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A B S T R A C T   

Polyphenols in carobs have recently attracted great attention due to their wide range of biological and health 
promoting effects. A comprehensive study was conducted to find an optimum method for the extraction, puri
fication and characterization of these valuable bioactive substances. Under this framework, the ultrasound- 
assisted extraction (UAE) of polyphenols from carob pulp was optimized by the maximization of the yield in 
total phenolics using response surface methodology. In particular, the effects of solid-solvent ratio, solvent 
concentration, extraction time, sonication amplitude, and sonication mode were investigated and optimized 
using a complete experimental design. In comparison to conventional extraction techniques, UAE offered a 
higher yield of antioxidants and a shorter processing time. Solid-phase extraction was evaluated as a clean-up 
strategy prior to the electrophoretic analysis of extracts. The results from the analysis of real samples revealed 
the predominance of gallic acid and highlighted the great influence of the ripening stage on carobs composition.   

1. Introduction 

The carob tree (Ceratonia siliqua L.) is an evergreen species belonging 
to the Leguminosae family, widely cultivated in the Mediterranean re
gion usually in mild and dry places with poor soils [1]. The fruit of the 
carob tree, also referred to as carob pod or carob, consists of two major 
parts: the pulp (90%) and the seeds (10%) [2]. Due to its unique 
chemical composition, which strongly depends on the cultivar, the 
origin and the harvesting time, the carob pod has attracted great 
attention in recent years [2]. The carob pulp is mainly composed of 
sugars, fibres, amino acids and minerals, while the seeds are composed 
principally of galactomannans [3]. Carob pods also contain considerable 
amounts of polyphenols, which have been described to present antiox
idant activity and a diversity of potential benefits in human health [4]. 
In this respect, the recent explosion of interest in carob’s polyphenolic 
composition is mainly attributed to their several biological properties, 
including antimicrobial, anti-carcinogenic, anti-inflammatory, antiviral, 
and anti-allergic activity, among others [5]. 

The extraction of the target analytes from plant matrices is a crucial 
step for both the identification and quantification process. As it has been 
proven, the efficiency and effectiveness of employed extraction 

techniques strongly influence the obtained polyphenolic patterns and 
compositions of carob extracts. Various conventional extraction 
methods including maceration, infusion, decoction, and Soxhlet 
extraction have, so far, been utilized for the recovery of polyphenols 
from carob pods and derived products [6–9]. However, these classical 
techniques are often time-consuming, they require relatively large 
quantities of solvents, and the examined active components may 
degrade or oxidise due to the long processing times and high tempera
tures used [4,10]. 

Some alternative methods of extraction are microwave-assisted 
extraction (MAE), ultrasound-assisted extraction (UAE), supercritical 
fluid extraction (SFE), pressurized liquid extraction (PLE), and many 
others. Among them, UAE offers a simple, innovative, inexpensive, 
environmentally friendly, and efficient way of extraction [11]. The 
enhancement of process efficiency by sonication is mainly attributed to 
the phenomenon of acoustic cavitation and its consequence thermal and 
mechanical effects [12]. Increased mass transfer and significant 
disruption of cell walls come as a result of these combined effects, of
fering higher extraction yields and significantly reduced processing 
times in comparison to the conventional techniques [13]. Moreover, 
UAE technique is achieved at lower temperatures, and hence, it is 
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considered to be more suitable for the extraction of thermally unstable 
constituents [14]. Nowadays, this method of extraction has been suc
cessfully applied for the recovery of antioxidants from a variety of plant 
matrices. In regard to UAE of phenolic compounds from carob samples, 
some studies have analysed the phenolic profile of extracts derived by 
sonication. However, only in few cases, UAE has been optimized thor
oughly and has been compared with conventional extraction techniques 
[4,15–17]. 

The efficiency of UAE is greatly affected by several factors, including 
solvent type and concentration, solid-solvent ratio, particle size, 
extraction time and temperature, sonication amplitude, and sonication 
mode (continuous or pulsed). The optimization of these parameters is 
considered to be essential in order to maximize the yield of antioxidants 
and reach an accurate analysis. Classical single factor experiments and 
response surface methodology (RSM) are two types of optimization 
techniques that are commonly used during the optimization of an 
extraction process [18,19]. Classical optimization studies use the one- 
factor-at-a-time approach, in which only one factor is varied at a time, 
while all others are kept constant [18]. Although popular, this method is 
time-consuming and laborious, and provides limited information on 
how different variables interact. This, in turn, gives rise to misleading 
conclusions [18]. RSM can overcome these difficulties, since it allows 
the evaluation of the effect of the independent variables as well as their 
possible interactions [20]. It is actually a collection of sophisticated 
mathematical and statistical techniques, useful for developing, 
improving, and optimizing processes by establishing empirical models 
[13,18]. RSM is based on the fit of a polynomial equation to the 
experimental data, which, in turn, must describe the behaviour of the 
data set and make statistical previsions. The objective is the simulta
neous optimization of process variables in order to attain the best overall 
extraction performance [21]. 

Although the complete polyphenolic profile of carob pulp extracts 
has already been published, literature data concerning the optimization 
of polyphenols recovery is very scarce. The optimal conditions for the 
recovery of carob’s polyphenols are not yet well established, resulting in 
significant differences and not comparable results among the literature. 
Therefore, there is undoubtedly a clear need to develop an optimum and 
appropriate method for the extraction, the purification as well as the 
characterization of carobs phenolics in order to achieve highly accurate 
results. Under this framework, the UAE of polyphenols from unripe 
carob pulp was optimized by the maximization of the yield in total 
phenolics using RSM. To the best of our knowledge, there is no previ
ously published report regarding the optimization of pulsed UAE (PUAE) 
conditions for the recovery of carob’s polyphenols. In addition, despite 
its extensive use in phytochemicals analysis, capillary electrophoresis 
(CE) has not been previously applied for both the qualitative and 
quantitative determination of carob pulp phenolics. Although Roseiro 
et al. (2013) and Almanasrah et al. (2015) attempted to analyse carob 
pulp phenolics by use of a CE system, they failed to achieve a complete 
separation, identification and quantification of the target analytes 
[7,22,23]. 

2. Material and methods 

2.1. Standards and reagents 

The analytes of (+)-catechin (1), (±)-naringenin (2), catechol (3), 
trans-cinnamic acid (4), chlorogenic acid (5), gentisic acid (6), kaemp
ferol (7), ferulic acid (8), quercetin (9), myricetin (10), caffeic acid (11) 
and gallic acid (12) were purchased for Sigma-Aldrich. Stock standard 
solutions, 1 mg mL− 1, were prepared by dissolving in methanol (MeOH) 
the appropriate amount of substance and stored at − 20 ◦C for not more 
than 3 months. Intermediate working solutions were prepared weekly 
from these stock standard solutions by appropriate dilution with MeOH. 

HPLC grade MeOH and acetone were obtained from Supelco. Re
agents for spectrophotometric assay, Folin-Ciocalteu (FC) reagent and 

sodium carbonate (Na2CO3), were purchased from Sigma-Aldrich. For 
background electrolyte (BGE) preparation, sodium tetraborate decahy
drate (Na2B4O7⋅10H2O, borate) and β-cyclodextrin (β-CD) were ob
tained from Fluka and Sigma-Aldrich, respectively, while L-alanine tert 
butyl ester lactate (L-AlaC4Lac) was synthesized in the laboratory, based 
on a previously described procedure [24]. The pH of BGE was adjusted 
with sodium hydroxide (NaOH, SUPELCO) and acidification of extracts 
was performed using hydrochloric acid (HCl, Scharlau). All solutions 
were filtered through a 0.45-μm pore size syringe filter and degassed 
prior to use. 

2.2. Plant material 

Mature and immature carobs were collected in 2019 from the same 
tree cultivated in the region of Archimandrita (Cyprus, altitude: 436 m), 
at different dates according to their ripening stages (June: unripe pods 
and September: ripe pods). The moisture content of unripe and ripe 
carob pulp material, which was determined by gravimetric analysis 
according to the AOAC established procedure [25], was 71.7 ± 0.1% and 
14.5 ± 0.2%, respectively. For polyphenols content determination, the 
fresh pods were washed; seeds were removed and pulps were lyophilized 
(LyoDry Compact Benchtop Freeze Dryer, MECHATECK SYSTEMS), 
ground to a fine powder (Thermomix® TM5, VORWERK), and passed 
through a 250-μm sieve (Endecotts) to obtain uniformly sized particles. 
The samples were vacuum-packed (4100050 Sealcom-V, J. P. SELECTA) 
and stored at − 20 ◦C until extraction and analysis. 

2.3. Extraction procedures 

2.3.1. Ultrasound-assisted extraction 
UAE of phenolics was performed by use of a 500-W power and a 20- 

kHz frequency ultrasonic probe system (CY-500, Optic Ivymen Sys
tem®). For the extraction, 2 g of carob pulp powder were mixed with an 
appropriate volume of acetone solution, and the obtained suspension 
was exposed to acoustic waves under controlled UAE conditions (ac
cording to the experimental design). In particular, the extraction was 
carried out using different solid-solvent ratios and acetone concentra
tions for varying periods of time and sonication amplitudes. The tip of 
the probe was submerged 2 cm into the extraction solution and the 
sonication was conducted in both continuous (0s:0s) and pulsed (5s:5s) 
modes. After the ultrasound treatment, the obtained mixture was 
centrifuged at 4400 rpm for 20 min, and filtered through Whatman no.1 
filter paper. The treated sample was then concentrated under vacuum 
using a rotary evaporator (RE300, stuart®), lyophilized, and vacuum- 
stored at − 20 ◦C until further analysis. All extracts were prepared in 
triplicate. 

2.3.2. Conventional methods of extraction 

2.3.2.1. Agitation extraction. Briefly, 2 g of carob pulp powder were 
mixed with 50 mL of acetone solution (57%, v/v, acetone) and agitated 
at a moderate speed at room temperature for 14 min using a magnetic 
stirrer. On the completion of the extraction procedure, stirring was 
stopped; the extract was centrifuged at 4400 rpm for 20 min and filtered 
through Whatman no.1 filter paper in order to remove the insoluble 
particles. The resulting solution was evaporated to dryness using a ro
tary evaporator and a freeze dryer, vacuum-packed, and stored at 
− 20 ◦C for subsequent analysis. 

2.3.2.2. Soxhlet extraction. Carob pulp powder (6 g) was extracted with 
150 mL of aqueous acetone solution (57%, v/v, acetone), refluxing in a 
Soxhlet apparatus for 6 h. The obtained extract solution was cooled to 
room temperature, the organic solvent was evaporated under vacuum 
using a rotary evaporator and the remaining water was removed using a 
lyophilizer. Dried-extracts were stored under vacuum at − 20 ◦C until 
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further use. 

2.4. Determination of total phenolic content 

The total phenolic content (TPC) of the extracts was determined 
according to the FC colorimetric method described by Singleton and 
Rossi (1965) [26]. Prior to the spectrophotometric analysis, the freeze- 
dried extracts were redissolved in the extraction solvent (20 mL) and 
filtered through a 0.45-μm membrane filter to remove any insoluble 
particle. Then, 2 mL of properly diluted in water extract solution were 
mixed with 10 mL of FC reagent, pre-diluted, 10 times, with distilled 
water. After standing for a period of 1–8 min at room temperature, 8 mL 
of a saturated solution of Na2CO3 (7.5%, w/v) were added into the re
action mixture. The absorbance of the samples was measured after 2 h of 
incubation at room temperature and in the dark at 765 nm using a 
UV–Vis spectrophotometer (UV-1601, Shimadzu). Gallic acid was used 
as the reference standard, and total phenolics were expressed as mg of 
gallic acid equivalents (GAE) per g of dried carob pulp and in some 
cases, for comparison studies, as mg GAE/g of dried carob pulp extract. 

2.5. Experimental design and statistical analysis 

Different experimental design methodologies were employed 
sequentially for both screening and optimization of UAE parameters. At 
first, a five-factor and two-level full factorial design (25) was employed 
to investigate the effect of solid-solvent ratio (A), solvent concentration 
(B), extraction time (C), sonication amplitude (D), and sonication mode 
(E) on polyphenols recovery. Based on the results obtained from the 
initial screening procedure, two different 24 full factorial designs were 
developed to further investigate the influence of solid-solvent ratio (A), 
solvent concentration (B), extraction time (C), and sonication amplitude 
(D) on TPC using both continuous and pulsed modes. On the basis of the 
preliminary screening designs, critical influencing factors for both 
extraction modes were confirmed and then optimized using RSM. Sol
vent concentration and extraction time were the two main independent 
variables, selected based on the preliminary experiments, whose opti
mum levels were determined, for each extraction mode, using RSM 
based on 32 full factorial designs. The design of the experiments, analysis 
of the results, and predictions of the responses were performed using 
RStudio statistical software (version 1.3.1073). 

2.6. Solid-phase purification 

2.6.1. Preliminary assessments-Selection of SPE cartridge 
Three commercially available SPE cartridges, namely, Maxi-Clean™ 

C18 (900 mg, GRACE), Oasis® HLB (400 mg, Waters), and Discovery® 
DPA-6S (500 mg, SUPELCO), were compared in terms of polyphenols 
recovery from an acidic standard solution. The cartridges were selected 
due to their affinity to the target analytes. All SPE experiments were 
performed on a vacuum manifold system with a 12 positions rack 
(Visiprep™ SPE Vacuum Manifold, SUPELCO). Prior to extraction, sor
bents were conditioned with MeOH (5 mL) and equilibrated with an 
acidified methanolic solution (5 mL), 20:80 (v/v) MeOH:H2O acidified 
to pH 2.0 with HCl. Then, approximately 2 mL of acidified standard 
mixture solution, containing 50 μg/mL of each analyte in 20:80 (v/v) 
MeOH:H2O (pH 2.0, HCl), were loaded on each type of sorbent (C18, 
HLB, DPA-6S). Acidification of standard mixture solution was deemed to 
be necessary in order to prevent ionization of polyphenolic compounds 
and minimize their loss during the purification step. The presence of 
MeOH in the standard mixture enhances the solubility of polyphenols 
and, therefore, their successful transfer to the respective SPE cartridges. 
Finally, the loaded cartridges were washed with 5 mL of acidified water 
(pH 2.0, HCl) in order to remove the co-extracted substances, and the 
retained polyphenolic compounds in the case of C18 and HLB sorbent 
materials were eluted using a mixture of MeOH:H2O 80:20 (v/v) (2 × 5 
mL). In the case of polyamide cartridges (DPA-6S), the elution step was 

assessed with a mixture of acetone:H2O 80:20 (v/v) (2 × 5 mL), as 
recommended by cartridges manufacturers. The final fractions were 
collected and evaporated to dryness using a rotary evaporator (T <
35 ◦C) and a freeze dryer. The obtained residues were redissolved in a 
known volume of MeOH (1 mL), filtered through a 0.45-μm pore size 
membrane filter, and further analyzed by use of the proposed CE 
analytical method. The entire extraction procedure was repeated at least 
three times for each examined sorbent material. Discovery® DPA-6S 
sorbent material was found to be the most suitable for the analysis of 
the target compounds. 

2.6.2. Extracts purification 
Based on the preliminary results of SPE sorbent testing, a Discovery® 

DPA-6S sorbent material was employed for further purification of carob 
pulp extracts. As previously described, the polyamide SPE cartridges 
were preconditioned with 5 mL of MeOH and equilibrated with 5 mL of 
acidified methanolic solution. The sample mixture, which was prepared 
by dissolving the obtained freeze-dried extract in acidified methanolic 
solution (20 mL), was passed through the cartridge, which was then 
washed with 5 mL of acidified water, in order to remove the co-extracted 
substances (e.g. sugars). The bound phenolics were then eluted with an 
aqueous acetone mixture (2 × 5 mL), and the obtained purified extracts 
were evaporated to dryness. The residues were redissolved in a known 
volume of MeOH (1 mL), filtered through a 0.45-μm pore size membrane 
filter, properly diluted, and injected into the CE system. 

2.7. Electrophoretic procedure 

All CE experiments were performed on an Agilent G1600A Capillary 
Electrophoresis System equipped with a diode-array detector (DAD) set 
at 205 nm. ChemStation software was used for data acquisition, pro
cessing and storage. A fused-silica capillary (Polymicro TECHNOLO
GIES) with an internal diameter of 50 μm and an effective length of 40 
cm (total length 48.5 cm) was used for the separation. Prior to use, new 
capillaries were activated by flushing sequentially with H20 (30 min), 1 
M NaOH (60 min), H2O (30 min), and finally with the BGE (30 min). At 
the beginning of each working session, the capillary was conditioned 
with H2O (5 min), 1 M NaOH (10 min), H2O (5 min), and then with the 
BGE (5 min). Between each analysis, the capillary was rinsed with the 
BGE for 3 min, which was refreshed after three consecutive runs. At the 
end of each session, the capillary was stored after rinsing with water. 

The electrophoretic conditions for the separation of the target ana
lytes were optimized in a previous investigation. Briefly, polyphenols 
analysis was performed by using a BGE consisting of 35 mM borate along 
with 15 mM β-CD and 3 mM L-AlaC4Lac ionic liquid (IL) as running 
buffer additives. For the separation, the capillary was thermostated at 
25 ◦C and the separation voltage was set at 30 kV. Samples were loaded 
by pressure-assisted hydrodynamic injection by applying a pressure of 
50 mbar for 6 s. Peak identification was carried out by comparing 
retention times and UV spectra with that of authentic standards as well 
as by the application of the standard addition approach (spiking 
method). 

3. Results and discussion 

3.1. Optimization of polyphenols recovery 

3.1.1. Screening of variables influencing extraction efficiency 
The factorial experimental design methodology was employed to 

estimate the influence of different independent variables on the 
extraction efficiency. In particular, a screening design was developed, in 
order to evaluate the influence of operating parameters on the extraction 
recovery of polyphenols from unripe carob pulp using UAE. Five po
tential independent variables, namely, solid-solvent ratio (A), solvent 
concentration (B), extraction time (C), sonication amplitude (D), and 
sonication mode (E) were investigated by a five-factor and two-level full 
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factorial design (25) to identify the factors that exerted significant effects 
on the dependent variable, namely, TPC (Y). Each factor was examined 
at the two most promising levels with the natural and coded values of 
the selected independent variables demonstrated in Table 1. The choice 
of the limits of each independent variable in the experimental design 
was based on preliminary experiments and previous related in
vestigations. The design matrix of the experimental outcome, as carried 
out above the specified levels of investigated process variables and 
expressed as TPC of dried carob pulp, can be found in the Supplementary 
Material (Table S1). It should be noted that for each condition, the 
extraction was conducted in triplicate, and the responses presented in 
Table S1 are the average values of the three replicates among with the 
variances expressed by standard deviation (SD). Under the established 
conditions, the experimental values for TPC varied from 70.14 to 
129.33 mg GAE/g of carob pulp. 

3.1.1.1. Main effects plot. A graphical analysis of the data from the 
experimental design was performed, and the main effects plot produced 
is demonstrated in Fig. 1. A main effects plot can be used to compare the 
relative strength of the effects of various process variables as well as to 
determine whether a factor has a positive or a negative effect on the 
response. The gradients of the graphs (Fig. 1), due to the solvent con
centration (B), sonication mode (E), solid-solvent ratio (A), sonication 
amplitude (D), and extraction time (C) indicate that these variables had 
a significant effect on the response. Fig. 1 reveals that the solvent con
centration (B) was the most influential parameter. From further analysis 
of the main effects plot, it is inferred that the solvent concentration (B), 
the sonication amplitude (D) and the extraction time (C) had a negative 
effect on the response, as a decrease of TPC was observed when each 
factor was changed from its lower to its higher level. For the solid- 
solvent ratio (A), the opposite behaviour was observed, indicating its 
positive effect on the response. In regard to the sonication mode (E), 
higher extraction yields were observed when UAE was performed in the 
pulsed mode. This indicates that PUAE may be a more efficient tech
nique for the recovery of polyphenols. 

3.1.1.2. Effect of process variables on the UAE performance. As already 
mentioned, the solvent concentration demonstrated a pronounced in
fluence on the response. The addition of water to the organic solvent 
created a more polar medium, which, in turn, enhanced the extraction of 
bioactive compounds from the plant cells. Since the majority of phenolic 
compounds occur naturally as glycosides, and the sugar moiety makes 
the phenolic compounds more water-soluble, lower acetone concentra
tions proved to be more suitable for the effective recovery of poly
phenols [27]. Furthermore, the addition of water into acetone enhances 
the swelling of plant material, and it increases the contact surface area 
between the solid plant matrix and the extraction solvent. As Prasad 
et al. (2012) stated, water acts as a swelling agent that enables better 
mass transfer of the bioactive compounds, and thus, improves the effi
ciency of extraction [28]. 

The yield of antioxidants in UAE process was also influenced by 
sonication mode. The highest TPC values were achieved during extrac
tion in pulsed mode, in all examined procedures. As demonstrated in 

other studies, the continuous exposure of the plant cell to cavitation 
causes an increase in both temperature and pressure, which, in turn, 
decomposes the sensitive bioactive substances [29]. This finding is in 
accordance with previous studies which also reported the superiority of 
the pulsed mode over continuous extraction. Lower energy input, better 
temperature control, and a decrease of erosion of the ultrasound probe 
tip are some of the advantages that have already been mentioned for 
PUAE [30]. 

Solid-solvent ratio had also an important positive effect on the TPC. 
Briefly, an increase in the solid-solvent ratio results in better penetration 
of the solvent into the plant matrix, which, in turn, enhances the mass 
transfer of polyphenols and, consequently, the yield of extraction. On 
the contrary, the excessive amount of plant material, in the case of small 
ratios, causes the rise of solvent viscosity and thus, inhibits the diffusion 
of polyphenols through the extraction medium [31]. At a lower ratio, the 
solvent can also attain saturation soon, during extraction, and the 
extraction process cannot be completed [28]. The presence of a large 
amount of plant material into the extraction solvent may also contribute 
to the attenuation of the ultrasonic wave, which causes difficulties in 
cavitation and lower extraction yields [31]. Based on the above, it was 
concluded that a sufficient solvent volume is required to enable the 
effective solvation of the phytoconstituents from the extracting material 
in order to obtain high extraction recoveries. 

In regard to the effect of sonication amplitude, the phenolic content 
was found to decrease upon increasing its level. Although the increase of 
sonication amplitude results in an increase of sonochemical effects, the 
use of excessively high ultrasonic amplitudes could degrade or decom
pose the phenolic components, adversely affecting the extraction yield 
[19,32]. 

Lower extraction yields were also obtained by prolonging the 
extraction time. In general, plant cells are disrupted more by longer 
extraction time and, consequently, the release and diffusion of the 
polyphenols are enhanced. However, when the extraction time is longer 
than the optimum, the antioxidants might be degraded due to heat 
generation which results in the chemical decomposition of bioactive 
compounds and thereby decreases the extraction efficiency [32,33]. In 
addition, the oxidation of the bioactive substances by extension of 
extraction time is probably another factor that might lower the total 
phenolic yield. 

3.1.1.3. Statistical analysis for each extraction mode. Based on the pre
liminary study of screening design, all the individual factors were found 
to significantly affect the total phenolic yield: four numerical (solid- 
solvent ratio, solvent concentration, extraction time, sonication ampli
tude) and one categorical variable (sonication mode). Since the soni
cation mode, which is a qualitative variable, demonstrated a great 
influence on the extraction efficiency, separate statistical analyses for 
each extraction mode were performed in order to assay the factors that 
exert a significant effect on the extraction yield using Continuous UAE 
(CUAE) and PUAE, respectively. Therefore, experimental data from the 
previous investigation has been introduced to two different 24 full 
factorial designs to further investigate the influence of solid-solvent 
ratio (A), solvent concentration (B), extraction time (C), and sonicat
ion amplitude (D) on the polyphenols’ recovery using both continuous 
and pulsed modes. 

Normal probability plots (Fig. 2) were created to compare the 
magnitude and statistical significance of the independent variables as 
well as their interaction terms. Based on the analysis of CUAE, all of the 
main factors (B, D, A, C) and some of their interactions (B∙C, B∙D, C∙D, 
A∙C, A∙B∙C∙D, A∙B∙C, B∙C∙D) were found to be significant regarding 
the recovery of polyphenols. Based on the distance from the straight line, 
it was evident that the solvent concentration (B) was the most dominant 
variable that affects the efficiency of polyphenols extraction. Solvent 
concentration (B), sonication amplitude (D), extraction time (C), and 
some of their interaction terms (A∙B∙C∙D, A∙B∙C, B∙C∙D) were found 

Table 1 
Natural and coded levels of independent variables used in two-level full factorial 
screening design.  

Factor Symbol Factor levels 

Low (− 1) High (+1) 

Solid-solvent ratio A 1:10 1:25 
Solvent concentration (% acetone, v/v) B 50 80 
Extraction time (min) C 10 20 
Sonication amplitude (%) D 50 75 
Sonication mode (pulse duration: pulse 

interval (sec)) 
E continuous 

(0:0) 
pulsed 
(5:5)  
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to be located on the left side of the line; so, their contribution had a 
negative effect. At the same time, the remaining significant variables 
were considered to have a positive effect on the response, as they were 
distributed on the right side of the line. The normal probability plot, 
which resulted using the pulsed mode, indicated that the TPC was 
influenced by a smaller number of main factors (A, B, C) and a greater 
number of interaction terms (B∙D, B∙C, A∙C∙D, B∙C∙D, A∙D, C∙D, 
A∙B∙C∙D, A∙C). The solid-solvent ratio (A) and solvent concentration 
(B) demonstrated the greatest effect, as their points lied furthest from 
the straight line. In contrast to the continuous extraction, the recovery of 

polyphenols, using PUAE, was not affected by the amplitude of the ul
trasonic wave, as its point was distributed along the straight line. In 
addition, the normal probability plot for PUAE reveals that, among the 
main factors, only the solvent concentration (B) had a negative effect on 
the response. 

3.1.2. Optimization of extraction parameters 
After carrying out the detailed statistical analysis for both extraction 

modes, a final optimization of solvent concentration (B) and extraction 
time (C) was deemed to be necessary, in order to find the optimum 

Fig. 1. Main effects plot for TPC.  

Fig. 2. Normal probability plots for (A) CUAE and (B) PUAE.  
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extraction conditions and, consequently, to attain the best extraction 
yield. Therefore, the critical variables (B, C) were studied in detail (B: 
50, 65, 80%, C: 10, 15, 20 min), while solid-solvent ratio and sonication 
amplitude were fixed at their previously determined optimum values, 
1:25 solid-solvent ratio and 50% amplitude. The solid-solvent ratio, 
which demonstrated a significant effect on the response for both 
extraction modes, was excluded from further optimization of the 
extraction procedure, and it was fixed at its higher level, which resulted 
in a better extraction yield. As far as the sonication amplitude is con
cerned, it was excluded from the final optimization process, and it was 
fixed at its lower examined level, because it significantly affected the 
TPC only in the case of CUAE, and its smaller values resulted in better 
extraction yields and improved energy consumption. The final optimi
zation procedure was based on an RSM approach, and the experimental 
design, along with the obtained results for continuous and pulsed modes 
are presented in Tables S2 and S3 (Supplementary Material), 
respectively. 

3.1.2.1. Regression analysis and ANOVA for RSM approach. The TPC 
experimental data was initially introduced into a multiple regression 
analysis in order to generate the mathematical models that describe the 
empirical relationship between the two examined variables and the 
corresponding response. The empirical correlation was obtained by 
fitting the experimental results to second order polynomial models, and 
the acquired mathematical equations for both extraction modes are 
provided below (in terms of natural values). 

YCUAE = 4.36+ 5.40B − 4.79C − 0.06B2 − 0.06C2 + 0.09B∙C (1)  

YPUAE = − 103.70 + 6.79B + 4.91C − 0.06B2 − 0.21C2 + 0.02B∙C (2) 

The results obtained from the statistical analysis (ANOVA) of the 
generated regression models (Table 2) proved that the developed 
mathematical equations adequately explained the data variations and 
significantly represented the actual relationship between the examined 
variables and the corresponding response. The statistical parameters (F- 
values, p-values, R2, R2

adj, R2
pred) indicated that the resulted quadratic 

models have a very good predictability and they could be used in RSM in 
order to optimize the extraction procedure by maximizing the TPC. The 
performed statistical analysis also confirmed the significant terms of the 
obtained response surface quadratic models. It is concluded from 
Table 2 that the variables with the largest impact on the extraction yield 
using CUAE were the linear terms of solvent concentration (B) and 
extraction time (C), the quadratic term of solvent concentration (B2) as 
well as the interaction term between the two critical variables (B∙C). In 
the case of PUAE, the results indicated that first-order linear and second- 
order quadratic effects were significant for solvent concentration, 
whereas the extraction time had a significant effect on the response only 
in its quadratic form. Non-significant interaction was obtained between 
the two examined factors. Once again, the solvent, and more specifically 
the acetone concentration, was found to be the most critical factor 
affecting the recovery of these valuable bioactive compounds. 

3.1.2.2. Response surface analysis. In the present study, in order to 
visualize the relationship between independent and dependent vari
ables, response surface and contour plots were generated on the basis of 
the acquired polynomial equations (Eqs. (1) and (2)). Fig. 3 illustrates 
the response surfaces plotted to represent the relationship between the 
TPC of unripe carob pulp and the examined variables, solvent concen
tration and extraction time, by use of both CUAE and PUAE. 

The features of the obtained graphs suggest that the recovery of 
polyphenols from unripe carob pulp can be optimized by proper selec
tion of the experimental conditions. In the case of CUAE, TPC was 
initially increased upon the raise of solvent concentration, and reached a 
maximum value, after which it started to decrease with a further in
crease in solvent concentration. At the upper and medium region of 

acetone concentration, the recovery of polyphenols was enhanced 
markedly upon an increase of extraction time level, reached a peak 
value, and then, it was slightly reduced, probably due to the decompo
sition or oxidation of the sensitive phytochemical constituents. In regard 
to the influence of extraction time at the lower region of acetone con
centration, the TPC was decreased gradually with the growth of ultra
sonication processing time. In addition, it is obvious from Fig. 3B that 
the mutual interaction between solvent concentration and extraction 
time was highly significant due to the elliptical contour plot obtained. In 
particular, different shapes of contour plots indicate whether the mutual 
interactions between the studied variables are significant. Circular 
contour plots mean that the interaction between the corresponding 
variables are negligible, while elliptical contour plots suggest that the 
interactions have a significant effect on the response [34]. In the case of 
PUAE, the solvent concentration and extraction time have a positive 
influence on the extraction yield until a maximum value is reached at 
57% (v/v) of acetone and 14 min of extraction time. Above these opti
mum values though, TPC is negatively affected by the growth of both 
acetone concentration and extraction time. The obtained response sur
face and contour plots for both extraction modes indicate that the op
timum recovery of polyphenols occurs with a relatively low percentage 
of acetone in water as well as a short time of extraction. 

3.1.2.3. Optimization and model validation. Numerical optimizations 
were performed in order to determine the optimum level of each inde
pendent variable. According to the regression model of CUAE, the op
timum conditions for obtaining maximum total phenolic yield were as 
follows: an extraction solvent containing 54% (v/v) of acetone in water 
and an extraction time of 10 min, for a solid-solvent ratio and a 

Table 2 
ANOVA report for the quadratic models of CUAE and PUAE.  

Source Sum of 
squares 
(SS) 

Degree of 
freedom 
(DF) 

Mean 
square 
(MS) 

F- 
value 

p-value 

CUAE 
Model     110.10 < 0.0001 

(2.5·10-14) 
*** 

B  2948.1 1  2948.1  345.60 < 0.0001 
(1.6∙10-14) 
*** 

C  76.0 1  76.0  8.91 0.0071 ** 

B2  1056.6 1  1056.6  123.86 < 0.0001 
(2.9∙10-10) 
*** 

C2  12.9 1  12.9  1.51 0.2324 
B∙C  601.2 1  601.2  70.47 < 0.0001 

(3.8 ∙10-8) 
*** 

Residuals  179.1 21  8.5   
R2 = 0.963, R2

adj = 0.955, R2
pred = 0.937  

PUAE 
Model     97.08 < 0.0001 

(8.8∙10-14) 
*** 

B  3595.5 1  3595.5  349.98 < 0.0001 
(1.4∙10-14) 
*** 

C  38.1 1  38.1  3.71 0.0678 
B2  1156.4 1  1156.4  112.56 < 0.0001 

(6.8∙10-10) 
*** 

C2  172.4 1  172.4  16.78 0.0005 *** 

B∙C  24.4 1  24.4  2.38 0.1381 
Residuals  215.7 21  10.3   
R2 = 0.959, R2

adj = 0.949, R2
pred = 0.929 

* Significant at p ≤ 0.05. 
** Significant at p ≤ 0.01. 
*** Significant at p ≤ 0.001. 
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sonication amplitude of 1:25 and 50%, respectively. In the case of PUAE, 
the optimal conditions were quite similar: 57% (v/v) of acetone in water 
and 14 min of extraction, again for a solid-solvent ratio of 1:25 and a 
sonication amplitude of 50%. Although the optimal conditions obtained 
for both extraction modes were almost the same, PUAE resulted in the 
most desirable response, indicating once again its superiority over 
continuous extraction. 

To verify the reliability of the response surface models for quanti
tative predictions, experiments on estimated optimal conditions were 
performed. As observed, the experimental results (TPCCUAE = 116.56 ±
2.39 mg GAE/g carob pulp, TPCPUAE = 121.53 ± 0.82 mg GAE/g carob 
pulp) were in close agreement with the predicted values (TPCCUAE =

121.13 mg GAE/g carob pulp, TPCPUAE = 124.93 mg GAE/g carob pulp), 
with a percentage error of <3.92 and 2.80% for CUAE and PUAE, 
respectively. The good correlation between the experimental and pre
dicted values confirms the effectiveness and validity of the response 
surface models to reflect the response values and, consequently, to 
determine the best extraction conditions. 

3.2. Comparison of the optimized extraction procedure with conventional 
extraction techniques 

A comparison study was performed between the proposed optimal 
extraction method (PUAE) and the classical extraction techniques in 
order to estimate and validate the efficiency of ultrasounds on antioxi
dants extraction. In the first stage of experiments, the specific impact of 
ultrasounds was established by comparing the polyphenols’ yields ach
ieved, under the proposed optimized PUAE method (121.53 ± 0.82 mg 
GAE/g carob pulp), with recoveries obtained by use of a conventional 
procedure performed under the exact same experimental conditions, but 
without the presence of ultrasounds (stirring the solid plant material 
with 57%, v/v, of acetone for 14 min) (95.35 ± 5.84 mg GAE/g carob 
pulp). It is worth mentioning here that this conventional procedure 

(agitation extraction) was performed only for comparison studies and 
the parameters used were not optimized. It is possible to observe from 
the results obtained that the recovery of polyphenols was greatly 
enhanced by the use of ultrasonic waves. In particular, the UAE tech
nique increased TPC by more than 25%. This is in agreement with results 
obtained in other studies that reported the greater efficiency of UAE 
technique over conventional extraction methods, in terms of both 
increased phenolic yields and considerably shortened extraction times 
[35,36]. 

Soxhlet apparatus was also used as a conventional method of 
extraction in order to evaluate the behaviour of polyphenols in different 
extraction systems. Recoveries of total phenolics obtained by the Soxhlet 
approach (18.31 ± 0.67 mg GAE/g carob pulp), performed using the 
same solvent system (57%, v/v, of acetone) but for a considerably longer 
period of time (6 h), demonstrated the inadequacy of the method for 
extracting these bioactive substances. Polyphenolic compounds may be 
more easily degraded under the high temperatures of Soxhlet extraction 
[35]. Taking into consideration the massive use of solvents, the duration 
of the process and the extremely low levels of TPC obtained, it was 
concluded that Soxhlet extraction is not an appropriate method for 
polyphenols isolation. The results of the recent study confirm that UAE is 
undoubtedly more effective compared to classical extraction techniques. 

3.3. Changes in phenolic content during maturation 

During ripening, a series of complex biochemical reactions occur, 
including degradation or synthesis and accumulation of bioactive 
components. Thus, the levels of health-related phytochemicals are 
affected, and this, in turn, leads to the development of the final char
acteristics of the mature fruit [37,38]. In the present study, it was proven 
that the ripening process has a remarkable effect on polyphenolic 
composition. In particular, a significant reduction of polyphenols, which 
are of exceptionally high biological activity and an important index of 

Fig. 3. Response surface and contour plots demonstrating the effects of solvent concentration and extraction time on TPC using (A, B) CUAE and (C, D) PUAE.  
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fruit quality, were recorded during the ripening period. The highest 
levels of TPC were reached at the unripe stage (121.53 ± 0.82 mg GAE/g 
carob pulp or 180.99 ± 0.77 mg GAE/g carob pulp extract), and were 
then gradually decreased to attain the lowest levels, at the end of the 
maturity (14.24 ± 0.17 mg GAE/g carob pulp or 21.57 ± 0.32 mg GAE/g 
carob pulp extract). The observed diminution in TPC, which reached the 
rate of 88%, could be attributed to the oxidation of phenolic compounds 
by polyphenol oxidase enzyme and/or to the conversion of soluble 
phenolic compounds into insoluble ones, which are bound to poly
saccharides in the cell wall and are not free to dissolve into the solvent 
[37]. 

Based on the results, immature carobs should be preferred, as they 
are more enriched in polyphenols and are likely to exhibit stronger 
antioxidant, anti-inflammatory, antidiabetic, cardioprotective, and 
anticancer effects. The observed progressive pattern was in agreement 
with the findings reported by Benchikh et al. (2014), Ouzounidou et al. 
(2012), and Saci et al. (2020), who also mentioned that polyphenolic 
content of carobs declined gradually with ripening, revealing significant 
loss rates ranging from 83 to 93% [37–40]. 

Data on carob pod total phenolic is scarce in literature, and, as it is 
proven, it varies according to several parameters, namely, extraction 
method, geographical origin, variety, conditions of cultivation, and 
degree of maturation [4]. This makes the quantitative comparison of 
results from different studies a very difficult task. The TPC recorded, in 
this study, for the unripe carob pulp was markedly higher than those 
reported by Sebai et al. (2013) (28.07 ± 0.99 mg GAE/kg carob pulp) 
and Qasem et al. (2018) (127.02 ± 7.18 mg GAE/g dry extract) for ex
tracts of immature carobs, but, at the same time, lower than those found 
by Benchikh et al. (2014) (19.82 ± 0.48 g GAE/100 g carob dry weight) 
and Saci et al. (2020) (258.55 ± 2.57 mg GAE/g dry matter) 
[37,38,41,42]. More recently, Ydjedd et al. (2017) reported the content 
of 162.55 ± 5.44 mg GAE/g dry extract for immature carobs grown in 
Algeria, a value that is closed to the one reported in the present study 
[43]. As already mentioned, TPC decreased gradually to attain the 
lowest levels, at the end of the ripening process. However, the obtained 
TPC (14.24 ± 0.17 mg GAE/g carob pulp or 21.57 ± 0.32 mg GAE/g 
carob pulp extract) remains higher than those reported by 

Papagiannopoulos et al. (2004) (8.31 g GAE/kg) and Makris and Kefalas 
(2004) (9.28 mg GAE/g) [44,45]. Roseiro, Duarte et al. (2013) reported 
higher levels of polyphenols by use of supercritical fluid extraction (SFE) 
(27.1 ± 0.8 mg GAE/g extract), while the use of UAE yielded very 
similar results (20.4 ± 1.8 mg GAE/g extract) [4]. Although the amount 
of phenolics obtained from mature pods was found to be of the same 
order of magnitude as that previously reported in a number of related 
studies [37,46,47], it should be emphasized, once again, that the 
chemical composition of carob pulp depends on a variety of parameters. 

3.4. Solid-phase purification-Recoveries of polyphenols for different 
adsorbent materials 

Solid-phase extraction (SPE) methodology has been evaluated as a 
clean-up strategy prior to the electrophoretic analysis of phenolic 
compounds in carob pulp extracts. SPE procedure was developed in 
order to reduce the matrix effects resulting from the co-eluting residual 
matrix components, including sugars, pectins, proteins, and poly
alcohols. All of these components are indeed known to react with the FC 
reagent due to their reducing character, a fact that explains the rela
tively high TPC obtained [48]. 

Preliminary studies were performed to select the most desirable 
sorbent system and sample pre-treatment. Three commercially available 
SPE sorbents with good retention characteristics toward the target 
analytes (Maxi-Clean™ C18, Oasis® HLB, Discovery® DPA-6S) were 
compared in terms of polyphenols recovery and elimination of inter
ference from other endogenous constituents of carob pulp samples. 
Fig. 4 illustrates the values of process efficiency or recoveries, along with 
relative standard deviations (RSDs) obtained for the acidified standard 
solution submitted to different SPE procedures. At this point, it should 
be mentioned that the organic solvents utilized in the process of elution 
of the SPE cartridges were chosen after several trials with MeOH (for 
Maxi-Clean™ C18 and Oasis® HLB) and acetone (for Discovery® DPA- 
6S) or their mixtures with water. Given the acidic character of 
phenolic compounds, acidification of samples prior to SPE was deemed 
to be necessary in order to minimise their ionization and enhance the 
efficiency of the process. In the course of the optimisation, it was 

Fig. 4. Recoveries of examined polyphenolic compounds on different SPE sorbents.  
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concluded that Discovery® DPA-6S cartridges were the most suitable for 
the analysis of the target compounds. Among the examined types of 
cartridges, Discovery® DPA-6S demonstrated the best ability to recu
perate the target analytes with high recovery values (56.45–99.80%) 
and acceptable RSDs (lower than 2.65%). Polyamide resin sorbent (DPA- 
6S) is usually used to absorb polar components (mostly polyphenols) 
through hydrogen bonding between compound hydroxyl groups and 
amide groups of the resin. 

On the other hand, polyphenols have a much lower affinity for Maxi- 
Clean™ C18 and Oasis® HLB sorbent systems. Although C18 sorbent 
material was widely used in polyphenolic compound separation, in the 
present study, it did not provide acceptable phenolic yields. As observed, 
some analytes, and specifically the more polar ones, exhibited extremely 
low affinity toward the C18 sorbent material. This kind of adsorbent 
material has a strong hydrophobicity, ideal to extract non-polar com
pounds via non-polar Van der Waals interactions (dispersion forces), 
demonstrating reduced yields for the highly polar constituents [49]. In 
the case of Oasis® HLB cartridges, the two monomers of their chemical 
structure (divinylbenzene and N-vinylpyrrolidone) confer superior 
lipophilic and hydrophilic retention capacities, resulting in better 
extraction yields in comparison to Maxi-Clean™ C18 [49]. Michalkie
wicz et al. (2008) reported that the better performance of polymeric 
sorbents (HLB) is attributed to their aromatic structures that can sorb 
phenolic compounds via π-π interactions [50]. 

3.5. Electrophoretic analysis of ripe and unripe carob pulp extracts 

Although spectrophotometric assays allow fast screening of different 
samples for the qualitative and quantitative determination of antioxi
dant components, they are usually prone to overestimate the phenolic 
content by cross-reactions with other reducing agents (like sugars) [44]. 
Therefore, the identification of the type and content of phenolic com
pounds present in carob pulp extracts by an electrophoretic method was 
considered to be essential. 

Identification and quantification of polyphenols in the optimised 
carob pulp extracts were carried out using CE-DAD instrumentation, in 
order to pinpoint the individual polyphenolic components that 
contribute to the TPC. The phenolic profile of ripe carob pulp extract, as 
obtained under the determined optimum extraction conditions, is 
demonstrated in Fig. 5. Carob pulp was found to contain a rich variety of 
phenolic antioxidants. Several peaks were observed, in both cases, due 
to the large number of different phytochemicals present in plant mate
rial. The developed electrokinetic chromatographic (EKC) method 
enabled the identification and quantification of eight phenolic com
pounds in mature carob pulp extracts. The substances identified 
comprise catechin, naringenin, cinnamic acid, quercetin, catechol, 

ferulic acid, gentisic acid, and gallic acid. Similarly, eight phenolic 
substances were also detected in the extract obtained from unripe carob 
pulp, but only seven polyphenols were quantified (chlorogenic acid, 
quercetin, myricetin, catechol, gentisic acid, caffeic acid, and gallic 
acid). Catechin was identified but not quantified due to its coelution 
with another component. Unfortunately, a number of other constituents 
present in carob pulp extracts could not be identified. 

The quantitative data of the analysed compounds is reported in 
Table 3. As observed earlier in TPC analysis, the unripe carob pulp 
extract revealed a higher amount of phenolics (912.58 μg/g carob pulp) 
than the fraction obtained from ripe pods (283.13 μg/g carob pulp). 
According to Ydjedd et al. (2017), the high content of phenolics recor
ded at the unripe stage is a result of the effort of the plant to protect itself 
against biotic and/or abiotic environmental hazards during its growing 
[43]. Gallic acid was found to be the most abundant phenolic compound 
in both ripe and unripe carob pulp extracts. Gentisic acid, caffeic acid, 
chlorogenic acid, and quercetin demonstrated a significant contribution 
to the phenolic content of unripe pulp extract (21%, 18%, 15%, 13%, 
respectively). These substances though were found in small or even 
negligible amounts in extracts obtained from mature pods. With respect 
to ripe pulp extract, the phenolic profile was dominated by gallic acid 
(65%). 

In comparison with other investigations, remarkable differences 
were observed in terms of identified phenolics and respective quantifi
cation. Nonetheless, most of the studies performed highlighted the 
predominance of gallic acid in carob’s pods, leaves, bark, and derived 

Fig. 5. Electropherogram of ripe carob pulp extract obtained under the optimum separation conditions (35 mM borate, 15 mM β-CD, 3 mM L-AlaC4Lac, pH 9.5, 
30 kV). 

Table 3 
Quantitative data from the EKC-DAD analysis of ripe and unripe carob pulp 
extracts.  

Compound Concentration (μg/g carob pulp) % Content 

Ripe Unripe Ripe Unripe 

Catechin 4.63 ± 0.16 n.q. 2 0 
Naringenin 12.79 ± 0.33 n.d. 5 0 
Cinnamic acid 9.74 ± 0.20 n.d. 3 0 
Kaempferol n.d. n.d. 0 0 
Chlorogenic acid n.d. 135.44 ± 1.89 0 15 
Quercetin 19.84 ± 0.70 122.32 ± 1.81 7 13 
Myricetin n.d. 60.80 ± 1.58 0 7 
Catechol 11.99 ± 0.62 33.86 ± 0.82 4 4 
Ferulic acid 9.18 ± 0.79 n.d. 3 0 
Gentisic acid 31.03 ± 1.03 190.85 ± 2.66 11 21 
Caffeic acid n.d. 164.20 ± 2.83 0 18 
Gallic acid 183.92 ± 3.50 205.10 ± 1.77 65 22 
Total 283.13 912.58 100 100 

a) non-detected. 
b) non-quantified. 
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products, which is in agreement with the present findings 
[5,16,17,51–54]. Different polyphenolic patterns were obtained during 
the analysis of ripe and unripe carob pulp extracts in a number of pre
vious investigations [43,55,56], highlighting once again the great in
fluence of the ripening stage on carobs polyphenolic composition. 
According to the literature, the phenolic profile of an extract could vary, 
not only due to the gender, cultivar, and geographical origin, but also 
due to the processes used for preparation, extraction and analysis [10]. 
Processing method (e.g. roasting and sugar removal) is also another 
factor that strongly influences the phenolic composition of carob- 
derived products [44,57,58], resulting in significant differences among 
the literature and also in non-comparable results. 

4. Conclusions 

In this work, a non-conventional extraction process, namely UAE, 
was successfully optimized for the extraction of natural antioxidants 
from the unripe carob pulp using RSM in conjunction with a full factorial 
design. The effects of solid-solvent ratio, solvent concentration, extrac
tion time, sonication amplitude, and sonication mode (continuous or 
pulsed) were evaluated and optimized for the maximization of the yield 
in total phenolics. Among the examined variables, the solvent concen
tration was found to be the most influential parameter, significantly 
affecting the extraction efficiency. The optimal extraction conditions 
obtained were quite similar for both continuous and pulsed modes. In 
particular, the optimum conditions for obtaining maximum total 
phenolic yield using CUAE were as follows: an extraction solvent con
taining 54% (v/v) of acetone in water and an extraction time of 10 min, 
for a solid-solvent ratio and a sonication amplitude of 1:25 and 50%, 
respectively. In the case of PUAE, the optimal conditions were achieved 
using 57% (v/v) of acetone in water and 14 min of extraction, again for a 
solid-solvent ratio of 1:25 and a sonication amplitude of 50%. Addi
tionally, when compared to conventional extraction techniques, PUAE 
offered significantly higher extraction yields and markedly reduced 
processing times. Consequently, this process can be considered a simple, 
economic, and efficient method for the extraction of the desired natural 
antioxidants form carob samples, as it allows simplified handling, time 
reduction, and improvement in the quantitation of the target 
components. 

Prior to the electrophoretic analysis of the optimized carob pulp 
extracts, a SPE methodology was also evaluated as a clean-up strategy in 
order to reduce the matrix effects resulting from co-eluting residual 
matrix components. Among the examined types of cartridges, DPA-6S 
demonstrated the best ability to recuperate the target analytes with 
high recovery values and acceptable RSDs. Finally, the phenolic com
positions of the optimally obtained and purified extracts were deter
mined by use of the developed electrophoretic method. The results 
revealed the predominance of gallic acid in both ripe and unripe carob 
pulp extracts and highlighted the great influence of the ripening stage on 
carob’s polyphenolic composition. Extracts obtained from unripe carob 
pods were more enriched in polyphenols, indicating that unripe carobs 
can be considered a functional nutrient and an excellent source of nat
ural antioxidants. 
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