
Sustainable
Food Technology

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

6:
26

:2
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Effect of solid-st
Leibniz University Hannover, Institute of O

franke@foh.uni-hannover.de

Cite this: Sustainable Food Technol.,
2024, 2, 1537

Received 7th June 2024
Accepted 21st July 2024

DOI: 10.1039/d4fb00173g

rsc.li/susfoodtech

© 2024 The Author(s). Published by
ate fermentation with Pleurotus
ostreatus on the protein content and other
nutritional components of de-seeded carob fruits

Shahab Iqbal, Özge Tirpanalan-Staben and Knut Franke *

Carob pulp is a currently underutilized by-product of locust bean gum production from carob pods. It is

dense in several valuable nutritional components such as carbohydrates, dietary fiber, minerals and some

bioactive substances but low in protein. One of the strategies to facilitate its valorization is suggested as

enhancing its protein content. Therefore, solid-state fermentation (SSF) of carob pulp was investigated

using the edible fungus species Pleurotus ostreatus. For this purpose, carob pulp was first soaked with

water, then treated thermally at 121 °C and subsequently subjected to SSF. During the SSF period of 30

days, samples were drawn every 5 days and analyzed with respect to protein, reducing sugars (glucose

and fructose) and dietary fiber contents as well as polyphenol content and antioxidative properties. SSF

with Pleurotus ostreatus could be proven to triple the protein content as well as the total fiber content

of carob pulp. An increase in protein content is likely connected to the production of fungal biomass.

However, a decrease in the reduced sugar content as well as in the antioxidant properties was observed.

Results confirmed that SSF using Pleurotus ostreatus could be applied to valorize the carob pulp by

boosting its protein content, and thereby a contribution to the circular bioeconomy in food production

could be suggested.
Sustainability spotlight

Up to now, the production of high-quality and safe foods leads to the generation of by-products, which normally leave the food chain and are oen under-
utilized. The work to be published in ‘Sustainable Food Technology’ contributes to the reduction of food waste by improving the valorization of a by-
product from the production of a stabilizer. Due to the increase in nutrition value, especially proteins and bers, the by-product can be re-integrated into
the food chain. Moreover, the results of the study can have a positive inuence on protein supply worldwide. Therefore, this study aligns with the SDGs #2 ‘Zero
hunger’, #3 ‘Good health and well-being’, and #12 ‘Responsible consumption and production’.
1 Introduction

Besides the challenge to feed a growing population including
the supply of proteins, the world is facing a huge problem of
food waste. One of the important sources of food waste is the
residuals from the agro-food industry, also known as by-prod-
ucts.1 In the EU, the amount of food waste resulting from by-
product accumulation accounts for 19% of the total food that
leaves the food supply chain.2 Huge proportions of these by-
products are still underutilized as feed ingredients, for fertil-
izer production, or even landlled.3

Carob pulp, also known as carob kibbles, is an example of
such an industrial by-product accruing aer the production of
locust bean gum (E410), a stabilizer applied in food formula-
tions, which is obtained from carob fruits. So far, the carob pulp
is mostly used for animal feed.4,5
ne Health, Hannover, Germany. E-mail:

the Royal Society of Chemistry
Carob fruit (Ceratonia siliqua L.), also known as the locust
bean, belongs to the leguminous plant family and is commonly
cultivated in the Mediterranean region.6,7 The fruits consist of
90% pulp and 10% seeds, the latter is the raw material of locust
bean gum.8,9 Remaining carob pulp could be a reliable source of
dietary bers, sugars, and a range of bioactive compounds such
as polyphenols and D-pinitol.10 Therefore, carob pulp could be
an interesting component for a wide variety of health-benecial
food products.4,11 Despite several attempts towards its utiliza-
tion as a food product,4,12 such applications have remained very
limited. One of the main reasons for the under-utilization is the
low protein content of carob pulp.7,12,13 Because protein is the
most important and oen limited macronutrient, there is
a need to increase the protein content before usage as a food
ingredient.

During the last years, fermentation as a biotechnological
process has gained rising popularity as a highly effective tech-
nique for processing food and upgrading by-products. It has
distinct advantages, such as cost-effectiveness, eco-friendliness,
Sustainable Food Technol., 2024, 2, 1537–1544 | 1537
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and mild reaction conditions, setting it apart from chemical
and physical methods to process foods. It can also be applied to
add value to by-products from food manufacturing such as
nutritional enrichment of crops or crop residues by biotrans-
formation.14 In particular, solid-state fermentation (SSF) could
serve as an effective bioprocess for the production of plant-
based ingredients exhibiting enhanced nutritional and func-
tional properties.15,16

Various microorganisms are used for SSF, notably those
particular species, which are long recognized for their safety in
the biological realm. One of them is Pleurotus ostreatus, a white-
rot fungus capable of growing on different agri-food wastes. It is
able to produce enzymes that can degrade the lignocellulosic
structure of the substrate and convert low-cost industrial by-
products into value-added food items.17 Furthermore, some
studies indicated that this fungus variety can be used to
increase protein content in the substrates.16,18

However, the usage of Pleurotus ostreatus in an SSF of the by-
product carob pulp to increase its value as a nutritional food
component has not been investigated, so far. Previously, carob
has been investigated as a substrate for solid-state fermentation
to observe the changes in nutritional value using various
microfungi such as Monascus ruber,19 Rhizopus oligosporus,19,20

Aspergillus niger,21 as well as yeasts such as Saccharomyces cer-
evisiae and Saccharomyces rouxii.20 The latter ones proved to be
able to increase the protein content. However, all these
fermentations beneted from the relatively high sucrose
content in carob. On the other hand, Pleurotus ostreatus is
a macrofungi species, that possesses lignolytic activities allow-
ing it to grow directly on lignocellulosic material, such as carob
pulp with low sucrose content. Therefore, this study investigates
the impact of SSF with Pleurotus ostreatus on carob pulp where
the easily accessible sucrose was extracted before fermentation.
The changes in some nutritionally relevant parameters of the
substrate such as contents of protein and reducing sugars as
well as the antioxidative properties of carob pulp were
evaluated.
2 Experimental
2.1 Materials

Carob fruits (Ceratonia siliqua L.) were acquired from the local
market of Hannover, Germany. The Pleurotus ostreatus oyster
mushroom strain MG 1005 andmalt extract agar Petri plates (90
× 15 mm) were purchased from MycoGenetics (Everswinkel,
Germany). The assay kit ‘Available Carbohydrates and Dietary
Fiber’ (K-ACHDF 06/18, lot number 220303-3), later on, called
Megazyme kit, which was used for the determination of
contents in dietary bers, glucose and fructose, was supplied by
Megazyme International Ltd (Wicklow, Ireland). All the reagents
used were of analytical grade.
2.2 Solid-state fermentation (SSF)

The carob fruits were rst washed to eliminate adherent dust
and stored overnight at 30 °C in a hot air oven (Heratherm
OGS100, Thermo Electron GmbH, Langenselbold, Germany) to
1538 | Sustainable Food Technol., 2024, 2, 1537–1544
remove the surface water. Aerwards, carob fruits were manu-
ally broken into kibble shapes using pestle and mortar and the
seeds were removed manually. The resulting size of the carob
kibbles was between 18 to 22 mm.

Agar plates were inoculated with a Pleurotus ostreatus inoc-
ulum syringe using a 2 mL inoculum/Petri plate and incubated
at 30 °C for 10 days. These plates were used as the starter culture
for the SSF.

Kibbles were subjected to fungal SSF using the following
method. 20 g of the material was soaked in 80 mL of distilled
water overnight in conical asks (100 mL) to reduce the sucrose.
The following day, water was removed manually and the soaked
kibbles were washed two times using 80 mL of distilled water at
100 °C. Aerwards, the amount of water in the samples was
adjusted to 45% (w/w) related to the initial mass of kibbles (20
g) and the samples were thermally treated at 121 °C for 30 min
(iCombi Classic LM200BE, Rational AG, Landsberg, Germany).
Subsequently, carob kibbles in the asks were inoculated with
one portion of the starter culture containing 0.05 g of mycelium
in a sterilized laminar bench (SAVVY, Lamsystems GmbH,
Wustermark, Germany). Finally, the asks with the kibbles were
incubated at 30 °C for different time intervals. Samples were
analyzed at 0 (before fermentation), 5, 15, 20, 25, and 30 days of
fermentation. For each sample, the entire ask content was
dried at 55 °C overnight in the hot air oven, ground manually
using pestle mortar, and then sealed in zipper bags. Dried
samples were stored in a fridge until further analyses. These
drying conditions were sufficient to increase the dry matter
content to up to 99% as found in the preliminary trials (data not
shown).
2.3 Chemical analyses

As mentioned above, because of the very low residual moisture
of <1%, all results of the chemical analyses presented later in
the tables were related to the dry matter of the carob pulp.

2.3.1 Determination of protein and ash contents. The
protein content was determined using the Kjeldahl method
following AOAC methodology 978.04-1978, and the ash content
was determined by AOAC method 3.1.04.22

2.3.2 Analysis of dietary bers concentrations. Insoluble
(IDF) and soluble (SDF) dietary ber contents were determined
using the Megazyme kit. The analysis is briey described below.

Duplicate samples weighing 1 g each combined with 40 mL
of MES-TRIS buffer solution were added in Duran bottles (250
mL) and stirred thoroughly. The samples were rstly incubated
with 50 mL of a-amylase (bottle 3 of the kit) for 35 min at 80 °C
and subsequently incubated with 100 mL of protease (bottle 4 of
the kit) at 60 °C for 30 min. For pH adjustment aer protease
treatment, 5 mL of 3 M acetic acid solution was added. The last
treatment involved incubation with 200 mL amyloglucosidase
(bottle 5 of the kit) at 60 °C for 30 min.

Following these enzymatic reactions, 1 mL of each sample
solution was removed for the determination of the carbohydrate
content and transferred to a 50mL volumetric ask. The volume
was then adjusted to 50 mL with 100 mM sodium maleate
buffer. The remaining samples in the Duran bottles underwent
© 2024 The Author(s). Published by the Royal Society of Chemistry
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ltration through a 50 mL Celite-in-bed crucible with porosity 2
(DWK Life Sciences, Mainz, Germany). Four volumes of 95% v/v
ethanol with a temperature of 60 °C were added to the ltrate to
precipitate the SDF. The mix was ltered aer 1 h and both
residues (IDF as lter residue and SDF as ltrate) were washed
with 78% v/v ethanol, 95% v/v ethanol, and acetone, and then
dried at 103 °C overnight in the same hot air oven as mentioned
above. Aer drying, the fractions were weighed. Protein and ash
contents of the dried fractions were determined as described
above. Dietary ber content was calculated from the weight aer
drying and corrected with respect to its protein and ash content.
The total dietary ber content (TDF) was calculated as the sum
of IDF and SDF.

2.3.3 Determination of D-glucose and D-fructose contents.
Two cuvettes (polymethyl methacrylate, 1.6 mL) with 1 cm light
path, one for sample and the other for blank, were used. 0.2 mL
from the 100 mM sodium maleate buffer with the sample and
0.1 mL of solution of sucrase and b-galactosidase (bottle 6 of the
kit) were added into the sample cuvette. The mixture was then
incubated at 25 °C for 60 min.

Aer incubation, 2.3 mL of distilled water was added to the
blank cuvette and 2 mL was added to the sample cuvette.
Subsequently, 0.1 mL buffer (bottle 1 of the kit) and 0.1 mL
NADP+ and ATP solution (bottle 2 of the kit) were added to both
cuvettes. The mixtures were thoroughly mixed and the absor-
bance (A1) at 340 nm was measured aer 3 min using the
Spectrometer SPECORD 205 (Analytik Jena AG, Jena, Germany).
Aerwards, 0.02 mL of hexokinase and glucose-6-phosphate
dehydrogenase (bottle 7 of the kit) were added and mixed
with the other content. The absorbance (A2) at 340 nm was read
aer 5 min. Finally, 0.02 mL of phosphoglucose isomerase
solution (bottle 8 of the kit) was added and the absorbance (A3)
at 340 nm was recorded aer 9 min.

The concentration C in g L−1 of D-glucose and D-fructose was
calculated as follows:

C ¼ VF �Mw � DA� F

3� d � VS

with VF as the nal volume in the cuvette (mL), Mw as the
molecular weight of D-glucose or D-fructose (180.16 g mol−1), 3
as the extinction coefficient of NADPH at 340 nm (6300 L
mol−1 cm−1), d as light path (1.0 cm), VS as sample volume (0.2
mL), and F as dilution factor (50). DA depends on the type of
reducing sugar, whose content should be determined. In the
case of D-glucose, the parameter was calculated as DA = A2 − A1
and for D-fructose it was DA = A3 − A2. In our studies, concen-
trations of D-glucose, as well as D-fructose, were determined
using the Mega-CalcTM Excel sheet available from the Mega-
zyme website (https://www.megazyme.com).

2.3.4 Determination of polyphenol content and anti-
oxidative activity. Extraction of the samples to measure total
phenolic content and antioxidative activity was performed
according to Gao et al. (2002)23 and Beta et al. (2005).24 In brief,
2 g of the sample was weighed into 50 mL falcon tubes and
11.25 mL of extraction solution (HCl/methanol/water solution,
1 : 80 : 10, v/v/v) was added. This mixture was held at 24 °C for
2.5 h in a shaker water bath (H 20 S, Lauda, Königshofen,
© 2024 The Author(s). Published by the Royal Society of Chemistry
Germany). Aerwards, samples were centrifuged at 1448×g for
10 min.

The total polyphenolic content of carob samples was deter-
mined using the Folin–Ciocalteu method.25 Initially, 0.1 mL
extract was mixed with 0.5 mL of Folin–Ciocalteu reagent (10%,
v/v, in water) and 1.5 mL of sodium carbonate solution (20%, m/
v, in water) in a test tube of 15 mL volume. Then, the mixture
was incubated for 2 h in the darkness at 24 ± 1 °C and the
absorbance was measured using a spectrophotometer (SPE-
CORD® 205 Analytik Jena, Germany) at a wavelength of 760 nm
aer pouring the mixture into 1.6 mL cuvettes. The extraction
solution was used as the blank. Methanolic solutions of gallic
acid concentrations in the range of 5 to 800 ppm were used to
establish the calibration curve for quantication. Results are
reported as mg gallic acid equivalents (GAE) per g of sample
related to dry matter (DM).

Antioxidant properties of the samples were determined as
DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity
according to the method proposed by Tontul and Topuz
(2017).26 An amount of 50 mL extract together with 950 mL of
freshly prepared DPPH solution (60 mM in 80% methanol) was
added to the 1.6 mL cuvettes and mixed thoroughly. The
mixture was incubated at room temperature in the dark for
30min and absorbance was recorded against blank (50 mL of the
extraction solution instead of sample) at 516 nm. Results were
reported as Trolox equivalents (TE) in mg per g of sample
related to DM using a calibration curve, where methanolic
solutions of Trolox with different concentrations between 2 and
64 ppm were applied.

2.3.5 Statistical evaluation. All analyses were carried out in
triplicates. Average values as well as standard deviations were
calculated. Tukey–Kramer-test was used to test for signicant
differences between mean values at a signicance level of 0.05.

3 Results and discussion
3.1 Protein and ash contents

The growth of Pleurotus ostreatus and the development of fungal
biomass on the de-sugared carob kibbles during fermentation
can be observed from the photo in Fig. 1 taken aer 30 days of
fermentation.

The protein and ash contents of the carob kibbles before
treatment (control), aer thermal treatment (before fermenta-
tion) and during the SSF are summarized in Table 1. All
contents are related to DM as mentioned in Chapter 2.3 and the
results are presented as mean values ± standard deviations.

The initial protein content in carob powder related to DM
wasmeasured at 3.54± 0.06%, which is in line with the ndings
of previous studies. For example, Avallone et al. (1997)25 re-
ported a protein content between 1 and 5% in eight different
varieties of carob collected from Italy. An elevation of approxi-
mately 30% in the protein content was observed in the sample
aer the thermal treatment. Similar results were found in
a study, where thermal treatment increased the total protein
concentration of extracts from black beans by 62.5% aer
autoclaving at 100 °C for 30 min and by 78.5% aer autoclaving
two times at 121 °C for 15 min.27 Exposure to higher
Sustainable Food Technol., 2024, 2, 1537–1544 | 1539
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Fig. 1 Photo of the carob kibbles after 30 days of SSF in the Erlen-
meyer flask.

Table 1 Protein and ash contents of carob samplesa

Sample

Contents in % w/w DM*

Protein Ash

Control (kibbles) 3.54 � 0.06g* 3.50 � 0.14b

Aer thermal treatment 4.64 � 0.12f 3.38 � 0.01b

Aer 5 days SSF 6.18 � 0.06e 1.70 � 0.14c

Aer 10 days SSF 6.96 � 0.06d 3.30 � 0.14b

Aer 15 days SSF 8.10 � 0.06c 3.30 � 0.14b

Aer 20 days SSF04 9.50 � 0.06b 3.40 � 0.01b

Aer 25 days SSF 9.68 � 0.06b 4.08 � 0.14a

Aer 30 days SSF 12.39 � 0.31a 4.38 � 0.02a

a *DM dry matter, ** results are expressed as mean value ± standard
deviation, different lowercases indicate signicantly different protein
or ash contents, respectively, with p < 0.05.
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temperatures can induce denaturation, aggregation, cross-
linking, and changes in hydration that can lower protein solu-
bility.28 Therefore, the increase in protein concentration might
be attributed to a washout of other more water-soluble
substances related to protein, which results in an apparent
increase in protein content.

During the following 30 days of SSF, an increase in the protein
content of by 250% compared to the initial amount was
observed. This can be attributed to an increase in the fungal
protein due to the growth and fungal metabolic activity during
SSF. With respect to the inuence of SSF on protein content in
other substrates, Imelda et al. (2008)29 documented a notable
augmentation in protein content of 49% in wheat bran aer 8
days of SSF using Aspergillus niger. The rise in the protein content
observed during fermentation could be attributed to the effective
conversion of complex carbohydrates into microbial protein and
the generation of various proteinaceous enzymes.29,30

The ash content in the initial carob kibbles (control) was
3.5%, which is consistent with the results reported by Youssef
et al. (2013)31 who found 3.0% of ash in carob powder purchased
from Aswan Governorate, Egypt. With respect to the effect of
1540 | Sustainable Food Technol., 2024, 2, 1537–1544
SSF, a decrease in ash content was detected at the beginning of
SSF (until the 5th day). Later on, ash content slightly increased
up to the end of SSF. However, no signicant differences were
found between the 10th and 20th days of SSF. A slight but
signicant increase could be detected between days 20 and 25
with no further signicant change until day 30. A comparable
increase from 2.12% to 3.73% in ash content was also reported
by Terefe et al. (2021)32 in maize our aer 48 h of fermentation
using L. plantarum and S. cerevisiae co-cultures. Similar to our
study, a slight decrease in the ash content was observed during
the rst fourth of their study. This initial reduction during the
start of SSF was attributed to a consumption of minerals (ash)
for the metabolic activities of the microorganisms during SSF.33

Imelda et al. (2008)29 suggested that the loss in dry matter
during SSF eventually increases the unaltered component such
as the ash content. Terefe et al. (2021)32 discussed a loss of
organic matter and accumulation of inorganic matter as
possible reasons for the increase in the ash content.
3.2 Dietary ber contents

Table 2 presents the amount of dietary bers in the carob
kibbles before SSF and during the fermentation as mean values
± standard deviations.

Initial dietary ber concentrations were 29.46 ± 1.67%,
2.70 ± 0.71%, and 32.16 ± 2.38% for IDF, SDF and TDF,
respectively. Comparable dietary ber concentrations in carob
pulp were reported by Ikram et al. (2023)34 with 27–50% of TDF
and by Rodriguez-Solana et al. (2021)35 with concentrations
between 9.7 and 37.3%.

Concentrations of dietary ber increased during the SSF as
could be observed from Table 2. An increase of up to 145% in
the TDF content and up to 245% in SDF related to the initial
contents in the untreated kibbles was measured. TDF concen-
trations continuously increased during fermentation except
during the period between days 10 and 15. The increase in TDF
content in the carob kibbles during fermentation is primarily
attributed to the rise in IDF content, as a signicant increase
was not observable for the SDF during the fermentation period.
Whereas a signicant increase in the SDF content (152%) was
determined aer the thermal treatment of the carob kibbles.

Thermal treatment of potatoes at 130 °C for 100 min resulted
in an increase in TDF concentration from 6.8% to 10.3%.36

Comparable results were observed for the treatment of wheat
and rice bran, where IDF and TDF increased aer autoclaving at
pH values between 3.5 and 4.5 and different holding times
between 0.5 and 1.5 h.37 With respect to the SDF concentrations,
these authors measured an increase in the rice bran samples,
but a decrease in the wheat bran samples.

The changes in SDF concentrations due to thermal treat-
ment can be due to different reasons. Such as the processing
can break glycosidic bonds within the complex carbohydrates
forming the IDF. This effect would increase their solubility
resulting in a higher content of SDF. On the other hand, further
breakage of the carbohydrate chains might lead to smaller
molecules, which are no longer considered bers resulting in
a decrease in SDF.38
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fb00173g


Table 2 Concentrations of soluble, insoluble and total dietary fibers of the carob kibbles before (control) and after thermal treatment as well as
during fermentation over 30 daysa

Sample

Contents in % w/w DM*

IDF* SDF* TDF*

Control (kibbles) 29.46 � 1.67f** 2.70 � 0.71b 32.16 � 2.38e

Aer thermal treatment 40.04 � 0.53e 6.80 � 1.56a 46.84 � 2.08d

Aer 5 days SSF 58.09 � 0.43d 7.60 � 0.42a 65.69 � 0.85c

Aer 10 days SSF 61.16 � 0.12d 7.95 � 1.20a 69.12 � 1.33c

Aer 15 days SSF 61.77 � 1.23d 7.25 � 0.07a 69.02 � 1.16c

Aer 20 days SSF04 66.48 � 0.52c 6.95 � 0.92a 73.43 � 0.40b

Aer 25 days SSF 69.08 � 0.53b 6.85 � 0.92a 75.92 � 1.45a,b

Aer 30 days SSF 72.34 � 0.52a 6.30 � 0.42a 78.64 � 0.94a

a *DM dry matter, IDF insoluble dietary ber, SDF soluble dietary ber, TDF total dietary ber, ** results are expressed as mean value ± standard
deviation, different lowercases indicate signicantly different protein or ash contents, respectively, with p < 0.05.
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Considering the inuence of fermentation, an increase in
crude ber content from 0.82% in control to 2.56% aer 48 h of
the fermentation was observed in soybean meal using Bacillus
coagulans.29 This phenomenon was attributed to the utilization
of the soluble and readily digestible carbohydrates by the
growing mycelium, resulting in a high level of apparently
indigestible ber content. The IDF and TDF contents in beans
Phaseolus vulgaris were enhanced aer natural fermentation
with naturally present microorganisms on the seeds for 48 h as
well as aer a lactic acid fermentation using Lactobacillus
plantarum.39 On the other hand, SDF contents decreased in both
types of fermentation. The authors suggested that the lower SDF
contents could be attributed to degradation of SDF into frag-
ments with lower molecular weights during the fermentation
process. Therefore, a portion of SDF might not be fully recov-
ered by ethanolic precipitation for the ber analysis, resulting
in an apparent decrease in the ber contents measured.

3.3 D-Glucose and D-fructose contents

Changes in the contents of D-glucose and D-fructose in the carob
kibbles during fermentation are summarized in Table 3 pre-
sented as mean values ± standard deviations.
Table 3 Concentrations of D-glucose and D-fructose in the initial
kibbles before (control) and after thermal treatment as well as during
fermentation over 30 daysa

Sample

Contents in % w/w DM*

D-Glucose D-Fructose

Control (kibbles) 5.79 � 0.31b** 4.52 � 0.31a

Aer thermal treatment 3.25 � 0.33c 4.54 � 0.64a

Aer 5 days SSF 8.97 � 1.59a 4.05 � 0.98a,b

Aer 10 days SSF 5.78 � 1.65a,b,c 2.65 � 0.40b

Aer 15 days SSF 3.19 � 1.12d 1.76 � 0.50b,c

Aer 20 days SSF04 3.07 � 0.90d 0.98 � 0.41c

Aer 25 days SSF 1.28 � 0.21e 0.55 � 0.08c

Aer 30 days SSF 1.70 � 0.37e 0.69 � 0.21c

a *DM dry matter, ** results are expressed as mean value ± standard
deviation, different lowercases indicate signicantly different protein
or ash contents, respectively, with p < 0.05.

© 2024 The Author(s). Published by the Royal Society of Chemistry
D-Glucose content was boosted in the initial stage of SSF
following a decline aer the thermal treatment. It peaked on the
5th day of fermentation. Subsequently, a continuous decline
was observed until the 25th day of fermentation and a slight and
non-signicant increase at day 30 of SSF. A different trend was
observed for the D-fructose content, where only a slight, but
non-signicant, increase was observed during the rst 5 days of
fermentation. Then, it continued to decrease until the 25th day
and became constant aerwords. The decrease in the D-glucose
content aer thermal treatment can be attributed to an extrac-
tion of the water-soluble monosaccharides during the soaking
time (washout effect). In the case of D-fructose, this drop due to
soaking was not found. This might indicate that the D-fructose
was less accessible for the water in the untreated carob matrix
compared to D-glucose. The contents of reducing sugars in the
untreated carob pulp as measured in this study are comparable
to data published by Khlifa et al. (2013)40 who reported values
between 2.2% and 7.8%.

With respect to the effect of fermentation, a trend comparable
to our results was observed in the fermentation of willow herb
leaves.41 The authors found an increase in D-glucose and D-fruc-
tose content in the rst 24 h compared to the non-fermented
samples, but a remarkable decrease was observed aer 48 and
72 h of aerobic fermentation. The increase of the mono-
saccharide contents at the beginning of SSF might be related to
the hydrolysis of residuals of the disaccharide sucrose into
monosaccharides.41 Later on, the molecules were consumed
within the metabolic activity of the fungi, which reduced the
detectable amount of these components. However, such an
increase in content at the beginning of SSF was not observable
for D-fructose, which might be related to faster metabolism of
this monosaccharide by the fungi from the beginning.
3.4 Phenolic content and antioxidant activity of the carob
kibbles

Table 4 shows the phenolic contents in the kibbles and their
antioxidant activity measured via the DPPH test as mean values
± standard deviations.

The initial concentration of the phenolic compounds was
3.87 ± 0.12 mg GAE g−1, whereas the concentration decreased
Sustainable Food Technol., 2024, 2, 1537–1544 | 1541
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Table 4 Phenolic contents are expressed as total phenolic content in gallic acid equivalents and antioxidative activity is measured as DPPH
radical scavenging activity in Trolox equivalents of carob kibbles before and during fermentationa

Sample TPC* (mg GAE* g−1 DM*) DPPH* (mg TE* g−1 DM)

Control (kibbles) 3.87 � 0.12a** 7.82 � 0.75a

Aer thermal treatment 3.81 � 0.10a 6.29 � 0.09a

Aer 5 days SSF 3.73 � 0.03a 3.15 � 0.08b

Aer 10 days SSF 3.47 � 0.12b 2.80 � 0.04c

Aer 15 days SSF 3.01 � 0.07c 1.46 � 0.32d

Aer 20 days SSF04 2.80 � 0.10d 1.32 � 0.72b,c,d,e

Aer 25 days SSF 1.95 � 0.04e 0.73 � 0.13d,e

Aer 30 days SSF 1.77 � 0.02f 0.45 � 0.04e

a *TPC total phenolic content, GAE gallic acid equivalents, DM dry matter, DPPH 2,2-diphenyl-1-picrylhydrazyl, TE trolox equivalents, ** results are
expressed as mean value ± standard deviation, different lowercases indicate signicantly different protein or ash contents, respectively, with p <
0.05.
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to 1.77 ± 0.02 mg GAE g−1 aer 30 days of fermentation rep-
resenting approximately only 46% of the initial value. Process-
ing of the carob kibbles before SSF including thermal treatment
seemed to have only negligible effect on TPC because no
statistically signicant difference (p > 0.05) was observed
between initial and thermally treated samples.

Other studies found a signicant decrease in TPC during
thermal treatment. Sánchez-Garćıa et al. (2022)16 reported
a signicant reduction in TPC aer autoclaving lentil grains and
our before subjecting to SSF with Pleurotus ostreatus. Babar
et al. (1988)42 found an even higher reduction in polyphenol
contents by about 91% and 70% in meal and seeds of jack bean,
respectively, aer moist heat treatment at 120 °C for 20 min.
The reduction in polyphenols aer such a thermal treatment
was attributed to the interaction of polyphenols with other
components of seeds, such as protein, to form insoluble
tannin–protein complexes, which are not accessible for anal-
ysis.42 This effect might be less pronounced in the carob matrix
compared to the other materials because of low protein
contents resulting in less distinct changes. With respect to the
inuence of SSF itself, a decrease in TPC aer 14 days was
measured in the study mentioned above.16 In another study
performed by Xu et al. (2018),43 TPC in sorghum decreased with
increasing fermentation time of up to 35 days, where different
strains of edible fungi were applied. However, an increase in
TPC for other grains under the same conditions was measured,
too.43

A similar decreasing effect as for TPC was observed for the
DPPH activity in our study. The DPPH activity decreased
signicantly from 7.82 ± 0.75 mg TE g−1 in the initial state to
0.45 ± 0.04 mg TE g−1 aer 30 days of SSF representing
a reduction of approximately 94%. Thermal treatment of the
samples before SSF resulted in a decrease in DPPH activity
compared to the initial state of the carob kibbles. Similar
changes in antioxidative activity measured with the ORAC test
were found by Sanchiz et al. (2019)44 for pistachio, cashew, and
chestnut samples aer a heat treatment at 121 °C for 30 min.

Likewise, Sánchez-Garćıa et al. (2022)16 reported a similar
pattern of DPPH changes in lentil grains (61.6% reduction),
lentil our (61.5%), quinoa seeds (17% reduction) and quinoa
1542 | Sustainable Food Technol., 2024, 2, 1537–1544
our (23.1% reduction) aer 14 days of SSF using Pleurotus
ostreatus. This phenomenon might be a result of competitive
reactions promoting the formation of either pro-oxidant or
antioxidant compounds during SSF. The outcome might be
either a decrease or increase in the food's total antioxidant
capacity, which is measured by the DPPH test.16
4 Conclusions

The study shows that solid-state fermentation of carob kibbles,
a by-product of locust bean gum manufacturing from carob
fruits, by using the edible fungal strain of Pleurotus ostreatus can
contribute to an improvement of carob valorization by means of
signicantly increasing its protein content. Thus, especially the
SSF with Pleurotus ostreatus for purposes of protein generation
from low-value lignocellulosic by-products of food
manufacturing shows potential. Since in the case of carob, this
study recorded a threefold increase in its protein content.
Evidently, these results are also interesting for the circular
bioeconomy in food production, which needs to be put into
practice in future. Application of the fermented substrate in
different food matrices could be the next step in the research
activities. In this respect, it should be also considered that this
type of fermentation leads to a decrease in the antioxidant
capacity of the carob kibbles. Here, more research is required to
understand the mechanisms behind this decrease and for
possible strategies to overcome this effect. In the meantime, the
addition of the antioxidative agents in the nal recipes, where
fermented carob products are used, could be considered.
Data availability

All relevant data for this study is included in the article.
Author contributions

Shahab Iqbal developed the methodology, analyzed and vali-
dated the data, and wrote the manuscript. Özge Tirpanalan-
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