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Abstract
In this study, the effects of the drying method and spray drying inlet air temperature on the color, surface morphology, hydro-
phobicity, powder and functional properties of safflower protein isolate were investigated. Safflower protein was extracted 
using the alkaline extraction and isoelectric precipitation method and then dried using freeze-drying and spray-drying at 
140, 150, 160, 170, and 180 °C inlet air temperatures. When compared to the spray-dried samples, freeze-dried safflower 
protein isolate had lower cohesiveness (1.18) and better flowability (15.12%) with higher bulk density (0.31 g/cm3) and 
lower tapped bulk density (0.37 g/cm3). Additionally, its wetting time (9.00 s) was also found to be lower. On the other 
hand, spray-dried samples exhibited lighter color, higher foaming capacity (30.00–38.75%) and stability (87.50–89.17%), 
and emulsion activity (51.25–54.50%) and stability (85.76–87.51%) than the freeze-dried sample. Moreover, it was found 
that the foaming capacity and emulsion activity of safflower protein spray-dried at 140 °C were higher than those of other 
spray-dried samples. Overall, freeze-dried safflower protein showed better powder properties, while spray-dried samples 
had better functional properties. Consequently, it was shown that the choice of drying method and spray drying inlet air 
temperature were critical for the powder and functional properties of safflower protein.

Keywords  Scanning electron microscopy · Surface hydrophobicity · Protein solubility · Foaming and emulsion properties · 
Least gelatinization concentration

Abbreviations
SPI	� Safflower protein isolate
FD	� Freeze-dried safflower protein isolate
SD-140 °C	� Spray-dried at 140 °C inlet air temperature 

safflower protein isolate
SD-150 °C	� Spray-dried at 150 °C inlet air temperature 

safflower protein isolate
SD-160 °C	� Spray-dried at 160 °C inlet air temperature 

safflower protein isolate
SD-170 °C	� Spray-dried at 170 °C inlet air temperature 

safflower protein isolate
SD-180 °C	� Spray-dried at 180 °C inlet air temperature 

safflower protein isolate

SEM	� Scanning electron microscopy
BPB	� Bromophenol blue
PS	� Protein solubility
WHC	� Water holding capacity
OBC	� Oil binding capacity
FC	� Foaming capacity
FS	� Foam stability
EA	� Emulsion activity
ES	� Emulsion stability
LGC	� Least gelation concentration

1  Introduction

Interest in proteins for human nutrition has grown as aware-
ness of their nutritional and functional benefits increases. 
Plant proteins are more sustainable and cost-effective than 
animal-based proteins due to their abundance and lower 
resource requirements, including water, land, and fossil 
energy [1, 2]. Soy and pea proteins are the most widely used 
plant-based options [3]. Additional protein sources are thor-
oughly investigated to meet future needs for affordable and 
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high-quality plant protein ingredients [2]. Accordingly, agri-
cultural industrial wastes and by-products have the potential 
to be used as protein sources [4]. Safflower (Carthamus tinc-
torius L.) is one of the oldest cultivated oilseed crops and 
has high oil yield and some agricultural advantages, such as 
tolerance to heat, salinity, and drought [5]. The high-protein 
safflower meal remaining after oil extraction from the seed 
has the potential as a raw material for deriving protein con-
centrates and isolates [6]. Additionally, safflower protein 
has a high essential amino acid content (41.55%) and shows 
good functional properties [7].

The effective incorporation of plant proteins into food 
processing relies on their functional characteristics, which 
are strongly affected by the extraction and drying methods 
employed [8, 9]. Several studies have been conducted on 
the effect of different extraction methods on the function-
ality of safflower proteins [10, 11]. Various methods are 
used in the production of protein concentrates and isolates 
from plants, but alkaline extraction-isoelectric precipita-
tion method is the most commonly used due to high protein 
purity and application simplicity [12]. Also, drying meth-
ods and conditions have critical importance in determining 
protein functionality [2]. Freeze-drying and spray-drying 
are the most used methods for protein powder production 
[4]. Freeze-drying, the primary technique used in labora-
tory research for protein isolates, minimizes degradation 
and microbiological reactions, but it is both expensive and 
time-consuming [1, 4, 13]. Spray-drying, one of the most 
popular processes used in the food industry, saves time and 
has the ability to change particle properties [2, 14]. Moreo-
ver, spray-drying conditions are important as they affect 
the functionality of proteins by causing hydrophobic inter-
actions, protein denaturation, and aggregation [15]. It has 
been reported that spray drying inlet air temperature sig-
nificantly affects the powder properties of seed-watermelon 
seed protein and the functional properties of pea protein 
[15, 16]. However, to the best of our knowledge, there is 
no study on the effect of either drying methods or spray 
drying inlet air temperature on the physicochemical and 
functional properties of safflower proteins. Therefore, the 
objective of this study is to investigate the effect of drying 
methods and spray drying inlet air temperature on the color, 
surface morphology, hydrophobicity, powder and functional 
properties of safflower proteins.

2 � Materials and methods

2.1 � Material

Safflower seed (variety of Askon) meal was provided 
from a safflower oil-producing factory (Ripsa-Özşahin 

Tarımcılık) in Kayseri/Turkey. The safflower seed meal 
was ground to pass through a 1 mm sieve and then kept at 
4 °C until protein extraction.

2.2 � Preparation of safflower protein isolates (SPI)

2.2.1 � Protein extraction

Alkaline extraction method with isoelectric precipitation 
was used for protein extraction from safflower seed meal. 
The optimum conditions for extraction of SPI were deter-
mined in our previous research [7]. For the defatting of 
safflower seed meal, it was mixed with hexane at a ratio 
of 1:3 (w/v) at room temperature for 1 h using an orbital 
shaker (Jeio Tech, Open-air shaker OS- 4000, Korea) at 
200 rpm. After this was repeated 3 times, the solid was 
dried at room temperature overnight.

The defatted safflower seed meal was dispersed in dis-
tilled water at a ratio of 1:33 g/mL, and the pH of the 
dispersion was adjusted to 11.0 using 2 M NaOH. The 
dispersion was stirred at 23.3 °C for 31 min using a water 
bath (Nüve, ST 30, Turkey) at 125 rpm. At the end of 
the period, the dispersion was centrifuged (Nüve, NF 800, 
Turkey) at 9000 rpm for 5 min, filtrated through filter 
paper, and the supernatant was collected.

To precipitate the safflower protein, the pH of the super-
natant was adjusted to 5.0 with 2 M HCl and centrifuged 
at 9000 rpm for 5 min. The precipitated safflower protein 
was re-suspended with deionized water, maintaining about 
10% (w/v) total solid content, and the pH of the protein 
solution was adjusted to 7.0 using 2 M NaOH.

2.2.2 � Drying

For freeze-drying of SPI, the protein solution was placed 
in petri dishes and frozen at − 18 °C for 12 h. Then, the 
sample was dried at − 90.6 °C for 48 h using a lyophilizer 
(Teknosem, TRST 4/4 DS, Turkey) at 0.0033 mbar vacuum 
pressure.

For spray-drying of SPI, a pilot-scale spray-dryer 
(Unopex, B15, Turkey) was used. SPI was spray-dried at 
five different inlet air temperatures: 140, 150, 160, 170, 
and 180 °C (with outlet temperatures of 67, 74, 82, 89, 
and 97 °C, respectively). The feed flow rate (16 mL/min), 
aspiration rate (52 m3/h), compressed air flow rate (9 L/
min), and compressed air pressure (0.8–1 MPa) were kept 
constant in all spray-drying processes.

Freeze-dried (FD) and spray-dried at different inlet air 
temperatures (SD-140 °C, SD-150 °C SD-160 °C, SD-170 
°C, and SD-180 °C) SPI were stored in an amber package 
at − 18 °C until analyses.
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2.3 � Color characteristics

The color characteristics (L*, a*, b*) of SPI were determined 
using a chromameter (CR- 400, Minolta Company, Japan).

2.4 � Scanning electron microscopy (SEM)

After SPI was coated with a thin gold layer, the surface 
morphology was imaged using SEM (JEOL, JCM- 5000 
NeoScope, Japan). During micrography, the accelerating 
potential was used as 10 kV [17].

2.5 � Powder properties

2.5.1 � Bulk density and tapped bulk density

The volume of 2 g SPI was measured in a graduated cylinder 
(10 mL) to determine bulk density. Then, the graduated cylinder 
was tapped on the smooth surface 100 times, and the volume of 
the sample was measured to determine the tapped bulk density. 
The results were determined by calculating the weight-to-vol-
ume ratio of the samples and were expressed in “g/cm3” [18].

2.5.2 � Hausner ratio and Carr index

Using the bulk and tapped bulk densities of the sample, 
Hausner ratio and Carr index values were calculated accord-
ing to Eq. 1 and Eq. 2, respectively [4, 18].

2.5.3 � Wettability

SPI (0.1 g) was dropped into 100 mL of distilled water in a 
250 mL beaker from a height of 5 cm above the water sur-
face. The time required for the powder to become completely 
wet was measured in seconds [4].

2.6 � Surface hydrophobicity

The surface hydrophobicity of SPI was determined accord-
ing to Tontul et al. [12]. Protein dispersion (5 mg/mL) was 

(1)Hausner Ratio =
ρtapped bulk density

ρbulk density

(2)Carr Index =
ρtapped bulk density − ρbulk density

ρtapped bulk density

× 100

prepared in 20 mM phosphate buffer (pH 7.0). The protein 
dispersion (3 mL) was mixed with 1 mg/mL bromophenol 
blue (BPB) solution (600 µL) and kept in the dark for 15 
min. Then, the mixture was centrifuged at 2000xg for 15 
min, and the supernatant was diluted 1/10 with 20 mM 
phosphate buffer (pH 7.0). The control sample was pre-
pared by mixing with 3 mL phosphate buffer and 600 µL 
BPB solution (1 mg/mL). The absorbance measurement was 
conducted using a spectrophotometer (Shimadzu, UV–VIS 
Spectrophotometer, UV- 1280, Japan) at 595 nm. The hydro-
phobicity of the SPI was determined based on the amount of 
BPB bound per 1 mL of protein solution, calculated using 
the following equation (Eq. 3).

2.7 � Functional properties

2.7.1 � Protein solubility (PS)

The method of Korkmaz [7] was used to determine the pH-
dependent PS profile of SPI. Briefly, 200 mg SPI was mixed 
in 20 mL in distilled water, and the pH value was adjusted to 
a range of 2–12 using either 2 M HCl or NaOH. The protein 
dispersion was stirred at 200 rpm for 30 min and then centri-
fuged at 7500 rpm for 15 min. Lowry method [19] was used 
to measure the protein content of supernatant, and AACC 
standard method [20] was performed to determine the total 
protein content of SPI (96.08%, dry basis) (Nx6.25). The 
PS values were calculated as the percentage of the protein 
content of supernatant to the protein content of SPI.

2.7.2 � Water holding capacity (WHC) and oil binding 
capacity (OBC)

WHC and OBC analyses were performed according to 
Mutlu and Korkmaz [17]. SPI (0.25 g) and either 5 mL dis-
tilled water or sunflower oil were vortexed for 5 min in a 
pre-weighed centrifuge tube. After the protein dispersion 
was centrifuged at 5000xg for 10 min, supernatants were 
discarded. The weight of residues and centrifuge tube was 
weighed, and the WHC and OBC of SPI were calculated 
according to Eq. 4.

(3)

Bound BPB (�g) =
Absorbancecontrol − Absorbancesample

Absorbancecontrol
× (200�g)

(4)WHC or OBC (g∕g) =
final weight of residue and centrifuge tube − (weight of sample + weight of centrifuge tube)

weight of sample
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2.7.3 � Foaming capacity (FC) and foam stability (FS)

The method specified by Kasapoğlu et al. [21] was used to 
determine the FC and FS of SPI. The protein dispersion pre-
pared with 0.2 g SPI and 20 mL distilled water was whipped 
at 12,000 rpm for 2 min with a homogenizer (Witeg HG- 
15D, Germany). The total and foam volumes of the sample 
were recorded before and after homogenization and after 
standing for 30 min at room temperature. The FC and FS 
were calculated according to Eq. 5 and Eq. 6, respectively.

2.7.4 � Emulsion activity (EA) and emulsion stability (ES)

EA and ES were measured based on the method of Özdemir 
et al. [4]. First, 1 g of SPI, 10 mL of distilled water, and 10 
mL of sunflower oil were whipped at 11,000 rpm for 30 
s with a homogenizer (Witeg HG- 15D, Germany). Then, 
the mixture was centrifuged at 1200xg for 5 min, and the 
volume of the emulsion layer was recorded. The EA was 
obtained with the following equation (Eq. 7)

After incubation in a water bath at 80 °C for 30 min, the 
mixture was centrifuged at 1200xg for 5 min. The volume of 
the remaining emulsion layer was recorded, and the follow-
ing equation (Eq. 8) was used to calculate the ES.

(5)
FC (%) =

Volume after whipping (mL) − Volume before whipping (mL)

Volume before whipping (mL)
× 100

(6)FS (%) =
Volume of foam after 30 min (mL)

Initial foam volume (mL)
× 100

(7)EA (%) =
Volume of emulsion layer (mL)

Total volume (mL)
× 100

2.7.5 � Least gelation concentration (LGC)

The LGC of SPI was determined by employing the method 
of Korkmaz [7]. Protein dispersion was prepared at concen-
trations between 2- 20% (w/v) in two-unit intervals. After 
incubation in boiling water for 1 h, the sample was incubated 
at 4 °C for 2 h. When the test tubes were inverted, the lowest 
concentration at which no fall or slide was recorded as LGC.

2.8 � Statistical analysis

All analyses were performed in triplicate, and the results 
were calculated on a dry basis. The data were evaluated by 
one-way ANOVA using MINITAB Statistical Software (ver. 
17.0, USA), and the Tukey test was used to determine the 
differences among the groups. The results were expressed 
as mean ± standard error.

3 � Results and discussions

3.1 � Color properties and surface morphology

The color characteristics of SPI samples are shown in 
Table 1. It was found that both the drying method and spray 
drying inlet air temperature significantly affected the color 
characteristics of SPI samples (p < 0.05). FD showed the 
lowest L* and the highest a* value among all SPI samples 
(p < 0.05). As seen in Fig. 1, FD had a brownish color, while 
SD samples had a creamy white color. These results were 

(8)ES (%) =
Volume of remaining emulsion layer (mL)

Volume of the original emulsified layer (mL)
× 100

Table 1   Color and powder properties of safflower protein isolates

* Means followed by different letters in each column are significantly different (p < 0.05)
FD, freeze-dried safflower protein isolate; SD-140 °C, spray-dried at 140 °C inlet air temperature safflower protein isolate; SD-150 °C, spray-
dried at 150 °C inlet air temperature safflower protein isolate; SD-160 °C, spray-dried at 160 °C inlet air temperature safflower protein isolate; 
SD-170 °C, spray-dried at 170 °C inlet air temperature safflower protein isolate; SD-180 °C, spray-dried at 180 °C inlet air temperature safflower 
protein isolate

Color properties Powder properties

L* a* b* Bulk density* 
(g/cm3)

Tapped den-
sity* (g/cm3)

Hausner ratio* Carr index (%)* Wettability (s)*

FD 36.93 ± 0.54c 6.41 ± 0.08a 22.57 ± 0.37a 0.31 ± 0.01a 0.37 ± 0.01b 1.18 ± 0.01c 15.12 ± 0.46c 9.00 ± 1.00e

SD-140 °C 69.35 ± 0.12a 2.03 ± 0.01c 21.42 ± 0.11c 0.25 ± 0.01b 0.44 ± 0.01a 1.76 ± 0.02a 43.13 ± 0.63a 121.50 ± 2.50a

SD-150 °C 69.08 ± 0.27a 2.04 ± 0.01c 22.27 ± 0.10ab 0.27 ± 0.01b 0.45 ± 0.01a 1.67 ± 0.02b 40.13 ± 0.66ab 115.00 ± 2.00ab

SD-160 °C 68.95 ± 0.42a 2.01 ± 0.01c 21.52 ± 0.13c 0.27 ± 0.01b 0.45 ± 0.01a 1.68 ± 0.01ab 40.51 ± 0.51ab 106.00 ± 1.00bc

SD-170 °C 66.08 ± 0.42b 2.46 ± 0.02b 22.75 ± 0.10a 0.26 ± 0.01b 0.45 ± 0.02a 1.68 ± 0.01ab 40.51 ± 0.51ab 97.00 ± 3.00cd

SD- 180 
°C

66.74 ± 0.24b 2.49 ± 0.06b 23.17 ± 0.20a 0.26 ± 0.01b 0.42 ± 0.01a 1.65 ± 0.01b 39.51 ± 0.49b 89.50 ± 2.50d
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consistent with previous studies on hempseed [22], quinoa 
[2], sesame [4], camelina [17], and sour cherry seed [8] pro-
teins. The processing time of freeze drying is long, and cold 
burn may occur due to the samples being exposed to low 
temperatures for a long time, which may cause a dark color 
in the sample [4]. On the other hand, removing heat-sensi-
tive pigments during spray drying may enhance brightness 
and result in a lighter color [22]. It has also been noted that 
samples with small particle size and large surface area may 
appear lighter in color due to greater light refraction [23]. 
The b* value of FD displayed slightly higher than that of SD 
samples dried at lower inlet air temperatures (140–160 °C); 
however, it was similar to samples dried at higher inlet air 

temperatures (170 and 180 °C). On the other hand, compared 
to samples dried at lower inlet air temperatures, the L* value 
of samples dried at higher inlet air temperatures was lower, 
while a* and b* values were higher (p < 0.05). It was stated 
that a non-enzymatic browning reaction may occur during 
drying at high temperatures, resulting in color changes [16].

The SEM micrograph of SPI samples is represented in 
Fig. 1. FD had inhomogeneous particle distribution and had 
some large particles. Particles of FD exhibited a crumbled 
multilayer sheet-like structure with loose porous surface 
morphology. Due to the lack of force to form droplets dur-
ing the sublimation process in freeze drying, aggregation 
may occur after a long processing time at low temperatures 

FD SD-140 °C

SD-150 °C SD-160 °C

SD-170 °C SD-180 °C

Fig. 1   Powder and scanning electron microscope (SEM) images 
belonging to the safflower protein isolates. FD, freeze-dried safflower 
protein isolate; SD-140 °C, spray-dried at 140 °C inlet air tempera-
ture safflower protein isolate; SD-150 °C, spray-dried at 150 °C inlet 
air temperature safflower protein isolate; SD-160 °C, spray-dried at 

160 °C inlet air temperature safflower protein isolate; SD-170 °C, 
spray-dried at 170 °C inlet air temperature safflower protein isolate; 
SD-180 °C, spray-dried at 180 °C inlet air temperature safflower pro-
tein isolate
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[14, 17]. This may be the reason for the large particles and 
sheet-like structure. On the other hand, SD samples had 
more uniform particle distributions when compared to FD. 
The particles of SD samples had a spherical-shaped struc-
ture with some collapses and a smooth surface structure. 
Some wrinkled particles were also found in SD samples. 
It was stated that the collapses in structure may be related 
to the irregular shrinkage of particles [24]. Moisture diffu-
sion occurs very slowly in aqueous protein solutions. The 
concentration gradient between the particle and the drying 
environment is high during spray-drying. For easier moisture 
evaporation, the diffusion path for water vapor is attempted 
to be minimized, which may cause wrinkling of the particle 
surface [14].

3.2 � Powder properties

The powder properties of SPI are shown in Table 1. Bulk 
density and tapped bulk densities are important param-
eters that determine the processing, packaging, and storing 
requirements of a product [18]. FD had the highest bulk den-
sity, while it also had the lowest tapped bulk density among 
the SPI samples (p < 0.05). Similarly, it was also found that 
freeze-dried camelina protein powder exhibited lower bulk 
density and higher tapped bulk density when compared to 
the spray-dried sample [17]. Lower tapped bulk density indi-
cated that the higher area required to store FD [8]. The bulk 
and tapped bulk densities of SD samples ranged between 
0.25–0.27 g/m3 and 0.42–0.45 g/m3, respectively (p > 0.05). 
The bulk density of protein isolate can be affected by par-
ticle size and shape, size and number of connection points 
each other, attractive forces between particles, and moisture 
content of samples [17, 25].

Hausner ratio and Carr index parameters are used to inter-
pret the cohesiveness and flowability of powders, respec-
tively [8, 18]. The lowest Hausner ratio and Carr index 
values were found in FD as 1.18 and 15.12%, respectively, 

among all SPI samples. These parameters indicated that FD 
exhibited low cohesiveness and good flowability. On the 
other hand, the Hausner ratio and Carr index parameters 
were in a range of 1.65–1.76 and 39.51–43.13, respectively, 
indicating that the SD samples had high cohesiveness and 
bad flowability. The cohesiveness and flowability of protein 
powders may be affected by surface characteristics and par-
ticle size and shape [26]. It was stated that cohesiveness may 
tend to increase, and flowability may tend to decrease due to 
the increase in the contact surface between particles as the 
particle size decreases [18, 26].

The wettability property provides information on the 
interaction between protein powder and water [18]. The wet-
tability value of FD (9.00 s) was substantially lower than that 
of SD samples (89.50–121.50 s) (p < 0.05). Başyiğit et al. 
[8] found that drying methods had a significant effect on the 
wettability value of proteins, and freeze-dried sour cherry 
seed protein had a lower wettability than the spray-dried 
sample. Similarly, a lower wettability value was determined 
in freeze-dried sesame protein when compared to that of 
spray-dried [4]. The authors attributed this to differences in 
surface properties [8] and particle size [4]. Moreover, the 
wettability of the SD samples decreased with the increase 
in inlet air temperature (p < 0.05). Malik et al. [27] reported 
that the wettability of protein powder is influenced by par-
ticle size, surface charge and characteristics (area, density 
and porosity), amphipathic compounds, and the contact 
angle between the powder surface and water. It was stated 
that proteins wet more quickly when surface hydrophobicity 
decreases [27]. This was compatible with the surface hydro-
phobicity values of SPI samples in Fig. 2.

3.3 � Surface hydrophobicity

Protein hydrophobicity, which is an important property, is 
related to the hydrophobic groups located on the protein 
surface [9]. Protein denaturation and aggregation are two 

Fig. 2   Surface hydrophobicity 
of safflower protein isolates. 
FD, freeze-dried safflower 
protein isolate; SD-140 °C, 
spray-dried at 140 °C inlet air 
temperature safflower protein 
isolate; SD-150 °C, spray-dried 
at 150 °C inlet air tempera-
ture safflower protein isolate; 
SD-160 °C, spray-dried at 160 
°C inlet air temperature saf-
flower protein isolate; SD-170 
°C, spray-dried at 170 °C inlet 
air temperature safflower protein 
isolate; SD-180 °C, spray-dried 
at 180 °C inlet air temperature 
safflower protein isolate
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main factors influencing surface hydrophobicity [17]. Sur-
face hydrophobicity could determine the interactions of pro-
teins with other proteins and lipids and thus affect functional 
properties such as solubility, foaming, and emulsifying prop-
erties [2]. The surface hydrophobicity of SPI samples is rep-
resented in Fig. 2. It was observed that the drying method 
and spray drying inlet air temperatures had significant effects 
on the surface hydrophobicity of SPI (p < 0.05). FD exhib-
ited the lowest surface hydrophobic in all SPI samples (p < 
0.05). Mutlu and Korkmaz [17] also reported that freeze-
dried camelina protein powder showed lower surface hydro-
phobicity than the spray-dried sample. The authors noted 
that this may be due to less protein denaturation and unfold-
ing occurring with freeze-drying [17]. On the other hand, 
the surface hydrophobicity of SD samples tended to decrease 
with increasing inlet air temperature (p < 0.05). The rea-
son may be associated with protein aggregation induced by 
higher temperatures [14, 17]. Protein–protein interactions 
may cause a reduction of the exposed hydrophobic group, 
and thus a decrease in surface hydrophobicity [17].

3.4 � Functional properties

PS is one of the most important parameters of proteins due 
to its effect on foaming, emulsifying, and gelling properties 
[7]. Moreover, it can affect the texture, color, and flavor char-
acteristics of the food [1]. The PS of SPI samples exhibited 
similar U-shaped curves, and the pH-dependent protein solu-
bility of SPI samples is shown in Fig. 3. In SPI samples, the 
highest PS values (86.48–99.40%) were found in extremely 
acidic and alkaline (pH 2 and 12), while the lowest PS values 
(6.11–11.77%) were observed in pH 4. Korkmaz reported 
that the isoelectric point of SPI was reported as pH 5 [7]. At 
pH values near the isoelectric point, positive and negative 

charges are in balance. It reduces the electrostatic repul-
sion between protein molecules and causes aggregation and 
precipitation, thus decreasing the PS of protein [1]. When 
compared to FD, the PS of SD samples was lower at pH 
4–6, while it was higher at pH 7–10 (p < 0.05). It was shown 
that the interactions between SD samples and water were 
stronger in neutral and alkaline environments, which led 
to higher PS. Spray-dried soy protein isolate and rice pulp 
protein were found to have higher solubility than freeze-
dried proteins when pH was above 5 [28, 29]. The higher 
solubility of spray-dried proteins was attributed to less sur-
face tension and smaller particle size [28, 29]. Moreover, it 
was reported that differences in solubility may be related 
to hydrophobic residues, protein surface charges, and ionic 
hydration and electrostatic repulsion at different pH values 
[14]. On the other hand, the effect of inlet air temperature 
on PS at pH 2, 10, and 12 was insignificant for SD samples 
(p > 0.05). The highest PS at pH 7 was observed in SD-160 
°C (47.99%) among SPI samples (p < 0.05). Cao et al. [16] 
dried seed-watermelon seed hydrolyzed protein in a spray-
dryer at different inlet air temperatures (150–180 °C). The 
authors found that the sample spray-dried at 160 °C had the 
highest solubility. Another study found the spray drying 
inlet air temperature (165–195 °C) had a slight effect on the 
solubility (52.2–56.5%) of pea protein isolate [15]. It was 
reported that this may be related to the amount of charged 
amino acids, which is affected by temperature, conforma-
tion, and ionic strength [4].

WHC and OBC are two key parameters of the functional 
properties of proteins and indicate the amount of water or 
oil that the protein can hold per unit weight [13]. The WHC 
of protein affects the textural and sensorial properties of 
food products, while OBC has an impact on the emulsify-
ing properties of proteins and the flavor and shelf life of food 

Fig. 3   Solubility of safflower 
protein isolates at different pH 
values. FD, freeze-dried saf-
flower protein isolate; SD-140 
°C, spray-dried at 140 °C inlet 
air temperature safflower protein 
isolate; SD-150 °C, spray-dried 
at 150 °C inlet air tempera-
ture safflower protein isolate; 
SD-160 °C, spray-dried at 160 
°C inlet air temperature saf-
flower protein isolate; SD-170 
°C, spray-dried at 170 °C inlet 
air temperature safflower protein 
isolate; SD-180 °C, spray-dried 
at 180 °C inlet air temperature 
safflower protein isolate
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products [1]. The WHC of FD was significantly higher than 
that of SD samples (p < 0.05) (Table 2). Zhao et al. [29] 
and Liu et al. [30] reported similar findings for rice dreg 
and peanut proteins, respectively. The authors attributed 
the higher WHC to the amorphous and porous morphol-
ogy of freeze-dried proteins [30]. Moreover, it was stated 
that this may be due to less loss of soluble proteins and less 
protein denaturation by freeze-drying [14]. The WHC of 
SD samples showed a linear increasing trend with increas-
ing inlet air temperatures (p < 0.05). Vinayashree and Vasu 
[31] indicated that the WHC value of proteins depends on 
their amino acid composition, conformation, ionic strength, 
hydrophobicity, pH, and temperature. WHC is related to the 
accessibility of hydrophilic groups to bind with water [32]. 
Therefore, increasing binding sites with changes in pro-
tein conformation at high temperatures could lead to better 
WHC [2]. Additionally, decreasing surface hydrophobicity 
with increasing inlet air temperature may contribute to the 
increase in WHC. The effect of drying method on the OBC 
of SPI was found to be insignificant (p > 0.05). However, 
FD had a slightly higher OBC value than SD samples. It was 
noted that the reason for this may be that the porous structure 
of the FD facilitates oil absorption by altering interactions 
between protein and lipid [4, 9]. The OBC of SPI samples 
ranged from 2.46 to 2.54 g/g (p > 0.05). The similar surface 
properties of the SD samples may be the reason that the dif-
ference between the OBC of the samples was insignificant.

The foaming properties, including FC and FS, indicate 
the ability of the protein to create and hold the air bubble [2]. 
The effect of drying method on the foaming properties of SPI 
was significant (p < 0.05) (Table 2). FD exhibited the lowest 
FC and FS values among SPI samples. Consistent with our 
result, Başyiğit et al. [8] and Mutlu and Korkmaz [17] found 
that freeze-dried sour cherry and camelina seed proteins had 
lower FC and FS values compared to spray-dried ones. Also, 
Zhao et al. [29] demonstrated that freeze-dried rice dreg 

protein possessed lower FC than spray-dried. According to 
the authors, weaker foaming properties may be related to 
lower surface hydrophobicity and lower solubility (at pH 
7) of freeze-dried proteins [17, 29]. Moreover, the highest 
FC was displayed by SD-140 °C among SD samples (p < 
0.05), which may be attributed to its higher surface hydro-
phobicity. Similarly, soy protein spray-dried at 130 °C was 
found to have higher FC than samples dried at 170 and 200 
°C [9]. The effect of spray drying inlet air temperature on 
FS of SD samples was insignificant, and it ranged between 
87.50–89.58% (p > 0.05). The stable foam structure of SD 
samples may be assigned to the strength of the multilayer 
interfacial film formed as a result of a large protein–protein 
interaction at the interface [3].

EA, which is the ability of proteins to emulsion form, 
and ES, which shows the stabilization of the formed emul-
sion, are critical for the role of protein as food ingredients 
[33]. The EA of SPI ranged between 46.00–54.50%, and 
FD had significantly lower EA compared to proteins from 
spray-drying (p < 0.05) (Table 2). Similar to EA, the ES 
of FD was significantly lower than that of SD samples 
(p < 0.05). Many studies reported that freeze-dried pro-
teins, including soy [28], mung bean [9], peanut [30], ses-
ame [4], camelina [17] and sour cherry seed [8], showed 
weaker emulsifying properties than spray-dried proteins. 
The authors attributed this finding to lower solubility and 
surface hydrophobicity of freeze-dried proteins [2, 8, 14, 
17, 28, 30]. Moreover, it was stated that the bigger parti-
cle size of freeze-dried proteins may be another reason for 
weaker emulsifying properties [2, 17, 29]. When compar-
ing SD samples, SD-180 °C exhibited slightly lower ES, 
which might be related to its lower surface hydrophobic-
ity. Lower surface hydrophobicity may result in weaker 
binding between the protein and the oil droplet, leading 
to weaker emulsifying properties [2, 34]. The ES of SD 
samples ranged between 85.76–87.51% and there was no 

Table 2   Functional properties of safflower protein isolates

* Means followed by different letters in each column are significantly different (p < 0.05)
FD, freeze-dried safflower protein isolate; SD-140 °C, spray-dried at 140 °C inlet air temperature safflower protein isolate; SD-150 °C, spray-
dried at 150 °C inlet air temperature safflower protein isolate; SD-160 °C, spray-dried at 160 °C inlet air temperature safflower protein isolate; 
SD-170 °C, spray-dried at 170 °C inlet air temperature safflower protein isolate; SD-180 °C, spray-dried at 180 °C inlet air temperature safflower 
protein isolate

Water holding 
capacity* (g/g)

Oil binding 
capacity* 
(g/g)

Foaming capacity* 
(%)

Foaming stability* 
(%)

Emulsion activity* 
(%)

Emulsion stabil-
ity* (%)

Least gelation 
concentration 
(%)

FD 2.03 ± 0.02a 2.91 ± 0.01 20.00 ± 0.01b 66.67 ± 0.01b 46.00 ± 0.50b 77.18 ± 0.84b 12.00 ± 0.01
SD-140 °C 1.11 ± 0.03c 2.46 ± 0.21 38.75 ± 1.25a 88.33 ± 5.00a 54.50 ± 0.50a 87.15 ± 1.04a 12.00 ± 0.01
SD-150 °C 1.18 ± 0.02c 2.49 ± 0.12 32.50 ± 2.50ab 89.17 ± 2.50a 52.75 ± 1.25a 86.70 ± 1.26a 12.00 ± 0.01
SD-160 °C 1.41 ± 0.01b 2.54 ± 0.09 35.00 ± 5.00ab 89.58 ± 2.08a 52.00 ± 0.50a 87.51 ± 0.84a 12.00 ± 0.01
SD-170 °C 1.49 ± 0.09b 2.49 ± 0.05 35.00 ± 5.00ab 87.50 ± 4.17a 52.50 ± 1.50a 85.76 ± 1.50a 12.00 ± 0.01
SD-180 °C 1.65 ± 0.04b 2.48 ± 0.01 30.00 ± 0.01ab 87.50 ± 4.17a 51.25 ± 1.25ab 85.83 ± 0.83a 12.00 ± 0.01
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significant difference (p > 0.05). Similarly, Burger et al. 
[15] found that the effect of spray drying inlet air tem-
perature (165–195 °C) was insignificant for the ES of pea 
protein isolates.

LGC of protein indicates heat-induced gelation ability, 
and it is a very important property to produce gel-like 
or emulsion-type foods. When a protein dispersion at a 
critical concentration is heated, the molecular structure 
unfolds, followed by aggregation and gelation, respectively 
[21]. From Table 2, it can be seen that the LGC of all SPI 
samples is 12%. These results showed that the LGC of SPI 
was not affected by the drying method and spray drying 
inlet air temperatures. Freeze- and spray-dried proteins, 
including lentil [24] and mung bean [9] proteins, were 
also reported to have similar LGC values. It was stated that 
many factors can affect LGC, such as material genotype, 
protein extraction conditions, and purity of the protein 
extract [24, 33], which were similar for SPI samples in 
the present study.

4 � Conclusion

In this study, SPI powders were produced using two dif-
ferent drying methods, including freeze-drying and spray-
drying (at inlet air temperatures ranging between 140–180 
°C), and color, surface morphology, hydrophobicity, and 
powder and functional properties were compared. FD 
had a brownish color and crumbled multilayer sheet-like 
structure, while SD samples had a creamy white color and 
spherical-shaped structure with some collapses. Compared 
with SD samples, FD showed lower cohesiveness and bet-
ter flowability with higher bulk density and lower tapped 
bulk density and also had a lower wetting time. Although 
FD showed better powder properties, its functional prop-
erties were poorer than SD samples because it exhibited 
lower FC, FS, EA, and ES. On the other hand, there was no 
significant effect of spray-drying inlet air temperatures on 
the bulk and tapped bulk density of SD samples. However, 
cohesiveness tended to increase, and flowability and wetta-
bility tended to decrease with increasing inlet air tempera-
ture. SD-140 °C displayed higher FC and EA values than 
other SD samples due to its higher surface hydrophobicity. 
However, it was found that the stability of foaming and 
emulsion of SD samples were not significantly different. In 
conclusion, this study showed that the drying method and 
spray-drying inlet air temperatures affected the color, sur-
face morphology, hydrophobicity, powder and functional 
properties of SPI. Thus, it is important to select optimum 
drying methods and spray drying inlet air temperatures 
for SPI to provide the powder and functional properties 
needed for different food applications.

Acknowledgements  Thanks to the Turkish Scientific and Technologi-
cal Research Council (TÜBİTAK) for supporting this research (Project 
No: 222O238).

Author contribution  Fatma KORKMAZ: Methodology, Valida-
tion, Formal analysis, Investigation, Writing–original draft, Project 
administration.

Necati Barış TUNCEL: Methodology, validation.

Funding  Open access funding provided by the Scientific and Tech-
nological Research Council of Türkiye (TÜBİTAK). This research is 
funded by Scientific and Technological Research Council (TUBITAK) 
(Project No: 222O238).

Data availability  Datasets are available from the corresponding author 
upon reasonable request.

Declarations 

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Deng Y, Huang L, Zhang C et al (2019) Physicochemical and func-
tional properties of Chinese quince seed protein isolate. Food Chem 
283:539–548. https://​doi.​org/​10.​1016/j.​foodc​hem.​2019.​01.​083

	 2.	 Shen Y, Tang X, Li Y (2021) Drying methods affect physico-
chemical and functional properties of quinoa protein isolate. Food 
Chem 339:127823. https://​doi.​org/​10.​1016/j.​foodc​hem.​2020.​
127823

	 3.	 Benzitoune N, Kadri N, Adouane M et al (2022) Pine nuts (Pinus 
pinea L.) as a potential novel plant-based source of functional pro-
tein isolates: Optimization of alkali extraction conditions, evalu-
ation of functional properties, and biochemical characterization. 
J Food Process Preserv 46:e16471. https://​doi.​org/​10.​1111/​jfpp.​
16471

	 4.	 Özdemir EE, Görgüç A, Gençdağ E, Yılmaz FM (2022) Physico-
chemical, functional and emulsifying properties of plant protein 
powder from industrial sesame processing waste as affected by 
spray and freeze drying. LWT 154:112646. https://​doi.​org/​10.​
1016/j.​lwt.​2021.​112646

	 5.	 Zuñiga-Salcedo MR, Ulloa JA, Bautista-Rosales PUU et al (2019) 
Effect of ultrasound treatment on physicochemical, functional and 
nutritional properties of a safflower (Carthamus Tinctorius L.) 
protein isolate. Ital J Food Sci 31:591–603. https://​doi.​org/​10.​
14674/​IJFS-​1440

	 6.	 Kalpana B, Ramya K, Munishamanna K, Palanimuthu V (2019) 
Process optimization for extraction of protein from defatted saf-
flower oil cake. J Pharmacogn Phytochem 8:865–870

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.foodchem.2019.01.083
https://doi.org/10.1016/j.foodchem.2020.127823
https://doi.org/10.1016/j.foodchem.2020.127823
https://doi.org/10.1111/jfpp.16471
https://doi.org/10.1111/jfpp.16471
https://doi.org/10.1016/j.lwt.2021.112646
https://doi.org/10.1016/j.lwt.2021.112646
https://doi.org/10.14674/IJFS-1440
https://doi.org/10.14674/IJFS-1440


25140	 Biomass Conversion and Biorefinery (2025) 15:25131–25140

	 7.	 Korkmaz F (2024) Safflower protein as a potential plant protein 
powder: optimization of extraction and spray-drying process 
parameters and determination of physicochemical and functional 
properties. J Sci Food Agric 104:7408–7416. https://​doi.​org/​10.​
1002/​jsfa.​13561

	 8.	 Başyiğit B, Görgüç A, Gençdağ E et al (2022) Functional char-
acterization of high-yield plant protein powder valorized from 
de-oiled sour cherry seed using microwave-assisted enzymatic 
extraction followed by spray- and freeze-drying. Biomass Con-
vers Biorefinery 13:14657–14671. https://​doi.​org/​10.​1007/​
s13399-​022-​03225-2

	 9.	 Brishti FH, Chay SY, Muhammad K et al (2020) Effects of drying 
techniques on the physicochemical, functional, thermal, structural 
and rheological properties of mung bean (Vigna radiata) protein 
isolate powder. Food Res Int 138:109783. https://​doi.​org/​10.​
1016/j.​foodr​es.​2020.​109783

	10.	 Galves C, Stone AK, Szarko J et al (2019) Effect of pH and defat-
ting on the functional attributes of safflower, sunflower, canola, 
and hemp protein concentrates. Cereal Chem 96:1036–1047. 
https://​doi.​org/​10.​1002/​cche.​10209

	11.	 Sagiroglu A, Ozcan HM, Satana A (2009) Functional and biochemi-
cal properties of proteins from safflower seed. Prep Biochem Bio-
technol 39:159–169. https://​doi.​org/​10.​1080/​10826​06090​28008​33

	12.	 Tontul İ, Kasimoglu Z, Asik S et al (2018) Functional properties 
of chickpea protein isolates dried by refractance window drying. 
Int J Biol Macromol 109:1253–1259. https://​doi.​org/​10.​1016/j.​
ijbio​mac.​2017.​11.​135

	13.	 Kapoor R, Karabulut G, Mundada V, Feng H (2024) Unrave-
ling the potential of non-thermal ultrasonic contact drying for 
enhanced functional and structural attributes of pea protein iso-
lates: A comparative study with spray and freeze-drying meth-
ods. Food Chem 439:138137. https://​doi.​org/​10.​1016/j.​foodc​hem.​
2023.​138137

	14.	 Lin N, Liu B, Liu Z, Qi T (2020) Effects of different drying meth-
ods on the structures and functional properties of phosphorylated 
Antarctic krill protein. J Food Sci 85:3690–3699. https://​doi.​org/​
10.​1111/​1750-​3841.​15503

	15.	 Burger TG, Singh I, Mayfield C et al (2022) The impact of spray 
drying conditions on the physicochemical and emulsification 
properties of pea protein isolate. LWT 153:112495. https://​doi.​
org/​10.​1016/j.​lwt.​2021.​112495

	16.	 Cao C, Zhao X, Zhang C et al (2020) Effect of inlet temperature 
on the physicochemical properties of spray-dried seed-watermelon 
seed protein powder. J Food Sci 85:3442–3449. https://​doi.​org/​10.​
1111/​1750-​3841.​15432

	17.	 Mutlu C, Korkmaz F (2024) Freeze, spray, and vacuum dried 
Camelina sativa protein powders and their physicochemical and 
functional properties. Food Bioprod Process 148:559–567. https://​
doi.​org/​10.​1016/j.​fbp.​2024.​10.​022

	18.	 Akyüz A, Ersus S (2021) Optimization of enzyme assisted extrac-
tion of protein from the sugar beet (Beta vulgaris L.) leaves for 
alternative plant protein concentrate production. Food Chem 
335:127673. https://​doi.​org/​10.​1016/j.​foodc​hem.​2020.​127673

	19.	 Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein 
measurement with the folin phenol reagent. J Biol Chem 193:265–
275. https://​doi.​org/​10.​1016/​S0021-​9258(19)​52451-6

	20.	 AACC (2000) Approved methods of the American association of 
cereal chemists. American association of cereal chemists, Min-
nesota. https://​schol​ar.​google.​com/​schol​ar?q=​AACC+​(2000)+​
Appro​ved+​metho​ds+​of+​the+​Ameri​can+​Assoc​iation+​of+​
Cereal+​Chemi​sts,+​10th+​editi​on.+​Ameri​can+​Assoc​iation+​of+​
Cereal+​Chemi​sts,+​St.+​Paul,+​Minne​sota&​hl=​tr&​as_​sdt=​0,5

	21.	 Kasapoğlu KN, Demircan E, Eryılmaz HS et al (2021) Sour cherry 
kernel as an unexploited processing waste: optimisation of extrac-
tion conditions for protein recovery, functional properties and 
in vitro digestibility. Waste Biomass Valorization 12:6685–6698. 
https://​doi.​org/​10.​1007/​s12649-​021-​01417-x

	22.	 Dong X, Woo MW, Quek SY (2024) The physicochemical prop-
erties, functionality, and digestibility of hempseed protein iso-
late as impacted by spray drying and freeze drying. Food Chem 
433:137310. https://​doi.​org/​10.​1016/j.​foodc​hem.​2023.​137310

	23.	 Chen W, Chiu HT, Feng Z et al (2021) Effect of spray-drying 
and freeze-drying on the composition, physical properties, and 
sensory quality of pea processing water (Liluva). Foods 10:1401. 
https://​doi.​org/​10.​3390/​foods​10061​401

	24.	 Joshi M, Adhikari B, Aldred P et al (2011) Physicochemical and 
functional properties of lentil protein isolates prepared by different 
drying methods. Food Chem 129:1513–1522. https://​doi.​org/​10.​
1016/j.​foodc​hem.​2011.​05.​131

	25.	 Bhuiyan MHR, Liu L, Samaranayaka A, Ngadi M (2024) Predic-
tion of pea composites physicochemical traits and techno-func-
tionalities using FTIR spectroscopy. LWT 208:116667. https://​
doi.​org/​10.​1016/j.​lwt.​2024.​116667

	26.	 Amagliani L, O’Regan J, Kelly AL, O’Mahony JA (2016) Physical 
and flow properties of rice protein powders. J Food Eng 190:1–9. 
https://​doi.​org/​10.​1016/j.​jfood​eng.​2016.​05.​022

	27.	 Malik MA, Sharma HK, Saini CS (2017) High intensity ultra-
sound treatment of protein isolate extracted from dephenolized 
sunflower meal: Effect on physicochemical and functional proper-
ties. Ultrason Sonochem 39:511–519. https://​doi.​org/​10.​1016/j.​
ultso​nch.​2017.​05.​026

	28.	 Hu X-Z, Cheng Y-Q, Fan J-F et al (2010) Effects of drying method 
on physicochemical and functional properties of soy protein iso-
lates. J Food Process Preserv 34:520–540. https://​doi.​org/​10.​
1111/j.​1745-​4549.​2008.​00357.x

	29.	 Zhao Q, Xiong H, Selomulya C et al (2013) Effects of spray dry-
ing and freeze drying on the properties of protein isolate from rice 
dreg protein. Food Bioprocess Technol 6:1759–1769. https://​doi.​
org/​10.​1007/​s11947-​012-​0844-3

	30.	 Liu J, Li P, Jiang Z et al (2019) Characterisation of peanut protein 
concentrates from industrial aqueous extraction processing pre-
pared by spray and freeze drying methods. Int J Food Sci Technol 
54:1597–1608. https://​doi.​org/​10.​1111/​ijfs.​14028

	31.	 Vinayashree S, Vasu P (2021) Biochemical, nutritional and 
functional properties of protein isolate and fractions from pump-
kin (Cucurbita moschata var. Kashi Harit) seeds. Food Chem 
340:128177. https://​doi.​org/​10.​1016/j.​foodc​hem.​2020.​128177

	32.	 Feyzi S, Varidi M, Zare F, Varidi MJ (2015) Fenugreek (Trigo-
nella foenum graecum) seed protein isolate: extraction optimiza-
tion, amino acid composition, thermo and functional properties. J 
Sci Food Agric 95:3165–3176. https://​doi.​org/​10.​1002/​jsfa.​7056

	33.	 Ghribi AM, Gafsi IM, Blecker C et al (2015) Effect of drying 
methods on physico-chemical and functional properties of chick-
pea protein concentrates. J Food Eng 165:179–188. https://​doi.​
org/​10.​1016/j.​jfood​eng.​2015.​06.​021

	34.	 Bhuiyan MdHR, Liu L, Samaranayaka A, Ngadi M (2025) Char-
acterization of pea composites and feasibility of heat-modulated 
meat analogs production. Food Chem 463:141282. https://​doi.​org/​
10.​1016/j.​foodc​hem.​2024.​141282

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/jsfa.13561
https://doi.org/10.1002/jsfa.13561
https://doi.org/10.1007/s13399-022-03225-2
https://doi.org/10.1007/s13399-022-03225-2
https://doi.org/10.1016/j.foodres.2020.109783
https://doi.org/10.1016/j.foodres.2020.109783
https://doi.org/10.1002/cche.10209
https://doi.org/10.1080/10826060902800833
https://doi.org/10.1016/j.ijbiomac.2017.11.135
https://doi.org/10.1016/j.ijbiomac.2017.11.135
https://doi.org/10.1016/j.foodchem.2023.138137
https://doi.org/10.1016/j.foodchem.2023.138137
https://doi.org/10.1111/1750-3841.15503
https://doi.org/10.1111/1750-3841.15503
https://doi.org/10.1016/j.lwt.2021.112495
https://doi.org/10.1016/j.lwt.2021.112495
https://doi.org/10.1111/1750-3841.15432
https://doi.org/10.1111/1750-3841.15432
https://doi.org/10.1016/j.fbp.2024.10.022
https://doi.org/10.1016/j.fbp.2024.10.022
https://doi.org/10.1016/j.foodchem.2020.127673
https://doi.org/10.1016/S0021-9258(19)52451-6
https://scholar.google.com/scholar?q=AACC+(2000)+Approved+methods+of+the+American+Association+of+Cereal+Chemists,+10th+edition.+American+Association+of+Cereal+Chemists,+St.+Paul,+Minnesota&hl=tr&as_sdt=0,5
https://scholar.google.com/scholar?q=AACC+(2000)+Approved+methods+of+the+American+Association+of+Cereal+Chemists,+10th+edition.+American+Association+of+Cereal+Chemists,+St.+Paul,+Minnesota&hl=tr&as_sdt=0,5
https://scholar.google.com/scholar?q=AACC+(2000)+Approved+methods+of+the+American+Association+of+Cereal+Chemists,+10th+edition.+American+Association+of+Cereal+Chemists,+St.+Paul,+Minnesota&hl=tr&as_sdt=0,5
https://scholar.google.com/scholar?q=AACC+(2000)+Approved+methods+of+the+American+Association+of+Cereal+Chemists,+10th+edition.+American+Association+of+Cereal+Chemists,+St.+Paul,+Minnesota&hl=tr&as_sdt=0,5
https://doi.org/10.1007/s12649-021-01417-x
https://doi.org/10.1016/j.foodchem.2023.137310
https://doi.org/10.3390/foods10061401
https://doi.org/10.1016/j.foodchem.2011.05.131
https://doi.org/10.1016/j.foodchem.2011.05.131
https://doi.org/10.1016/j.lwt.2024.116667
https://doi.org/10.1016/j.lwt.2024.116667
https://doi.org/10.1016/j.jfoodeng.2016.05.022
https://doi.org/10.1016/j.ultsonch.2017.05.026
https://doi.org/10.1016/j.ultsonch.2017.05.026
https://doi.org/10.1111/j.1745-4549.2008.00357.x
https://doi.org/10.1111/j.1745-4549.2008.00357.x
https://doi.org/10.1007/s11947-012-0844-3
https://doi.org/10.1007/s11947-012-0844-3
https://doi.org/10.1111/ijfs.14028
https://doi.org/10.1016/j.foodchem.2020.128177
https://doi.org/10.1002/jsfa.7056
https://doi.org/10.1016/j.jfoodeng.2015.06.021
https://doi.org/10.1016/j.jfoodeng.2015.06.021
https://doi.org/10.1016/j.foodchem.2024.141282
https://doi.org/10.1016/j.foodchem.2024.141282

	Physicochemical and functional properties of safflower protein isolate: Effect of drying methods and spray drying temperatures
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Material
	2.2 Preparation of safflower protein isolates (SPI)
	2.2.1 Protein extraction
	2.2.2 Drying

	2.3 Color characteristics
	2.4 Scanning electron microscopy (SEM)
	2.5 Powder properties
	2.5.1 Bulk density and tapped bulk density
	2.5.2 Hausner ratio and Carr index
	2.5.3 Wettability

	2.6 Surface hydrophobicity
	2.7 Functional properties
	2.7.1 Protein solubility (PS)
	2.7.2 Water holding capacity (WHC) and oil binding capacity (OBC)
	2.7.3 Foaming capacity (FC) and foam stability (FS)
	2.7.4 Emulsion activity (EA) and emulsion stability (ES)
	2.7.5 Least gelation concentration (LGC)

	2.8 Statistical analysis

	3 Results and discussions
	3.1 Color properties and surface morphology
	3.2 Powder properties
	3.3 Surface hydrophobicity
	3.4 Functional properties

	4 Conclusion
	Acknowledgements 
	References


