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Abstract
Prunus spinosa L., commonly known as blackthorn, holds traditional significance both as a food source and an herbal rem-
edy. This study aims to determine the extract that includes the highest total phenolic content (TPC), antioxidant capacity 
(AC) using DPPH and CUPRAC assays, and vitamin C from blackthorn using the response surface method in an ultrasonic 
water bath and to this extract into powder by foam mat drying. The investigation comprises two primary phases. Firstly, the 
impact of temperature (20–80 °C) and extraction time (5–30 min) on TPC, AC, and vitamin C were systematically explored. 
Subsequently, the extracts derived from blackthorn fruit were subjected to foam mat drying, utilizing two distinct ratios (7:3 
w/w and 8:2 w/w) of foaming agents [maltodextrin (MD) to egg white (EW)], along with three drying techniques (oven, 
microwave, and natural drying). The optimized extraction parameters were determined as follows: temperature (80 °C) and 
time (30 min). Furthermore, the results reveal that microwave-dried powders with a low EW ratio exhibit superior preserva-
tion of TPC, AC, and vitamin C content. This research underscores the potential utility of foam mat-dried blackthorn powders 
as functional ingredients and natural colorants within the realm of the food industry.

Keywords Prunus spinosa L · Antioxidant capacity · Vitamin C · RSM · Foam mat drying · Powder

Introduction

Prunus spinosa L., a member of the Rosaceae family com-
monly referred to as blackthorn or sloe, is a deciduous shrub 
or small tree that attains a height of 2 to 3 m. This plant 
species is grows extensively across North America, Asia, 
Europe, New Zealand, the northern regions of Africa, as well 
as Tasmania [1]. It is also cultivated in various regions of 
Turkey and is recognized as ‘guvem’ [2]. Typically inhabit-
ing the fringes of uncultivated and abandoned fields adjacent 
to pastures, meadows, and forests, P. spinosa thrives under 
diverse environmental conditions. Upon reaching maturity, 
the elliptical-shaped blackthorn fruits exhibit a deep blue 
hue [3, 4]. Research indicates that the fruits of P. spinosa L. 
are a notable reservoir of antioxidants and natural pigments. 

Among its constituents, there exist substantial quantities of 
antioxidant compounds, including cyanidin 3-O–rutinoside 
and peonidin 3-O–rutinoside, alongside numerous other 
antioxidative components [5]. In addition, vitamin C and 
phenolic compounds, especially anthocyanins and neochlo-
rogenic acid (3-O–caffeoylquinic acid, according to IUPAC 
guidelines), which are phytochemicals with positive effects 
on health and potential as dietary supplements, are abun-
dant in fruits. Due to their bitterness, the commercial uti-
lization of P. spinosa L. fruits remains limited; however, 
they are predominantly employed at the local level to craft 
syrups, juices, jams, compotes, and spirits [3], as well as for 
specific dietary and medicinal applications [5]. Within the 
realm of ethnopharmacology, blackthorn fruits find applica-
tion primarily in treating digestive and respiratory ailments 
such as diarrhea, colds, flu, and bronchitis, in addition to 
diabetes, kidney inflammation, and heart disease. Empirical 
studies have substantiated their antibacterial, anti-inflamma-
tory, anti-proliferative, antioxidant, and enzyme-inhibitory 
properties. The fruits are rich in phenolic compounds and 
vitamin C, notably anthocyanins and neochlorogenic acid 
(3-O–caffeoylquinic acid as per IUPAC nomenclature), both 
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possessing advantageous health benefits and displaying 
potential as nutraceutical agents [3]. Additionally, the fruits 
provide 30% of the daily vitamin C requirement. Plums can 
spoil quickly due to their high water content. Drying plums 
provides benefits in terms of storage. At the same time, dried 
plums have many health benefits and are ground into powder 
and used as an additive [6].

Influencing consumer preferences significantly, color 
stands out as one of the paramount quality factors. A sub-
stantial portion of colorants employed within the food 
industry are synthetic and pose potential hazards to human 
health. In recent years, natural colorants have gained esca-
lating favor among consumers, supplanting chemical alter-
natives, consequently fueling their global industry growth 
[7]. The methodologies employed for drying hold pivotal 
importance, ensuring the utilization of the abundant natu-
ral pigments found in fruits within the realm of the food 
industry. A meticulous selection of the drying method is 
imperative to harness the rich natural pigments, accompa-
nied by their attendant health benefits, for application in the 
food industry. Various drying techniques can be harnessed, 
including microwave drying, spray drying, vacuum drying, 
freezing, drum drying, foam mat drying, and natural drying. 
Of these, foam mat drying emerges as a more economical 
option due to its superior drying rate and lower operational 
temperatures relative to alternative approaches like air dry-
ing. Moreover, it curtails the drying duration, thus mitigat-
ing the degradation of heat-sensitive food constituents. The 
abbreviated drying period further averts undesired modi-
fications in the physical attributes of the food. In contrast 
to methods such as spray drying and freezing, foam mat 
drying yields powders that are facile to rehydrate and cost-
effective. The resulting powders find utility across an array 
of products, encompassing baked goods, ice cream, snacks, 
beverages, pastes, and convenience meals [8]. Propelled by 
its circumvention of inherent limitations associated with 
conventional dehydration techniques—namely, inadequate 
rehydration properties, unfavorable sensory profiles, and 
protracted drying durations—foam-mat drying has garnered 
considerable attention as an innovative and pragmatic tech-
nology. Foams generally manifest as continuous matrices of 
gas bubbles suspended in liquid or solid mediums, upheld 
by agents that act upon the matrix surface, encompassing 
proteins, polymers, surfactants, and particles [9]. Owing to 
minimal thermal impact, the foam mat drying process effec-
tively preserves the inherent attributes of fresh fruits, includ-
ing color, flavor, vitamins, and sensory characteristics [10].

Numerous investigations have been undertaken to discern 
the phenolic compounds, antioxidant capacity, and vitamin 
C content of P. spinosa [1–3, 5, 11]. However, thus far, no 
study has delved into the optimization of P. spinosa extrac-
tion through response surface methodology or its subse-
quent conversion into powder via foam mat drying (oven, 

microwave, and natural drying). This study marks the inau-
gural exploration into the optimization of ultrasonic-assisted 
extraction (UAE) conditions, targeting a blend of total phe-
nolic compounds (TPC), antioxidant capacities (DPPH, 
CUPRAC), vitamin C content, and color attributes (L*, 
a*, b*) within blackthorn extracts. The principal objective 
of this study is to identify the optimal extract composition 
yielding elevated levels of TPC, AC, and vitamin C within 
blackthorn, employing response surface methodology in 
conjunction with an ultrasonic water bath, and subsequently 
converting the resultant extract into powder via foam mat 
drying, leveraging two distinct foaming agent ratios (7:3 
w/w and 8:2 w/w, MD: EW) and three diverse drying tech-
niques. Oven, microwave, and natural drying methods were 
used as drying methods, and the most effective result was 
determined by comparing these drying methods.

Materials and methods

Material, standards, and reagents

The study focused on P. spinosa L. fruits. The fruit harvest 
took place in the Pazarlar district of Kutahya, Turkey, at 
coordinates 39° 0′ 0′′ N, 29° 8′ 0′′ E, with an elevation of 
950 m, at the end of September. Following harvest, the fruits 
underwent cleaning, draining, and subsequent freezing at 
-20 °C. All substances employed in the assays were of ana-
lytical grade and were procured from Merck (Darmstadt, 
Germany). The standards used encompassed 6-Hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) 
(CAS No: 53188-07-1) and gallic acid (CAS No: 149-91-
7) from Sigma-Aldrich (Germany), while ascorbic acid 
 (C6H8O6) standard (CAS No: 50-81-7) was acquired from 
Carlo Erba (France). Folin–Ciocalteau (CAS No: 12111-13-
6) was purchased from Sigma-Aldrich (Germany). Malto-
dextrin (DE 20) and egg white (%79.3 protein) were pur-
chased from Tito (Turkey) and Alfasol (Italy), respectively.

Statistical model and experimental design

The optimization of P. spinosa L. extracts through Ultra-
sonic-Assisted Extraction (UAE) was conducted utiliz-
ing response surface methodology, and central composite 
design. The influence of temperature (20–80 °C) and extrac-
tion time (5–30 min) on total phenolic compounds (TPC), 
antioxidant capacity (AC), vitamin C, and color values (L*, 
a*, b*) was investigated. Employing Design-Expert 7.0.0 
(Minneapolis, USA), a total of 11 experiments were devised. 
Table 1 presents the outcomes of the experimental design 
and optimization. To mitigate the effects of random variables 
on the results, the tests were conducted in a randomized 
sequence.
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Extraction process

Extraction process studies were determined by comparing 
the highest phenolic and antioxidant values according to 
the preliminary study parameters. Fruits were retrieved 
from the − 20  °C freezer and thawed prior to extrac-
tion. Using an ultrasonic water bath (GREATSONIC GS 
-DS360-P, China), the fruits were subjected to extrac-
tion with distilled water (10 g/100 ml) for 5–30 min at 
temperatures ranging from 20 to 80 °C, as per the set-
tings computed through Response Surface Methodology 
(RSM). The resultant extracts were then passed through 
0.45 µm mixed cellulose esters (MCE) membrane filters 
(hydrophilic) without centrifugation and stored in bottles 
at − 20 °C until further analysis.

Determination of TPC and AC (DPPH, CUPRAC)

The quantification of TPC in the fruit extracts was car-
ried out spectrophotometrically using the Folin-Ciocalteu 
method [11]. A calibration curve was established utilizing 
gallic acid (50–500 mg/l) as a reference. The TPC data 
were expressed in mg (GAE)/g of gallic acid equivalents. 
Assessment of radical scavenging capacity (DPPH) was 
performed following the methodology elucidated by Singh 
et al. [12] using a spectrophotometer (Shimadzu UV-1800, 
Japan) at a wavelength of 517 nm. The percentage inhibi-
tion of the DPPH radical for each sample was calculated 
using the provided equation.

Ac: control absorbance, As: sample absorbance.
To determine the copper-reducing capacity (CUPRAC), 

the methodology established by Apak et  al. [13] was 
adopted. The absorbance at 450 nm of the resultant solu-
tion was measured utilizing a Shimadzu UV-1800 spectro-
photometer (Japan). The data were expressed in mg (TE)/g 
of Trolox equivalents. Each experiment was conducted in 
triplicate.

Analysis of vitamin C (ascorbic acid)

A 0.004% oxalic acid solution was added to the sam-
ple to stop the oxidation of vitamin C and provide the 
acid needed for the reaction. Vitamin C is decolorized 
by reducing the oxidation–reduction dye 2,6 dichloroin-
dophenol. The color of the unreduced dye at the end of 
the reaction was measured with a UV spectrophotometer 
at 518 nm. A calibration curve was created by making 

(1)DPPH Inhibition(%) =
Ac − As

Ac
× 100
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ascorbic acid standard (Carlo Erba, France) solutions with 
2, 2,5, 5, 10, 20, 30, and 40 ppm concentrations [14].

Physicochemical analysis

Utilizing a portable refractometer (Atago PAL-1 Pocket, 
Japan) calibrated with distilled water, the soluble solids con-
tent of the extracts was determined and expressed in oBrix. 
The pH of the extracts was assessed using a pH meter with 
buffer solution calibration (Starter-3100, Ohaus, USA). The 
color characteristics were gauged through a CIELAB color-
imeter (MiniScan XE, HunterLab, USA), wherein the L*, a*, 
and b* values represented color brightness, red-green, and 
yellow-blue attributes, respectively. The moisture content 
of the powders was determined using a moisture analyzer 
(RADWAG, AB-0066-K), and the water activity (aw) was 
measured using Novasina LabMaster equipment (Novasina 
AG Ltd., Lachen SZ, Switzerland). The measurements were 
conducted in triplicate, and the mean values were calculated 
based on the results’ average.

Drying process

Preparation of foam

Following the washing and seed removal from blackthorn 
fruits, extraction was performed (seedless blackthorn fruits: 
water; 1:3) as per the optimal test conditions (80 °C and 30 
min). The resultant blackthorn fruit extracts (7.7 oBrix, pH 
3.37) were mixed with a 5% maltodextrin: egg white mix-
ture, at ratios of 7:3 w/w (G1, G2, G3) and 8:2 w/w (G4, 
G5, G6). The control group (C1, C2, C3) did not receive 
any foaming agent. The foaming agent contents and drying 
processes are detailed in Table 2. The foam was generated 

by whipping the samples using a mixer (Emsan, Model Pro-
Multimax-1001, Turkey) at 1000 rpm for 15 min. The den-
sity and expansion of foam resulting from different foaming 
agent ratios were assessed.

Foam density

The foam’s weight and volume were recorded after place-
ment in a measuring cylinder. The mass-to-volume ratio, 
termed foam density, was calculated using the formula [15]:

Foam expansion

Foam expansion, indicating the volume increment due to 
introduced air during whipping, was calculated as a percent-
age increase. Employing the equation below, the difference 
in extract volume before and after foaming was assessed, as 
per Abd El-Salam et al. [16]:

Vo: extract volume before foaming (ml), V1: extract volume 
after foaming (ml).

Drying of foams by oven, microwave, and natural 
drying

Oven (Memmert UN55, Germany) drying was carried out 
for samples C1, G1, and G4; microwave (Beko MD1610, 
Turkey) drying for C2, G2, and G5; and natural drying (C3, 
G3, G6) was performed. The foam, spread about 5 mm thick 
on a stainless steel tray with greaseproof paper, was dried at 
approximately 70 ± 5 °C for 90–150 min in the oven. Micro-
wave drying was conducted at 300 W for about 6–8 min, 
while natural drying occurred over 150–330 min at an ambi-
ent temperature of 20–25 °C and humidity at 50%. Subse-
quent to milling the dried products with a grinder (Siemens 
MC23200, Germany), the powders were packed in poly-
propylene bags and stored at room conditions for further 
analysis.

Water solubility (%) of the powder

Water solubility was determined with minor modifica-
tions based on the method proposed by Bayram et al. [17]. 
Approximately 0.3 g of powder was vortexed for 10 min in 
30 ml of deionized water. The solution was then centrifuged 
at 4000 rpm for 15 min. The supernatant was transferred 

(2)Foam density =
Mass of the foam(g)

Volume of the foam(ml)

(3)Foam expansion(%) =
V1 − V0

V0
× 100

Table 2  Foaming agent ratios and drying processes of powders

MD Maltodextrin, EW Egg white
C1, C2, C3: Control
G1, G2, G3: MD + EW (7:3)
G4, G5, G6: MD + EW (8:2)

Blackthorn powders Foam agents rate Drying process

MD EW

C1 0 0 Oven
C2 0 0 Microwawe
C3 0 0 Natural drying
G1 7 3 Oven
G2 7 3 Microwawe
G3 7 3 Natural drying
G4 8 2 Oven
G5 8 2 Microwawe
G6 8 2 Natural drying
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to preweighed petri dishes and dried at 105 °C for 20 h in 
an oven. The solubility percentage was calculated using the 
formula:

The TPC, AC (DPPH, CUPRAC, and ascorbic acid 
of powders

The extraction of powder samples was performed the 
method proposed by Khamjae and Rojanakorn [18]. Dried 
samples (0.2 g) were extracted with 20 ml of 50% methanol 
in an ultrasonic bath for 30 min, followed by filtration. The 
Total Phenolic Compounds (TPC) were determined utilizing 
the Folin Ciocalteu (FC) reagent based on Singleton et al.’s 
[11] method, using gallic acid as the standard. DPPH radi-
cal scavenging activity [12] and Copper Reduction Capacity 
(CUPRAC) were assessed as per Apak et al.’s [13] method-
ology. The results were expressed in mg TE/g Trolox equiva-
lent. Absorbance measurements were conducted at wave-
lengths of 760 nm, 517 nm, and 450 nm using a Shimadzu 
UV-1800 spectrophotometer (Kyoto, Japan). The quantifica-
tion of ascorbic acid in dried foam samples followed the pro-
tocol outlined by Araujo et al. [19]. Powder samples (0.1 g) 
were mixed with 10 ml of a 0.004% oxalic acid solution. 
After extraction in an ultrasonic bath for 20 min, the solution 
was filtered (0.45 µm). Subsequently, 1 ml of the filtrate was 
mixed with 9 ml of 2,6-dichloroindophenol and subjected 
to vortexing The absorbance of the mixture was determined 
at 518 nm using a spectrophotometer. By utilizing a stand-
ard curve, the amount of ascorbic acid was determined and 
expressed as mg/100 g.

Statistics analyzes

SPSS Statistics was used to conduct the statistical analy-
sis (PASW Statistics 18, USA). When the one-way analysis 
of variance (ANOVA) yielded a significant result, Tukey’s 
multiple comparison tests with a 95% confidence interval 
were utilized to assess the significant differences among the 
samples. Optimization of extraction parameters and analy-
sis of variance were carried out using Design-Expert 7.0.0 
(Minneapolis, USA).

(4)

Water solubility(%) =
Weight of dissolved solids in supernatant

Weight of sample
× 100

Results and discussion

Fitting the model

The extraction temperature  (X1: 20–80  °C) and extrac-
tion time  (X2: 5–30 min), which are significant variables, 
were employed to obtain the extract with the highest TPC 
and AC (DPPH and CUPRAC) content. This was achieved 
through the utilization of a two-factor RSM (Response Sur-
face Methodology) with central composite design. A total 
of 11 experiments were conducted in alignment with the 
central composite design to determine the optimal condi-
tions (Table 1). The optimal conditions for maximizing TPC 
and AC (DPPH, CUPRAC) were predicted by overlaying 
the outcomes of simultaneous optimization utilizing the 
desirability function approach and each individual optimal 
condition. Under ideal circumstances, with a temperature 
of 80 °C and an extraction time of 30 min, the TPC, DPPH, 
and CUPRAC values were 11.88 mg GAE/g, 78.6%, and 
535.69 mg TE/g, respectively. These findings demonstrated 
concurrence between experimental and predicted values, 
indicating the precision and reliability of the model param-
eters derived using RSM (Table 3).

Response surface 3D graphics (Fig. 1) illustrate the influ-
ence of process parameters. The TPC and AC levels in the 
extracts exhibited significant variations due to the effects 
of time and temperature process parameters. The ANOVA 
results presented in Table 4 indicate that among the exam-
ined factors, the linear effects of extraction temperature were 
highly significant (P < 0.001). The experiments revealed an 
increase in temperature-dependent extraction efficiency. 
Another indicator of model adequacy was the absence of 
a significant lack of fit (P > 0.05). The recovery of biologi-
cally active compounds should be achieved with minimal 
degradation by employing an effective extraction proce-
dure [20]. With rising temperatures, TPC and AC signifi-
cantly increased (P < 0.001). The influence of temperature 
on the rate of extraction of bioactive compounds has been 
reported in previous studies [20]. Temperature affects the 

Table 3  Values from experiments and predictions for response vari-
ables under ideal extraction conditions

Response vari-
ables

Optimum extraction condi-
tions

Maximum values

X1 (Tempera-
ture)

X2 (Time) Predicted Validation

TPC (mg 
GAE/g)

11.88 11.57

DPPH (%) 80 °C 30 min 76.80 74.20
CUPRAC (mg 

TE/g)
535.69 521.07
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mass transfer process, enhancing solvent penetration. Higher 
temperatures lead to a quicker breakdown of plant matrix 
and cell structures, rendering cells more permeable [7]. As 
temperature rises, the connections between polysaccharides, 
proteins, and phenolic compounds weaken, leading to an 
increased rate of phenolic compound diffusion [21].

As far as is known, this is the inaugural study of the max-
imum determination of total polyphenols and antioxidant 
capacity using RSM optimization.

Effect of extraction parameters on TPC, AC (DPPH, 
CUPRAC), vit C, and the CIELab values (L*, a*, b*)

The extract with the highest TPC content, AC, and color 
values were determined through UAE under optimal con-
ditions with RSM (Table 1). The experimentally obtained 
TPC, DPPH, CUPRAC, a*, and b* values were fitted to a 
quadratic polynomial model, and an analysis of variance 
(ANOVA) was used to examine the effects of the variables 
under study, their interactions, and the statistical significance 
of the model. L* value was fitted to a linear model and Vit 

C to a mean model. Tables 4 and 5 present the significance 
of each coefficient as determined by the F-test and P-value. 
A higher F-value compared to the P-value for any model 
term indicates a greater impact on the associated response 
variables [22]. The results demonstrate that the evaluated 
parameters significantly influenced the responses (P < 0.01).

The P values of the regression coefficients for each of the 
examined responses for TPC and AC (DPPH, CUPRAC) are 
presented in Table 4. The quadratic models for TPC and AC 
were found to be suitable approximations for the analyzed 
responses, as indicated by the statistically significant P-val-
ues. The coefficients of multiple determinations for TPC and 
AC (DPPH, CUPRAC) were quite high, with values of 0.90, 
0.95, and 0.96, respectively  (R2). The model’s adequacy was 
further confirmed by the absence of significant lack of fit 
(P > 0.05). The following quadratic equations elucidate the 
influence of extraction factors on TPC (Eq. 5), AC (DPPH 
(Eq. 6), CUPRAC (Eq. 7).

(5)
TPC = 8.30 + 1.89x1 + 0.40x2 + 0.54 x1x2 + 1.21x2
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Fig. 1  Response surface-3D graphics of process parameters on TPC, AC (DPPH and CUPRAC)
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where  x1 and  x2 represent temperature and time, respec-
tively. The optimal conditions for achieving maximum TPC 
and AC in the present study were a 30 min extraction period 
and a temperature of 80 °C. This demonstrates that the cho-
sen RSM model was successfully used to make extracts of 
blackthorn with the highest TPC and AC concentration using 
UAE.

The blackthorn extracts obtained via the UAE method 
exhibited varying values for TPC, AC (DPPH and 
CUPRAC), ranging from 7.02 to 11.97 mg GAE/g, 20.40% 
to 79.60% ARA, and 182.94 to 537.20  mg Trolox/g, 
respectively (Table 1). The TPC values detected in this 
study were consistent with the findings of Miodragović 
et al. [23] (2.30–7.59 mg GAE/g) and Popović et al. [24] 
(11.10–30.43 mg GAE/g). However, they were lower than 
the values reported by Magiera et al. [1] (26.8–124 mg 
GAE/g) and higher than those by Aliyazıcıoğlu et al. [25] 
(4.198 mg GAE/g). The results highlight a significant cor-
relation between antioxidant capacities and total polyphe-
nolic content. The substantial AC of the blackthorn extracts 
was verified by both assays. Similar to our study, Sabatini 
et al. [26] demonstrated the antioxidant capacity of P. spi-
nosa, with ethanolic extracts exhibiting 75% DPPH activity 
at a concentration of 0.6 mg/ml. Capek and Košťálová [4] 
observed even higher (~ 92%) activity in blackthorn extracts 
extracted with alkali compared to the present study. The 
DPPH scavenging activity of ethanolic extracts of P. spinosa, 
expressed in terms of IC50, was found to be 0.62–3.46 mg 
dw/ml [24]. Celik et al. [2] reported a TAC assay result of 
1.021 mmol TE/kg fw in their antioxidant study of black-
thorn. Differences among the results might be attributed to 
variables such as the extraction method employed, choice of 
solvent, fruit part utilized, and variations in soil and weather 
conditions during the harvest year.

Vitamin C, a naturally occurring water-soluble antioxi-
dant, is found abundantly in many fruits. Due to its limited 
stability after heat processing, it is utilized as an indicator of 
dried food quality [27]. Vitamin C was demonstrated to be 
represented by a mean model for the examined responses and 
exhibited no significant lack of fit (P > 0.05). In this study, 
the vitamin C content in blackthorn extracts was found to 
range from 54.05 to 140.00 mg/100 ml (Table 1). These 
results exceeded values of 19–26 (mg/100 g fw) reported 
by Ozkan [28] and 25.5 (mg/100 g fw) reported by Celik 
et al. [2].
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Color optimization was a pivotal analysis, given that 
the powdered products derived from the extracts would be 
employed for both coloring purposes and functional proper-
ties. The CIELab values a* value represents redness/green-
ness and the b* value represents blue/yellowness. The white-
ness and brightness increase as the L* value approaches 
100 [29]. The blackthorn extracts obtained using the UAE 
method exhibited color parameters (L*, a*, and b*) rang-
ing from 26.46 to 45.07, 4.90 to 26.21, and 8.11 to 16.70, 
respectively (Table 1). The P-values of the regression coef-
ficients are displayed in Table 5 for each examined response 
of color values L*, a*, and b*. The linear model for L* 
and the quadratic models for a* and b* were suitable for 
the investigated responses, as indicated by the statistically 
significant P-values. With respective values of 0.77, 0.96, 
and 0.94, the coefficients of multiple determinations for L*, 
a*, and b* were determined  (R2). Temperature significantly 
impacted the response variables (P < 0.001). The follow-
ing linear and quadratic equations elucidate how extraction 
parameters influenceL* (Eq. 8), a* (Eq. 9), and b* (Eq. 10).

where,  x1 and  x2 stand for temperature, and time, respec-
tively. Extraction temperature exhibited a significant 
(P < 0.01) effect on L*, a*, and b* (Table 5). Figure 2 shows 
the Response surface-3D graphics of process parameters 
on L*, a*, and b*. The ‘a*’ values underwent significant 
alterations due to the influence of process parameters. This 
phenomenon can be attributed to the impact of temperature, 
which renders molecular interactions more time-dependent.

This study marks the first attempt to optimize the UAE 
conditions for a simultaneous enhancement of TPC, DPPH, 
and CUPRAC alongside color attributes (L*, a*, and b*) in 
blackthorn extracts.

(8)L ∗= 37.06 − 7.21x1 − 1.27x2

(9)
a ∗= 10.04 + 9.63x1 + 0.93x2 − 0.19x1x2 + 6.10x2

1
− 1.14x2

2

(10)
b ∗= 13.53 − 2.46x1 − 0.69x2 − 0.19x1x2 − 3.04x2

1
− 1.15x2

2

Table 5  Analysis of ANOVA for response surface to examine the impact of ultrasound-assisted extraction (UAE) process factors on the extrac-
tion color values (L*, a*, and b*)

*P values with less than 0.01 are statistically significant

Source L* (Linear model) a* (Quadratic model) b* (Quadratic model)

df Mean square F-value P-value df Mean square F-value P-value df Mean square F-value P-value

Model 2 160.89 13.27 0.0029 5 27216.57 22.72 0.0019 5 14.67 14.55 0.0053
X1-Temp 1 312.05 25.74 0.0010 1 1.078E + 005 89.96 0.0002 1 36.36 36.05 0.0018
X2- Time 1 9.73 0.80 0.3965 1 3130.68 2.61 0.1669 1 2.88 2.86 0.1516
X1X2 1 7502.59 6.26 0.0543 1 0.14 0.14 0.7207
X1

2 1 17537.62 14.64 0.0123 1 23.48 23.28 0.0048
X2

2 1 2241.70 1.87 0.2296 1 3.35 3.32 0.1281
Residual 8 12.12 5 1197.84 5 1.01
Lack of fit 6 12.21 0.99 0.5814 3 1314.33 1.28 0.4658 3 0.77 0.57 0.6873
R2 0.77 0.96 0.94
Adj-R2 0.71 0.92 0.88
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Fig. 2  Response surface-3D graphics of process parameters on L*, a*, and b*
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Physicochemical characteristics of blackthorn 
extracts

Table 1 displays the physicochemical characteristics of the 
blackthorn extracts. Soluble solids (°Brix) ranged from 
2.00 to 2.40, while pH values varied between 3.37 and 3.47. 
Comparable findings have been reported previously for P. 
spinosa fruits, with pH values spanning 3.43 to 3.92 [30, 
31]. StankoviĆ et al. [32] found a higher pH value (4.08) 
for P. spinosa fruit extracts compared to this study. There 
were statistical differences in pH and oBrix values between 
the extracts. Assessing physical–chemical properties is 
pivotal for quality evaluation and standardized extraction 
procedures. Notably, the temperature and time parameters 
employed during the extraction were observed to influ-
ence extract bioactivity through their effects on phenolic 
compounds.

Foam and powder analyses

Foam properties

The density and expansion capacity of foam, produced using 
varying maltodextrin (MD): egg white (EW) concentra-
tions (7:3 w/w, 8:2 w/w) as foaming agents, were evaluated. 
Foam density and expansion were determined as 0.12 g/
ml (742%) and 0.16 g/ml (645%) for 7:3 w/w and 8:2 w/w 
MD: EW ratios, respectively. Notably, increasing EW con-
centration led to reduced foam density and enhanced vol-
ume expansion. This behavior is attributed to augmented 
protein absorption at the liquid–air interface, contributing 
to decreased surface tension and increased volume expan-
sion. Proteins exhibit effective foaming and stabilization 

properties as they adsorb at the liquid–air interface, reducing 
surface tension [8]. Proteins adsorb at the liquid–air inter-
face, lowering a liquid’s surface tension. Proteins are hence 
effective foaming and stabilizing agents [33]. Similar results 
(639.3 ml) were reported for the foam volume of foam-dried 
mulberry with a carrier additive ratio of 6% albumin, 0.3% 
CMC and 1.5% RDM (w/w), and a whipping time of 10 min 
[34]. Low-density foams were found to dry faster. Higher-
density foams take a while to dry out, which causes thermal 
damage and lower product quality [35].

Physicochemical properties of blackthorn powder

Moisture content (% moisture) and water activity (aw) serve 
as indicators of water’s role in biological activities and prod-
uct quality, especially during prolonged powder storage. 
Table 6 presents the effects of different foaming agents and 
drying techniques on the physicochemical attributes of foam 
mat-dried blackthorn powders. Among samples with equiv-
alent content, natural drying yielded the highest moisture 
content and aw values, while oven-dried samples exhibited 
the lowest values. Moisture content ranged from 3.80% to 
9.26%, and aw spanned 0.16 to 0.32, with statistically sig-
nificant differences observed among samples (P < 0.05). In 
a similar technique applied to mulberry powder, Thuy et al. 
[34] reported comparable moisture content (4.11–5.31%) 
and aw (0.24–0.32) results. Pushkar et al. [36] noted mois-
ture content variations (1.6%–9.3%) among watermelon 
juice powder produced through different methods (under 
the sun, under vacuum, spraying, and lyophilization). Franc-
eschinis et al. [37] deemed 6% moisture content suitable 
for powdered blackberries. Moisture content significantly 

Table 6  Physicochemical properties of powders with different wall materials

MD maltodextrin, EW Egg white
Data are expressed as mean ± S.D. of triplicate measurements
Different letters within the column indicate a significant difference at P < 0.05
C1, C2, C3: Control
G1, G2, G3: MD + EW (7:3)
G4, G5, G6: MD + EW (8:2)

Wall material Moisture content (%) aw Solubility (%) L* a* b*

C1 5.69 ± 0.01d 0.22 ± 0.01abc 56.0 ± 0.50a 21.07 ± 0.08b 14.13 ± 0.09e 3.23 ± 0.09b

C2 5.79 ± 0.02d 0.23 ± 0.05bc 72.5 ± 0.20b 22.71 ± 0.04c 6.61 ± 0.09a 2.92 ± 0.06a

C3 9.26 ± 0.05g 0.32 ± 0.01d 76.0 ± 0.40b 17.92 ± 0.05a 8.99 ± 0.13b 3.82 ± 0.10c

G1 3.80 ± 0.02a 0.14 ± 0.03a 80.0 ± 0.50c 37.46 ± 0.00h 15.10 ± 0.06f 5.55 ± 0.01g

G2 6.85 ± 0.03e 0.28 ± 0.02cd 80.4 ± 0.20c 30.71 ± 0.03d 16.71 ± 0.06h 5.19 ± 0.05de

G3 7.06 ± 0.01f 0.27 ± 0.05cd 81.6 ± 0.62c 31.49 ± 0.02f 15.37 ± 0.04g 5.43 ± 0.08fg

G4 4.06 ± 0.02b 0.16 ± 0.02ab 81.3 ± 0.70c 37.61 ± 0.00ı 13.02 ± 0.02c 5.07 ± 0.05d

G5 5.41 ± 0.07c 0.21 ± 0.01abc 81.4 ± 0.20c 31.88 ± 0.03g 13.36 ± 0.05d 6.53 ± 0.03h

G6 6.98 ± 0.05f 0.28 ± 0.04cd 82.5 ± 0.20c 31.21 ± 0.04e 13.35 ± 0.01d 5.28 ± 0.09ef
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influences glass transition, crystallization behavior, dry-
ing efficiency, powder flowability, stickiness, and storage 
stability. At aw 0.85, bacteria can’t grow, while at aw 0.70 
and 0.65, respectively, yeast and mold can’t develop. Micro-
bial growth, oxidative, and enzymatic activity decrease in 
0.2–0.3 water activity [34]. The results of our study were 
found in this range.

Powder solubility ranged from 56.0% to 82.5% (Table 6), 
with significant differences observed between the control 
group and other samples (P < 0.05). However, no statisti-
cally significant differences were noted among samples G1 
to G6 (P > 0.05). Notably, the addition of foaming agents 
significantly improved powder solubility in the control group 
(C1, C2, and C3). This demonstrated how foaming agent 
additions enhance the powder’s solubility. Increasing malto-
dextrin concentration in samples dried by the same method 
corresponded to higher solubility. This can be attributed to 
maltodextrin’s high solubility in water. The highest solu-
bility (82.50%) was evident in the naturally dried G6 sam-
ple. Although the solubility was statistically insignificant 
(P > 0.05), it showed an increasing trend toward oven drying, 

microwave drying, and natural drying. This can be attrib-
uted to the low ambient temperature (20–25 °C) in natural 
drying, preventing the collapse of the bubbles. Similarly, 
Gao et al. [38] reported water solubility of egg white, CMC, 
and MD foaming agents in microwave-assisted foam-mat 
dried blueberry pulp powders (51.56%-80.00%). They also 
found that the resolution of the control group was lower 
than the other samples in their study. Additionally, the water 
solubility of foam-mat dried sour cherry powder containing 
egg white and methylcellulose, as studied by Abbasi and 
Azizpour [39], ranged from 42.2% to 48.4%, lower than the 
present findings.

Color is a determining factor for assessing food prod-
uct quality and enhancing market appeal [40]. Figure 3 
illustrates the colors of blackthorn extract powders with 
and without foaming agents (G1, G2, G3, G4, G5, G6) and 
controls (C1, C2, C3). L* values, indicating lightness/dark-
ness, revealed darker colors in control samples (lower L* 
values) (Table 6). The a* values, reflecting green/red vari-
ation, exhibited higher redness in samples G1, G2, and G3 
(higher a* values). The b* values, corresponding to blue/

Fig. 3  The colors of blackthorn 
pulp powders without (control) 
(C1, C2, C3) and with a coating 
(G1, G2, G3, G4, G5, G6)
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yellow, demonstrated the highest value in sample G5. Color 
changes may be attributed to anthocyanin oxidation and the 
Maillard reaction, contributing to product darkening [34]. 
Effects of foaming agents on color were evident, with higher 
L*, a*, and b* values observed in foaming agent-utilizing 
samples compared to control groups. The L* value was 
found to be the highest in the oven-dried G4 sample. This 
can be attributed to the high concentration of maltodextrin 
used as a foaming agent. The increase in L* value may be 
due to the white maltodextrin [29]. The lowest L* value was 
observed in the natural dried G6 sample. This may be due to 
oxidation due to the long drying time. In the control group, 
the highest b* value was seen in the naturally dried C3 sam-
ple (3.82). Microwave-dried samples displayed increased a* 
values with higher egg white concentrations. Notably, micro-
wave drying yielded the highest b* value in samples with 
low egg white concentrations. Microwave drying causes 
the browning appearance, which can be related to pigment 
decomposition and the Maillard reaction [38]. The signifi-
cant influence of foaming agents and drying methods on L*, 
a*, and b* (P < 0.05) was observed in the color analyses.

TPC, AC (DPPH, CUPRAC), vitamin C assessment 
of powders

The outcomes of the comparison of drying conditions and 
foaming agents on TPC and AC in blackthorn powders are 
displayed in Table 7. The highest TPC (14.8 mg GAE/g), 
DPPH (6.45 mg TE/g), and CUPRAC (578.28 mg TE/g) 
values were ascertained in the powder sample from the 
control group (without MD + EW) subjected to microwave 
drying. These results are higher than those of Blagojevi´c 

et al. [3] who reported the TPC of P. spinosa L. encap-
sulated in maltodextrin and halloysite-based coating at 
4.88–9.47 mg/g. Conversely, the present findings are less 
than those of Darniadi et al. [41], who identified the TPC of 
foam-mat freeze-dried blueberry powder as between 29.43 
and 31.73 mg/g. Microwave drying has emerged as the most 
effective method among powders in which foaming agents 
are used at the same rate. This is attributed to the rapid of 
microwave drying, leading to reduced oxidation of foams. 
In instances where foaming agents were employed, TPC and 
AC levels elevated as egg white (EW) content declined in 
microwave-dried powder samples. Heightened EW content 
led to increased foaming and oxidation due to larger surface 
area exposure, thereby decreasing TPC and AC.

Antioxidant properties play a pivotal role in evaluating 
powder quality. The results showed that MD + EW (8:2) 
contains the G5 sample with the highest TPC (14.1 mg 
GAE/g), DPPH (5.26 mg TE/g), and CUPRAC (465.07 mg 
TE/g). Microwave drying was observed to better preserve the 
antioxidant properties of powders. De Carvalho et al. [42] 
reported lower TPC for jambolan juice powders dried via 
foam mat (2.28–2.92 mg/g) using 10.0% (w/w) Emustab®, 
2.5% (w/w) Super Liga Neutra® and 20.0% (w/w) Malto-
dextrin 10 DE. It was observed that the antioxidant value 
increased as the maltodextrin ratio increased in the micro-
wave drying method. Similarly, in their study using malto-
dextrin and gum arabic as wall materials, Ruengdech et al. 
[14] reported that the antioxidant value increased with an 
increasing maltodextrin ratio. Their assessment of powder 
antioxidant capacity (DPPH and FRAP) stood at 11.7–13.9 
(μmol Trolox/g) and 24.7–30.3 (μmol Trolox/g).

Table 7  Bioactive properties of powders with different wall materials

MD maltodextrin, EW Egg white
Data are expressed as mean ± S.D. of triplicate measurements
Different letters within the column indicate a significant difference at P < 0.05
C1, C2, C3: Control
G1, G2, G3: MD + EW (7:3)
G4, G5, G6: MD + EW (8:2)

Wall material Drying time TPC (mg GAE/g) DPPH (mg TE/g) CUPRAC (mg TE/g) Vitamin C (mg/100 g)

C1 150 14.6 ± 0.02e 5.15 ± 0.5bcd 551.36 ± 2.8d 58.18 ± 1.16a

C2 8 14.8 ± 0.02de 6.45 ± 0.3d 578.28 ± 3.1d 61.98 ± 0.26ab

C3 330 14.2 ± 0.00d 5.98 ± 0.4cd 548.40 ± 3.8d 56.34 ± 0.95a

G1 90 11.5 ± 0.01b 3.76 ± 1.4abc 398.29 ± 2.7ab 56.80 ± 3.65a

G2 5 12.7 ± 0.01c 4.04 ± 0.4abcd 462.71 ± 7.2bc 57.91 ± 0.95a

G3 150 11.5 ± 0.01b 3.34 ± 0.1ab 413.06 ± 6.7abc 56.26 ± 0.91a

G4 105 10.7 ± 0.02a 2.36 ± 0.5a 361.64 ± 7.8a 61.76 ± 0.95ab

G5 5.5 14.1 ± 0.01d 5.26 ± 0.2bcd 465.07 ± 3.1c 69.22 ± 0.02b

G6 160 11.5 ± 0.01b 3.29 ± 0.6ab 384.69 ± 9.2a 68.10 ± 0.04b
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Ascorbic acid, being water-soluble and sensitive to heat, 
deteriorates rapidly, a process hastened by heat, light, and 
airborne oxygen [43]. As a heat-sensitive component, ascor-
bic acid is a valuable indicator of fruit drying quality [8]. 
The effect of diverse drying conditions and wall materials on 
vitamin C retention was explored. Vitamin C values for pow-
der samples are shown in Table 7. Samples G5 and G6 exhib-
ited maximal vitamin C content (69.22–68.10 mg/100 g). 
Enhanced vitamin C retention was noted in microwave-dried 
samples, possibly due to shorter drying times. Microwave 
drying lasted around 6 min, reducing vitamin C degrada-
tion. Oxidative degradation of vitamin C may be acceler-
ated due to prolonged drying times and oxygen in the air 
[43]. Moreover, vitamin C content declined as egg white 
increased. Similar to the present study, egg albumin addition 
during kadam fruit drying with a foam mat led to reduced 
vitamin C content [8].

Conclusions

This study covers the optimization of P. spinosa L. juice 
extraction using the Response Surface Methodology and 
the conversion of the optimum extract into powder products 
by foam mat drying. RSM proved invaluable for studying 
component interactions and optimizing processes. Optimal 
extraction conditions were established at a temperature of 
80 °C and a duration of 30 min.

In the subsequent phase, blackthorn powder was produced 
via the foam drying method. To achieve powdered prod-
ucts with heightened total phenolic compound, antioxidant 
capacity, and vitamin C content, two foaming agent ratios 
(7:3 w/w and 8:2 w/w) (MD: EW), and three drying methods 
(oven, microwave, and natural drying) were employed. As 
EW content increased from 1% to 1.5%, all properties (TPC, 
AC, and Vit C) exhibited a declining trend. Remarkably, 
microwave-dried products exhibited the highest TPC, AC, 
and vitamin C values. This study underscores the successful 
utilization of maltodextrin: egg white (8:2) in combination 
with microwave drying for producing blackthorn extracts 
in powdered form. In conclusion, this study underscores 
the rich bioactive components within fruit extracts and 
powdered blackthorn products, highlighting their potential 
to enhance the nutritional value of various foods. These 
products hold potential applications as flavoring agents, 
functional ingredients, and natural colorants in powdered 
beverages, pastries, and confectionery items. Additionally, 
this research prompts further exploration into the stability 
of blackthorn powder products concerning color and bioac-
tive components, expanding their possible applications in 
various sectors.
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