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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Maria Corradini Tenebrio molitor (TM) larvae, due to their high nutritional value, are gaining growing attention in food and feed
sectors. Although few studies dealt with wheat-based products functionalized with TM larvae powder, there is a
lack of comprehensive characterization of the raw materials to optimize the formulations for end-product
recommendation.

This study aimed at investigating the effects of partial replacement of durum wheat semolina with increasing
amounts of TM larvae powder (5-30%) on the techno-functional properties of the binary blends. Color, gran-
ulometry, hydration properties, pasting characteristics, spectral characteristics (FTIR), reducing sugar content,
and bioactivity in terms of total phenolic content (TPC) and antioxidant activity (FRAP, DPPH, ABTS) were
assessed in the resulting blends.

The increasing insect powder decreased the lightness (L*) and yellowness (b*) but increased the redness (a*) of
the samples. In turn, the addition of insect powder did not negatively alter the hydration properties, which were
comparable to those detected for semolina. Higher amounts of insect powder led to increased protein and lipid
contents, as corroborated by the FTIR spectra, and decreased pasting parameters, with stronger starch granule
stability detected when 20% and 30% of insect powder were added to the formulation.

Significant increases in TPC and antioxidant activity were observed with increasing amount of insect powder
(up to 87%, 78%, 2-fold, 67%, for TPC, FRAP, DPPH, and ABTS, respectively, compared to semolina).

Therefore, these promising results have highlighted the possibility of using TM larvae powder as an uncon-
ventional ingredient for wheat-based products, by enhancing the nutritional and health-promoting values.
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1. Introduction

To face population growth and the increasing demand for animal
proteins by the consumers, world meat supply should almost double by
2030 (FAO, 2013). In the last years, the potential use of
non-conventional protein sources has been investigated to find alter-
natives to animal protein sources that are environmentally impacting,
expensive, and whose consumption is associated with a high risk for
chronic diseases (FAO, 2013).

The consumption of edible insects as non-conventional protein
sources, has been suggested as a potential solution to face the afore-
mentioned issues, and to ensure food security (EFSA, 2015) with a lower

environmental footprint than other protein sources (Oonincx et al.,
2010).

Despite the several challenges associated with edible insects,
including acceptability, allergenicity, and processing (Gravel and
Doyen, 2020), in line with the current worldwide growing interest in
this novel protein source, the global insect market is poised to quadru-
plicate by 2027, and its second-largest application sector, after animal
nutrition, is expected to be Food and Beverages (Kbv research, 2023).

The principal components of edible insects, that are consumable in
every stage of their life cycle (Benes et al., 2022), are proteins (13%—
77% on dry basis) and fats (9%-67% on dry basis) (FAO, 2013). Among
insects, the yellow mealworm (Tenebrio molitor) has been identified as
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one of most acceptable insect species by the consumers (Gkinali et al.,
2022a, b) and highly suitable for industrial-scale production (Khanal
et al., 2023).

Larvae of T. molitor compared to other edible insects have well-
balanced nutrient profiles, providing about 206 kcal/100 g (on a fresh
weight basis) (Gkinali et al., 2022a, b; Grossmann et al., 2021). These
insects possess high-quality protein content (45-66% on dry basis),
fulfilling the demands for essential amino acids, lipid content (19-43%
on dry basis) rich in monounsaturated fatty acids, and fiber (2-19% on
dry basis) that commonly involves chitin (Gkinali et al., 2022a, b). Re-
searchers were pushed to investigate previously unexplored pathways to
enhance the potential of T. molitor as a novel food. This interest blew up
when mealworms went in the spotlight following the positive scientific
opinion on the safety assessment of dried T. molitor larvae published by
EFSA (European Food Safety Authority) in 2021 (Turck et al., 2021) and
the authorization for placing this product on the market as a novel food
(Regulation (EU) 2021/882). In terms of biological activity, recent
studies have reported that T. molitor larvae and its oil inhibited the
growth of hepatocarcinoma cells (Wu et al., 2020; Lee et al., 2015) and
the activity of beta-secretase enzyme (Youn et al., 2014), showed
anti-inflammatory effects (Oh et al., 2022), and mitigated in vitro and in
vivo obesity (Seo et al., 2017). Moreover, recent findings also supported
that T. molitor larvae, rich in hydrophilic and lipophilic antioxidants,
may promote antioxidant activity preventing oxidative stress (Keil et al.,
2022; Baek et al., 2019).

However, despite the nutritional, biological, and environmental
benefits of these insects, their consumption is still very limited in
Western countries due to cultural and psychological barriers. Research
studies have proved that people are willing to change their opinion
when fully informed about their health and environmental benefits,
considering more acceptable insects in savory foods than sweety foods
(Lombardi et al., 2019). In a society where consumers are not used to eat
whole insects, the most promising strategy to increase insects accept-
ability and reduce negative perceptions, is using them in powder form as
ingredients for different staple foods such as bakery products (Belleggia
et al., 2023; Cappelli et al., 2020; Garcia-Segovia et al., 2020; Gonzalez
et al., 2019; Roncolini et al., 2020), pasta (Cabuk and Yilmaz, 2020;
Pasini et al., 2022), extruded snacks (Azzollini et al., 2018; Gar-
cia-Segovia et al., 2020), and meat products (Choi et al., 2017; Kim
et al.,, 2016). Moreover, some researchers are paying attention to the
development of wheat-based snacks enriched with T. molitor powder
with the use of 3D printing to improve their appeal (Caporizzi et al.,
2018). Recent studies focusing on the use of T. molitor in bread making
(Cappelli et al., 2020; Garcia-Segovia et al., 2020; Gonzalez et al., 2019;
Roncolini et al., 2020) revealed that a wheat flour replacement of 5 and
10% resulted in doughs with increased stability and breads with
improved nutritional profiles. Recently, muffins prepared by replacing
15% of wheat flour with mealworm powder received very good liking
scores (Cabuk, 2021) and exhibited enhanced biological activity (Zie-
linska et al., 2021). The partial substitution of wheat flour with T. molitor
larvae flour led to biscuits with much darker appearance and enhanced
free radical scavenging capacities (Zielinska and Pankiewicz, 2020). In
turn, incorporating yellow mealworm (15%) into egg pasta negatively
impacted the cooking performance and sensory acceptability (Cabuk
and Yilmaz, 2020). Likewise, the insect protein inclusion (14%) into
pasta resulted in a darker and firmer pasta, with a higher water ab-
sorption index (Pasini et al., 2022).

However, although few studies on incorporating T. molitor larvae
flour into food products exist, due to the novelty of this topic, there is
still a knowledge gap in the fundamental and comprehensive charac-
terization of the raw materials used to formulate and prepare new food
products, whose results are of utmost importance to understand the ef-
fects of their incorporation as ingredients into foods, as well as the in-
fluence of the processing steps on the quality of the food products.
Among the raw materials used for wheat-based foods, such as bread and
pasta, durum wheat semolina, a cereal product typical of the
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Mediterranean region, is considered the best for its characteristic yellow
color, high protein and gluten content (Ficco et al., 2023; Bresciani et al.,
2022). In fact, looking at pasta, in many European countries, it is
mandatory by law to use 100% durum wheat semolina.

Therefore, this study is addressed to investigate the effect of the
addition to durum wheat semolina of edible insects’ flour, namely
T. molitor larvae flour, at different concentration (5%-30%, w/w) on the
techno-functional properties of the binary blends. A comprehensive
characterization of the mixtures, including water and oil absorption
capacity, water solubility, swelling, colorimetric profile, rheological
parameters, phenolic compounds, antioxidant activity and reducing
sugars content, was carried out to further assess their potential appli-
cation in the formulation of wheat-based foods, promoting healthier diet
without requiring consumers to completely change their eating habits.

2. Materials and methods
2.1. Raw materials and chemicals

Durum wheat semolina (Triticum durum) was provided by Gran
Mugnaio Molino Spadoni (Ravenna, Italy) and its composition per 100 g
of product, as reported on the label, was: 1.2 g of fats, of which 0.4 g
saturated fatty acids, 70.5 g of carbohydrates, of which 1.9 g sugars,
12.0 g of proteins, 2.2 g of fiber, and 0.02 g of salt. Gluten content of
semolina, determined according to the method reported by Tateo
(1980), was 10.3 + 0.6 g per 100 g of product.

Dried larvae of yellow mealworm (Tenebrio molitor) in powder form
were provided by Nimavert (Harelbeke, Belgium). 100 g of T. molitor
larvae powder contained 30.8 g of fats, of which 7.62 g saturated fatty
acids, 6.7 g of carbohydrates, of which 2.0 g sugars, 50 g of proteins, 3.3
g of fiber, and 4 g of salt. Both the raw materials were stored in sealed
bags at dry and refrigerated conditions until use. Solvents, all reagents
and standards used in the analyses were purchased from Pol-Aura,
Zabrze, Poland.

2.2. Preparation of the binary blends

T. molitor larvae powder and durum wheat semolina mixtures (5%,
10%, 20%, 30% of insect flour and 95%, 90%, 80%, 70% of semolina)
were prepared in a rotary drum mixer (TM100, Vevor, China) operated
for 10 min. 100% of T. molitor larvae powder and 100% of semolina were
also analyzed as control samples. The final weight of each sample,
namely OIN100S (durum wheat semolina), 5IN95S (5% insect powder -
95% semolina), 10IN90S (10% insect powder - 90% semolina), 20IN80S
(20% insect powder - 80% semolina), 30IN70S (30% insect powder -
70% semolina) and 100INOS (insect powder), was 550.87 g, 549.74 g,
548.61 g, 546.35 g, 544.08 g, 528.25 g, respectively.

The moisture content of each sample, determined according to the
AACC 44-19.01 method, was 9.24%, 8.88%, 7.65%, 7.56%, 6.85%, and
4.37%, respectively.

2.3. Colorimetric parameters

Lightness (L*), redness (a*), and yellowness (b*) parameters of
durum wheat semolina and T. molitor larvae mixtures were determined
by using a CR-310 colorimeter (Konica Minolta CR-310 chroma meter,
Ramsey, NJ, USA), according to the official method CIELab. The color
difference (AE*) between each sample and durum wheat semolina
(0IN100S) was calculated according to Eq. (1). The chroma (C*,p), that
indicates the color purity, and intensity or saturation, and the hue angle
(h*,p), that describes the relative amounts of redness (0°/360°) and
yellowness (90°) of the sample, were evaluated according to Eq. (2) and
Eq. (3), respectively.

AE* = \/(AL*)Z + (Aa*) + (Ab*) )
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a

2.4. Particle size distribution, bulk and tapped density

Particle size distribution of durum wheat semolina and T. molitor
larvae powder mixtures was determined by sieving, according to the
standard method AACC 66-20.01 with slight modifications. Briefly, a
vibratory shaker LPzE-2e (Multiserw Morek, BrzeZnica, Poland) equip-
ped with five sieves with different opening size (500, 355, 250, 180, and
150 pm) was used. Data were reported as the weight of the sample
remaining on a specified sieve after sieving at 0.65 mm vibration
amplitude for 10 min, expressed as a percentage of the original weight of
the sample (10 g).

Bulk and tapped density of durum wheat semolina, T. molitor larvae
flour, and their mixtures were determined according to the methods
described by De Barros Fernandes et al. (2013).

2.5. Hydration properties

Water absorption capacity (WAC), which reveals how samples
absorb and maintain water when forces like mixing and centrifugation
are applied, oil absorption capacity (OAC) and hydrophilic/lipophilic
index (HLI) of the samples were determined according to the method
described by Villanueva et al. (2018) with minor modifications. 1 g of
sample (wg) was mixed with 30 mL of distilled water, for WAC deter-
mination, and with 30 mL of oil, for OAC determination, in centrifuge
tubes (w). The dispersions were vortexed (Heidolph Reax, Schwabach,
Germany) for 30 s and let to rest for 10 min. This procedure was
repeated twice. The dispersions were then centrifuged for 25 min at
3000xg (Thermo Fisher Scientific, Waltham, USA) and the supernatants
discarded. The tubes were placed, with an angle of 15-20° with respect
to the vertical axis, in an oven (Vindon Scientific, Rochdale, UK) at 50 °C
for 25 min, to remove the residual liquids, and then weighed (ws). WAC
(g of water/g of dry solids) and OAC (g of oil/g of dry solids) were
determined using Eq. (4), while HLI was calculated using Eq. (5):

s — Wr

WAC; oac=Y @
Ws
WAC
HLI =22 5
0AC Q)

Water absorption index (WAI), which shows how samples gelatinize
in the cooling-heating cycle and if contain any small molecules which
can be entrapped within the matrix or released into supernatant, water
solubility index (WSI), which reflects the number of compounds released
from the gel, and swelling power (SP) were determined following the
method reported by Harasym et al. (2020) with slight modifications. 1 g
(wg) of each sample was dispersed in 30 mL of distilled water in
centrifuge tubes (wt, weight of the empty tube) and heated for 10 min at
90 °C in a water bath (MLL147, AJL Electronics, Krakéw, Poland).
Samples were cooled to room temperature and centrifuged at 3000xg
for 10 min. The sediment was weighed (wys, weight of the sediment
plus tube) and the supernatant was poured into a pre-weighed stainless
steel Petri dish (wpp) and loaded in an oven (SML, Zalmed, ¥.omianki,
Poland) at 110 °C for 24 h to determine the solid content (wgs). WAI (g of
water/g of dry solid), WSI (g of water/100 g of dry solid), and SP (g of
water per g of dry solid) were calculated using Egs. (6)-(8):

Wws — Wr

WAI = (6)

Ws

Wss — Wpp

WSI = * 100 7)

Ws
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Sp— Wws — Wr
Ws — (Wss - WPD)

(®

To determine the water holding capacity (WHC), which reveals how
samples absorb water when gravity is the only force acting, 2 g (ws) of
each sample were dispersed in 20 mL of distilled water in centrifuge
tubes (wt) and left at room temperature for 24 h. After 24 h the su-
pernatant was carefully discarded, and the tubes weighed (wrs). WHC (g
of water/g of dry solid) was calculated as follows (Eq. (9)):

Wrs — Wr

WHC = (C))

Wg
2.6. Pasting properties

The determination of rheological properties of durum wheat semo-
lina and T. molitor larvae flour mixtures were carried out with a Rapid
Visco Analyser (RVA 4500, Perten Instruments, Massachusetts, USA),
according to the official method AACC 76-21.01 (AACC, 1999). Dy-
namic and isothermal ramps were run as follows. A holding ramp at
50 °C was applied for 2 min, then, a dynamic heating ramp from 50 °C to
95 °C was applied at a heating rate of 5 °C/min. The sample was kept at
95 °C for 5 min, afterward cooled down at a rate of 10 °C/min back to
50 °C, and finally held at 50 °C for 4 min.

The measured parameters included peak viscosity (PV), trough vis-
cosity (TV), breakdown viscosity (BV), final viscosity (FV), setback
viscosity (SV), peak time, and pasting temperature.

2.7. Fourier Transform Infrared spectroscopy (FTIR) analysis

The FTIR spectra of the samples were recorded using a Fourier
transform infrared (FTIR) spectrophotometer (Nicolet 6700 FT-IR,
Thermo Fisher Scientific, Massachusetts, USA) equipped with a dia-
mond crystal cell for attenuated total reflection (ATR) operation. The
spectra were acquired with 64 scans per sample in the wavelength range
of 4000-500 cm ™! at a nominal resolution of 4 cm 1. The spectra were
corrected using the background spectrum of air.

2.8. Bioactivity of durum wheat semolina and T. molitor larvae powder
mixtures

2.8.1. Samples preparation

Total phenolic compounds from T. molitor larvae and durum wheat
semolina mixtures were extracted following the methodology described
by Crizel et al. (2015) with slight modifications. Briefly, 1.5 g of each
sample were homogenized with 5 mL of a methanol/water (80:20 v/v)
solution acidified with 1% HCI for 1 min in a vortex (MX-S, Chemland,
Stargard, Poland). Then, the tubes were agitated using a laboratory scale
rotary shaker (MX-RD PRO, Chemland, Stargard, Poland) at room tem-
perature for 2 h, and centrifuged at 3500xg and 4 °C for 10 min
(MPW-350, MPW MED. INSTRUMENTS, Warsaw, Poland). The
collected supernatants were stored at —8 °C until use.

The same procedure, but using water as extracting solvent, was fol-
lowed for the determination of reducing sugars (2.8.5).

All the spectrophotometric analyses were performed by the meth-
odologies previously described by Oledzki et al. (2022) with slight
modifications.

2.8.2. Total phenolic content (TPC)

TPC of the samples was determined using the Folin-Ciocalteau assay.
Briefly, 0.1 mL of Folin-Ciocalteu reagent and 1.58 mL of HyO were
added to 0.02 mL of sample. After 5 min, 0.3 mL of saturated sodium
carbonate solution was added. The absorbance of the reacting mixture
was measured at 765 nm using a UV/Vis spectrophotometer (SEMCO
S91E, EMCO, Poland) after 30 min of incubation at 38 °C. Gallic acid
was used as a standard to generate the calibration curve (100-600 mg/
mL). The TPC values were expressed as mg of gallic acid equivalent
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(GAE)/g of sample dry weight (gpw).

2.8.3. Ferric Reducing Antioxidant Power (FRAP assay)

To determine the Ferric Reducing Antioxidant Power of the samples,
each sample (0.0345 mL) was added to 0.998 mL of freshly prepared
FRAP solution (Oledzki et al., 2022). The absorbance of the reacting
mixture was measured at 593 nm after 15 min of incubation. Ferrous
sulphate (FeSO4) was used as a standard to generate the calibration
curve (100-800 pmol/L). The FRAP values were expressed as mg of
FeSO4 equivalent/g of sample dry weight (gpw).

2.8.4. DPPH assay

The antioxidant capacity of the samples was measures through DPPH
essay. Briefly, 0.0345 mL of sample were added to 1 mL of (0.1 mM)
methanolic DPPH (2,2-diphenyl-1-picrylhydrazyl radical) solution. The
absorbance of the reacting mixture was measured at 517 nm after 20
min of incubation. Trolox was used as a standard to generate the cali-
bration curve (100-800 pmol/L). The antioxidant capacity was
expressed as mg Trolox equivalent (TE)/g of sample dry weight (gpw).

2.8.5. ABTS assay

The antiradical capacity of samples was determined by ABTS+ (2,2-
azo-bis (3-ethyl benzothiazoline-6-sulfonic acid) assay. In brief, 0.0204
mL of each sample were added to 1.0 mL of the diluted ABTS + solution,
prepared according to Oledzki et al. (2022). The absorbance of the
reacting mixture was recorded at 734 nm, 10 s after mixing the sample
with the ABTS + solution. Trolox was used as a standard to generate the
calibration curve (100-800 pmol/L). The antiradical capacity was
expressed as mg Trolox equivalent (TE)/g of sample dry weight (gpw).

2.8.6. Reducing sugar content

The addition of edible insects to wheat-based products could lead to
increased interactions between starch and protein by reducing the
content of rapidly digested starch (RDS) associated with the generation
of lower reducing sugars and blood glucose spikes (Zielinska et al.,
2020). To measure the reducing sugar content of the samples 0.25 mL of
DNS reagent (3,5-dinitrosalicylic acid) was added to 0.5 mL of the
sample and mixed thoroughly. The resulting mixture was then incubated
for 5 min in a boiling water bath and then cooled to 50-60 °C. After-
ward, 3 mL of distilled water were added to the mixture, and the
absorbance detected at 530 nm. Glucose was used as a standard to
generate the calibration curve (100-800 pg/mL). The content of
reducing sugars was expressed as mg of glucose equivalent/g of sample
dry weight (gpw)-

2.9. Statistical analysis

The preparation of the samples to determine the bioactivity of the
mixtures (section 2.8) and all the analyses were performed in triplicate.
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The results reported as means + standard deviations. Differences among
mean values were analyzed by one-way variance (ANOVA) using SPSS
20 (SPSS IBM, Chicago, USA) statistical package. Tukey test was carried
out to determine statistically significant differences (p < 0.05).

3. Results and discussion
3.1. Colorimetric profile

Color is one of the main sensory attributes that mostly affects the
consumers’ perception of food quality (Sant’Anna et al., 2013). There-
fore, the effect of replacing durum wheat semolina (0OIN100S) with
increasing concentrations of T. molitor larvae powder (100INOS) on the
colorimetric profile of the resulting mixtures was investigated.

Results reported in Table 1 show that the substitution of semolina
with insect powder influenced the colorimetric profile of the semolina
itself. Specifically, all the mixtures showed positive values of lightness
(L*), in the range of 71-85, indicating that this component was pre-
dominant in all cases. However, due to the dark color of 100INOS sample
(33.7 + 1.53), significantly lower L* values were detected for all the
mixtures with respect to 0IN100S sample (85.54 + 1.12). The lowest L*
value, with a 20% reduction compared to the pure semolina, was shown
by the mixture with 30% of insect powder (30IN70S).

Moreover, with increasing the concentrations of T. molitor larvae
powder an increased level of redness (a*) was observed, even though no
statistically significant changes were detected among the mixtures
except for 30IN70S (+65% in redness compared to 0IN100S).

High-quality semolina, which is rich in xanthophylls, show yellow-
ness (b*) values greater than 25 (Sissons et al., 2012). A reduction of the
b* values up to the 28% was detected on the mixture containing the
highest amount of insect flour (30IN70S).

Therefore, consistently with previous findings, the addition of
T. molitor larvae powder, induced a substantial decrement in the
whiteness of the mixtures, characterized by a darker and redder color
(Choi et al., 2017; Gonzalez et al., 2019; Pasini et al., 2022).

These changes are attributable to the darken and yellowish-brown
color displayed by the shells of T. molitor larvae (Gonzalez et al.,
2019) and the presence of natural pigments, namely fB-carotene and
melanin, as predominant pigments of mealworm larvae (laconisi et al.,
2017; Kim et al., 2016).

Overall, the mixtures formulated with insect powder showed color
differences with respect to semolina, as confirmed analyzing the trend of
AE values (Table 1). Consistently with the color parameters reported
previously, AE significantly increased (3.73-18.38) with increasing the
concentration of insect flour in the mixture from 5% to 30%, with the
highest AE value (55.22 + 2.14) detected for pure T. molitor larvae
powder (100INOS).

Regarding the chroma, which provides information on the vividness
of a color, and the hue angle, which is the attribute according to which

Table 1
Color coordinates (L*, a*, b*), color difference (AE*) between each mixture and durum wheat semolina (0IN100S), hue angle, and chroma (C*) of the samples
investigated.
Sample 0IN100S 5IN95S 10IN90S 20IN80S 30IN70S 100INOS
L* 87.54 + 1.12f 84.69 + 1.09° 79.83 + 1.41¢ 77.14 + 1.05° 70.82 + 1.17° 33.7 + 1.53*
a* 1.44 + 0.10%° 1.1 +0.19° 1.23 + 0.30%° 1.54 + 0.27° 2.38 + 0.29° 7.31 + 0.55¢
b* 26.91 + 0.42° 24.68 + 1.359 21.61 + 0.58° 21.61 + 1.18° 19.38 + 0.64° 16.26 + 1.06°
AE* / 3.73 + 1.65° 9.41 + 1.96" 11.76 + 1.31° 18.38 + 1.63¢ 55.22 + 2.144
Chroma 26.94 + 0.42° 24.70 + 1.34¢ 21.65 + 0.59° 21.67 + 1.19° 19.52 + 0.65° 17.82 +1.18°
Hue angle 1.52 + 0.009 1.53 + 0.01¢ 1.51 + 0.01¢ 1.50 + 0.01¢ 1.45 + 0.01° 1.15 + 0.01?

Values with different lowercase letter within the same row are significantly different (p < 0.05).
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colors have been defined as reddish (0°), yellowish (90°), greenish
(180°) and blueish (270°) (Sant’Anna et al., 2013), the addition of insect
flour to semolina led to a slight reduction in their values. The chroma
was reduced up to 28% for 30IN70S sample compared to pure semolina,
highlighting the lower color intensity perceived for mixtures made with
insect powder. Likewise, the values of the hue angle were slightly
reduced (5%) shifting towards the reddish region, consistently with the
increasing redness (a*) values detected upon the addition of insect
powder.

Overall, the mixtures formulated with T. molitor larvae flour
appeared different in color compared to durum wheat semolina, as
detected by the color deviation. The addition of insect flour induced
different brownish intensities to the mixtures which became similar to
the color of the flours to be used in whole wheat- and lentil-based foods
(Pasini et al., 2022; Barbana and Boye, 2013). Indeed, consumers
associated the darkened color of fortified products with the appearance
of “healthy” high-fiber foods, as reported by Cecchi et al. (2019).

3.2. Particle size distribution, bulk and tapped density, and hydration
properties of the mixtures

The particle size distribution of flours is an important parameter
determining the effectiveness of the heat and mass transfer processes
occurring during the formulation and transformation of powdery mix-
tures, as well as their hydration, gelling and rheological properties
(Garcia-Segovia et al., 2020). The particle sizes of the investigated
samples measured by sieving are reported in Table 2.

The preferred particle size distribution in durum wheat semolina
ranges from 250 to 350 pm for commercial applications (Carpentieri
et al., 2022). In line with these consideration, 0IN100S sample showed
the highest fractions with particle sizes ranging between 250 pm
(35.71%) and 355 pm (35.20%).

T. molitor larvae powder (100INOS) was characterized by the highest
fraction of particles with sizes above 500 pm, while in pure semolina and
the mixture with 5% of insect powder (5IN95S) the most abundant
fraction of particles was that with particle size below 150 pm. Samples
with 20% and 30% of insect powder, and 100INOS possessed the lowest
fraction of small particles with no significant differences between them.
As expected, the increasing trend of the fraction with particle sizes
higher than 500 pm was observed when the amount of insect flour was
increased.

Therefore, the partial replacement of durum wheat semolina by 5%
T. molitor larvae flour resulted in the most comparable mixture to the
semolina itself in terms of particle size distribution, with no significant
differences in the fractions with particle sizes of 250-150 pm.

The particle size distribution also influences the bulk and tapped
density of powders. The values of bulk density detected in this study
ranged from 408.16 to 695.65 kg m > (Table 2). Durum wheat semolina
showed the highest bulk density (695.65 kg m~2), in line with previous
findings (670-790 kg m~3) (Abecassis et al., 2012; Yiiksel et al., 2017).
The finer the particle size, the more the amount of powder that can be
accommodated in the same volume, therefore the bulk density increases
with compaction (Changmai and Purkait, 2021). Indeed, it was verified
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that bulk density decreased with the increase of particle size of the
mixtures which may be also a result of reduction in starch content.

Tapped density of a powder represents its random dense packing and
is related to packaging requirements, transport, handling and applica-
tions (Amidon et al., 2017). Tapped density increased compared to bulk
density due to the reduced sample volume during the tapping procedure,
and decreased when increasing the amount of insect flour in the mix-
tures. This may be due to less void space available in the composite flour
(Raihan and Saini, 2017). Indeed, the increase of tapped density over
bulk density decreases with the increased amount of insect flour, indi-
cating reduced compaction after tapping.

The lower the bulk and tapped densities, the higher the number of
particles that can stay together making these flours valuable for food
applications, and offering also packaging advantages (Dereje et al.,
2020).

The particle size distribution is of utmost importance in determining
the proper hydration of flour mixtures. Small particles tend to over-
hydrate, resulting in a sticky dough, while large particles tend to
under-hydrate, resulting in a stiff dough (Carpentieri et al., 2022). A
decrease in particle size was usually associated with an increase in
density, reduction in water holding capacity (WHC), water absorption
capacity (WAC) and oil absorption capacity (OAC) (Elleuch et al., 2012).

WHC and WAC indicate the total amount of water that can be
absorbed per gram of a protein powder. These properties depend on the
characteristics of individual compounds, starch, fiber, protein type and
physical structure, the degree of association to form hydrogen bonds,
and availability of water binding sites (Harasym et al., 2020), which
may be damaged by excessive grinding which, consequently, reduces the
capacity of binding water of mixtures with smaller particle sizes (Elleuch
et al.,, 2012). Indeed, a positive correlation between the increase in
particle size and the water holding, and water and oil absorption ca-
pacities was also observed in the present study, as reported in Table 3.
Even though the investigated concentrations of insect powder did not
induce significant changes in the hydration properties of the mixtures,
T. molitor larvae powder (100INOS) showed the highest WHC and WAC
values (+37% and +33%, respectively, compared to semolina). The fact
that the replacement of durum wheat semolina with insect flour at the
investigated amounts (5-30%) did not significantly impact the hydra-
tion properties of mixtures makes these results promising for potential
applications of these mixtures in the preparation of wheat-based foods.

According to Zielinska et al. (2018) T. molitor powder has WHC
values (1.29 g/g) higher than pulse protein flours and comparable to
those of soy and milk protein concentrates, suggesting that this novel
protein source could be used as a functional ingredient in food
formulation.

Oil absorption capacity (OAC) refers to the amount of lipids that can
be absorbed by a defined amount of protein powder and is highly
correlated with emulsifying properties (Gravel and Doyen, 2020). Fats
and oils are usually absorbed and retained by small, low-density, and
hydrophobic proteins.

Interestingly, the substitution of semolina (5-30%) with T. molitor
larvae powder did not induce any statistically significant changes in
OAC for all the mixtures investigated. However, the insect flour

Table 2

Particle size distribution (g/100 g), bulk density and tapped density (kg m~>) of the mixtures.
Sample 0IN100S 5IN95S 10IN90S 20IN80S 30IN70S 100INOS
500 pm 1.80 + 0.14% 6.95 + 1.34" 9.25 + 0.63"8 14.25 + 0.64P 18.45 + 0.07%¢ 99.3 + 0.14%¢
355 pm 35.20 + 0.14% 33.80 + 0.57°C 32.90 + 0.28°° 33.30 + 0.28"C 34.40 + 0.28°P 4.5 + 0.28%°
250 pm 35.71 + 0.01>P 35.15 + 0.78°C 38.75 + 0.35 42.75 + 1.63%° 47.25 + 0.49°F 0 + 0.00%
180 pm 12.00 + 0.14°¢ 18.60 + 0.14°B 16.25 + 1.77¢ 12.55 + 0.21%8 2.45 + 0.21%8 0 + 0.00*
150 pm 7.05 + 0.218 6.90 + 1.27°A 3.95 + 0.64°* 0.30 & 0.14% 0.15 + 0.07%4 0 + 0.00%

666.67 + 3.019*
740.74 + 1.98"®

695.65 + 2.11°4
842.11 + 0.79%®

Bulk density (kg/m?)
Tapped density (kg/m®)

645.16 + 2,434
714.29 + 3.06®

408.16 + 2.75™
487.80 + 0.77™®

588.24 + 0.57°*
632.91 + 1.52°8

588.24 + 3.67°*
641.03 + 2.89%®

Values with different lowercase letter within the same row are significantly different (p < 0.05).
Values with different uppercase letter within the same column are significantly different (p < 0.05).
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Table 3

Water Absorption Capacity (WAC), Oil Absorption Capacity (OAC), Hydrophil-
ic/Lipophilic Index (HLI), Water Holding Capacity (WHC), Water Solubility
Index (WSI), Water Absorption Index (WAI), Swelling Power (SP) values of the
mixtures.

Sample ~ OIN100S  5IN95S  10IN90S  20IN80S  30IN70S  100INOS
WAC 1.75 + 154+  1.58 + 1.42 + 1.72 + 2.60 +
(g/g) 0.13° 0.10° 0.15 0.14% 0.01° 0.17°
OAC 1.61 + 1.66 +  1.67+ 1.83 + 1.93 + 2.84 +
(g/g) 0.01° 0.04% 0.01° 0.16* 0.02? 0.32°
HLI(-)  1.09 + 093+ 095+ 0.78 + 0.89 + 0.92 +

0.09° 0.04%° 0.09°° 0.01° 0.01?° 0.04%®

WHC 2.47 + 267+ 275+ 2.88 + 311+ 3.39 +
(g/g) 018 0.11%° 0.05%° 0.11%° 0.43% 0.21°

WwSI 9.18 + 971+ 1017+  11.03+  11.04+  17.04+
g/ 0.30° 0.25° 0.94° 0.89° 2.05° 0.73"
100
g)

WAI 5.70 + 612+ 558+ 5.72 + 5.47 + 3.54 +
(g/ 0.50° 0.00° 0.38° 0.10° 0.40° 0.12°
100
2)

SP(g/ 627+ 677+ 622+ 6.43 + 6.16 + 4.26 +
2 0.57° 0.02° 0.49° 0.18" 0.59° 0.11°

Values with different lowercase letter within the same row are significantly
different (p < 0.05).

(100INOS) showed the highest OAC value (2.84 + 0.32 g/g). These
findings are appealing for potential use of these mixtures in the
formulation of wheat-based foods.

It is also interesting to notice that all the samples analyzed showed a
hydrophilic/lipophilic index ranging from 0.78 + 0.01 to 1.09 + 0.09
indicating a good balance between WAC and OAC values. In line with
these findings, Zielinska et al. (2018) and Borremans et al. (2020)
demonstrated that T. molitor larvae powder possessed HLI values of 0.75
and 1.19, respectively. Likewise, Zhao et al. (2016) found that the
protein extract from T. molitor larvae had an HLI equal to 0.80, attrib-
utable to the presence of hydrophilic amino-acids, such as tyrosine, and
high fat content (30%) (Zhao et al., 2016). The ability of the blends to
retain water or oil was similar to that reported for flours coming either
from T. molitor or other insect species (1.29-2.82 g/g) as well as typical
food protein concentrates and legume flours (Ettoumi, 2015; Gkinali
et al., 2022a, b; Zielinska et al., 2018).

The water solubility index (WSI) is an indicator of the type and
amount of compounds released from the matrix and is affected by the
amino acid composition, protein size and structure, as well as ionic
strength, and temperature (Harasym et al., 2020). Indeed, the presence
of negatively charged and polar amino acids at the protein surface favors
interactions with water increasing the solubilization (Villanueva et al.,
2018). T. molitor larvae powder (100INOS) showed the highest WSI
value (17.04 + 0.73 g/100g) due to the presence of water-soluble pro-
teins with molecular weights usually between 10 and 25 kDa, including
hemolymph proteins (MW of ~12 kDa), cuticle proteins (MWs between
14 and 30 kDa) or chymotrypsin-like proteinase (24 kDa) (Borremans
et al., 2020; Bupler et al., 2016; Gkinali et al., 2022a, b). However, the
obtained results (Table 3) demonstrated that the addition of insect
powder to durum wheat semolina did not significantly affect the WSI
values of the analyzed mixtures.

Coherently with the functional parameters discussed so far, adding
insect powder to the semolina affected only slightly the water absorption
index (WAI) and swelling power (SP) of the investigated blends. The
WAL gives insights on the capacity of a sample to absorb and keep water
through gel formation upon the reorganization of solubilized amylose
and amylopectin fragments (Harasym et al., 2020). The SP provides
information on the water holding capacity of starch (Villanueva et al.,
2018). As expected, in line with the previously discussed hydration
properties, T. molitor larvae powder 100INOS showed the lowest WAI
and SP values, 35% on average lower than the other analyzed samples.
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Nevertheless, no differences were detected among the SP values of bi-
nary blends, that were comparable to that of durum wheat semolina.

Interestingly, replacing durum wheat semolina with T. molitor larvae
powder (5-30%) did not significantly alter the hydration properties of
semolina, allowing us to foresee the behavior of these insect-based
blends during wheat-based foods production process.

3.3. Pasting properties

Pasting properties give information on the interactions occurring
between the different components of a food system, and on the effect of
any modification of its functionality when applying heat in the presence
of water (Meares et al., 2004).

Therefore, the peak viscosity (PV), trough viscosity (TV), breakdown
viscosity (BV), final viscosity (FV) and setback viscosity (SV) of the
analyzed systems have been determined and reported in Table 4, while
the corresponding pasting curves are depicted in Fig. 1.

The peak viscosity (PV) indicates the maximum viscosity that occurs
at the equilibrium point between swelling and polymer leaching (Punia
etal., 2021). In the present study, a significant decrease in the PV values
of the mixtures when increasing the amount of insect powder was
observed (Table 4). Despite no significant differences in PV between
blends containing 5% and 10% of T. molitor larvae flour, and between
blends with 20% and 30% of insect powder were detected, PV values of
the mixtures were statistically significantly lower than that observed for
durum wheat semolina, with a decrease of 27% on average for 5IN95S
and 10IN90S samples, and 64% on average for 20IN80S and 30IN70S
samples.

The decrease in PV values might be attributed to the progressively
reduced amount of starch replaced with insect powder, as well as the
interactions occurring between amylose, phospholipids and proteins
that compete with starch for water binding, restricting the swelling of
granules and increasing hydrogen bonding and stability within granules
(Gull et al., 2018; Sayar et al., 2005).

These findings are in agreement with those reported in previous
studies which confirmed that the reduction of starch due to the
replacement with proteins caused lower PV values in food systems (Gull
et al., 2018; Ronda et al., 2014).

The breakdown viscosity (BV), defined as the difference between the
peak and trough viscosity values, reflects the degree of starch granule
disintegration during the holding time and is positively correlated with
the peak viscosity (Rani et al., 2019).

Blends with increasing amount of insect powder showed much lower
breakdown viscosities with respect to the semolina (Table 4), decreasing
from 152.5 cP for semolina, to 53.7 cP on average for 5IN95S and
10IN90S samples, and —4.5 cP on average for 20IN80S and 30IN70S
samples. Reduced BV exhibited by the mixtures is suggestive of their
higher resistance to withstand breakdown toward shear thinning and
heating process, and is related to granule rigidity, high lipid content, and
surrounding protein matrix (Singh et al., 2003). Similarly, Villanueva
et al. (2018) demonstrated that the stability of starch increased, and the
BV value decreased significantly when higher protein amounts were
added to the systems.

The results achieved were also confirmed by the pasting curves re-
ported in Fig. 1. In particular, the semolina and the samples with 5% and
10% of insect powder, despite the lower values of pasting viscosities,
showed similar pasting profiles. Conversely, the blends composed of
20% and 30% of insect powder showed no breakdown viscosities, being
the trough viscosity values slightly higher than the peak viscosity values.
Therefore, by replacing durum wheat semolina with an amount of
T. molitor insect powder higher than 20%, the starch became less
competitive in binding to water, being the quantity of semolina not
sufficient and water in excess.

As indicated in Table 4 and depicted in Fig. 1 the final viscosity (FV)
values of the systems after subsequent cooling decreased when
increasing T. molitor larvae powder. Consistently, Villanueva et al.
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Table 4

Pasting properties of the mixtures.
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Sample Peak viscosity Trough viscosity Breakdown viscosity Final viscosity Setback viscosity Peak time Pasting Temperature
(cP) (cP) (cP) (cP) (cP) (min) Q)

O0IN100S 1482 =+ 55.24 1329.5 + 20.5¢ 152.5 + 34.6° 2885 + 15.6¢ 1555.5 + 4.9¢ 5.44 + 0.05%° 88.03 + 0.04¢

5IN95S 1170 £ 12.7¢ 1112.5 + 21.9¢ 57.5 + 9.2° 2443.5 + 51.6¢ 1331 £ 29.7¢ 5.34 + 0.09?° 87.58 + 0.60¢

10IN90S 975.5 £ 99.7, 925.5 + 67.2° 50 + 33.5" 2064.5 + 109.6° 1139 + 42.4° 5.27+0%° 91.53 + 4.91¢

20IN80S 585.5 + 78.5" 590 + 79.2° —4.5 £ 0.7 1393.5 + 204.4° 803.5 + 125.2° 5.20+0% 87.35 + 3.32¢

30IN70S  469.5 +19.1° 471 +18.4° ~1.5+0.7% 1187 + 22.6" 716 + 4.2° 5.13+0° 70 £ 7.07°

Values with different lowercase letter within the same column are significantly different (p < 0.05).
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Fig. 1. Pasting curves of T. molitor larvae and durum wheat semolina blends.

(2018) stated that FV values of the samples investigated decreased in the
presence of proteins.

Similar decreasing tendencies were observed for the setback viscos-
ity (SV) values, calculated by subtracting trough viscosity from final
viscosity, which are related to the retrogradation tendency and reor-
dering of starch after gelatinization and cooling (Patil et al., 2020). SV
decreased from 1555.5 cP for semolina, to 1232 cP on average for
5IN95S and 10IN90S samples, and 759.8 cP on average for 20IN80S and
30IN70S samples. Lower setback values indicated that the substitution
of semolina with increasing amounts of insect flour led to lower starch
retrogradation rates and syneresis (Rani et al., 2019).

Peak time indicates the time required to swell the starch granules
until their rupture (Yildiz et al., 2013). Although, the peak time values of
the mixtures slightly decreased upon the addition of insect powder, no
significant differences were observed among them.

Pasting temperature (PT) is an indicator of the bonding strengths
between chains within the starch granule (Ocheme et al., 2018). No
statistical differences in PT were observed among the investigated
samples, except for the mixture with 30% of insect powder, which
showed a significant decrease in PT.

Therefore, the findings achieved in the present work suggested a
potential correlation between the pasting properties and the proximate
composition of the mixtures, assuming a direct relationship between the
pasting properties and the starch content, and an inverse relationship
between the pasting properties and the protein content. It could be
speculated that the pasting parameters decrease when the starch content
in the mixtures decreases, while as the protein content increases, due to
the increased amount of T. molitor larvae powder, the pasting parame-
ters decrease. Mixtures with 5% and 10% insect powder showed pasting
profiles comparable to that of semolina. In turn, insect powder higher
than 20% may help maintain the structure of gelatinized starch gran-
ules, enhance their ability to withstand shear thinning and heating
processes, and improve dough stability in a potential preparation of
wheat-based products.

3.4. Fourier Transform Infrared spectroscopy (FTIR)

In Fig. 2 are reported the FTIR spectra of all durum wheat semolina
and T. molitor larvae powder mixtures including the O0IN100S and
100INOS samples. The spectral characteristics of durum wheat flour, of
which proteins and starch are the main components, have been
described by several authors (De Girolamo et al., 2019; Song et al.,
2018). Conversely, few studies have been conducted on the spectral
analysis of T. molitor larvae powder or on products based on this protein
source (Benes et al., 2022; Gkinali et al., 2022a, b).

Consistently with previous findings, all spectra (Fig. 2) showed a
high-intensity peak in the region between 3000 and 3600 cm ™, which
are attributed to the hydroxyl group and reflect the interactions between
water molecules and the semolina components through hydrogen bonds.
Garcia-Valle et al. (2021) reported that the band centered at 3270 em !
indicates the prevalence of bonding of water molecules and OH func-
tional groups of starch. Likewise, the spectra of T. molitor larvae powder
showed a wide peak in the same wavelength range slightly shifted in
position due to changes occurring in the electron distribution in the
molecular bonds (Gkinali et al., 2022). Moreover, since the durum
wheat semolina used in the present study contains 1.2% of lipid content,
it showed a small peak at 2930 cm™!, corresponding to the C-H
stretching of aliphatic group and lipid-amylose complexes. Due to the
composition of the insect flour, which consists mainly of proteins, fats,
and carbohydrates, absorption peaks associated with these compounds
appeared. New peaks and differences in intensity were observed. In
particular, the insect flour (30.8% of lipid content) and the mixtures
investigated exhibited a double peak, not detected in semolina, at about
2921 and 2850 cm~?, corresponding to the symmetric and asymmetric
vibrations of the aliphatic-CHg bonds of lipids (Garcia-Valle et al., 2021;
Gkinali et al., 2022a, b). The intensity of this doublet increased with
increasing the amount of insect flour in the mixtures. T. molitor larvae
powder and the mixtures investigated showed also a peak at 1745 cm ™,
corresponding to the carbonyl group of the esters of lipid triacylglycerols

0.6
—— 0IN100S
—— 5IN95S
054 — 10INSOS
20IN80S
—— 30IN70S
—— 100l
04 00INOS

Absorbance

1000 2000 3000 4000

Wavenumber (cm-1)

Fig. 2. Fourier Transform Infrared (FTIR) spectra of the mixtures.
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(Garcia-Valle et al., 2021; Gkinali et al., 2022a, b).

The bands at about 1640 and 1540 cm ™" are typical of proteins and
were attributed to Amide I, reflecting 80% C—O stretch and minor
contribution of C-N stretch, and Amide II, reflecting 60% N-H, 30%
C-N, and minor contribution of C-C stretches. The low-intensity peak at
1240 cm™!, more visible in the insect powder, was previously ascribed
to Amide III (N-H stretch) (Gkinali et al., 2022a, b).

The spectral region of polysaccharides, mainly starch in the case of
semolina and the mixtures investigated, is located in the range of
800-1200 cm™! and reflects the vibrations of CO, CN, CC and CH
groups, while the peak at 1080 cm1, more distinct in the insect powder,
was attributed to the asymmetric stretching of the C-O-C structure in
chitosan present in T. molitor larvae (Song et al., 2018).

The band characteristic of starch is composed of different over-
lapping contributions, such as the band at 1047 cm™!, indicative of the
amount of ordered structures, and the band at 1022 cm ™!, characteristic
of amorphous structures. Therefore, the ratio 1047/1022 (R1047,1022)>
reported in Table 5, indicates the intermolecular short-range order in
starch granules. Interestingly, in line with Garcia-Valle et al. (2021),
who investigated the addition of different concentrations of chickpea
flour in durum wheat pasta, this ratio increased with the content of
protein-rich insect flour, indicating that the starch chains were better
organized with the addition of the non-conventional flour, due to the
interference of insect powder’s proteins with the internal organization
and gelatinization of starch granules.

3.5. Bioactivity of durum wheat semolina and T. molitor larvae powder
mixtures

The total phenolic content (TPC) and the antioxidant activity of the
samples from durum wheat semolina, T. molitor larvae powder and their
mixtures were determined, and the results achieved were reported in
Fig. 3.

It is known that durum wheat semolina has important levels of
functionality due to its composition, with a detected TPC of 0.15 + 0.02
mg GAE/gpw of semolina, in agreement with the TPC ranges found
elsewhere (Gull et al., 2018; Spinelli et al., 2019).

Likewise, in terms of biological activity, recent studies have reported
that in T. molitor larvae are present phenolic compounds with antioxi-
dant activity (Baek et al., 2019; Song et al., 2019; Wu et al., 2020).
Interestingly, the insect powder showed the highest level of TPC (0.69
mg GAE/gpw) and antioxidant activity (0.29 mg FeSO4/gpw, 0.31 mg
Trolox/gpw, 0.61 mg Trolox/gpw for FRAP, DPPH, and ABTS assays,
respectively) compared to the other samples investigated. Even though
the TPC and antioxidant activity levels detected in T. molitor lavae flour
depend on several factors (raw materials, equipment and experimental
protocols), the TPC achieved in the present work is in line with that
found by Keil et al., (2022) for methanolic samples of yellow mealworms
(0.21-0.85 mg GAE/gpw larvae).

Several authors also found that mealworms yielded good antioxidant
capacity (Keil et al., 2022) and scavenging activities similar to the ac-
tivity level of 40-60 pM tocopherol (Baek et al., 2019). Hydrophobic and
aromatic amino acid content of mealworm proteins increase their anti-
oxidant properties due to the electron-donating capacity of the amino
acids, and the radical scavenging ability of lipids (Oh et al., 2022). This
suggests that mealworms have great potential as a source of bioactive
compounds which could be used in food, pharmaceutical, and cosmetic
fields (Kim et al., 2018).

Table 5
FTIR 1047/1022 ratio (R 1047,1022) associated to the hydrated and ordered
starch structures in the samples investigated.

Sample 0IN100S 5IN95S 10IN90S 20IN80S 30IN70S

R 1047/ 0.766 + 0.738 + 0.802 + 0.836 + 0.817 +
1022 0.01? 0.022 0.022° 0.03" 0.02"
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Despite the increasing popularity of insects and the commercial
relevance of durum wheat, studies on the effect of replacing durum
wheat semolina with T. molitor larvae powder on the bioactivity of the
mixtures or wheat-based products fortified with the same insect powder
are still limited.

However, as shown in Fig. 3, the substitution of semolina with
T. molitor larvae insect powder significantly increased the bioactivity of
the semolina itself in terms of phenolic compounds and antioxidant
activity.

Compared to semolina, the mixtures showed significantly higher TPC
(Fig. 3a), with increments ranging from 20% to 87% when increasing
the amount of insect powder from 5% to 30%.

In line with Zielinska et al. (2020), who demonstrated that the
antioxidant activity levels of shortcake biscuits increased when adding
mealworm flour in the recipe, a similar trend was observed for the
antioxidant activity of the mixtures that, regardless of the method used,
showed average values significantly higher than those detected for
semolina (+78% for FRAP, + 2-fold for DPPH, and +67% for ABTS).
Most antioxidants contain hydroxyl groups that could interact with
starch and proteins via non-covalent bonds, such as hydrogen bonds and
electrostatic interactions, to form complexes (Ngo et al., 2022; Zhu,
2015) which may influence the recovery of antioxidant compounds from
the mixtures, and their bioaccessibility. Nevertheless, bonding between
bioactive compounds and macromolecules may provide adequate pro-
tection against their deterioration during the transformation process and
preparation of the potential food while improving its nutritional value
(Seczyk et al., 2019).

The values of the reducing sugar content measured in the aqueous
samples obtained from durum wheat semolina, insect powder and their
mixtures are reported in Fig. S1. Durum wheat semolina and T. molitor
larvae powder had similar amounts of reducing sugars in their proxi-
mate composition. Therefore, since the starch and the complex sugars of
the semolina are usually hydrolyzed during mixing, dough-making and
leavening, producing reducing sugars (Hidalgo and Brandolini, 2010),
no significant differences in reducing sugars content in the raw mixtures
investigated could be expected.

4. Conclusions

Results of the present study represent valuable keylines for the
technological exploitation of T. molitor larvae flour in food formulations.

As expected, the substitution of durum wheat semolina with
increasing amounts of insect flour leads to visible color changes. In turn,
no differences are observed among the hydration properties of mixtures
and semolina, suggestive of negligible undesired changes in the final
products.

T. molitor larvae flour enhances the bioactivity of the mixtures in
terms of phenolic content and antioxidant activity, and could also
improve the stability of doughs, as suggested by the trend of the pasting
parameters.

Therefore, owing to its remarkable techno-functional characteristics,
T. molitor larvae flour could be used as a novel ingredient for food
products formulation as an alternative to traditional proteins, bringing
environmental, economic, and nutritional advantages.

Although there have been advances in the development of food
products functionalized with edible insects, it is needed to further
investigate their functional, physicochemical, and sensory attributes,
the mechanisms of interaction of bioactive compounds with the food
components and their stability during the transformation processing
steps.

In this scenario, the potential addition of T. molitor larvae flour to
low-cost staple foods with long shelf life, as a vector of compounds that
are not daily consumed in sufficient quantities, could be an opportunity
to promote healthier and more sustainable lifestyles without drastically
altering consumers’ habits.
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Fig. 3. Total phenolic content (TPC) (a), Ferric Reducing antioxidant Power (FRAP) (b), Total antioxidant activity (DPPH) (c), Total antioxidant capacity (ABTS) (d)

of the samples obtained from the mixtures.
Values with different lowercase letter are significantly different (p < 0.05).

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Unlisted references
Fernandes et al. (2013); AACC, 1999; Zielinska et al., 2020; .
CRediT authorship contribution statement

Serena Carpentieri: Conceptualization, Methodology, Investiga-
tion, Formal analysis, Data curation, Writing — original draft. Agnieszka
Orkusz: Conceptualization, Methodology, Investigation, Formal anal-
ysis, Supervision. Giovanna Ferrari: Conceptualization, Data curation,
Writing — review & editing, Supervision. Joanna Harasym: Conceptu-
alization, Methodology, Formal analysis, Data curation, Writing — re-
view & editing, Funding acquisition, Supervision, All authors have read
and agreed to the published version of the manuscript.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

Serena Carpentieri would like to express her gratitude for all the help
and expertise to Prof. Remigiusz Oledzki and Prof. Adam Zajac. This
article has been written within the framework of the PROM Program for
International Exchange of Doctoral Students and Academic Staff foun-
ded by the Polish National Agency for Academic Exchange - Contract No.
PPI/PRO/2019/1/00049/U/00001. The project was financed by the
Ministry of Science and Higher Education in Poland under the program
“Regional Initiative of Excellence” 2019-2022 project number 015/
RID/2018/19 total funding amount 10,721,040.00 PLN.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.crfs.2023.100672.

References

Abecassis, J., Cuq, B., Boggini, G., Namoune, H., 2012. Other traditional durum-derived
products. In: Sissons, M. (Ed.), Durum Wheat: Chemistry and Technology, second ed.

Amidon, G.E., Meyer, P.J., Mudie, D.M., 2017. Chapter 10 - Particle, Powder, and
Compact Characterization Developing Solid Oral Dosage Forms, second ed.
Pharmaceutical Theory and Practice, pp. 271-293. https://doi.org/10.1016/B978-0-
12-802447-8.00010-8.

Azzollini, D., Derossi, A., Fogliano, V., Lakemond, C.M.M., Severini, C., 2018. Effects of
formulation and process conditions on microstructure, texture and digestibility of
extruded insect-riched snacks. IFSET 45, 344-353. https://doi.org/10.1016/j.
ifset.2017.11.017.

Baek, M., Kim, M.A., Kwon, Y.S., Hwang, J.S., Goo, T.W., Jun, M., Yun, E.Y., 2019.
Effects of processing methods on nutritional composition and antioxidant activity of
mealworm (Tenebrio molitor) larvae. Entomol. Res. 49 (6), 284-293. https://doi.
org/10.1111/1748-5967.12363.

Barbana, C., Boye, J., 2013. In vitro protein digestibility and physico-chemical properties
of flours and protein concentrates from two varieties of lentil (Lens culinaris). Food
Funct. 4, 310-321. https://doi.org/10.1039/c2f030204g.


https://doi.org/10.1016/j.crfs.2023.100672
https://doi.org/10.1016/j.crfs.2023.100672
http://refhub.elsevier.com/S2665-9271(23)00240-X/sref1
http://refhub.elsevier.com/S2665-9271(23)00240-X/sref1
https://doi.org/10.1016/B978-0-12-802447-8.00010-8
https://doi.org/10.1016/B978-0-12-802447-8.00010-8
https://doi.org/10.1016/j.ifset.2017.11.017
https://doi.org/10.1016/j.ifset.2017.11.017
https://doi.org/10.1111/1748-5967.12363
https://doi.org/10.1111/1748-5967.12363
https://doi.org/10.1039/c2fo30204g

S. Carpentieri et al.

Belleggia, L., Foligni, R., Ferrocino, L., Biolcati, F., Mozzon, M., Aquilanti, L., et al., 2023.
Morphotextural, microbiological, and volatile characterization of flatbread
containing cricket (Acheta domesticus) powder and buckwheat (Fagopyrum
esculentum) flour. Eur. Food Res. Technol. https://doi.org/10.1007/s00217-023-
04327-5.

Benes, E., Bird, B., Fodor, M., Gere, A., 2022. Analysis of wheat flour-insect powder
mixtures based on their near infrared spectra. Food Chem. X, 13. https://doi.org/
10.1016/j.fochx.2022.100266.

Borremans, A., BuBler, S., Campenhout, V., 2020. Functional Properties of Powders
Produced from Either or Not Fermented Mealworm (Tenebrio molitor) Paste.
https://doi.org/10.1101,/2020.04.17.042556.

Bresciani, A., Pagani, M.A., Marti, A., 2022. Pasta-making process: a narrative review on
the relation between process variables and pasta quality. Foods 11 (3), 256. https://
doi.org/10.3390/foods11030256.

BuBler, S., Rumpold, B.A., Jander, E., Rawel, H.M., Schliiter, O.K., 2016. Recovery and
techno-functionality of flours and proteins from two edible insect species: meal
worm (Tenebrio molitor) and black soldier fly (Hermetia illucens) larvae. Heliyon 2
(12). https://doi.org/10.1016/j.heliyon.2016.e00218.

Cabuk, B., Yilmaz, B., 2020. Fortification of traditional egg pasta (eriste) with edible
insects: nutritional quality, cooking properties and sensory characteristics
evaluation. JFST 57 (7), 2750-2757. https://doi.org/10.1007/513197-020-04315-7.

Cabuk, B., 2021. Influence of grasshopper (Locusta Migratoria) and mealworm (Tenebrio
Molitor) powders on the quality characteristics of protein rich muffins: nutritional,
physicochemical, textural and sensory aspects. J. Food Meas. Char. 15, 3862-3872.
https://doi.org/10.1007/5s11694-021-00967-x.

Caporizzi, R., Derossi, A., Severini, C., 2018. Cereal-based and insect-enriched printable
food: from formulation to postprocessing treatments. Status and perspectives. In:
Fundamentals of 3D Food Printing and Applications. Elsevier, pp. 93-116. https://
doi.org/10.1016/B978-0-12-814564-7.00004-3.

Cappelli, A., Oliva, N., Bonaccorsi, G., Lorini, C., Cini, E., 2020. Assessment of the
rheological properties and bread characteristics obtained by innovative protein
sources (Cicer arietinum, Acheta domesticus, Tenebrio molitor): novel food or
potential improvers for wheat flour? LWT 118. https://doi.org/10.1016/j.
Iwt.2019.108867.

Carpentieri, S., Larrea-Wachtendorff, D., Donsi, F., Ferrari, G., 2022. Functionalization of
Pasta through the Incorporation of Bioactive Compounds from Agri-Food By-
Products: Fundamentals, Opportunities, and Drawbacks. Trends Food Sci. Technol.
Elsevier Ltd. https://doi.org/10.1016/j.tifs.2022.02.011.

Cecchi, L., Schuster, N., Flynn, D., Bechtel, R., Bellumori, M., Innocenti, M.,

Mulinacci, N., Guinard, J.X., 2019. Sensory profiling and consumer acceptance of
pasta, bread, and Granola bar fortified with dried olive pomace (Paté): a byproduct
from virgin olive oil production. Food Sci. (N. Y.) 84 (10), 2995-3008. https://doi.
org/10.1111/1750-3841.14800.

Changmai, M., Purkait, M.K., 2021. Chapter 10 - membrane adsorption. Interface Sci.
Technol. 33, 629-653. https://doi.org/10.1016/B978-0-12-818805-7.00007-2.

Choi, Y.S., Kim, T.K., Choi, H.D., Park, J.D., Sung, J.M., Jeon, K.H., et al., 2017.
Optimization of replacing pork meat with yellow worm (Tenebrio molitor L.) for
frankfurters. Korean J Food Sci Anim Resour 37 (5), 617-625. https://doi.org/
10.5851/kosfa.2017.37.5.617.

Crizel, T. de M., Rios, A. de O., Thys, R.C.S., Flores, S.H., 2015. Effects of orange by-
product fiber incorporation on the functional and technological properties of pasta.
Food Sci. Technol. 35 (3), 546-551. https://doi.org/10.1590/1678-457X.6719.

De Barros Fernandes, V., Borges, S.V., Botrel, D.A., 2013. Influence of spray drying
operating conditions on microencapsulated rosemary essential oil properties. Food
Sci. Technol. 33 (Suppl. 1), 171-178. https://doi.org/10.1590/50101-
20612013000500025.

De Girolamo, A., Cortese, M., Cervellieri, S., Lippolis, V., Pascale, M., Logrieco, A.F.,
Suman, M., 2019. Tracing the geographical origin of durum wheat by FT-NIR
spectroscopy. Foods 8 (10). https://doi.org/10.3390/foods8100450.

Dereje, B., Girma, A., Mamo, D., Chalchisa, T., 2020. Functional properties of sweet
potato flour and its role in product development: a review. Int. J. Food Prop. 23,
1639-1662. https://doi.org/10.1080/10942912.2020.1818776.

EFSA, 2015. Risk profile related to production and consumption of insects as food and
feed. EFSA J. 13 (10), 4257. https://doi.org/10.2903/j.efsa.2015.4257.

Elleuch, M., Bedigian, D., Besbes, S., Blecker, C., Attia, H., 2012. Dietary fibre
characteristics and antioxidant activity of sesame seed coats (testae). Int. J. Food
Prop. 15 (1), 25-37. https://doi.org/10.1080/10942911003687231.

Ettoumi, Y.L., 2015. Some physicochemical and functional properties of pea, chickpea
and lentil whole flours. Article in Int. Food Res. J. 22 (3), 987-996. http://www.ifrj.
upm.edu.my.

FAO, 2013. Edible Insects. Future Prospects for Food and Feed Security, vol. 171. Food
and Agriculture Organization of the United Nations, Wageningen UR Editor, Rome.
ISSN 0258-6150.

Ficco, D.B.M., Canale, M., Giannone, V., Strano, M.C., Allegra, M., Zingale, S., Spina, A.,
2023. Durum wheat bread with a potentially high health value through the addition
of durum wheat thin bran or barley flour. Plants 12 (2), 397. https://doi.org/
10.3390/plants12020397.

Garcia-Segovia, P., Igual, M., Martinez-Monzd, J., 2020. Physicochemical properties and
consumer acceptance of bread enriched with alternative proteins. Foods 9 (7).
https://doi.org/10.3390/foods9070933.

Garcia-Valle, D.E., Bello-Pérez, L.A., Agama-Acevedo, E., Alvarez-Ramirez, J., 2021.
Structural characteristics and in vitro starch digestibility of pasta made with durum
wheat semolina and chickpea flour. LWT 145. https://doi.org/10.1016/j.
1wt.2021.111347.

10

Current Research in Food Science 8 (2024) 100672

Gkinali, A.A., Matsakidou, A., Paraskevopoulou, A., 2022a. Characterization of Tenebrio
molitor larvae protein preparations obtained by different extraction approaches.
Foods 11 (23). https://doi.org/10.3390/foods11233852.

Gkinali, A.A., Matsakidou, A., Vasileiou, E., Paraskevopoulou, A., 2022b. Potentiality of
Tenebrio molitor larva-based ingredients for the food industry: a review. Trends
Food Sci 119, 495-507. https://doi.org/10.1016/J.TIFS.2021.11.024.

Gonzalez, C.M., Garzon, R., Rosell, C.M., 2019. Insects as ingredients for bakery goods. A
comparison study of H. illucens, A. domestica and T. molitor flours. IFSET 51,
205-210. https://doi.org/10.1016/j.ifset.2018.03.021.

Gravel, A., Doyen, A., 2020. The Use of Edible Insect Proteins in Food: Challenges and
Issues Related to Their Functional Properties. IFSET. Elsevier Ltd. https://doi.org/
10.1016/j.ifset.2019.102272.

Grossmann, K.K., Merz, M., Appel, D., De Araujo, M.M., Fischer, L., 2021. New insights
into the flavoring potential of cricket (Acheta domesticus) and mealworm (Tenebrio
molitor) protein hydrolysates and their Maillard products. Food Chem. 364 https://
doi.org/10.1016/j.foodchem.2021.130336.

Gull, A, Prasad, K., Kumar, P., 2018. Nutritional, antioxidant, microstructural and
pasting properties of functional pasta. J. Saudi Soc. Agric. Sci. 17 (2), 147-153.
https://doi.org/10.1016/j.jssas.2016.03.002.

Harasym, J., Satta, E., Kaim, U., 2020. Ultrasound treatment of buckwheat grains
impacts important functional properties of resulting flour. Molecules 25 (13).
https://doi.org/10.3390/molecules25133012.

Hidalgo, A., Brandolini, A., 2010. Tocols stability during bread, water biscuit and pasta
processing from wheat flours. J. Cereal. Sci. 52 (2), 254-259. https://doi.org/
10.1016/j.jcs.2010.06.002.

Iaconisi, V., Marono, S., Parisi, G., Gasco, L., Genovese, L., Maricchiolo, G., et al., 2017.
Dietary inclusion of Tenebrio molitor larvae meal: effects on growth performance
and final quality treats of blackspot sea bream (Pagellus bogaraveo). Aquac 476,
49-58. https://doi.org/10.1016/J.AQUACULTURE.2017.04.007.

Kbv research, 2023. Global Insect Protein Market Size, Share & Industry Trends Analysis
Report by Source, by Application (Animal Nutrition, Food & Beverages,
Pharmaceutical & Others), by Regional Outlook and Forecast, 2021 — 2027. https
://www .kbvresearch.com/insect-protein-market/. (Accessed 20 July 2023).

Khanal, P., Pandey, D., Nass, G., Cabrita, A.R.J., Fonseca, A.J.M., Maia, M.R.G., et al.,
2023. Yellow mealworms (Tenebrio molitor) as an alternative animal feed source: a
comprehensive characterization of nutritional values and the larval gut microbiome.
J. Clean. Prod. 389 https://doi.org/10.1016/j.jclepro.2023.136104.

Keil, C., Grebenteuch, S., Kroncke, N., Kulow, F., Pfeif, S., Kanzler, C., Rohn, S.,

Boeck, G., Benning, R., Haase, H., 2022. Systematic studies on the antioxidant
capacity and volatile compound profile of yellow mealworm larvae (T. molitor L.)
under different drying regimes. Insects 13 (2), 166. https://doi.org/10.3390/
insects13020166.

Kim, H.W., Setyabrata, D., Lee, Y.J., Jones, O.G., Kim, Y.H.B., 2016. Pre-treated
mealworm larvae and silkworm pupae as a novel protein ingredient in emulsion
sausages. IFSET 38, 116-123. https://doi.org/10.1016/j.ifset.2016.09.023.

Kim, J.J., Kim, K.S., Jo Yu, B., 2018. Optimization of antioxidant and skin-whitening
compounds extraction condition from Tenebrio molitor larvae (mealworm). Mol 23,
2340. https://doi.org/10.3390/molecules23092340.

Lee, J., Lee, A., Jo, D., Cho, J.H,, Youn, K., Yun, E., Hwang, J., Jun, M., Kang, B.H., 2015.
Cytotoxic effects of Tenebrio molitor larval extracts against hepatocellular
carcinoma. J. Korean Soc. Food Sci. Nutr. 44, 200-207. https://doi.org/10.3746/
jkfn.2015.44.2.200.

Lombardi, A., Vecchio, R., Borrello, M., Caracciolo, F., Cembalo, L., 2019. Willingness to
pay for insect-based food: the role of information and carrier. Food Qual. Prefer. 72,
177-187. https://doi.org/10.1016/j.foodqual.2018.10.001.

Meares, C.A., Bogracheva, T.Y., Hill, S.E., Hedley, C.L., 2004. Development and testing of
methods to screen chickpea flour for starch characteristics. Starch/Staerke 56 (6),
215-224. https://doi.org/10.1002/star.200300276.

Ngo, T. Van, Kusumawardani, S., Kunyanee, K., Luangsakul, N., 2022. Polyphenol-
modified starches and their applications in the food industry: recent updates and
future directions. Foods. MDPI. https://doi.org/10.3390/foods11213384.

Ocheme, O.B., Adedeji, O.E., Chinma, C.E., Yakubu, C.M., Ajibo, U.H., 2018. Proximate
Composition, Functional, and Pasting Properties of Wheat and Groundnut Protein
Concentrate Flour Blends. Food Sci. Nutr. Wiley-Blackwell. https://doi.org/
10.1002/fsn3.670.

Oh, E., Park, W.J., Kim, Y., 2022. Effects of Tenebrio molitor larvae and its protein
derivatives on the antioxidant and anti-inflammatory capacities of tofu. Food Biosci.
50, 102105 https://doi.org/10.1016/j.fbio.2022.102105.

Oledzki, R., Lutostawski, K., Nowicka, P., Wojdyto, A., Harasym, J., 2022. Non-
commercial grapevines hybrids fruits as a novel food of high antioxidant activity.
Foods 11 (15). https://doi.org/10.3390/foods11152216.

Oonincx, D.G., Van Itterbeeck, J., Heetkamp, M.J., Van Den Brand, H., Van Loon, J.J.,
Van Huis, A., 2010. An exploration on greenhouse gas and ammonia production by
insect species suitable for animal or human consumption. PLoS One 5 (12). https://
doi.org/10.1371/journal.pone.0014445.

Pasini, G., Cullere, M., Vegro, M., Simonato, B., Dalle Zotte, A., 2022. Potentiality of
protein fractions from the house cricket (Acheta domesticus) and yellow mealworm
(Tenebrio molitor) for pasta formulation. LWT 164. https://doi.org/10.1016/].
Iwt.2022.113638.

Patil, S., Sonawane, S.K., Mali, M., Mhaske, S.T., Arya, S.S., 2020. Pasting, viscoelastic
and rheological characterization of gluten free (cereals, legume and underutilized)
flours with reference to wheat flour. JFST 57 (8), 2960-2966. https://doi.org/
10.1007/513197-020-04328-2.

Punia, S., Kumar, M., Siroha, A.K., Kennedy, J.F., Dhull, S.B., Whiteside, W.S., 2021.
Pearl Millet Grain as an Emerging Source of Starch: A Review on its Structure,


https://doi.org/10.1007/s00217-023-04327-5
https://doi.org/10.1007/s00217-023-04327-5
https://doi.org/10.1016/j.fochx.2022.100266
https://doi.org/10.1016/j.fochx.2022.100266
https://doi.org/10.1101/2020.04.17.042556
https://doi.org/10.3390/foods11030256
https://doi.org/10.3390/foods11030256
https://doi.org/10.1016/j.heliyon.2016.e00218
https://doi.org/10.1007/s13197-020-04315-7
https://doi.org/10.1007/s11694-021-00967-x
https://doi.org/10.1016/B978-0-12-814564-7.00004-3
https://doi.org/10.1016/B978-0-12-814564-7.00004-3
https://doi.org/10.1016/j.lwt.2019.108867
https://doi.org/10.1016/j.lwt.2019.108867
https://doi.org/10.1016/j.tifs.2022.02.011
https://doi.org/10.1111/1750-3841.14800
https://doi.org/10.1111/1750-3841.14800
https://doi.org/10.1016/B978-0-12-818805-7.00007-2
https://doi.org/10.5851/kosfa.2017.37.5.617
https://doi.org/10.5851/kosfa.2017.37.5.617
https://doi.org/10.1590/1678-457X.6719
https://doi.org/10.1590/S0101-20612013000500025
https://doi.org/10.1590/S0101-20612013000500025
https://doi.org/10.3390/foods8100450
https://doi.org/10.1080/10942912.2020.1818776
https://doi.org/10.2903/j.efsa.2015.4257
https://doi.org/10.1080/10942911003687231
http://www.ifrj.upm.edu.my
http://www.ifrj.upm.edu.my
http://refhub.elsevier.com/S2665-9271(23)00240-X/sref27
http://refhub.elsevier.com/S2665-9271(23)00240-X/sref27
http://refhub.elsevier.com/S2665-9271(23)00240-X/sref27
https://doi.org/10.3390/plants12020397
https://doi.org/10.3390/plants12020397
https://doi.org/10.3390/foods9070933
https://doi.org/10.1016/j.lwt.2021.111347
https://doi.org/10.1016/j.lwt.2021.111347
https://doi.org/10.3390/foods11233852
https://doi.org/10.1016/J.TIFS.2021.11.024
https://doi.org/10.1016/j.ifset.2018.03.021
https://doi.org/10.1016/j.ifset.2019.102272
https://doi.org/10.1016/j.ifset.2019.102272
https://doi.org/10.1016/j.foodchem.2021.130336
https://doi.org/10.1016/j.foodchem.2021.130336
https://doi.org/10.1016/j.jssas.2016.03.002
https://doi.org/10.3390/molecules25133012
https://doi.org/10.1016/j.jcs.2010.06.002
https://doi.org/10.1016/j.jcs.2010.06.002
https://doi.org/10.1016/J.AQUACULTURE.2017.04.007
https://www.kbvresearch.com/insect-protein-market/
https://www.kbvresearch.com/insect-protein-market/
https://doi.org/10.1016/j.jclepro.2023.136104
https://doi.org/10.3390/insects13020166
https://doi.org/10.3390/insects13020166
https://doi.org/10.1016/j.ifset.2016.09.023
https://doi.org/10.3390/molecules23092340
https://doi.org/10.3746/jkfn.2015.44.2.200
https://doi.org/10.3746/jkfn.2015.44.2.200
https://doi.org/10.1016/j.foodqual.2018.10.001
https://doi.org/10.1002/star.200300276
https://doi.org/10.3390/foods11213384
https://doi.org/10.1002/fsn3.670
https://doi.org/10.1002/fsn3.670
https://doi.org/10.1016/j.fbio.2022.102105
https://doi.org/10.3390/foods11152216
https://doi.org/10.1371/journal.pone.0014445
https://doi.org/10.1371/journal.pone.0014445
https://doi.org/10.1016/j.lwt.2022.113638
https://doi.org/10.1016/j.lwt.2022.113638
https://doi.org/10.1007/s13197-020-04328-2
https://doi.org/10.1007/s13197-020-04328-2

S. Carpentieri et al.

Physicochemical Properties, Functionalization, and Industrial Applications.
Carbohydr. Polym. Elsevier Ltd. https://doi.org/10.1016/j.carbpol.2021.117776.

Raihan, M., Saini, C.S., 2017. Evaluation of various properties of composite flour from
oats, sorghum, amaranth and wheat flour and production of cookies thereof. Int.
Food Res. J. 24 (6), 2278-2284.

Rani, S., Singh, R., Kamble, D.B., Upadhyay, A., Kaur, B.P., 2019. Structural and quality
evaluation of soy enriched functional noodles. Food Biosci. 32, 100465 https://doi.
org/10.1016/J.FBI0.2019.100465.

Regulation. (EU) 2021/882 of the European Parliament and of the Council of 1 June
2021 on novel foods authorising the placing on the market of dried Tenebrio molitor
larva as a novel food under Regulation (EU) 2015/2283 of the European Parliament
and of the Council, and amending Commission Implementing Regulation (EU) 2017/
2470. https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:3202
1R0882&from=IT.

Roncolini, A., Milanovi¢, V., Aquilanti, L., Cardinali, F., Garofalo, C., Sabbatini, R., et al.,
2020. Lesser mealworm (Alphitobius diaperinus) powder as a novel baking
ingredient for manufacturing high-protein, mineral-dense snacks. Food Res. Int. 131
https://doi.org/10.1016/j.foodres.2020.109031.

Ronda, F., Villanueva, M., Collar, C., 2014. Influence of acidification on dough
viscoelasticity of gluten-free rice starch-based dough matrices enriched with
exogenous protein. LWT 59 (1), 12-20. https://doi.org/10.1016/J.
LWT.2014.05.052.

Seczyk, L., Swieca, M., Kapusta, 1., Gawlik-Dziki, U., 2019. Protein-phenolic interactions
as a factor affecting the physicochemical properties of white bean proteins.
Molecules 24 (3). https://doi.org/10.3390/molecules24030408.

Sant’Anna, V., Gurak, P.D., Ferreira Marczak, L.D., Tessaro, I.C., 2013. Tracking
bioactive compounds with colour changes in foods - a review. Dyes Pigments.
https://doi.org/10.1016/j.dyepig.2013.04.011.

Sayar, S., Koksel, H., Turhan, M., 2005. The effects of protein-rich fraction and defatting
on pasting behavior of chickpea starch. Starch/Staerke 57 (12), 599-604. https://
doi.org/10.1002/star.200500397.

Seo, M., Goo, T.W., Chung, M.Y., Baek, M., Hwang, J.S., Kim, M.A., Yun, E.Y., 2017.
Tenebrio molitor larvae inhibit adipogenesis through AMPK and MAPKs signaling in
3T3-L1 adipocytes and obesity in high-fat diet-induced obese mice. Int. J. Mol. Sci.
18 (3), 518. https://doi.org/10.3390/ijms18030518.

Singh, N., Singh, J., Kaur, L., Sodhi, N.S., Gill, S., 2003. Morphological, thermal and
rheological properties of starches from different botanical sources. Food Chem. 81,
219-231. https://doi.org/10.1016/50308-8146(02)00416-8.

Sissons, M., Abecassis, J., Marchylo, B., Cubadda, R., 2012. Methods used to assess and
predict quality of durum wheat, semolina, and pasta. In: Durum Wheat Chemistry
and Technology, second ed. (second ed.). AACC International, Inc. https://doi.org/
10.1016/B978-1-891127-65-6.50017-9.

Song, D.H., Kim, M., Jin, E.S., Sim, D.W., Won, H.S., Kim, EK., et al., 2019.
Cryoprotective effect of an antifreeze protein purified from Tenebrio molitor larvae
on vegetables. Food Hydrocolloids 94, 585-591. https://doi.org/10.1016/j.
foodhyd.2019.04.007.

Song, Y.S., Kim, M.W., Moon, C., Seo, D.J., Han, Y.S., Jo, Y.H., et al., 2018. Extraction of
chitin and chitosan from larval exuvium and whole body of edible mealworm,

11

Current Research in Food Science 8 (2024) 100672

Tenebrio molitor. Entomol. Res. 48 (3), 227-233. https://doi.org/10.1111/1748-
5967.12304.

Spinelli, S., Padalino, L., Costa, C., Del Nobile, M.A., Conte, A., 2019. Food by-products
to fortified pasta: a new approach for optimization. J. Clean. Prod. 215, 985-991.
https://doi.org/10.1016/j.jclepro.2019.01.117.

Tateo, F., 1980. Sfarinati di frumento. In: Chiriotti Editori, Analisi dei prodotti
alimentari, 219-2020. ISBN 978-88-85022-10-2.

Turck, D., Castenmiller, J., De Henauw, S., Hirsch-Ernst, K.I., Kearney, J., Maciuk, A.,
Mangelsdorf, I., McArdle, H.J., Naska, A., Pelaez, C., Pentieva, K., Siani, A., Thies, F.,
Tsabouri, S., Vinceti, M., Cubadda, F., Frenzel, T., Heinonen, M., Marchelli, R.,
Neuhauser-Berthold, M., Poulsen, M., Prieto Maradona, M., Schlatter, J.R., van
Loveren, H., Ververis, E., Knutsen, H.K., EFSA NDA Panel (EFSA Panel on Nutrition,
Novel Foods and Food Allergens), 2021. Scientific Opinion on the safety of dried
yellow mealworm (Tenebrio molitor larva) as a novel food pursuant to Regulation
(EU) 2015/2283. EFSA J. 19 (8), 6778. https://doi.org/10.2903/].efsa.2021.6343,
2021.

Villanueva, M., De Lamo, B., Harasym, J., Ronda, F., 2018. Microwave radiation and
protein addition modulate hydration, pasting and gel rheological characteristics of
rice and potato starches. Carbohydr. Polym. 201, 374-381. https://doi.org/
10.1016/j.carbpol.2018.08.052.

Wu, R.A,, Ding, Q., Lu, H., Tan, H., Sun, N., Wang, K., et al., 2020. Caspase 3-mediated
cytotoxicity of mealworm larvae (Tenebrio molitor) oil extract against human
hepatocellular carcinoma and colorectal adenocarcinoma. J. Ethnopharmacol. 250
https://doi.org/10.1016/j.jep.2019.112438.

Yildiz, O., Yurt, B., Bastiirk, A., Toker, 0.S., Yilmaz, M.T., Karaman, S., Daglioglu, O.,
2013. Pasting properties, texture profile and stress-relaxation behavior of wheat
starch/dietary fiber systems. Food Res. Int. 53 (1), 278-290. https://doi.org/
10.1016/j.foodres.2013.04.018.

Youn, K.J., Yun, E.Y., Lee, J.H., Kim, J.Y., Hwang, J.S., Jeong, W.S., Jun, M., 2014. Oleic
acid and linoleic acid from Tenebrio molitor larvae inhibit BACE1 activity in vitro:
molecular docking studies. J. Med. Food 17, 284-289. https://doi.org/10.1089/
jmf.2013.2968.

Yiiksel, A.N., Oner, M.D., Bayram, M., 2017. Usage of undersize bulgur flour in
production of short-cut pasta-like couscous. J. Cereal. Sci. 77, 102-109. https://doi.
org/10.1016/j.jcs.2017.08.001.

Zhao, X., Vazquez-Gutiérrez, J.L., Johansson, D.P., Landberg, R., Langton, M., 2016.
Yellow mealworm protein for food purposes - extraction and functional properties.
PLoS One 11 (2). https://doi.org/10.1371/journal.pone.0147791.

Zhu, F., 2015. Interactions between starch and phenolic compound. Trends Food Sci.
Technol. Elsevier Ltd. https://doi.org/10.1016/j.tifs.2015.02.003.

Zielinska, E., Karas, M., Baraniak, B., 2018. Comparison of functional properties of edible
insects and protein preparations thereof. LWT 91, 168-174. https://doi.org/
10.1016/j.1wt.2018.01.058.

Zielinska, E., Pankiewicz, U., 2020. Nutritional, physiochemical, and antioxidative
characteristics of shortcake biscuits enriched with Tenebrio molitor flour. Molecules
25 (23), 5629. https://doi.org/10.3390/molecules25235629.

Zielinska, E., Pankiewicz, U., Sujka, M., 2021. Nutritional, physiochemical, and
biological value of muffins enriched with edible insects flour. Antioxidants 10 (7),
1122. https://doi.org/10.3390/antiox10071122.


https://doi.org/10.1016/j.carbpol.2021.117776
http://refhub.elsevier.com/S2665-9271(23)00240-X/sref56
http://refhub.elsevier.com/S2665-9271(23)00240-X/sref56
http://refhub.elsevier.com/S2665-9271(23)00240-X/sref56
https://doi.org/10.1016/J.FBIO.2019.100465
https://doi.org/10.1016/J.FBIO.2019.100465
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021R0882&amp;from=IT
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021R0882&amp;from=IT
https://doi.org/10.1016/j.foodres.2020.109031
https://doi.org/10.1016/J.LWT.2014.05.052
https://doi.org/10.1016/J.LWT.2014.05.052
https://doi.org/10.3390/molecules24030408
https://doi.org/10.1016/j.dyepig.2013.04.011
https://doi.org/10.1002/star.200500397
https://doi.org/10.1002/star.200500397
https://doi.org/10.3390/ijms18030518
https://doi.org/10.1016/S0308-8146(02)00416-8
https://doi.org/10.1016/B978-1-891127-65-6.50017-9
https://doi.org/10.1016/B978-1-891127-65-6.50017-9
https://doi.org/10.1016/j.foodhyd.2019.04.007
https://doi.org/10.1016/j.foodhyd.2019.04.007
https://doi.org/10.1111/1748-5967.12304
https://doi.org/10.1111/1748-5967.12304
https://doi.org/10.1016/j.jclepro.2019.01.117
http://refhub.elsevier.com/S2665-9271(23)00240-X/sref70
http://refhub.elsevier.com/S2665-9271(23)00240-X/sref70
https://doi.org/10.2903/j.efsa.2021.6343
https://doi.org/10.1016/j.carbpol.2018.08.052
https://doi.org/10.1016/j.carbpol.2018.08.052
https://doi.org/10.1016/j.jep.2019.112438
https://doi.org/10.1016/j.foodres.2013.04.018
https://doi.org/10.1016/j.foodres.2013.04.018
https://doi.org/10.1089/jmf.2013.2968
https://doi.org/10.1089/jmf.2013.2968
https://doi.org/10.1016/j.jcs.2017.08.001
https://doi.org/10.1016/j.jcs.2017.08.001
https://doi.org/10.1371/journal.pone.0147791
https://doi.org/10.1016/j.tifs.2015.02.003
https://doi.org/10.1016/j.lwt.2018.01.058
https://doi.org/10.1016/j.lwt.2018.01.058
https://doi.org/10.3390/molecules25235629
https://doi.org/10.3390/antiox10071122

	Effect of replacing durum wheat semolina with Tenebrio molitor larvae powder on the techno-functional properties of the bin ...
	1 Introduction
	2 Materials and methods
	2.1 Raw materials and chemicals
	2.2 Preparation of the binary blends
	2.3 Colorimetric parameters
	2.4 Particle size distribution, bulk and tapped density
	2.5 Hydration properties
	2.6 Pasting properties
	2.7 Fourier Transform Infrared spectroscopy (FTIR) analysis
	2.8 Bioactivity of durum wheat semolina and T. molitor larvae powder mixtures
	2.8.1 Samples preparation
	2.8.2 Total phenolic content (TPC)
	2.8.3 Ferric Reducing Antioxidant Power (FRAP assay)
	2.8.4 DPPH assay
	2.8.5 ABTS assay
	2.8.6 Reducing sugar content

	2.9 Statistical analysis

	3 Results and discussion
	3.1 Colorimetric profile
	3.2 Particle size distribution, bulk and tapped density, and hydration properties of the mixtures
	3.3 Pasting properties
	3.4 Fourier Transform Infrared spectroscopy (FTIR)
	3.5 Bioactivity of durum wheat semolina and T. molitor larvae powder mixtures

	4 Conclusions
	Funding
	Unlisted references
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


