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Abstract
The growing awareness of the consumers on the advantages of a proper nutrition is deeply modifying their demands. Hence, 
the exploitation of innovative ingredients to enrich the nutritional values of staple foods is continuously explored by research 
institutions and food industries. This paper represents a feasibility study on the use of nonconventional ingredients, includ-
ing house cricket (Acheta domesticus) powder and buckwheat (Fagopyrum esculentum) flour, for the production of novel 
flatbread formulations. Experimental flatbread prototypes were evaluated by analyzing microbiological, physico-chemical, 
textural, colorimetric, and volatile parameters. Microbiological viable counts revealed low levels of bacterial spores in the 
formulations comprising cricket powder. Water activity results showed adequate values, inhibiting the growth of spoilage 
and pathogenic bacteria, and preventing the germination of bacterial spores. The addition of cricket powder, influenced tex-
tural properties of flatbread samples, characterized by lower hardness values respect to those not containing insects seems 
likely due to a high content of dietary fiber (chitin from insects). As for the color analysis, flatbread samples added with 
cricket powder evidenced darker tones respect to those not containing insects, thus resulting visibly comparable with whole 
grain products. Worthy to mention that the addition of buckwheat flours did not cause hardness reduction or color variation 
of experimental prototypes. The volatile component analysis highlighted numerous compounds associated with enzymatic 
activities and nonconventional ingredients. Overall, the results collected demonstrated that cricket powder and buckwheat 
flour possess a great potential to produce innovative flatbreads.
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Introduction

In the recent years, consumers’ knowledge about proper 
nutritional intake is significantly influencing their food 
choice behavior. Furthermore, the willingness to accept 
innovative foods is directly associated with the information 
on their health beneficial effects [1].

In such a context, the exploitation of innovative ingredi-
ents to enrich the nutritional values of staple foods is contin-
uously explored by research institutions and food industries 
[2–4]. Among the most emerging innovative ingredients, 
edible insects are considered as a source of high-value pro-
teins constituted by both essential and nonessential amino 
acids that may represent a valid alternative to conventional 
protein sources [5]; moreover, the insects contain notable 
amounts of polyunsaturated fatty acids, essential miner-
als, and vitamins [5]. In addition, edible insects are source 
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of a wide range of bioactive compounds as antimicrobial 
peptides (e.g., cecropin, mellitin, attacin, etc.) to be poten-
tially applied in the nutraceutical sector [5]. Entomophagy 
represents a common practice in Asian countries as Thai-
land, Japan, Laos, Borneo, and India, whereas it is gradu-
ally emerging in North America and Europe [5]. In the EU, 
the human consumption of edible insects is governed by 
Regulation (EU) No. 2015/2283 [6] on novel foods. In more 
detail, the commercialization of insect-based products must 
be authorized by the European Commission (EC) following 
the risk assessment for food safety performed by the Euro-
pean Food Safety Authority (EFSA) [7]. So far, frozen and 
dried formulations from whole yellow mealworm (Tenebrio 
molitor), lesser mealworm (Alphitobius diaperinus), migra-
tory locust (Locusta migratoria), and whole house crickets 
(Acheta domesticus) were officially authorized at EU level, 
whereas further authorizations are soon expected [8–13]. 
The interest of the scientific community on the exploitation 
of edible insects in the production of innovative foods is con-
stantly increasing to obtain nutritious, healthy, safe, and tasty 
products that may potentially expand the market offer [7]. It 
is noteworthy that entomophagy practice is encouraged in 
nonregular consumers by the formulation of conventional 
products added with processed edible insects. Consequently, 
the edible insect formulations not only include whole insect 
products, but also processed insect powders, insect-based 
bars and shakes, and insect-based baked products [5].

Buckwheat belongs to the family of Polygonaceae and is 
commercially collocated among pseudo-cereals for its nutri-
tional characteristic and food use [14]. The buckwheat grains 
are considered extremely nutritious because of the presence 
of polyphenols, especially flavonoids, dietary fibers, and 
other nutraceutical components, and high-quality proteins, 
with one of the most valuable amino acid scores among 
plant-based protein compositions. Furthermore, the notable 
concentrations of resistant starch in buckwheat grains are 
well known. The continued consumption of resistant starch 
confers remarkable health benefits, including regulation of 
blood glucose and cholesterol levels, and maintenance of 
intestinal balance [15]. Buckwheat is mainly produced in 
Eastern European and Central Asiatic countries, whereas 
its demand is steadily growing in the United States, Canada, 
and Europe. Usually, buckwheat grains are dehulled and 
used for breakfast cereals or processed for the preparation 
of bakery products, such as biscuits and bread [14].

Bread represents a staple food all over the world, espe-
cially in European countries, and it has already been used 
as model food to be enriched in nutritional compounds. 
Commonly, bread is prepared by mixing wheat flour, water, 
and a leavening agent, with or without the addition of salt 
and other ingredients, including malt, oils, additives, etc. 
According to ingredient choice, preparation method, and 
shape and size, a plenty of bread varieties (flatbread, loaf 

bread, crackers, sticks, etc.) were developed to meet the 
needs of consumers. Among these, flatbread is one of the 
most ancient bread preparations made by baking a flattened 
dough. As recently reviewed by Boukid [3], flatbreads are 
considered as versatile products to be used as vehicles 
of nonconventional and health-promoting ingredients to 
enhance the nutritional properties and, at the same time, 
maintain acceptable sensory properties of the end-products. 
As for the leavening agent used for bread production, the 
most common choices comprise chemicals (e.g., sodium 
bicarbonate), baker’s yeast, namely Saccharomyces cerevi-
siae biomass, and sourdough. This latter leavening agent 
consists of a dough generally obtained from wheat flour and 
water spontaneously fermented by lactic acid bacteria and 
yeasts naturally occurring in the raw materials, and con-
tinuously propagated by back-slopping [4, 16, 17]. Notably, 
the addition of sourdough confers unique rheological and 
sensory features to the end-product [18]. Furthermore, dif-
ferent nutritional properties associated with sourdough were 
documented, including: a decrease of bread glycemic index, 
an increase in micronutrients absorption (e.g., phytase activ-
ity), improvement of the dietary fiber complex’s properties, 
and release of bioactive compounds (e.g., γ-amino butyric 
acid, lunasin, alkylresorcinol, etc.) [19, 20].

As far as the authors are aware, the use of cricket pow-
der, buckwheat flour, and buckwheat-based sourdough to 
produce flatbread has never been explored before. Hence, 
in the present paper, the results of a feasibility study on the 
use of the abovementioned nonconventional ingredients for 
the production of novel flatbread formulations were dis-
cussed. In more detail, the objectives of the experimental 
plan include: i) evaluation of the use of cricket powder in 
wheat- or buckwheat-based flatbread production; ii) among 
buckwheat sources, evaluation of the use of different types 
of flours obtained from Italian or Polish crops; iii) evaluation 
of the use of different leavening agents, namely baker’s yeast 
and sourdoughs obtained from either wheat or buckwheat 
flours. To define the optimal flatbread recipe, experimental 
flatbreads were produced using different blends of insect 
powder, buckwheat flour, baker’s yeast, and sourdough. The 
evaluation of the experimental flatbreads was carried out 
by analyzing their microbiological profile, volatile compo-
nents, textural and colorimetric traits, and physico-chemical 
parameters.

Materials and methods

Raw materials

Soft wheat flour, durum wheat flour, chickpea flour, oat 
flour, and barley malt were purchased from a local organic 
produce market situated in Wrocław (Poland). The Polish 
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buckwheat grains were obtained in Melvit, Warsaw, Poland. 
The Italian buckwheat grains were obtained from the con-
sortium of organic agriculture Terra Bio (Urbino, Italy). 
House crickets (Acheta domesticus) were purchased from 
the biotechnology company Nutrinsect (Montecassiano, 
Italy) and were freeze-dried by using a SP VirTis Freeze 
Dryer (Scientific Products, Pennsylvania, USA). Both buck-
wheat grains and house crickets were shipped to Wrocław 
(Poland) in vacuum-sealed plastic bags by international 
express transport under controlled temperature conditions. 
Later, buckwheat grains and house crickets were grounded 
under aseptic conditions by using a stone mill (Fidibus 21, 
KoMo, Hopfgarten, Austria) and a high-speed knife mill 
FW135 (Chemland, Gdansk, Poland), respectively. All the 
raw materials were stored at 4 °C until use.

Production of sourdoughs

Three different types of sourdough made with i) wheat flour, 
ii) Polish buckwheat flour or iii) Italian buckwheat flour 
were produced according to the methods described by Yu 
et al. [21], and Moroni et al. [22] with some modifications. 
In more detail, each flour was mixed with sterile tap water to 
reach a final dough yield of 200. The resulting doughs were 
incubated at 30 °C and propagated by back-slopping every 
24 h for 10 days. All propagation steps were performed by 
adding 300 g of fermented dough to 300 g of respective 
flour and 300 g of sterile tap water under aseptic condi-
tions. pH of each sourdough was monitored by using a pH 
meter (EMETRON CP-411, Zabrze, Poland) equipped with 
an electrode (HYDROMET, Gliwice, Poland) to verify their 
effective maturation (reduction of pH). No starter cultures 
were added during the fermentation processes.

High‑throughput sequencing and bioinformatic 
analysis of sourdoughs

The bacterial microbiota of sourdough samples was ana-
lyzed by amplifying the V3−V4 hypervariable region of the 
16S rRNA gene with the primers and procedure described 
by Klindworth et al. [23]. The PCR amplicons were purified 
following the Illumina metagenomic pipeline (Illumina, San 
Diego, California, USA) and sequenced with a MiSeq plat-
form (Illumina) generating 250 bp paired-end reads. Paired-
end reads were imported in QIIME2 software for chimeric 
join and quality filtering [24–27]. For bacterial taxonomic 
assignment, the Amplicon Sequence Variants (ASVs) gener-
ated through DADA2 were compared with Greengenes 16S 
rRNA gene database. ASVs taxonomy assignment was then 
confirmed by manual BLAST. The ASVs table obtained with 
QIIME2 was rarefied at the lowest number of sequences 
and, when displayed, the higher taxonomy resolution was 

reached. When the taxonomy assignment was not able to 
reach species level, the genus or family name was displayed.

Composition of doughs and bread making

The dough formulations of the present study are listed in 
Table 1. In more detail, the following experimental the-
sis were explored: (i) the production of flatbread doughs 
either with baker’s yeast or wheat sourdough (encoded with 
WB and WS, respectively); (ii) the production of flatbread 
doughs by adding cricket powder either with baker’s yeast 
or wheat sourdough (encoded with IB and IS, respectively); 
(iii) the production of flatbread doughs by adding cricket 
powder and buckwheat flour obtained from Italian crops 
either with baker’s yeast or buckwheat sourdough (encoded 
with ITAB and ITAS, respectively); iv) the production of 
flatbread doughs by adding cricket powder and buckwheat 
flour obtained from Polish crops either with baker’s yeast 
or buckwheat sourdough (encoded with POLB and POLS, 
respectively). The dough yield of each flatbread formulation 
was kept constant at 150. As for dough formulations incor-
porating sourdough, the ratio of flours and sourdough was 
3:1 and water content was reduced to avoid modifications on 
the dough properties, as already proposed by Yu et al. [21]. 
Cricket powder was added as a partial replacement of soft 
and durum wheat flour to obtain a final rate of 20% of the 
total flour weight. Buckwheat flour was added as a replace-
ment of chickpea and oat flours to obtain a final rate of 18% 
of the total flour weight.

Initially, all ingredients were mixed for 10 min in a plan-
etary mixer FM-201 (Łucznik, Wrocław, Poland) and the 
resulting doughs were left leavening at 25 °C for 1 h. After-
wards, the doughs were shaped to obtain thin squares of 
10 cm of length and width, and 2 mm of height; hence, a 
roller docker was used to pierce the doughs that were finally 
sprinkled with salt. The flatbread doughs were oven cooked 
in steam-convection oven (HENDI 227077, Rhenen, The 
Netherlands) at 240 °C for 5 min. Experimental flatbreads 
(Fig. 1) were codified as FWB (made from WB), FIB (made 
from IB), FITAB (made from ITAB), FPOLB (made from 
POLB), FWS (made from WS), FIS (made from IS), FITAS 
(made from ITAS), and FPOLS (made from POLS). Each 
baking process was carried out in duplicate and related 
analyses were performed after at least one hour of cooling 
at room temperature.

Microbiological analyses

Ten g-aliquots of each raw material, sourdough, dough, and 
flatbread sample were suspended with 90 mL of sterile water 
added with 0.85% of NaCl (w v−1). The homogenization of 
the samples was carried out at 260 rpm for 5 min by using 
a Stomacher 400 Circulator apparatus (VWR International, 



2780	 European Food Research and Technology (2023) 249:2777–2795

1 3

Table 1   Dough formulations 
applied for the production of 
experimental flatbreads

n.a., not added
WB, dough samples made with baker’s yeast
IB, dough samples made with baker’s yeast and cricket powder
ITAB, dough samples made with baker’s yeast, cricket powder, and Italian buckwheat flour
POLB, dough samples made with baker’s yeast, cricket powder, and Polish buckwheat flour
WS, dough samples made with wheat sourdough
IS, dough samples made with wheat sourdough and cricket powder
ITAS, dough samples made with Italian buckwheat sourdough, cricket powder, and Italian buckwheat flour
POLS, dough samples made with Polish buckwheat sourdough, cricket powder, and Polish buckwheat flour

Ingredients (g per 100 g) Dough formulations

WB IB ITAB POLB WS IS ITAS POLS

Soft wheat flour 37.2 27.9 27.9 27.9 32.5 24.4 24.4 24.4
Durum wheat flour 16 12 12 12 14 10.5 10.5 10.5
Chickpea flour 6.7 6.7 n.a n.a 5.8 5.8 n.a n.a
Oat flour 5.3 5.3 n.a n.a 4.6 4.6 n.a n.a
Barley malt 1.3 1.3 1.3 1.3 1.2 1.2 1.2 1.2
Water 33.2 33.2 33.2 33.2 22.6 22.6 22.6 22.6
Insect powder n.a 13.3 13.3 13.3 n.a 11.6 11.6 11.6
Italian buckwheat flour n.a n.a 12 n.a n.a n.a 10.4 n.a
Polish buckwheat flour n.a n.a n.a 12 n.a n.a n.a 10.4
Baker’s yeast 0.3 0.3 0.3 0.3 n.a n.a n.a n.a
Wheat sourdough n.a n.a n.a n.a 19.3 19.3 n.a n.a
Italian buckwheat sourdough n.a n.a n.a n.a n.a n.a 19.3 n.a
Polish buckwheat sourdough n.a n.a n.a n.a n.a n.a n.a 19.3

Fig. 1   Experimental flatbread samples. FWB, flatbread samples made 
with baker’s yeast, FIB, flatbread samples made with baker’s yeast 
and cricket powder, FITAB, flatbread samples made with baker’s 
yeast, cricket powder, and Italian buckwheat flour, FPOLB, flatbread 
samples made with baker’s yeast, cricket powder, and Polish buck-
wheat flour, FWS, flatbread samples made with wheat sourdough, 

FIS, flatbread samples made with wheat sourdough and cricket pow-
der, FITAS, flatbread samples made with Italian buckwheat sour-
dough, cricket powder, and Italian buckwheat flour, FPOLS, flatbread 
samples made with Polish buckwheat sourdough, cricket powder, and 
Polish buckwheat flour
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Gdańsk, Poland). The resulting suspension were tenfold seri-
ally diluted in sterile peptone water to quantify the following 
microbial groups:(i) total mesophilic aerobes in Plate Count 
Agar (PCA) (BTL ltd, Łódź, Poland) incubated at 30 °C for 
48 h; (ii) presumptive lactic acid bacteria in De Man, Rogosa 
and Sharp (MRS) agar (BTL ltd, Łódź, Poland) added with 
250 mg of cycloheximide per L incubated at 37 °C for 48 h; 
(iii) eumycetes in Rose Bengal Chloramphenicol (RB) agar 
(BTL ltd, Łódź, Poland) incubated at 25 °C for 72 h; (iv) 
bacterial spores counted after a thermal treatment of the 
homogenates at 80 °C for 10 min followed by cooling in iced 
water for 5 min and plated in PCA (BTL ltd, Łódź, Poland) 
incubated at 30 °C for 48 h. The results of the microbial 
viable counts were expressed as the Log of colony forming 
units (cfu) per gram of sample and were reported as mean 
value ± standard deviation of two biological and two techni-
cal replicates.

Physico‑chemical measurements

The pH value of each sourdough and dough sample was 
measured by using a pH meter (EMETRON CP-411) 
equipped with an electrode (HYDROMET) inserted at their 
core. The total titratable acidity (TTA) of each sourdough, 
dough, and flatbread sample was determined as follows: ten 
g-aliquots were homogenized with 90 mL of demineralized 
water through a Stomacher 400 Circulator apparatus (VWR 
International) at 260 rpm for 5 min; subsequently, the mL 
of NaOH 0.1 N needed to reach the pH fixed endpoint of 
8.3 were measured. The water activity (aw) of each flatbread 
sample was measured by using an Aqualab 4TE apparatus 
(Meter Group, Pullman, USA). The results of the physico-
chemical analyses were reported as mean value ± standard 
deviation of two biological and two technical replicates.

Baking loss, specific volume, and textural analysis

The baking loss of flatbread samples was obtained by weigh-
ing the doughs before their baking (wd) and the breads after 
their baking (wb). The weight loss percentage was calculated 
as follows:

The specific volume of flatbread samples was determined 
by applying the AACC Method 10–05.01 [28] with some 
modifications. In more detail, a container was filled with 
rapeseeds that were subsequently poured in a graduated 
cylinder to obtain their volume (v1). Thereafter, a flatbread 
sample was weighted (wf) and inserted in the same empty 
container and covered with rapeseeds up to the maximum 
capacity. The rapeseed volume was again measured (v2) and 

Baking loss(%) =

(

wd − wb

wd

)

× 100

the specific volume of each flatbread sample was calculated 
as follows:

The hardness of flatbread samples was measured by 
applying the three-point bending test [29, 30]. In more 
detail, the Texturemeter FC200STAV50 AXIS (Axis Ltd, 
Gdansk, Poland) was used as follows: a flatbread sample 
was placed above two supports set 8 cm apart, and a loading 
force was exerted on the center of the product by a wedge 
moving downwards at a speed of 150 mm min−1. The results 
were expressed as the maximum force (N) required to break 
the sample. The data of baking loss, specific volume, and 
fracturability analysis were collected from five technical and 
two biological replicates.

Color analysis

Prior to the addition of wet components and dough forma-
tion, flour mixtures were encoded as MW (used for produc-
tion of flatbread samples not containing insects), MI (used 
for production of flatbread samples added with cricket 
powder), MITA (used for production of flatbread samples 
added with cricket powder and buckwheat flour obtained 
from Italian crops), and MPOL (used for production of flat-
bread samples added with cricket powder and buckwheat 
flour obtained from Polish crops), and were analyzed for 
color parameters. The color of flour mixture, dough, and flat-
bread samples was determined according to CIELAB color 
space parameters using a Konica Minolta CR-310 chroma-
meter (Ramsey, NJ, USA) connected with a Data Processor 
(DP-301), launched via RS232 serial port to the personal 
computer. In more detail, the following parameters were 
obtained: (i) lightness (L*) ranging from 0 (black) to 100 
(white); (ii) greenness or redness (a*) with negative values 
corresponding to green axis and positive values correspond-
ing to red axis; (iii) blueness or yellowness (b*) with nega-
tive values corresponding to blue axis and positive values 
corresponding to yellow axis; (iv) chroma (C*) expressing 
the purity of the color from gray to pure spectral colors; (v) 
hue angle (h°) extending from 0° (red), 90° (yellow), 180° 
(green) to 270° (blue) [31, 32]. In addition, the total color 
difference (ΔE) between (i) flour mixture samples added 
with cricket powder and flour mixture samples not contain-
ing insects, (ii) dough samples added with cricket powder 
made with bakers’ yeast or sourdough and dough samples 
not containing insects, (iii) flatbread samples added with 
cricket powder made with bakers’ yeast or sourdough and 
flatbread samples not containing insects was calculated as 
follows [33]:

Specif ic volume
(

cm3g−1
)

=
v
1
− v

2

wf
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L lightness parameter (L*), a greenness or redness param-
eter (a*), b blueness or yellowness parameter (b*), r refer-
ence sample, t tested sample.

Two biological and five technical replicates were consid-
ered for color analysis. The results of lightness, greenness, 
or redness, blueness or yellowness, chroma, and hue angle 
were reported as mean value ± standard deviation, whereas 
the results of ΔE were reported as mean value.

HS‑SPME‑GC/MS analysis of volatile components

To collect the volatile components from each sample, Head-
space Solid-Phase Microextraction−Gas Chromatography/
Mass Spectrometry (HS-SPME-GC/MS) analysis was used. 
Two g-aliquots of each flatbread sample were reduced into 
powder using a Cyclotec 1093 Sample Mill (Tecator, Hoga-
nas, Sweden) and were placed in 10 mL glass vials and 
closed with a screw cap equipped with an elastomeric sep-
tum. A DVB/PDMS 65 µm fiber (Supelco/Sigma-Aldrich, 
Milan, Italy) was exposed for 20 min into the head space, 
previously thermostated at 45 °C for 10 min in a thermo-
static water bath (M20 Lauda, Spectralab Scientific Inc., 
Ontario, Canada) [34]. To analyze the volatile profile of 
samples, a Trace 1300 gas chromatograph coupled with a 
ISQ 7000 single quadrupole mass spectrometer (Thermo 
Fisher Scientific, Waltham, MA, USA) and equipped with 
a Zebron ZB-5 ms capillary column 30 m × 0.25 mm i.d., 
0.25 μm film thickness (Phenomenex, Torrance, CA, USA) 
was used. Thermal desorption of the compounds from the 
fiber took place in the GC injector at 250 °C for 5 min. As 
described by Foligni et al. [35], the injection was performed 
by applying the following parameters: oven temperature 
from 40 °C to 220 °C increased at a rate of 6 °C min−1 and 
maintained for 5 min; gas flow (He) in constant mode at 
1.0 mL min−1 and full scan MS data acquired in the mass 
range of 31–250 atomic mass units (amu). Identification of 
volatile compounds was made by matching the mass spec-
tral data with NIST/EPA/NIH Mass Spectral Library 2020 
and the chromatographic behavior with published Kovats 
retention indices (RIs) according to Mozzon et al. [36]. An 
automated spreadsheet was used to simplify the calculation 
of RIs of the unknown components [37]. The total peak area 
of all the volatiles was assumed as 100% while collectively 
calculated classes of volatile compounds (peaks area sum) 
were calculated as the % of the total.

Statistical analyses

Tukey–Kramer’s Honest Significant Difference (HSD) test 
(P < 0.05) was used to evaluate differences within flat bread 

ΔE =

√

(

Lr − Lt
)2

+
(

ar − at
)2

+
(

br − bt
)2 samples by one-way analysis of variance (ANOVA) using 

the software JMP v11.0.0 (SAS Institute Inc., Cary, NC) 
[38].

Spearman’s correlation analysis was performed to evi-
dence co-occurrences and co-exclusions between volatile 
compounds using the psych package in R v4.2.0. Significant 
correlations (P < 0.05) were visualized using the corrplot 
package (R v4.2.0) [39].

Results

Bacterial composition of sourdoughs

The bacterial taxonomic groups of sourdough samples are 
reported in Fig. 2.

The microbial taxa Levilactobacillus brevis (14.44, 45.83, 
and 27.36% of the relative frequency in wheat sourdough, 
Polish buckwheat sourdough, and Italian buckwheat sour-
dough, respectively), Lactobacillus (17.05, 3.47, and 11.09% 
of the relative frequency in wheat sourdough, Polish buck-
wheat sourdough, and Italian buckwheat sourdough, respec-
tively), and Lactiplantibacillus plantarum (19.27, 5.23, and 
6.70% of the relative frequency in wheat sourdough, Polish 
buckwheat sourdough, and Italian buckwheat sourdough, 
respectively) were detected in all the samples. The species 
Limosilactobacillus reuteri was identified in wheat sour-
dough and Italian buckwheat sourdough, attesting at 43.65 
and 8.45% of the relative frequency, respectively. The genus 
Pediococcus characterized both Italian and Polish buck-
wheat sourdoughs, with 42.04 and 40.92% of the relative 
frequency, respectively.

Microbial viable counts

The results of microbial viable counts of raw material, sour-
dough, dough, and flatbread samples are reported in Table 2.

The raw materials used for bread making showed highly 
heterogeneous results for each microbial group examined, 
as confirmed by the presence of numerous statistically sig-
nificant differences among samples. In more detail, the total 
mesophilic aerobes were comprised between 3.03 ± 0.03 
(Polish buckwheat flour) and 6.16 ± 0.04 Log cfu g−1 (Ital-
ian buckwheat flour). Presumptive lactobacilli were not 
detected in Polish buckwheat flour and durum wheat flour, 
whereas insect powder showed the highest average value 
attesting at 4.87 ± 0.11 Log cfu g−1. The counts of eumy-
cetes ranged from 1.54 ± 0.09 (Polish buckwheat flour) and 
4.09 ± 0.06 Log cfu g−1 (soft wheat flour). Bacterial spores 
were detected in all raw material samples with average val-
ues comprised between 1.39 ± 0.12 (Polish buckwheat flour) 
and 3.54 ± 0.10 Log cfu g−1 (insect powder).
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As for sourdough samples, the statistical analysis showed 
significant differences for the total mesophilic aerobes, 
presumptive lactobacilli and eumycetes between wheat 
sourdough and buckwheat sourdoughs. In fact, wheat sour-
dough obtained lower values for the total mesophilic aer-
obes and presumptive lactobacilli attesting at 7.33 ± 0.03 
and 8.82 ± 0.00 Log cfu g−1, respectively, whereas both 
Italian and Polish buckwheat sourdough samples obtained 
values above 9 Log cfu g−1 for the same microbial groups. 
Moreover, eumycetes were not detected in buckwheat sour-
doughs, whereas the same microbial group reached counts 
of 7.43 ± 0.99 Log cfu g−1 in wheat sourdough. Counts of 
bacterial spores were statistically different among sour-
dough samples, with values comprised between 1.39 ± 0.12 
in wheat sourdough and 2.36 ± 0.05 Log cfu g−1 in Italian 
buckwheat sourdough.

The total mesophilic aerobes of dough samples leav-
ened with baker’s yeast showed statistically lower counts 
in respect to dough samples leavened with different types 
of sourdough, with values comprised between 4.50 ± 0.63 
(POLB) and 9.78 ± 0.04 Log cfu g−1 (POLS). The same 
trend was observed for presumptive lactobacilli, with values 
ranging from 4.97 ± 0.04 (POLB) and 9.82 ± 0.05 Log cfu 
g−1 (POLS). On the contrary, dough samples leavened with 
baker’s yeast reached statistically higher values of eumycetes 
in respect to dough samples added with sourdoughs, with 
counts between 1.39 ± 0.12 (POLS) and 7.31 ± 0.05 Log cfu 
g−1 (WB). The counts of bacterial spores of dough samples 
were comprised between 2.08 ± 0.05 (WB) and 3.09 ± 0.02 
Log cfu g−1 (POLB).

The experimental flatbread samples were analyzed for 
the presence of bacterial spores, with counts reaching the 
average highest value of 1.81 ± 0.00 Log cfu g−1 in sample 
FPOLS.

Physico‑chemical measurements

The results of the physico-chemical measurements of sour-
dough, dough, and flatbread samples are reported in Table 2.

In more detail, pH values were comprised between 
3.71 ± 0.01 (wheat sourdough) and 4.26 ± 0.01 (Ital-
ian buckwheat sourdough), whereas TTA values ranged 
from 16.1 ± 0.03 (Italian buckwheat sourdough) and 
16.7 ± 0.8 mL of 0.1 N NaOH (wheat sourdough). The pH 
values of sourdough samples made with buckwheat flours 
showed statistically higher values in respect to those of 
sourdough samples made with wheat flour. The TTA values 
showed no statistically significant differences among sour-
dough samples.

As for dough samples, higher pH values were evidenced 
for doughs made with baker’s yeast respect to doughs made 
with sourdoughs. The lowest pH value (5.17 ± 0.01) was 
obtained from WS and the highest (5.81 ± 0.02) from POLB. 
The TTA results showed higher values for dough formula-
tions comprising insect powder in respect to samples WB 
and WS. In detail, TTA values ranged from 3.5 ± 0.1 of sam-
ple WB to 12.2 ± 0.1 mL of 0.1 N NaOH of sample IS.

Regarding the experimental flatbread samples, those 
made with insect powder showed higher TTA values in 
respect to FWS and FWB. TTA values were comprised 

Fig. 2   Incidence of the major 
taxonomic groups detected by 
16S amplicon target sequencing 
in sourdough samples
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Table 2   Results of microbiological viable counts and physico-chemical measurements of raw material, sourdough, dough and flatbread samples

Values are expressed as mean ± standard deviation. Within each column for each diverse matrix, means followed by different letters are signifi-
cantly different (P < 0.05)
n.d., not detectable
WB and FWB, dough and flatbread samples made with baker’s yeast
IB and FIB, dough and flatbread samples made with baker’s yeast and cricket powder
ITAB and FITAB, dough and flatbread samples made with baker’s yeast, cricket powder, and Italian buckwheat flour
POLB and FPOLB, dough and flatbread samples made with baker’s yeast, cricket powder, and Polish buckwheat flour
WS and FWS, dough and flatbread samples made with wheat sourdough
IS and FIS, dough and flatbread samples made with wheat sourdough and cricket powder
ITAS and FITAS, dough and flatbread samples made with Italian buckwheat sourdough, cricket powder, and Italian buckwheat flour
POLS and FPOLS, dough and flatbread samples made with Polish buckwheat sourdough, cricket powder, and Polish buckwheat flour

Samples Microbiological parameters (Log cfu g−1) Physico-chemical parameters

Total mesophilic 
aerobes

Presumptive lacto-
bacilli

Eumycetes Spore-forming 
bacteria

pH TTA (mL of 
0.1 N NaOH)

aw

Flours
 Soft wheat flour 4.25 ± 0.02d 2.30 ± 0.00c 4.09 ± 0.06a 1.70 ± 0.00d n.d n.d n.d
 Durum wheat 

flour
3.46 ± 0.04e <  1.00e 2.54 ± 0.34cd 1.72 ± 0.17d n.d n.d n.d

 Chickpea flour 4.50 ± 0.03c 1.24 ± 0.34cd 3.04 ± 0.11bc 2.70 ± 0.01b n.d n.d n.d
 Oat flour 5.32 ± 0.03b 1.24 ± 0.34cd 3.58 ± 0.03ab 1.65 ± 0.07d n.d n.d n.d
 Barley malt 6.08 ± 0.03a 3.54 ± 0.01b 3.89 ± 0.15a 2.90 ± 0.04b n.d n.d n.d
 Insect powder 5.39 ± 0.06b 4.87 ± 0.11a 2.00 ± 0.06de 3.54 ± 0.10a n.d n.d n.d
 Polish buckwheat 

flour
3.03 ± 0.03f <  1.00de 1.54 ± 0.09e 1.39 ± 0.12d n.d n.d n.d

 Italian buckwheat 
flour

6.16 ± 0.04a 2.13 ± 0.02c 3.14 ± 0.05b 2.23 ± 0.04c n.d n.d n.d

Sourdoughs
 Wheat sourdough 7.33 ± 0.03b 8.82 ± 0.00b 7.43 ± 0.99a 1.39 ± 0.12c 3.71 ± 0.01b 16.7 ± 0.8a n.d
 Polish buckwheat 

sourdough
9.54 ± 0.06a 9.58 ± 0.06a <  1.00b 1.93 ± 0.04b 4.23 ± 0.01a 16.1 ± 0.1a n.d

 Italian buckwheat 
sourdough

9.65 ± 0.08a 9.60 ± 0.01a <  1.00b 2.36 ± 0.05a 4.26 ± 0.01a 16.1 ± 0.3a n.d

Doughs
 WB 4.70 ± 0.06de 5.09 ± 0.01e 7.31 ± 0.05a 2.08 ± 0.05e 5.79 ± 0.05ab 3.5 ± 0.1e n.d
 IB 4.85 ± 0.05de 5.01 ± 0.03e 7.12 ± 0.05a 2.60 ± 0.08cd 5.74 ± 0.01bc 8.1 ± 0.6c n.d
 ITAB 5.52 ± 0.11d 4.99 ± 0.01e 6.89 ± 0.12a 2.59 ± 0.09cd 5.71 ± 0.01c 8.0 ± 0.3c n.d
 POLB 4.50 ± 0.63e 4.97 ± 0.04e 7.21 ± 0.07a 3.09 ± 0.02a 5.81 ± 0.02a 9.9 ± 0.6b n.d
 WS 6.64 ± 0.01c 8.10 ± 0.03c 5.99 ± 0.21b 2.49 ± 0.02cd 5.17 ± 0.01f 6.1 ± 0.4d n.d
 IS 6.50 ± 0.04c 7.80 ± 0.02d 5.38 ± 0.23c 2.88 ± 0.04b 5.49 ± 0.02d 12.2 ± 0.1a n.d
 ITAS 8.58 ± 0.11b 8.80 ± 0.08b 2.71 ± 0.01d 2.69 ± 0.05bc 5.42 ± 0.00e 11.3 ± 0.2ab n.d
 POLS 9.78 ± 0.04a 9.82 ± 0.05a 1.39 ± 0.12e 2.45 ± 0.03d 5.41 ± 0.01e 10.9 ± 0.1ab n.d

Flatbread
 FWB n.d n.d n.d <  1.00 bc n.d 4.6 ± 0.7c 0.751 ± 0.030a

 FIB n.d n.d n.d 1.00 ± 0.00abc n.d 10.0 ± 0.1b 0.777 ± 0.026a

 FITAB n.d n.d n.d 1.24 ± 0.34ab n.d 9.9 ± 0.8b 0.729 ± 0.035a

 FPOLB n.d n.d n.d 1.74 ± 0.06a n.d 10.7 ± 0.4ab 0.741 ± 0.021a

 FWS n.d n.d n.d <  1.00c n.d 6.2 ± 1.2c 0.638 ± 0.079b

 FIS n.d n.d n.d 1.24 ± 0.34ab n.d 11.6 ± 0.6ab 0.730 ± 0.034a

 FITAS n.d n.d n.d 1.30 ± 0.00ab n.d 11.5 ± 0.1ab 0.728 ± 0.034a

 FPOLS n.d n.d n.d 1.81 ± 0.00a n.d 12.8 ± 0.8a 0.738 ± 0.024a
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between 4.6 ± 0.7 (FWB) and 12.8 ± 0.8 mL of 0.1 N NaOH 
(FPOLS). The aw values of flatbread samples showed no sta-
tistically significant differences, apart from values of sample 
FWS resulting the lowest. In detail, aw results ranged from 
0.638 ± 0.079 (FWS) and 0.777 ± 0.026 (FIB).

Baking loss, specific volume, and texture of bread

The results of baking loss, specific volume, and texture 
analyses on experimental flatbreads are reported in Fig. 3.

The baking loss showed no significant statistically differ-
ences among samples, with values ranging from 19.68 ± 1.43 
(FITAS) to 24.92 ± 3.29 (FIB).

As for the specific volume, no significant differences were 
highlighted by the statistical analysis, and the results were 
comprised between 1.58 ± 0.06 (FITAS) and 1.82 ± 0.29 
(FWB).

The fracturability analysis showed that flatbread sam-
ples FWB and FWS obtained statistically higher values in 
respect to experimental flatbread samples added with cricket 
powder, with values ranging from 6.30 ± 0.61 (FITAS) and 
13.83 ± 3.66 N (FWB).

Color analysis

The results of lightness, greenness/redness, blueness/yellow-
ness, chroma, and hue angle of flour mixture, dough, and 
flatbread samples are reported in Supplementary Table 1. 
The results of ΔE are reported in Fig. 4.

The color change between flour mixture samples added 
with cricket powder and flour mixture samples not contain-
ing insect was comprised between 14.38 (MPOL) and 15.65 
(MI), with no significant statistically differences among 
them.

As regards doughs, the color variation between samples 
added with cricket powder and samples not containing insect 
ranged between 18.66 (IB) and 19.78 (POLB), and 17.14 
(ITAS) and 17.54 (POLS) for samples added with baker’s 
yeast and sourdoughs, respectively. In both cases, no statisti-
cally significant differences were observed.

The color change between flatbread samples added with 
cricket powder and flatbread samples not containing insect 
ranged from 12.36 (FIB) to 12.74 (FITAB), and from 13.54 
(FIS) to 14.94 (FPOLS) for samples added with baker’s yeast 
and sourdoughs, respectively. The statistical analysis did not 
evidence significant differences among samples.

HS‑SPME−GC/MS analysis of volatile components

The analysis of the volatile components of the analyzed flat-
bread samples allowed to identify and quantify 23 volatile 
compounds belonging to 7 different classes (Fig. 5). In more 
detail, acids (octanoic acid, propanoic acid, butanoic acid), 

alkanes (dodecane, nonane,2,3-dimethyl-), alcohols (etha-
nol, ethenone,1-(2-furanyl)), aldehydes (2,4-decadienal, 
nonanal, benzeneacetaldehyde, benzaldehyde, 2-heptenal, 
heptanal, hexanal, pentanal, butanal-2-methyl, butanal-
3-methyl), ketones (acetophenone, 2-heptanone, acetoin), 
terpens (limonene), and aromatic compounds (pyrazine,2-
ethenyl-6-methyl, pyrazine,2,6-dimethyl) were identified 
(Table 3). Significant correlations of co-occurrences and 
co-exclusions between volatile compounds detected in 

Fig. 3   Results of baking loss a, specific volume b, and textural 
analysis c of experimental flatbread samples, Values are expressed 
as mean ± standard deviation. Means with different superscripts are 
significantly different (P < 0.05), FWB, flatbread samples made with 
baker’s yeast, FIB, flatbread samples made with baker’s yeast and 
cricket powder, FITAB, flatbread samples made with baker’s yeast, 
cricket powder, and Italian buckwheat flour, FPOLB, flatbread sam-
ples made with baker’s yeast, cricket powder, and Polish buckwheat 
flour, FWS, flatbread samples made with wheat sourdough, FIS, 
flatbread samples made with wheat sourdough and cricket powder, 
FITAS, flatbread samples made with Italian buckwheat sourdough, 
cricket powder, and Italian buckwheat flour, FPOLS, flatbread sam-
ples made with Polish buckwheat sourdough, cricket powder, and 
Polish buckwheat flour
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Fig. 4   Color difference (ΔE) results calculated from color analysis 
parameters. The color change between flour mixture samples added 
with cricket powder (MI, MITA, and MPOL) and flour mixture sam-
ples not containing insects (MW) (panel a), dough samples added 
with cricket powder made with bakers’ yeast (IB, ITAB, and POLB) 
or sourdough (IS, ITAS, and POLS) and samples not containing 
insects (WB or WS) (panel b), flatbread samples added with cricket 
powder made with bakers’ yeast (FIB, FITAB, and FPOLB) or sour-
dough (FIS, FITAS, and FPOLS) and samples not containing insects 
(FWB or FWS) (panel c) are showed. Values are expressed as mean. 
Means with different letters are significantly different (P < 0.05), MW, 
flour mixture samples used for production of flatbread not containing 
insects, MI, flour mixture samples used for production of flatbread 
added with cricket powder, MITA, flour mixture samples used for 
production of flatbread added with cricket powder and buckwheat 
flour obtained from Italian crops, MPOL, flour mixture samples used 

for production of flatbread added with cricket powder and buckwheat 
flour obtained from Polish crops, WB and FWB, dough and flatbread 
samples not containing insects made with baker’s yeast, IB and FIB, 
dough and flatbread samples made with baker’s yeast and cricket 
powder, ITAB and FITAB, dough and flatbread samples made with 
baker’s yeast, cricket powder, and Italian buckwheat flour, POLB 
and FPOLB, dough and flatbread samples made with baker’s yeast, 
cricket powder, and Polish buckwheat flour, WS and FWS, dough and 
flatbread samples not containing insects made with wheat sourdough, 
IS and FIS, dough and flatbread samples made with wheat sourdough 
and cricket powder, ITAS and FITAS, dough and flatbread samples 
made with Italian buckwheat sourdough, cricket powder, and Italian 
buckwheat flour, POLS and FPOLS, dough and flatbread samples 
made with Polish buckwheat sourdough, cricket powder, and Polish 
buckwheat flour
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experimental flatbread samples were also evidenced (Sup-
plementary Fig. 1).

Discussion

The growing awareness of the consumers on the advantages 
of a proper nutrition is deeply modifying their demands. 
In the present study, the production of novel flatbread pro-
totypes prepared with nonconventional ingredients such as 
house cricket powder, buckwheat flours, and sourdoughs 
obtained from wheat or buckwheat flours was experimented 
and evaluated through the analysis of microbiological, phys-
ico-chemical, volatile, textural and colorimetric parameters. 
To the authors’ knowledge, the combined use of the afore-
mentioned ingredients for the production of flatbread was 
never investigated before.

The metataxonomic analysis performed on spontaneously 
fermented sourdough samples used for flatbread production 
allowed major and minor taxa to be identified. Lactobacil-
lus spp., L. brevis, and L. plantarum were detected in all 
sourdough samples, irrespective of the raw material used. 
The occurrence of these microbial taxa in sourdough was 
extensively described in the scientific literature [40, 41]. In 
fact, in a systematic review summarizing the last thirty years 
of knowledge on sourdough fermentation [41], the Lacto-
bacillus community was described as the most abundant, 
with L. brevis and L. plantarum among the most common 
representatives. The genus Pediococcus characterized the 
fermentation of buckwheat-based sourdoughs. The identi-
fication of Pediococcus spp. through culture-independent 
methods in this fermented matrix was already reported by 
Moroni et al. [22], dealing with the production of different 
laboratory scale gluten-free sourdoughs. Of note, the com-
petitiveness of certain species of lactic acid bacteria dur-
ing the spontaneous fermentation of sourdough depends on 
dough acidity levels [42]. In the present study, the significant 
higher pH values of buckwheat sourdough may have favored 

the adaptation of Pediococcus spp., described as less acid 
tolerant than Lactobacillus spp. [43].

The viable counts performed on the raw materials high-
lighted the highest loads of presumptive lactobacilli and 
bacterial spores in freeze-dried house cricket powder. The 
microbiological characterization of processed house cricket 
powder was already performed in various scientific studies 
with comparable results of lactic acid bacteria and bacte-
rial spore levels over 5 Log cfu g−1 [4, 44]. It is worthy of 
mention that Vandeweyer et al. [45], and Klunder et al. [46] 
conducted microbiological analyses on fresh edible house 
cricket samples, and reported higher viable counts of total 
mesophilic aerobes, lactic acid bacteria, eumycetes, and 
spore-forming bacteria in respect to the present study, thus 
confirming the high variability in the microbiological com-
position this raw material. The analyzed buckwheat flours 
showed dissimilar results. In more detail, the Polish flour 
was characterized by rather limited microbial loads, whereas 
the Italian flour was characterized by the highest microbial 
counts of total mesophilic aerobes. As far as the authors 
are aware, the microbiological profile of buckwheat flour is 
barely described in the scientific literature, therefore further 
investigations are needed to clarify whether the discrepan-
cies evidenced between Polish and Italian flour are related to 
the origin of the grains or raw material handling.

The viable counts of spontaneously fermented sour-
doughs were in accordance with the microbiological charac-
terization of the same matrices described in other scientific 
publications: on the one hand, the fermentation of wheat 
sourdough depends on a delicate balance between lactic acid 
bacteria and yeasts that cooperate through the metabolism 
of carbohydrates and nitrogen sources, and the synthesis of 
stimulatory or inhibitory compounds [47–49]; on the other 
hand, both buckwheat sourdoughs evidenced a remarkable 
lactic acid bacteria community, whereas eumycetes were 
not detected [22, 50–52]. The absence of yeasts and molds 
in buckwheat sourdough is attributable to the antimicrobial 
activities of flavonoids commonly found in the raw material, 
including rutin and tannins, as already reported by Moroni 
et al. [50].

The microbial composition of the doughs directly 
reflected the microbiological profile of the ingredients used 
in bread-making process. In more detail, dough samples 
leavened with baker’s yeast were characterized by increased 
eumycete counts, moreover, notable loads of lactic acid 
bacteria were observed in doughs made with sourdough. In 
addition, the lowest counts of eumycetes were observed in 
dough samples containing buckwheat sourdoughs.

As for flatbread samples, the occurrence of bacterial 
spores was shown in the formulations comprising cricket 
powder. Of note, among the raw materials, the insect powder 
was characterized by the highest load of bacterial spores; 
as a confirmation, dough samples added with the same 

44%

13.5% 13.5%

8.3% 8.3% 8.3%
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ALDEHYDES ACIDS KETONES ALKANES ALCOHOLS AROMATICS TERPENES

Fig. 5   Classes of volatile components detected in experimental flat-
bread samples by Headspace Solid-Phase Microextraction−Gas Chro-
matography/Mass Spectrometry (HS-SPME−GC/MS) analysis
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Table 3   Volatile components detected in experimental flatbread samples added with baker’s yeast (panel a) or sourdough (panel b)

Namea CAS Number Category Flavor note FWB FIB FITAB FPOLB
GC-FID peak areas [(pA*min) × 104]

Ethanol 64–17-5 Alcohols Alcohol, mild 365.9 ± 19.2c 161.6 ± 7.6d 200.0 ± 29.2d 204.8 ± 25.2d

Butanal-3-methyl 590–86-3 Aldehydes Suffocating to apple 
like

221.5 ± 8.0c 353.0 ± 10.8bc 256.1 ± 16.4c 101.7 ± 3.1c

Butanal-2-methyl 96–17-3 Aldehydes Dark chocolate, malt, 
green

222.0 ± 13.0bc 424.3 ± 9.0bc 305.1 ± 3.1bc 93.3 ± 1.6c

Pentanal 110–62-3 Aldehydes Bready, fruity, nutty n.d n.d n.d n.d
Acetoin 513–86-0 Ketones Buttery 56.3 ± 5.7a 59.2 ± 1.2a 51.0 ± 1.5a 28.7 ± 4.9b

Butanoic acid 107–92-6 Acids Parmesan, body odor 6.0 ± 0.9c 17.6 ± 1.0b 33.0 ± 1.6a 6.9 ± 2.4c

Hexanal 66–25–1 Aldehydes Grassy 1262.0 ± 35.0a 541.0 ± 41.0bc 255.8 ± 0.5cd 143.3 ± 1.0a

Propanoic acid 79–09–4 Acids Pungent n.d n.d n.d n.d
2-heptanone 110–43–0 Ketones Fruity, waxy, green 25.5 ± 0.8b 50.7 ± 4.5a 16.8 ± 0.3bcd 6.0 ± 1.4cd

Heptanal 111–71–7 Aldehydes Fruity 62.3 ± 7.0a 39.0 ± 6.0b 19.6 ± 0.8c 12.5 ± 2.9c

Ethanone, 1-(2-furanyl) 1192–62-7 Alcohols Balsamic, nutty 27.7 ± 2.4a 13.2 ± 1.2bcd 21.0 ± 5.7ab 6.7 ± 1.2cd

Pyrazine, 2,6-dimethyl 108–50-9 Aromatics Chocolate 60.5 ± 10.0bc 96.2 ± 6.7b 160.7 ± 8.7a 65.5 ± 12.3bc

2-heptenal 18,829–55-5 Aldehydes Green 37.6 ± 3.1b 20.2 ± 1.2d 13.3 ± 2.0e 10.7 ± 0.1e

Benzaldehyde 100–52-7 Aldehydes Almond 44.8 ± 1.8ab 42.6 ± 4.8ab 33.8 ± 4.8bc 18.3 ± 4.1d

Nonane,2,3-dimethyl- 2884–06-2 Alkanes Petroleum n.d n.d 8.2 ± 1.3a 2.6 ± 0.9bc

Pyrazine,2-ethenyl-
6-methyl

13,925–09-2 Aromatics Nutty, baked potato n.d 7.7 ± 0.8c 15.3 ± 1.2b 4.7 ± 0.5cd

Limonene 138–86-3 Terpens Lemon, sour 21.0 ± 0.7cd 30.0 ± 2.1ab 27.8 ± 2.4abc 12.2 ± 2.7ef

Benzeneacetaldehyde 122–78-1 Aldehydes Green, floral n.d 5.4 ± 0.8c 4.2 ± 0.1cd 4.7 ± 0.7cd

Dodecane 112–40-3 Alkanes Musk n.d n.d n.d n.d
Acetophenone 98–86-2 Ketones Floral n.d n.d 110.2 ± 1.4b 143.0 ± 16.5a

Nonanal 124–19-6 Aldehydes Rose, orange 78.1 ± 2.6b 62.0 ± 14.4bc 42.1 ± 4.4c 32.4 ± 5.2c

Octanoic acid 124–07-2 Acids Pungent n.d 6.2 ± 1.7bc 1.5 ± 0.9bc 1.3 ± 0.2bc

2,4-decadienal 25,152–84-5 Aldehydes Fatty 15.3 ± 2.5a n.d n.d n.d

Nameb CAS Number Category Flavor note FWS FIS FITAS FPOLS
GC-FID peak areas [(pA*min) × 104]

Ethanol 64–17-5 Alcohols Alcohol, mild 928.8 ± 9.4a 558.7 ± 43.3b 43.7 ± 4.1e 28.8 ± 5.8e

Butanal-3-methyl 590–86-3 Aldehydes Suffocating to apple 
like

655.1 ± 129.0ab 749.1 ± 60.1a 94.6 ± 4.3c 847.8 ± 177.0a

Butanal-2-methyl 96–17-3 Aldehydes Dark chocolate, malt, 
green

509.4 ± 72.2b 927.5 ± 116.5a 81.6 ± 1.4c 972.1 ± 231.0a

Pentanal 110–62-3 Aldehydes Bready, fruity, nutty 44.6 ± 1.3a n.d n.d n.d
Acetoin 513–86-0 Ketones Buttery n.d 5.2 ± 1.9c 19.7 ± 5.2b 4.7 ± 0.5c

Butanoic acid 107–92-6 Acids Parmesan, body odor n.d n.d 7.9 ± 0.5c n.d
Hexanal 66–25–1 Aldehydes Grassy 1217.2 ± 214.0a 734.1 ± 107.4b 204.4 ± 24.0cd 408.6 ± 54.0bcd

Propanoic acid 79–09–4 Acids Pungent n.d 24.7 ± 1.8a n.d n.d
2-heptanone 110–43–0 Ketones Fruity, waxy, green 26.8 ± 4.6b 59.6 ± 10.4a 4.8 ± 0.3d 22.6 ± 2.8bc

Heptanal 111–71–7 Aldehydes Fruity 46.7 ± 4.4b 37.5 ± 0.5b 12.2 ± 0.7c 14.6 ± 0.7c

Ethanone, 1-(2-furanyl) 1192–62-7 Alcohols Balsamic, nutty 21.9 ± 1.2ab 16.6 ± 2.6bc 4.1 ± 0.1d 6.9 ± 0.7cd

Pyrazine, 2,6-dimethyl 108–50-9 Aromatics Chocolate 39.0 ± 0.2c 171.7 ± 7.5a 44.0 ± 7.5c 84.0 ± 14.1b

2-heptenal 18,829–55-5 Aldehydes Green 62.4 ± 2.6a 28.6 ± 0.1c 26.9 ± 0.4cd 26.6 ± 1.0cd

Benzaldehyde 100–52-7 Aldehydes Almond 53.3 ± 2.6a 50.3 ± 0.5a 25.7 ± 3.4cd 33.4 ± 1.4bc

Nonane,2,3-dimethyl- 2884–06-2 Alkanes Petroleum n.d 6.8 ± 1.3ab 2.3 ± 0.5bc 8.5 ± 2.7a

Pyrazine,2-ethenyl-
6-methyl

13,925–09-2 Armomatics Nutty, baked potato 5.8 ± 1.5cd 22.9 ± 1.0a 3.0 ± 0.3de n.d

Limonene 138–86-3 Terpens Lemon, sour 22.0 ± 2.1bcd 33.8 ± 2.8a 8.2 ± 0.7f 18.5 ± 2.1de

Benzeneacetaldehyde 122–78-1 Aldehydes Green, floral 41.5 ± 0.8a 8.5 ± 0.9bc 10.7 ± 0.6b 7.3 ± 2.9bc
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ingredient regularly displayed increased bacterial spore 
counts. Of note, the detection of bacterial spores in edible 
insects and related products has repeatedly been reported in 
the scientific literature [45, 46, 53]. In fact, microbial quality 
traits of a wide variety of edible insects were examined by 
Fasolato et al. [54]. The results of the same study showed the 
constant detection of spore-forming bacteria with an overall 
mean of about 4 Log cfu g−1 and the delineation through 
phylogenetic analysis of three major cluster, namely Bacil-
lus cereus, Bacillus thuringiensis, and Bacillus cytotoxicus 
[54]. Osimani et al. [4] investigated the presence of spore-
forming microorganisms of bread added with house cricket 
powder and identified various Bacillus species, including 
Bacillus licheniformis and Bacillus subtilis. The aforemen-
tioned species include both alterative and foodborne patho-
gens that could represent a serious threat for consumers’ 
health. Although bacterial spore counts of insect-based flat-
bread samples analyzed in the present study remained at 
acceptable levels thanks to the baking conditions adopted, 
the application of technological treatments able to eradicate 
such a microbiological risk and preserve the nutritional qual-
ity of both the raw material and related end-products should 
be implemented [53, 55].

The analysis of physico-chemical parameters of sour-
dough (from wheat or buckwheat) samples showed results 
in accordance with pH and TTA values reported in other 
scientific studies. In more detail, the pH values of tradi-
tional sourdough generally range from 3.5 to 4.5 depending 
on the fermentative microbial species and the processing 
conditions adopted [47, 56]. Furthermore, research on the 
development of buckwheat sourdough reported pH levels 
comprised between 4.0 and 4.5 [22, 50]. It is noteworthy that 

ash and protein content of flours may directly influence the 
acidification degree of fermented sourdoughs [50]. Recently, 
Zhou et al. [57] explored the biological characteristics of 
gluten-free sourdough systems and indicated a higher buff-
ering capacity of tartary buckwheat flour in respect to con-
ventional wheat flour. Hence, the statistically significant 
differences of pH values between the sourdoughs produced 
in the present study can be associated to the diverse com-
position of wheat and buckwheat flour, the latter commonly 
richer in ash and protein. As for the TTA determination, 
the results of wheat sourdough were comparable with those 
reported by Fraberger et al. [58], and Gunduz et al. [59] 
regarding the evaluation of chemical properties of traditional 
sourdoughs, characterized by values ranging from 7.18 to 
17.04, and from 14.10 to 17.00 mL of 0.1 N NaOH, respec-
tively. Moreover, similar data were collected from scien-
tific publications dealing with the production of buckwheat 
sourdoughs, whose TTA measurements were comprised 
between 15.00 and 17.04 mL of 0.1 N NaOH [22, 50]. The 
presence of abundant undissociated acids synthesized during 
sourdough fermentation are usually associated with several 
advantages attributed to the bread, including the improve-
ment of nutritional properties and the acquisition of desired 
rheological and sensory characteristics [56, 60].

As for dough samples analyzed in the present study, 
pH results highlighted a clear separation between doughs 
added with baker’s yeast and doughs added with sour-
doughs. Of note, Osimani et al. [4] reported similar pH 
values for conventional breads enriched with cricket pow-
der and added with artificially inoculated wheat sourdough 
and baker’s yeast or just baker’s yeast, attesting at 5.38 and 
5.78, respectively. The TTA measurements of dough and 

Table 3   (continued)

Nameb CAS Number Category Flavor note FWS FIS FITAS FPOLS
GC-FID peak areas [(pA*min) × 104]

Dodecane 112–40-3 Alkanes Musk n.d n.d n.d 133.8 ± 20.7a

Acetophenone 98–86-2 Ketones Floral n.d n.d n.d n.d
Nonanal 124–19-6 Aldehydes Rose, orange 113.6 ± 14.1a 59.7 ± 4.5bc 38.9 ± 0.2c 58.3 ± 2.1bc

Octanoic acid 124–07-2 Acids Pungent 7.8 ± 0.7b 42.8 ± 5.1a 1.0 ± 0.0bc n.d
2,4-decadienal 25,152–84-5 Aldehydes Fatty n.d n.d n.d n.d

Results are expressed as mean ± standard deviation. Means with different superscripts are significantly different (P < 0.05)
n.d., not detected
FWB, flatbread samples made with baker’s yeast
FIB, flatbread samples made with baker’s yeast and cricket powder
FITAB, flatbread samples made with baker’s yeast, cricket powder, and Italian buckwheat flour
FPOLB, flatbread samples made with baker’s yeast, cricket powder, and Polish buckwheat flour
FWS, flatbread samples made with wheat sourdough
FIS, flatbread samples made with wheat sourdough and cricket powder
FITAS, flatbread samples made with Italian buckwheat sourdough, cricket powder, and Italian buckwheat flour
FPOLS, flatbread samples made with Polish buckwheat sourdough, cricket powder, and Polish buckwheat flour
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flatbread samples showed the same trend. On the one hand, 
sourdoughs confirmed their acidifying properties when 
included in the bread formulation; on the other hand, all 
samples containing cricket powder showed considerably 
higher TTA values. Insect powders are generally character-
ized by a consistent ash content that was previously reported 
to directly affecting the buffering capacity of food products 
[4].

Regarding the aw of flatbread samples, the results showed 
acceptable levels inhibiting the growth of spoilage and path-
ogenic bacteria and preventing the germination of bacterial 
spores, these latter detected in the analyzed products albeit 
with limited loads [61].

The amount of water evaporated from food products 
during baking is defined as baking loss. The baking loss 
results calculated in the present study showed higher values 
in respect to other scientific studies on flat bread available in 
the scientific literature [62, 63]. In more detail, wheat flat-
bread samples analyzed by Sharma, & Gujral [62] and Wani 
et al. [63] obtained baking loss values of 18.23 and 14.3%, 
respectively. Such a variation is ascribable to different bak-
ing conditions, which in the present study were character-
ized by higher temperatures and longer times. Noteworthy, 
the absence of significant statistically differences between 
flatbread samples added with cricket powder and flatbread 
samples FWB and FWS was in accordance with the findings 
of Gaglio et al. [64]. The latter evidencing similar baking 
loss values between bread produced with semolina and sour-
dough, and bread produced with semolina, sourdough, and 
different insect powders [64].

As regards the specific volume, associated with dough 
inflating ability and oven spring, the absence of significant 
variations among flatbread samples was presumably related 
to restricted leavening times applied during the production 
process, hence, the data will not be further discussed [65].

The flatbread samples’ hardness expresses the applied 
force needed to break them. Significant differences were 
evidenced among flatbread samples added with cricket pow-
der and flatbread samples FWB and FWS. To the authors’ 
knowledge, no data on the fracturability features of flatbread 
samples containing edible insects are available in the sci-
entific literature for further comparison. Noteworthy, the 
exoskeleton of insects commonly consists of chitin, this lat-
ter containing considerable amounts of dietary fibers [66]. 
A study conducted by Sharma, & Prabhasankar [67] was 
based on the incorporation of whole hempseed flour, notable 
source of fibers, in the traditional Indian flatbread chapati, 
a staple food of South Asian countries. In the same study, 
the force required to cut the experimental products was 
measured, and a clear correlation between whole hempseed 
flour and softness raise of chapati samples was highlighted 
[67]. More recently, Bilgic, & Sensoy [29] evaluated the 
effect of psyllium and cellulose fiber addition on the texture 

properties of crackers by applying the three-point bending 
textural test. The results indicated that dietary fiber was 
responsible for hardness decrease of experimental crackers 
[29]. Hence, the lower hardness values registered in the pre-
sent study for flatbread samples prepared with house cricket 
powder were presumably correlated with their higher fiber 
content. As reported by Mehfooz et al. [68], the formation 
of elastic gluten network in bread doughs is disfavored by 
high amount of fiber, which interrupts linkages between 
proteins, and decrease water absorption, this latter essen-
tial for a proper interaction between gliadin and glutenin. 
As regards the addition of different buckwheat flours, con-
sidered as a gluten-free pseudocereal with a discrete fiber 
content, the fracturability analysis performed in this study 
did not evidence a direct impact on the hardness values. 
However, a recent evaluation of buckwheat flour addition 
on the texture properties of chapati samples conducted by 
Gomathi, & Parameshwari [15] suggested a diverse trend. 
In fact, the force required to cut chapati ribbons added with 
buckwheat flour was significantly lower in respect to control 
samples made with wheat flour [15]. A further evaluation 
of flatbread samples containing buckwheat flour as the sole 
non-conventional ingredient is thus required to define its role 
on the texture features of the end-products.

Consumer preferences when choosing a food largely 
depend on its appearance. In particular, color is one of 
most considered features of appearance that may also have 
an impact on flavor perception [69]. In the present study, 
the color change (ΔE) was calculated between each flour 
mixture, dough, or flatbread samples added with cricket 
powder and flatbread samples not containing insects to 
evaluate variations higher than 3 and thus perceptible 
to human eye [33]. The results evidenced a clear change 
attributable to cricket powder addition, thus confirming 
the results of numerous scientific studies dealing with the 
production of experimental breads enriched with insect-
based ingredients [7, 16, 64, 70]. Noteworthy, the color 
variation of bread products through the addition of edible 
insects could represent an advantage during consumer 
selection of food. In fact, the darker colors of such bak-
ing goods were compared by several authors to those of 
whole grain products, often preferred due to excellent 
nutritional characteristics [71]. The absence of significant 
statistically differences between flour mixture, dough, or 
flatbread samples added with cricket powder suggest that 
buckwheat flours did not visibly shape color parameters. 
These outcomes were in contrast with the recent publi-
cations of Gomathi, & Parameshwari [15], and Brites 
et al. [72], investigating the sensory characteristics of pan 
breads and chapatis, respectively, added with buckwheat 
flour. Both studies reported significant decrease of light-
ness and yellowness parameters following the addition of 
this ingredient [15, 72]. It can be assumed that, in the 
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present study, the absence of perceptible color variations 
after the addition of buckwheat flour was ascribable to 
the presence of insect powder, which limited the influence 
of other pigmented ingredients. This finding represents 
an advantage in the development of innovative foods, as 
buckwheat flour might replace greater quantities of wheat 
flour with no consequences on their final color.

Volatile compounds that characterize the aromatic 
profile of bread are very numerous (more than 540), and 
usually belong to different classes such as alcohols, alde-
hydes, esters, ketones, acids, pyrazines, furans, and sulfur 
compounds [73, 74]. Among these classes, only a few mol-
ecules have an impact on the volatile profile. The origin 
of volatile compounds that characterize bread can have 
different origins, as microbiological, lipid oxidation, cara-
melization of sugars and from thermal degradation process 
[73, 74]. Ethanol, which is partly lost during cooking, is 
produced by the microbial fermentation of sugars; whereas 
the formation of short-chain alcohols, fatty acids, esters, 
and carbonyl compounds are the results of secondary fer-
mentation [73, 74]. Aldehydes such as hexanal, nonanal, 
octanal, heptanal, and 2-heptenal are instead produced by 
the lipid oxidation process [73, 74]. Furans, acetic acid, 
acetaldehyde, and other compounds are produced follow-
ing the caramelization of sugars and following the ther-
mal degradation process of sugars and amino acids [73, 
74]. In the present study, hexanal and nonanal, markers 
of lipid oxidation, were significantly higher in flatbread 
samples FWB and FWS. Nonane,2,3-dimethyl was found 
in all samples containing insect powder, except from FIB. 
Acetophenone is a ketone that confers floral odors and 
was found only in the samples FITAB and FPOLB that 
were produced with baker’s yeast, buckwheat flour, and 
insect powder. Propanoic acid, that confers a pungent 
aroma, was only found in the sample FIS. 2,3-dimethyl-
nonane was identified in the samples FITAB, FPOLB, FIS, 
FITAS and FPOLS, and its detection might be due to the 
presence of cricket powder into their formulation. Dode-
cane, providing a musk flavor note, was found only in the 
FPOLS sample, that was produced using Polish buckwheat 
and sourdough. Acetophenone was detected only in the 
FITAB and FPOLB samples, therefore its presence might 
be ascribed to the ingredients of these flatbreads consisting 
of cricket powder, buckwheat, and baker’s yeast. Aceto-
phenone, from the ketone group, is a volatile compound 
with implications in the overall flavor of baked products 
and can be formed during Maillard reactions [75]. Its odor 
perception is pleasant, having musty, flowery, and almond 
characteristics. Among the volatiles, hexanal is the most 
abundant, providing pleasant grassy notes. Also relevant 
is the presence of butanal-2-methyl that confers choco-
late, malt, and green flavor notes. Finally, pyrazines can 
be responsible for the roast aroma [76].

Conclusions

The ingredients used in the present study, namely cricket 
powder, buckwheat flours obtained from Italian or Polish 
crops, and sourdoughs obtained from wheat or buckwheat 
flours showed to be suitable for the production of novel flat-
bread formulations. This feasibility study demonstrated that 
experimental flatbread samples were generally characterized 
by acceptable microbiological counts. Worthy to mention 
that freeze-dried insect powder reached the highest loads 
of bacterial spores among raw materials, thus suggesting 
the application of ad hoc strategies to control this hazard 
throughout the food production chain. The low aw levels 
of flatbread samples embodied a key feature to prevent the 
proliferation of alterative and pathogenic microorganisms, 
and the germination of bacterial spores. As for textural 
parameters, flatbread samples added with insect powder 
obtained decreased hardness values presumably due to the 
high content of dietary fiber contained in this novel ingredi-
ent. The same samples also showed a marked color change 
with darker tones in respect to samples that did not contain 
insects, thus representing a potential advantage during food 
choice by consumers. Of note, the addition of buckwheat 
flours did not cause hardness reduction or color variation 
of flatbread samples. Finally, volatile component analysis 
highlighted numerous compounds associated with enzymatic 
activities and nonconventional ingredients. In view of a 
potential market placement of innovative flatbreads, further 
investigations are required to evaluate both their nutritional 
profile and consumer acceptability.
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