Isoelectric Point Determination

The overall surface charge of d-SCKF was determined by 
measuring the electrophoretic mobility (UE) of d-SCKF dis-
persions (0.01%, w/w) at pH 2–11 (titrations performed with 
0.1 mol/L HCl or NaOH at 22 oC) using Zetasizer NanoS 
(Stabino™ Zeta Potential Nano-Flex™ Particle Size Distri-
bution Instrument, Meerbusch /Germany). UE was used to 
calculate the zeta potential (ζ) by applying Henry’s Eq. (1):

where ε is the permittivity, f (κα) is a function related to the 
ratio of particle radius (α) and the Debye length (κ), and η 
is the dispersion viscosity. For this study, the Smoluchowski 
approximation f (κα) equalled 1.5.

Protein Extraction

SCKPI was prepared via alkaline solubilisation/isoelectric 
precipitation extraction [23]. Briefly, d-SCKF was sus-
pended in distilled water which were adjusted to desired 
pH (8.0–11.0) with 0.1 mol/L NaOH and incubated at des-
ignated time and solid/solvent ratio (1/30 to 1/10, w/v) with 
constant agitation at 250 rpm at room temperature. pH of 
extracts were adjusted to 4.2 (pI of SCKPI by "Surface 
Charge and Isoelectric Point Determination" section) with 
0.1 mol/L HCl to precipitate proteins. The precipitate was 
recovered by centrifugation at 3000 × g at 5 °C for 20 min 
followed by removal of the supernatant via decantation. Pro-
tein curd was washed twice with distilled water and centri-
fuged at 3000 × g for 15 min. Then washed precipitate was 
freeze-dried as SCKPI, and stored in plastic bags at 4 °C 
until further analysis.

Experimental Design and Statistical Analysis

The experimental design was constructed by a Design-
Expert® 8.0.5 software package (Stat Ease, Inc., Minneapo-
lis, MN, USA, 2010), by Box-Behnken design to determine a 
set of experimental conditions for the highest protein yield. 
Seventeen experimental runs were performed consisting of 
twelve factorial points and 5 replications at the center point. 
Three factors were selected for optimisation, extraction 

(1)UE = 2� × � × f (��)∕3�

time (X1, 1-3 h), pH (X2, 8 to 11), and solid/solvent ratio 
(X3, 30 to 10 g/100 mL), as these parameters affect protein 
extraction significantly [20, 23, 24]. Although extraction 
temperature had significant impact on the protein yield in 
cumin seed, temperatures the changes of protein yield were 
not significant after 30 °C and were reduced remarkably at 
60 °C probably due to protein denaturation. Hence, protein 
extraction from kernels was performed at room temperature. 
These independent variables were coded and are represented 
in Table 1. Mean of triplicate measurements of each run was 
reported as experimental responses. Experimental runs were 
randomized to minimize unexpected variability effects in 
responses. The variables were coded according to the Eq. 2.

where x is the coded, Xi was the corresponding actual, Xo 
was the actual value in the center of the domain, and ΔX 
is the increment of Xi corresponding to variation of 1 unit 
of x. Runs at the central point of design were applied to 
estimate possible pure error. Protein yield was used as the 
response variable corresponding to combination of inde-
pendent variables.

Protein content of isolates was determined using Kjeldahl 
method. Protein yield was calculated as follows (3):

where WPI and WF are defined as weight of extracted 
SCKPI, and d-SCKF, respectively.

The responses in terms of protein content yield (Y) was 
analyzed by RSM to fit the following statistical model (4):

where b0 is the value of the fixed response at the central 
point of the experiment, which is the point (0,0,0); bn; 
bnn and bnm, bnnm, bnmm are the linear, quadratic, cross 
product coefficients, and Xn, Xm are the input variables, 
respectively.

Verification was achieved by conducting experiments 
under the selected optimum condition. Experimental and 
predicted responses were compared. The fitted polynomial 
equation was expressed as surface and contour plots. SCKPI 
extracted according to the optimized condition was used to 
evaluate its physicochemical and functional properties.

(2)x =
Xi − X0

Δx

(3)Y(% ,w∕w) =
WPI × %ProteinPI

WF × %ProteinF
× 100

(4)

Y = b
0
+

3
∑

n=1

(

bnXn + bnnX
2

n

)

+

3
∑

n<m

(

bnmXnXm + bnnmXnX
2

m
+ bnmmX

2

n
Xm

)
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Determination of Thermal Properties

Thermal properties of SCKPI and d-SCKF dispersions were 
evaluated by a differential scanning calorimeter (DSC Q10, 
New Castle, USA) according to Tan et al. (2014) with minor 
modifications [24]. Briefly, 0.5 g of SCKPI (extracted under 
the optimum conditions) was dissolved in 0.5 mL of distilled 
water and stirred for 20 min to obtain 1:1 slurry (w/w) and 
equilibrated in refrigerator at 5 ± 1 °C for 16 h. Fifteen mg 
of the slurry was placed in aluminium pan using microliter 
pipette. After the pan was hermetically sealed, samples were 
submitted to heating over a range of temperatures from 
27 °C to 157 °C at 5 °C/min with flow rate of 50 mL/min 
nitrogen. Measurements were performed in triplicate. An 
empty sealed hermetic pan was used as reference.

Determination of Physicochemical and Functional 
Properties

Determination of Bulk Density and Color Characteristics

Bulk density and color measurements were performed, as 
described [25]. Protein samples were placed into a 10 ml 
graduated cylinder by constant tapping until there was no 
further change in volume. Contents were weighed and bulk 
density of samples was calculated.

Color parameters (Hunter L, a, and b values) were meas-
ured for d-SCKF, SCKPI, and SPI using a colorimeter 
Minolta Chroma Meter-400 (Ramsey, New Jersey, USA). 
A white tile was used L = 96.82, a =  + 0.02 and b =  + 2.08 
as a reference.

Determination of Solubility

The pH-dependent solubility profile was determined accord-
ing to Chee, Ling, and Ayob (2012) with some modifications 
[26]. Briefly, 100 mg of sample was dispersed in 10 mL 
of distilled water. pH of the dispersion was adjusted to pH 
2–10 using either 1 M HCl or 1 M NaOH. Protein contents 
in solution before centrifugation, and in supernatants after 
centrifugation at 10.000 × g for 30 min, were determined by 
Bradford method with respect to Eq. (5):

(5)

Solubility%

(

g

100g

)

=
Protein content of supernatant

Protein content of sample
× 100

Determination of Water and Oil Absorption Capacity

1 g of either SCKPI or SPI was vortex mixed with 10 mL 
distilled water for water absorption capacity (WAC) or 
10 mL of refined vegetable oil (olive oil, density of 0.89 g/
mL) for the determination of oil absorption capacity (OAC) 
during 30 s. Sample was incubated at room temperaturefor 
30 min. The mixture was then centrifuged at 4000 × g and 
25 °C for 20 min, and the weight of the supernatant was 
determined [27]. The weight (g) of water or oil absorbed per 
gram of isolate was reported.

Determination of Emulsifying Properties

Emulsifying activity (EA) and emulsion stability (ES) were 
determined based on the procedure of literature [24]. Briefly, 
10 mL of 1% (w/v) protein isolate suspensions were pre-
pared in distilled water prior to homogenization (Ultra Tur-
rax T25, Staufen, Germany) at speed 4 which corresponds to 
12,000 rpm, for 2 min at room temperature. Approximately 
10 mL of vegetable oil was added to slurries in falcon tubes 
of 50 ml, and homogenized for 2 min. Emulsions were cen-
trifuged at 1200 × g for 5 min. The emulsifying activity was 
determined as in Eq. (6):

For the emulsion stability analysis, the emulsion was re-
centrifugated at 1200 × g for 5 min after heating the tubes in 
water bath at 80 °C for 30 min, and then ES was calculated 
as in Eq. (7):

Determination of Foaming Properties

A slightly modified method was used to measure foaming 
capacity (FC) and stability (FS) [23]. Approximately 20 mL 
of 1% (w/v) protein solution was mixed for 2 min with a 

(6)EA (% ) =
Height of emulsified layer

Height of the contents of the tube
× 100

(7)

ES (% ) =
Height of remaining emulsion layer

Height of the original emulsified layer
× 100
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homogenizer at 12,000 rpm. Samples were transferred into 
250 mL graduated glass cylinders (inner diameter = 37 mm; 
height distance between adjacent units = 2 mm; as measured 
by a digital calliper). The foaming capacity was calculated 
using the Eq. (8).

For the determination of FS, foam volume changes in the 
graduated cylinder were recorded after standing 10, 30, and 
60 min at room temperature, according to Eq. 9:

(8)FC (% ) =
Volume after whipping(mL) − Volume before whipping (mL)

Volume after whipping(mL)
× 100

(9)FS (% ) =
Volume after standing(mL)

Volume after whipping(mL)
× 100

Determination of Gelation Properties

Gelation properties of samples were determined by employ-
ing standard methods [28]. Suspensions with a protein frac-
tion of 2–20% were prepared with an interval of 2 in distilled 

water. Samples were heated for 1 h in boiling water followed 
by rapid cooling in an ice bath for 10 min, and then cooled 
further at 4 °C for 2 h. The least gelation concentration 
(LGC), which is the concentration above which the sample 
did not fall down or slip when the test tube was inverted, was 
determined as g/100 g protein basis.

Determination of in vitro Protein Digestibility

In vitro protein digestibility in d-SCKF and SCKPI were 
determined based on a published method [29]. Briefly, 
simulated saliva solution was prepared by dissolving 2.38 g 
Na2HPO4, 0.19 g KH2PO4, and 8 g NaCl, in 1 L of distilled 
water. Solution pH was adjusted to 6.75, and α-amylase (EC. 
3.2.1.1) was added to obtain 200 U/mL of enzyme activity. 
For gastric digestion, 300 U/mL of pepsin (from porcine 
stomach mucosa, pepsin A, EC. 3.4.23.1, Merck KGaA, 
Darmstadt, Germany) solution was prepared in 0.03 mol/L 
NaCl at pH 1.2. Further, simulated intestinal juice was pre-
pared by dissolving 0.05 g of pancreatin (from porcine pan-
creas, activity equivalent 4 USP, EC. 232.468.9) and 0.3 g 
of bile extract (from porcine, EC. 232.369.0) in 35 mL 

Table 2   Proximate composition 
of SCKF

Data reported as mean ± stand-
ard deviation (SD) of three 
measurements as dry basis
*Dietary fiber content is 
included in total carbohydrate

Composition g/100 g

Carbohydrate 23.0 ± 1.4
Dietary Fiber* 15.7 ± 0.2
Oil 39.4 ± 0.2
Protein 35.5 ± 1.0
Ash 2.2 ± 0.1
Moisture 5.7 ± 0.1

Fig. 1   The DSC profile of 
SCKP in 1:1 (w/w) distilled 
water slurry
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0.1 mol/L NaHCO3. d-SCKF and SCKPI were subjected to 
simulated gastrointestinal digestion as follows: 1 g of each 
sample was homogenized in a Stomacher laboratory blender 
for 1 min to simulate mastication in presence of 15 mL of 
simulated salivary fluid; and subsequently shaken for 10 min 
at 37 °C. The samples were adjusted to pH 1.2 using 5 mol/L 
HCl, then 15 mL of simulated gastric fluid was added. The 
samples were shaken for 60 min at 37 °C. After digestion 
with the gastric fluid, pH of the samples were adjusted to 6.0 
with 0.1 mol/L of NaHCO3 and then 15 mL of a mixture of 
bile extract and pancreatin was added. pH of the mixture was 
adjusted to pH 7.0 with 1 mol/L NaOH and finally 5 mL of 
0.12 mol/L NaCl and 5 mL of 0.12 mol/L KCl were added 
to each sample. Once prepared, the samples were submit-
ted to in vitro digestion for 120 min at 37 °C in dark. After 
centrifugation, at 4000 × g and 5 °C for 20 min, supernatants 
were collected.

Protein content from supernatants was determined with 
Bradford method using BSA (bovine serum albumin, EC. 
232–936-2) as standard protein. The in vitro protein digest-
ibility was evaluated on the basis of total soluble protein 
content and the protein content determined after in vitro 
digestion with respect to Eq. (10):

where PD (%) represents in vitro protein digestibility; Pt, 
total protein content; Pr, protein content after in vitro simu-
lated gastrointestinal digestion.

Results and Discussion

Proximate Composition

The protein content of ground d-SCKF was determined as 
43.58% prior to experiments by Kjeldahl method (Table 2). 
The kernels were found to be rich in lipids, proteins, and die-
tary fiber with concentrations of 39.4%, 35.5%, and 20.3%, 
respectively (Table 2). The lipid composition was nearly 
consistent previous findings [6]. In the study of Yılmaz 
and Gökmen (2013) an oil content of 17.0% was described 
for sour cherry seed kernels whereas significantly different 

(10)PD (% ) = 100% −
(

Pr

Pt
× 100%

)

oil contents were reported for SCKF as 27–36% [17] and 
34.8% [19]. For the protein content of SCKF, there has been 
a wide range of findings previously reported in literature 
(29.3–45.0%) covering the protein composition of this study 
(35.5%), which may be explained by varietal, seasonal, or 
geographical differences.

Thermal Properties

DSC profile of dispersions containing SCKPI (extracted 
under optimum conditions) at 1:1 (w/w) proportion with 
distilled water is displayed in Fig. 1. Heat flow was dem-
onstrated as function of sample temperature with an endo-
thermic response oriented upwards in the plot. Denaturation 
temperatures show protein thermo-stability, while ΔH is an 
indication of hydrophobic/hydrophilic interactions and com-
pactness of proteins [30]. The protein denaturation transi-
tion of SCKPI (88.3% protein) was observed as doublet, an 
endothermic peak at 83.2 °C with an onset temperature of 
82.9 °C and a conclusion temperature of 90.7 °C, a second 
endothermic peak at 109.4 °C with an onset temperature 
of 99.4 °C and a conclusion temperature of 122.5 °C, as 
shown in Table 3. A DSC thermogram of d-SCKF (43.6% 

Table 3   Transition temperatures and enthalpies of SCKPI

Data reported as mean ± standard deviation (SD) of three measure-
ments

T0 (0C) TP (0C) TC (0C) Total 
Entalphy 
(W/g)

1 82.9 ± 0.9 83.2 ± 2.1 90.7 ± 1.4 1.6 ± 0.2
2 99.4 ± 1.2 109.4 ± 3.1 122.5 ± 3.1 4.4 ± 0.6
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Fig. 2   (a) Surface charge on sour cherry kernel flour at different pH 
values, (b) Protein solubility profile of Sour cherry kernel protein 
(SCKP) and soybean protein isolate (SPI) as a function of pH. Data 
points are mean ± standard deviation. (n = 3)
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protein) exhibited a wider peak (data not shown) at the inter-
val of first transition temperature starting at 61.1 °C possibly 
due to starch gelatinization. Although starch constituent of 
SCKF has not been reported before; low amounts of starch 
present in nut and kernel flours can undergo gelatinization 
upon heating and affect the thermal properties [31]. The high 
denaturation temperatures of proteins indicate high thermal 
stability [32]. Some authors indicated single denaturation 
point for SPI at 92.5 °C under similar experimental con-
ditions [24], which demonstrated higher thermal stability 
compared to first transition temperature of SCKPI. On the 
other hand, researchers indicating doublet denaturation tem-
peratures for SPI (75.0 °C and 94.8 °C) have implied that 
the number of peaks can stem from varietal differences [20].

Isoelectric Point

The isoelectric point (pI) of d-SCKF, the point at which 
surface net charge is zero, was found to be at around pH 
4.2. When pH was deviated from the pI, the net charge on 
protein chains were increased. Similar net charges observed 
between different starting pH points, as the pH was gradually 
increased from pH 2.5 to 10 and vice versa (Fig. 2a). The 
pI of the sour cherry kernel proteins was assumed to be pH 
4.5 due to the formation of a firmer precipitate than pH 4.0 

Fig. 3   3D surface plot showing interaction effect of process variables 
a solid-to-solvent ratio and pH, b time and solid-to-solvent ratio, and 
c time and pH on protein yield (%)

Table 4   ANOVA for response surface model: Estimated regression 
model of relationship between response variable (yield) and inde-
pendent variables (X1, X2, X3)

*Significant at p < 0.05
** Significant at p < 0.01

Source Sum of  
Squares

DF Mean  
Square

F-value P-Value

Model 1923.24 12 160.27 30.16 0.0024*
X1-pH 6.20 1 6.20 1.17 0.3409
X2-Ratio 684.35 1 684.35 128.76 0.0003**
X3-Time 70.22 1 70.22 13.21 0.0221*
X1 X2 41.93 1 41.93 7.89 0.0484*
X1 X3 16.65 1 16.65 3.13 0.1515
X2 X3 789.05 1 789.05 148.46 0.0003**
X1

2 72.93 1 72.93 13.72 0.0208*
X2

2 69.52 1 69.52 13.08 0.0224*
X3

2 50.28 1 50.28 9.46 0.0371*
X1

2 X2 202.71 1 202.71 38.14 0.0035**
X1

2 X3 93.98 1 93.98 17.68 0.0136*
X1 X2

2 55.28 1 55.28 10.40 0.0321*
Pure Error 21.26 4 5.31
Core Total 1944.50 16
R2 0.9891
RAdj

2 0.9563
CV % 4.54
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in which yield of protein extraction was the minimum in a 
previous study [19]. The experimental pI of SCKPI is con-
sistent with the pI of plant based proteins in literature [20].

Extraction Conditions

SCKF was extracted for its protein following 17 combina-
tions of three independent variables (pH, extraction time, 
solid/solvent ratio) (Table 1). Results revealed that the 
experimental protein yield varied from 25.4% and 79.6%. A 
similar range of yield (%) has been described for isoelectric 
precipitated and ultrafiltered proteins derived from pulse 
flours in the literature [33]. The maximum yield (79.6%) was 
obtained under experimental conditions of X1 (pH) = 9.5, 
X2 (solid/solvent ratio) = 1/30 g/mL, and X3 (time) = 3 h 
(Fig. 3). Similar results (74.1 ± 2.50%) has been reported at 
pH 10.0 recently [19].

Model Fitting

The application of RSM yields the following regression 
equation, which is an empirical relationship between pro-
tein yield and the test variable in coded units, as given in 
Eq. (11).

The predicted values (Table 1) of protein yields are calcu-
lated using the regression model and compared with experi-
mental values. The predicted values (Table 1) of yield are 
calculated using the regression models and compared with 
experimental values. The values of the determination coef-
ficient R2 was 0.9891, and adjusted determination coefficient 
R2adj was 0.9563 indicating that more than 98% of the vari-
ation was explained by the models [23].

Analysis of variance (ANOVA) of independent variables 
was performed. The statistical analysis data revealed that the 
contribution of reduced cubic model was significant with 
respect to ANOVA table (Table 4). The coefficients of vari-
ation (CV) for protein yield, which is a standard deviation 
expressed as a percentage of the mean, a sign of good pre-
cision and high reliability and reproducibility when below 
10%, was measured as 4.54%. The statistical analysis data 
revealed that linear, quadratic and interaction terms of solid/
solvent ratio and extraction time are significant (p < 0.05) 
on the extraction yield of protein (Table 4). The pH and 
two-way interaction of pH and time (X1X3) are insignifi-
cant (p > 0.05) under the experimental conditions used in 
this study, however other quadratic and interactions of pH 
demonstrated significant effects (p < 0.05) on protein yield. 
Previous RSM studies for plant proteins indicated that both 

(11)

Y = 49.19 − 1.24X
1
+ 13.08X

2
− 4.19X

3
+ 3.24X

1
X
2

+ 2.04X
1
X
3
+ 14.05X

2
X
3
− 4.16X

2

1
+ 4.06X

2

2

+ 3.46X
2

3
− 10.07X

2

1
X
2
+ 6.86X

2

1
X
3
+ 5.26X

1
X
2

2
.

pH and solid/solvent ratio were important factors affecting 
protein yield [34–36].

The insignificance of the change in pH on protein yield 
may stem from high solubility of SCKPI at alkaline pH 
intervals (8–11). Since the solubility of SCKPI was above 
85% ("Physicochemical and Functional Properties" section) 
for each pH values studied, a high extraction yield can be 
performed without significant differences between condi-
tions related to pH within the ranges in this study.

Interpretation of RSM

The 3D surface plots were drawn to illustrate the main 
and interactive effects of the independent variables on the 
dependent one. These graphs were obtained by fixing two 
variables at coded zero level (Table 1) while varying the 
remaining two variables and predicting the response variable 
(protein yield). 3D surface plots corresponding extraction 
yields and interaction effect of process variables of pH and 
solid/solvent ratio, extraction time are presented in Fig. 3.

The time of extraction has an effect on protein yield; 
when it was kept constant at 1 h as an optimum condition, 
the protein yield changed from 35 to 65% and the rise in 
solid/solvent ratio positively affected the yield response 
(Fig. 3) which is consistent with literature indicating that 
1 h extraction time would produce higher yield of protein as 
long as the extraction temperature kept under room tempera-
ture to eliminate protein denaturation risk [36].

No significant (p > 0.05) changes observed in protein yield 
with the change of solution pH for any response surfaces in 
consistency with ANOVA (Table 4). The averages of protein 
yield are 49.10, 59.12, and 42.53 mg/g at pH of 8, 9.5 and 
11, respectively. Moreover, the averages of protein yield are 
59.93, 46.23, and 61.86 mg/g at solid/solvent ratio of 1/30, 
1/20, 1/10, respectively. The isoelectric precipitation method 
of protein extraction relies on high solubility of protein con-
stituents at alkaline pH [15], the solubility of SCKF protein 
was high above 85% and did not change drastically within the 
interval of pH 8–11. Although the maximum yield of protein 
(79.6%) was obtained under the conditions including extrac-
tion time of 3 h, the extraction time has been reported in pre-
vious studies as responsible from the formation of undesired 
protein–phytic acid complexes and fall in solubility upon 
rise in extraction time [37]. Moreover, it is targeted herein to 
obtain higher extraction yield within a shorter time with the 
intention of waste utilization and cost reduction.

Verification of Predictive Model

The optimum condition for SCKF protein extraction deter-
mined by numerical optimization feature of Design Expert® 
8.0.5 software (Stat Ease, Inc., Minneapolis, MN, USA, 
2010) targeting the highest protein yield in a short time was 
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mild alkaline pH (8.5), solid/solvent ratio (1/10), and time 
(1 h) for economic reasons. The verification experiment was 
carried out with protein extracts at optimum conditions. The 
predicted (62.3%) and experimental yield (63.8%) were con-
sistent with each other, the experimental results were within 
the range of 95% confidence level. The protein content of 
optimally extracted SCKPI was 88.28% (w/w), which indi-
cated its high potential to be utilized in foods meeting high 
protein content at low cost.

Physicochemical and Functional Properties

The results of the physicochemical and functional property 
experiments of SCKPI (extracted at optimum conditions 
described in "Extraction Conditions" section) are summa-
rized in Table 5.

Solubility

The pH dependent (2.0–10.0) protein solubility pro-
file of SCKPI and SPI was shown at Fig. 2b. The result-
ant U-shaped curve fits in the extant paper on sour cherry 
protein [19]. SCKPI had the lowest solubility at range of 
pI (4.0–5.0) similar to many plant based proteins such as 
SPI [20, 38]. A rise in solubility was observed at pH above 
5.0 and below 4.0 exhibiting a V-shaped curve as in SPI 
(Fig. 2b). At pH 3.0, SCKPI demonstrated moderate solu-
bility (55.1%), which increased through more acidic pH’s, 
reached up to 71.8% at pH 2.0 in accordance with the previ-
ous study [19]. At neutral pH, SCKPI showed solubility of 
85.3%, higher than commercial SPI (64.0%). At alkaline pH, 
the highest solubility values, more than 95%, were observed 
for SCKPI. Although the solubility at pH 10 was 0.8% lower 
than commercial SPI, with the maximum value of 99.2% at 
pH 9, SCKPI exhibited superior solubility profile at alkaline 
pH compared to SPI which was used as a reference in this 
study (86.7–90.1%) [20]. The protein solubility is phenom-
enon related to interactions of proteins with solvents and 
themselves, and the surface hydrophobic–hydrophilic bal-
ance of them [39]. Hydrogen bonds and electrostatic inter-
actions stem from intra and inter-molecular bonds in the 
presence of charged, polar, and nonpolar groups of protein 
amino acid residues on the protein surface; whereas, non-
polar amino acid residues stays in the protein interior [40]. 
Thus, the comparable solubility profile of SCKPI to SPI at 
alkaline pH can be associated with its content of amino acid 
residues like Asp (7.6%), Gly (6.5%), and Ser (4.5%) [10], 
and favorable for its potential applications.

Bulk Density

Bulk densities of SCKPI and SPI were 0.32 g/ml and 0.34 g/
ml, respectively (Table 5). Many parameters can affect bulk 

density of a sample like particle size obtained by different 
drying and grinding procedures. Grinding with liquid nitro-
gen and freeze-drying methods used in this study are noted 
for generating very finite particles [41], they promote unex-
ceptionally lower bulk densities as in the case of SCKPI. 
Hunter color parameters indicated darkening and lowered 
yellowness for SCKPI upon protein extraction.

Water and Oil Absorption Capacity

The water absorption capacity (WAC) of SCKPI (1.7 g/g 
proteins) was significantly lower than SPI (3.1 g/g protein) 
samples used in this study (Table 5). Different water holding 
capacity values were reported previously for proteins derived 
from sour cherry kernel (2.42 g/g) [19] and soybean (1.3 g/g) 
[42]. The position of polar amino acid groups can be respon-
sible for protein–water interaction [40] in such a way that 
the positioning of polar groups such as Gly and Ser [10] on 
SCKPI surface lead to high WAC. The oil absorption capacity 
(OAC) of SCKPI was found as 3.6 g/g protein, significantly 
lower than commercial SPI (7.5 g/g protein). The hydrophobic 
groups, mainly non-polar amino acids on protein surface have 
interaction with oil, determine the OAC which is a required 
property in food applications such as bakery products enhanc-
ing flavor retention and improved palatability [39].

Emulsifying Properties

Emulsifying activity (EA) and emulsion stability (ES) values 
of SCKPI was 44.9% and 96.6%, respectively, which were 
comparable to previously reported SPI (47.4% and 100%) 
under similar experimental conditions [24], but significantly 
different from commercial SPI tested in this study (64.5% 
and 61.6%). EA values may be affected by surface hydrophi-
licity-hydrophobicity, and solubility of SCKPI. Highly solu-
ble protein would have high EA as argued in previous works 
[20]. A higher solubility of SCKPI at alkaline pHs (above 
85%) may help the proteins to hydrate sufficiently, in turn, 
show higher EA. Moreover, the surface hydrophobic–hydro-
philic balance of SCKPI may favor the interactions of oil and 
aqueous medium so that the stable emulsions were formed.

Foaming Properties

The foaming capacity (FC) and stability (FS) values of 
SCKPI extracted at optimum conditions were 77.6% and 
77.6% (at 60 min), respectively. The FS measurements were 
performed at 10, 30, and 60 min. At 10 min, the FS value 
was 88.8% and it decreased up to 77.6% at 30 min and stayed 
same at 60 min. The FC of SCKPI (77.6%) was significantly 
higher compared to commercial SPI (39.4%), significantly 
lower than lentil (LPI) (60.0%) under similar experimental 
conditions [23]. All samples of SCKPI demonstrated high 
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FS regardless of the protein fraction, more than 78% of the 
formed foams remained stable after standing for 30 min at 
room temperature. FS value in this study is absolutely higher 
compared to other studies in literature such as lentil (80%) 
and commercial SPI (92%) under similar experimental con-
ditions. The foaming capacity of a protein can be related to 
its high solubility and unique amino acid composition with 
balanced hydrophilic and hydrophobic segments so that it 
can be adsorbed at the air–water interface with hydrophobic 
segments oriented towards the air and vice versa [40].

Emulsion and foaming properties of SCKPI can head 
light on its potential as emulsifier or foaming agent, while 
determining its amount, sensory properties should also be 
considered. Tuna et al. added SCKF into cake formulations, 
and reported similar sensory analysis scores with control 
cake up to 5% addition [17]. Having light yellowish color 
and somewhat acrid taste, SCKPI may be added to food 
products in lower amounts compared to SPI.

Gelation Properties

The gelling capacity of food hydrocolloids is a crucial func-
tional attribute for manufacturing gel-like or emulsion-type 
foods. Heating a protein solution results in molecular unfold-
ing, which leads first to aggregation and then to gelation when 
the amount of aggregated protein exceeds a critical concen-
tration [43]. Least gelation concentration (LGC) is the usual 
index of heat-induced gelation capacity [33]. In this study, 
LGC of 6.0 g/100 g for SCKPI was observed which was 
much lower than the value observed for the commercial SPI 
(12 g/100 g). Similarly, 8% LGC has been shown for sour 
cherry proteins by different authors at pH 7.0 [19]. A range of 
LGC values that is 4 and 28% has been described for different 
oilseeds and kernels in the literature [44]. For example, wheat 
protein has been reported to be gelatinized at 8% (w/v), which 
was lower than soybean protein (12%) and pea protein (14%) 
[45]. Lower LGC indicates a better gelation ability, means that 
SCKPI possesses a great potential as a gelling agent than SPI 
or other plant based sources in emulsion-type food products. 
The gelation properties depend upon the nature of the protein 
and other non‐protein components of the sample [46]. For 
proteins, gelation properties are based on exposition of the 
functional groups such as peptide bonds, side chain amide 
groups or hydrophobic groups. They interact with each other 
under heat induced gelation and form three dimensional gel 
network. A low LGC is advantageous when targeting certain 
textural attributes at a lower concentration [40].

In Vitro Protein Digestibility

After being digested by alpha-amylase, pepsin, and pancre-
atin; protein content of SCKF almost vanished. The PD% 
values for SCKF and SCKPI was found to be 93.9% and 

95.7%, respectively; which is higher than the value previously 
reported for SPI (85.2%) [24], yet upon digestion by chymo-
trypsin and pancreatin enzymes. Plant proteins are known to 
be less digestible in general that lowers the amino acid avail-
ability for the satiety signal in the body [47]. A higher PD% 
of protein stems from its composition like storage proteins 
that are easily digested and utilized throughout the bodily 
functions [48]. PD% of SCKPI was very close to apricot ker-
nel proteins, another stone fruit from Prunus genus, which 
depended barely on the enzyme system involved [49]. Per-
forming in vitro digestion with a multi-enzyme system for the 
estimation of protein digestibility mimicking the metabolic 
activities throughout the human body provide an insight on 
bioactivity of the concerned protein [50]. Proteins derived 
from nuts, cereals, seeds and legumes consist of the source 
of plant proteins. Lower in vitro protein digestibility values 
were reported in beans such as 70.8% and 68.1% for faba and 
and kidney beans, respectively [51]. Furthermore, Li et al. 
(2018) indicated that coconut cake protein isolate has 86.97% 
in vitro digestibility that is the main byproduct of the coconut 
milk and oil industry [52]. Hence, with high PD%, SCKPI 
can be added to food products without any further need for 
digestion related modifications such as deamidation, hydroly-
sis, or high pressure applications.

Conclusion

In this study, the great potential of sour cherry kernel –a food 
industry waste that is intensively discharged–to recover plant-
based proteins at low cost. The extraction yield of SCKPI was 
optimized with a high protein content of 88.3% and extrac-
tion yield of 63.8% under following conditions: pH 8.5, solid/
solvent ratio 1/10 g/mL, and a short duration of 1 h when 
conventional alkaline solubilisation/isoelectric precipitation 
extraction performed. Solubility and gelation properties of 
SCKPI were found to be superior to the values measured 
for commercial SPI, whereas other properties like solubility, 
water absorption, foaming were similar except for oil absorp-
tion. In addition, allergenicity and GMO issues generate bad 
reputation for the utilization of soy based products world-
wide. Functional food products without a dark color is also 
desirable in food industry and can easily be achieved using 
SCKPI. Having promising functional properties and good 
digestibility, SCKPI can be added to food formulations as an 
alternative to any other commercial proteinaceous products. 
The results of this study can be utilized for further isolation 
and purification attempts from sour cherry kernel.
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