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PAPER                                                 

Evaluation of hydration with lactoferrin on late-instar Tenebrio molitor 
larvae performance and functional properties of obtained meal

Irene Ferri , Matteo Dell’Annoa , Benedetta Canala , Stefano Magnaghib, Beatrice Petralia and 
Luciana Rossia

aDepartment of Veterinary Medicine and Animal Sciences – DIVAS, University of Milan, Lodi, Italy; bItalian Cricket Farm, 
Scalenghe, Italy 

ABSTRACT 
Insects represent a promising alternative protein source as food and feed. This study evaluated 
the use of lactoferrin as a hydration source in Tenebrio molitor larvae rearing, on animal per-
formance, nutritional and functional characteristics of insect meals. Seven-week-old larvae were 
reared for 14 days and randomly divided into two experimental groups: control group (CTRL, 
n¼ 8) reared on wheat bran; treatment group (TRT, n¼ 8) reared on wheat bran and supple-
mented with lactoferrin solution as a hydration source at days 0, 4, 8, 12. Larvae weight and 
feed consumption were recorded weekly to calculate growth performance. At the end of the 
trial, larvae were collected for meal production, whose main nutritional characteristics and col-
our were analysed as well as antibacterial activity against O138 Escherichia coli. The results 
showed a lower larval mortality in the TRT group compared to the CTRL (p< 0.05). The nutri-
tional composition of the insect meals revealed higher content of proteins (p< 0.05) in the TRT 
group. After 3 h (p< 0.05), the meals hydrated with lactoferrin demonstrated a higher E. coli 
inhibitory activity compared to the CTRL group. In conclusion, the functionality of insect meals 
was enhanced by using innovative ingredients as hydration sources capable of transferring bio-
active properties.  

HIGHLIGHTS 

� Insects are a sustainable alternative source of protein with nutritional and functional 
properties.
� Water supplemented with lactoferrin as a hydration source for Tenebrio molitor larvae reduces 

the mortality rate.
� Lactoferrin supplementation increases the antimicrobial activity of meal obtained from 

Tenebrio molitor.
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Introduction

The demand for food from animal origin is expected 

to increase exponentially in line with the predicted 

global population growth. In order to sustain zootech-

nical production, increasing livestock sustainability will 

be crucial (Food and Agriculture Organization of the 

United Nations (FAO) 2018). Alternative solutions to 

traditional protein sources are urgently needed. Over 

the last decade, the consumption of edible insects has 

steadily expanded in Europe, and insects are consid-

ered as an alternative to soybean and fish meals that 

have traditionally been used in animal feed as protein 

sources (Paula et al. 2018; Egerton et al. 2020).

The advantages of insects lie in their capacity to 
bioconvert waste materials into high protein biomass 
(Ites et al. 2020) and their relatively simple rearing 
technique, thus allowing the use of detached rearing 
modules. According to the Food and Agriculture 
Organisation (FAO), in order to tackle the demand for 
animal-origin proteins, insects could be a valuable 
source of food (FAO 2021). In fact, insects are already 
used in animal feed, and for some animals, such as 
chickens, they could constitute the main source of 
proteins.

Insects are also an important opportunity for feed-
ing livestock, where alternative high-biological value 
protein sources to soybean are required (Hawkey at al. 
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2021; Parrini et al. 2023). Insect rearing is considered a 
valuable opportunity for future livestock and environ-
mental sustainability and waste reduction according to 
the 2030 Agenda goals.

Although different animal species can be reared 
using waste and by-products, insects require less 
water and land, thus resulting in a higher efficiency 
and sustainability of their production system (van Huis 
et al. 2013). Tenebrio molitor is an insect species with 
four stages of development: egg, larva, pupa and 
adult. Larvae have a high protein content with a con-
centration comparable to soybean and a profile of 
essential amino acids that works well for animal nutri-
tion purposes (Jantzen da Silva Lucas et al. 2020). T. 
molitor larvae are also nutritious due to their fat, vita-
min and mineral content and could be considered a 
functional feed source due to their antioxidant and 
antibacterial properties (Shin et al. 2019; Baek et al. 
2019).

The growing substrate has been recognised to play 
a key role in insect performance and the functional 
properties of the meal obtained that could valorise 
the final product (Pinotti and Ottoboni 2021). The 
intake of carbohydrates, lipids, and proteins is essen-
tial to improve the final chemical and physical charac-
teristics of the insect biomass. As with other 
organisms, hydration is key to maintaining the physio-
logical homeostasis of insects. In fact, a correct water 
supply to the larvae ensures the production of bio-
active molecules responsible for reducing oxidative 
stress, thus preventing the production of reactive oxy-
gen species (McCluney and Date 2008).

To ensure optimal performance, moistened feed 
should be always available during the growth cycle. 
Some vegetables, such as carrots chunks, are regularly 
used for this purpose. The administration of moistened 
feed is more difficult than dry feed due to the spoil-
age rate of vegetables due to their high water activity. 
Vegetables generally need to be replaced on a daily 
basis, and ensuring a standardised distribution in each 
crate is challenging. Due to the complexity of the task 
and time required for the administration of moistened 
feed, small-scale insect farms usually provide mois-
tened substrate manually (Deruytter et al. 2021).

Ingredients with functional characteristics adminis-
tered during the water supply could further enhance 
the characteristics of the final product, i.e. the content 
of bioactive compounds with beneficial properties in 
insect meals (Antonopoulou et al. 2022). Among the 
bioactive ingredients used as nutraceutical additives, 
lactoferrin is a binding iron glycoprotein present in 
milk with antimicrobial, antioxidant, 

immunomodulator and antihypertensive effects 
(Manzanares et al. 2015; Niaz et al. 2019; Luna-Castro 
et al. 2022). Several studies have shown that the oral 
administration of lactoferrin in animals improves 
immune responses (Sfeir et al. 2004; Jahan et al. 2017). 
In addition, the protein intake from the rearing sub-
strate positively affects the growth and functional 
characteristics of the final biomass of the insects. 
However, to date, no studies have investigated the 
effect of directly administrating the protein solution 
through hydration to insects.

Considering the importance of the final yield in 
terms of insect biomass obtained and the functional 
activities of the insects in relation to the rearing condi-
tions, the aim of this study was to evaluate the effects 
of hydration supplemented with lactoferrin on T. moli-
tor larvae performance and survival, as well as the 
nutritional and functional characteristics of insect 
meals.

Materials and methods

Insect rearing conditions, substrates, insect meal 
production and sampling

T. molitor larvae were reared at the Italian Cricket 
Farm (Turin, Italy). From birth, larvae were fed with 
wheat bran as a growing substrate. Fruits and vegeta-
bles were used as a source of hydration for the growing 
period before the experimental trial. For the following 
study, a total of 16 containers (27�39�14 cm) were 
randomly divided into two groups: control group 
(CTRL, n¼ 8) and treatment group (TRT, n¼ 8). A total 
of 1.6 kg of approximately 7-week-old T. molitor 
larvae were randomly divided to each container 
(100 g/container; n¼ 500 larvae) and reared under con-
trolled conditions (26 ± 2 �C, 60–75% relative humidity) 
using the same growing substrates as with wheat bran 
(50 g/container). Seven-week old larvae were selected 
since they are in the last stage of development and 
thus larvae can best exploit functional compounds in 
growing substrates prior to meal production (Yu et al. 
2021). The adopted ratio between larvae and substrate 
was chosen according to data reported by van 
Broekhoven et al. (2015) and adapted to the conditions 
of our studies.

In order to ensure adequate humidity (�70%) for 
guaranteeing proper larval growth and feed intake, 
both groups received sprayed water on day 0, 2, 4, 6, 
8, 10 and 12 (10 mL/day). The TRT was differentiated 
from the CTRL group by the administration of lactofer-
rin solution directly to the insect as a source of hydra-
tion. Specifically, a total of 40 ml of a solution 

ITALIAN JOURNAL OF ANIMAL SCIENCE 983



containing 12.7% of pure lactoferrin (dry matter: 
14.2%; ash: 0.12%) (Candioli Farmaceutici S.r.l., Turin, 
Italy) was sprayed on the TRT larvae at days 0, 4, 8 
and 12 (10 mL/day). This dose ensures a supplementa-
tion of 0.02 mL of solution per larva, about 2.54 mg of 
lactoferrin/larva.

The rearing experiment was conducted for 14 days 
in order to obtain fully-grown mealworms, i.e. edible 
insects at the last period of the larval phase before 
becoming pupae. The development of larvae was 
monitored daily.

Substrates were collected and replaced with 50 g of 
fresh wheat bran seven days after the beginning of 
the trial in order to guarantee sufficient and ad libitum 
feed for insects and to maintain a ratio of larvae to 
grams of substrate of 2:1. Samples of residual sub-
strate were collected at days 7 and 14, and stored at 
−20 �C for further analysis. The weight of the larvae 
per container was measured weekly by separating the 
growing substrates from the larvae using a sieve 
(300 lm) (Kr€oncke and Benning 2022), and total insect 
biomass was weighed on a scale with an accuracy of 
0.01 g (B2002-S, Mettler Toledo, Milan, Italy).

At the end of the experimental trial (day 14), larvae 
and substrates were separated using a sieve, and the 
growing substrates were collected for laboratory ana-
lysis. All the larvae in each container were cooked by 
drying in a microwave (model CMG2071M, Candy 
Hoover Group S.r.l., Brugherio, Italy), using the max-
imum input power of 120 W with a frequency of 
2450 MHz for five minutes (Mancini et al. 2021). Dead 
larvae were then ground with a flour mill to obtain 
insect meals for a total of eight replicates per experi-
mental group.

Growth performance and feed conversion 
efficiency

In order to determine the feed consumption (%), 
residual substrates were separated from the larvae 
and collected at days 7 and 14. Using a sieve (square 
mesh 300 lm), the residual substrates were commin-
uted into faeces and non-ingested feed. At the end of 
the trial, the difference between the total adminis-
tered substrate and the leftover diet was used to cal-
culate the feed consumption. The growth rate (%) was 
obtained from the difference of the total gain after 
14 days divided by the initial biomass weight (100 g).

The efficiency of conversion of ingested food (ECI) 
was expressed on a dry matter basis, and calculated 
as the percentage of the ratio between the weight 
gained and weight of the ingested food (Oonincx 

et al. 2015). The feed conversion efficiency was eval-
uated as the feed conversion ratio (FCR) expressed on 
a fresh matter basis and calculated as the ratio 
between the weight of the ingested food and weight 
gained.

The number of dead larvae was weekly registered, 
along with the separation of the insects and residual 
substrates. The overall survival rate was calculated as 
the percentage of live larvae at the end of the trial 
(Jamaa et al. 2021). The initial number of larvae was 
estimated based on the average weight of T. molitor 
larvae at the age of 7 weeks (�0.2 g) with reference to 
the total weight of each container, and the weight of 
dead larvae was subtracted from the recorded weight 
after 7 and 14 days. The survival rate was then calcu-
lated based on the number of live larvae at 14 days in 
relation to the total number of larvae at the beginning 
of the experimental period.

Chemical composition of rearing substrate and 
larvae of Tenebrio molitor

The chemical composition of the substrates (adminis-
tered on day 0, and collected on day 14) was deter-
mined after milling using a 1 mm screen-grid 
following the official methods of analysis (AOAC 
International 2019). Dry matter was determined by 
drying samples in previously weighed aluminium bags 
in a forced-air oven at 65 �C for 24 h (AOAC method 
930.15). Lipid content (ether extract, EE) was obtained 
using ethyl ether extraction (AOAC 2003.05). Total ash 
content was determined after incinerating samples at 
550 �C for 3 h (AOAC method 942.05). Crude proteins 
(CPs) were determined with the Kjeldahl method, 
using 6.25 as the average nitrogen conversion coeffi-
cient for vegetable growing substrates (AOAC method 
2001.11). Crude fibre (CF) was determined using the 
filtering bags technique (AOCS method Ba 6a-05). 
Non-structural carbohydrates (NSC) were calculated by 
subtracting all evaluated nutrients from 100 as follows: 
[100-(moisture%þash%þEE%þCP%þCF%)].

The same methods were adopted to evaluate the 
chemical composition of larvae meals, except for CPs. 
In fact, to determine the protein content and to 
exclude the nitrogen of chitin content, 4.76 was used 
as the nitrogen-to-protein conversion factor, as 
reported by Janssen et al. (2017). All trays of insects 
and residual substrates were analysed separately as 
independent replicates for each group.
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Colour analysis of Tenebrio molitor larvae meals

Insect meals colour was measured to evaluate the pig-
mentation of insects using a colorimeter (Minolta 
Croma-Meter CR-400, Minolta Camera Co., Ltd., Osaka, 
Japan). Data were registered by direct contact 
between the sensing head of the colorimeter and 
samples. Insect meals were characterised by three 
parameters: L� (lightness scale of 100; 0 matches with 
black and 100 with white), a� (greenness/redness 
scale) and b� (blueness/yellowness scale). The colori-
metric difference DE between two samples was deter-
mined with the following formula:

DE ¼ �ðDL�Þ2þðDa�Þ2þðDb�Þ2 

If DE is between 1 and 2, then only an experienced 
observer will notice the difference (Mokrzycki and 
Tatol 2011). All determinations were performed in trip-
licate per sample.

Extraction of functional components from 
Tenebrio molitor meal and substrates

Methanol and deionised water were used to extract 
dried T. molitor larvae meal from the control and treat-
ment groups (Frazzini et al. 2022). Briefly, 225 mg of 
insect meals, randomly selected from replicates 
(n¼ 8/group), was diluted in 1.5 mL of a solution of 
methanol and deionised water (50:50, v/v). The mix-
ture was vortexed and then stirred at room tempera-
ture for 30 min. Samples were centrifuged for 15 min 
at 10,000 rpm at 4 �C. Supernatants were collected and 
filtered through a 0.45 lm syringe filter. Each sample 
from a single replicate was extracted three times, and 
the resulting supernatants were merged into a single 
tube, and stored at −20 �C. The same procedure was 
adopted for the extraction of residual substrates.

Evaluation of antioxidant properties (ABTS assay)

The antioxidant activity of the residual substrates col-
lected at day 14 was evaluated by adopting an ABTS 
assay following Frazzini et al. (2022). The working solu-
tion of ABTS�þ was diluted in deionised water to obtain 
an absorbance of 0.700 ± 0.02 OD at 734 nm at room 
temperature. Trolox stock solution (2.5 mM in deionised 
water) was used to produce the standard curve. 
Substrate extracts were diluted in relation to the solvents 
used for the extraction (deionised water and methanol, 
50:50, v/v) and tested in the following concentrations: 
100 vol%, 50 vol%, and 25 vol%. The assay was per-
formed by adding 10 lL of each prepared concentration 
to 1 mL of working solution (ABTS�þ). Absorbances were 

recorded after 6 min of incubation in the dark, and all 
determinations were performed in triplicate. The total 
antioxidant capacity after six minutes of reaction was 
expressed as the percentage inhibition (PI%), according 
to the following equation:

PI ¼ AbsABTS�þ� Abs sample
� �

=AbsABTS�þ
� �

�100 and lM Trolox Eq:

Bacterial growth inhibitory activity

The antibacterial activity of insect meals was evaluated 
using the O138 Escherichia coli strain belonging to the 
strain collection of the Department of Veterinary 
Medicine and Animal Sciences of the University of 
Milan. The strain was genetically characterised for 
genes encoding two virulence factors: adhesive fimbria 
F18 and verocytotoxin (VT2e) (Reggi et al. 2020). To 
evaluate the ability of the bioactive compound extracts 
to inhibit bacterial growth, a liquid culture growth 
inhibition assay was performed with O138 E. coli. An 
overnight culture of O138 E. coli in Luria-Bertani (LB) 
broth was used as the inoculum for the experiments.

The growth inhibition assay was performed as fol-
lows: extracts were diluted in LB liquid medium to 
obtain concentrations of 25 vol% and 12.5 vol% in order 
to test two different extract dilutions. A total of 100 lL 
of the diluted extract was added to a 96-well plate and 
30 lL of E. coli inoculum were added. Positive controls 
were prepared by adding 30 lL of E. coli inoculum to 
methanol/distilled water solution (50:50, v/v) to evalu-
ate bacterial growth without any external influence. To 
correct for the background colour, negative controls 
were prepared by adding 30 lL of LB without the 
E. coli inoculum. All samples were then incubated at 
37 �C in a shaking incubator for six hours. The growth 
rate of E. coli was estimated hourly for six hours (T0, T1, 
T2, T3, T4, T5, and T6) by measuring the absorbance 
with a microplate spectrophotometer at an optical 
density (OD) of 620 nm. The measured OD was con-
verted to log10 of the number of cells/mL, considering 
1 OD ¼ 1� 109 cells/mL (Dell’Anno et al. 2020).

Extraction and one-dimensional sodium dodecyl 
sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE) of soluble proteins from insect meals 
and residual substrates

Proteins from insect meals and residual substrates at 
14 days were extracted with mortar and pestle hom-
ogenisation using a buffer for the extraction of soluble 
proteins consisting of 50 mM Tris-HCl (pH 8), 200 mM 
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NaCl, 5 mM EDTA. After homogenisation, the samples 
were centrifuged at 15,000 rpm for 15 min at 4 �C and 
the supernatant was collected for protein quantifica-
tion. The extracted proteins were quantified by the 
Bradford method, using bovine serum albumin (BSA) 
as the standard (Bonjoch and Tamayo 2001).

To determine the apparent molecular mass, SDS- 
PAGE was performed using a 10% (w/v) polyacrylamide 
gel (BioRad Mini-PROTEAN TGX Precast Gels, Bio-Rad, 
Hercules, CA, USA). The electrophoresis run was per-
formed under denaturing conditions at 200 V until the 
loading dye reached 0.5 cm from the bottom of the gel 
(Mini-PROTEAN Tetra Vertical Electrophoresis Cell, Bio- 
Rad, Hercules, CA, USA). The gel was then stained with 
Coomassie brilliant blue R-250 (Sigma, Saint Louis, MO, 
USA) and images were acquired using iBright FL 1500 
Imaging System (Invitrogen Corporation, Thermo Fisher 
Scientific Inc., Waltham, Massachusetts, USA).

Statistical analysis

All data were analysed using GraphPad Prism (Version 
9.1.1). Data on growth performance and microbial 
growth inhibition were analysed using a generalised 
linear model. The model included the fixed effects of 
treatment and time (day or hour) and their interaction. 
Regarding the antioxidant activity, data were analysed 
using one-way analysis of variance (ANOVA). The aver-
age weight of insects for each group, chemical compos-
ition of growing substrates, residual substrates, 
T. molitor meal, L, a, b parameters and survival rate were 
statistically analysed using Student’s t-test for unpaired 
samples comparing the CTRL with the TRT group. Data 
were presented as mean ± standard error. Differences 
were considered statistically significant for p� 0.05.

Results

Feed conversion efficiency and growth 
performance

All the growth parameters were not affected by the 
treatments. T. molitor larvae showed an average 
weight of 104.5 ± 4.08 g and 104.9 ± 7.6 g (n larvae at 
the end of the trial ¼ 481) for the CTRL group, and 
103.2 ± 3.23 g and 110.5 ± 3.57 g (n larvae at the end of 
the trial ¼ 494) for the TRT group registered after 
7 days and 14 days, respectively. No significant differ-
ences in growth rate (%) were observed between the 
CTRL group and the TRT group during the trial, regis-
tering 6.10% and 10.48%, respectively. Despite the 
wide variability in terms of feed conversion index, a 
slightly numerically higher ECI (%) was found in our 

experimental conditions involving larvae whose feed is 
hydrated with lactoferrin (Table 1).

The treatment group showed a higher survival rate 
compared to the control group after 14 days (p< 0.05) 
(Figure 1).

3.2. Chemical composition of growing substrates

Table 2 shows the chemical composition of the 
growth substrates at day 0 and the residual substrates 
at day 14 in terms of specific nutrient composition. 
Regarding the residual substrates, which consisted of 
faeces and uneaten feed, chemical composition ana-
lysis showed significant differences between the two 
groups for the content of DM, EE and ash content 
that were higher in CTRL compared to TRT (p< 0.05).

3.3. Antioxidant activity of residual growing 
substrates

The antioxidant properties of the residual growing 
substrates extracted were evaluated at three different 
concentrations: 100 vol%, 50 vol%, and 25 vol%.

Table 1. Substrate consumed per gram of diet on a fresh 
matter (DM) basis, feed conversion efficiency (ECI) on a dry 
matter basis and feed conversion ratio (FCR) on a fresh mat-
ter basis.
Group Consumed substrate (%) ECI (%) FCR

Control 96.93 ± 0.25 10.10 ± 5.78 13.02 ± 6.76
Treatment 96.90 ± 0.10 11.81 ± 6.44 9.24 ± 4.74
p-Value 0.704 0.492 0.111

All values are listed as mean ± standard deviations.

Figure 1. Percentage of survival rate of larvae in control 
(CTRL) and treatment (TRT) group over 14 days of the trial. All 
values are listed as mean ± standard deviations. �Asterisk indi-
cates statistically significant differences between tested groups 
(Unpaired Student’s t-test p< 0.05).
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An analysis of the antioxidant activity revealed a 
dose-related antioxidant effect with maximum values at 
a concentration of 100% of growing substrate extracts 
after 6 min of reaction for the CTRL and TRT group 
(p< 0.05). In particular, increased antioxidant activity 
was observed in the extracts of the TRT growing sub-
strates compared to the CTRL group for the three con-
centrations tested (100%; 50%; 25%). We observed the 
following results for the concentration of mmol Trolox 
Equivalent: 3078.00 ± 56.98 (TRT, 100%), 2619.17 ± 6.37 
(TRT, 50%) and 1903.00 ± 24.25 (TRT, 25%) and 
2680.33 ± 261.10 (CTRL, 100%), 2162.17 ± 30.89 (CTRL, 
50%), 1243.50 ± 54.50 (CTRL, 25%) (p< 0.05) (Figure 2).

Chemical composition of Tenebrio molitor meal

The results of the nutritional composition of T. molitor 
meal showed significant differences between the con-
trol and treatment groups for the content of CP and 
EE (p< 0.05; Table 3). The lipid content of insect meals 
was different registering values of 30.75 ± 2.33% (on 
DM) and 27.49 ± 0.94% (on DM) for the CTRL and TRT 

groups (p¼ 0.003), respectively. In addition, the CP 
was lower in CTRL group with a percentage of 
44.02 ± 3.12% (on DM) compared to the TRT group 
with a CP content of 46.66 ± 1.34% (on DM) 
(p¼ 0.045).

Colorimetric analysis of Tenebrio molitor meal

A colorimeter was used to measure L�, a�, b� and DE 
was calculated between groups (Table 4). Samples 
from the CTRL group had a higher average of a� and 
b� indexes compared to TRT (p< 0.05); these data 
demonstrate that meals obtained by insects grown on 
lactoferrin resulted in a darker colour compared to the 
control meals. Indeed, the variation in colour between 
CTRL and TRT meals resulted in 1.66 of DE.

Antimicrobial activity of Tenebrio molitor meal

The growth inhibition activity was evaluated for each 
extract considering the dilution 1:4 against O138 
E. coli. The antimicrobial capacity, i.e. the growth 
inhibitory activity, decreased by increasing the dilution 
factor. The TRT group showed a higher inhibitory cap-
acity compared to the CTRL group at a dilution of 1:4 
(p< 0.01) (Figure 3). A time-related effect was also 
observed for the inhibitory activity with a significant 
difference between the two groups from the third to 
the sixth hour after bacterial inoculation (p< 0.0001).

Table 2. Chemical analysis of control (CTRL) and treatment (TRT) group growing substrates administered at day 0 of the trial 
and residual growth substrates collected at day 14.

Type of substrate Dry matter (%) Ash (%) Ether Extract (%) Crude fibre (%) Crude protein (%)

Non-Structural 
Carbohydrates 

(%)

Growing 
substrate at 
day 0

Wheat Bran 90.62 ± 1.26 5.50 ± 1.59 2.66 ± 0.88 10.76 ± 3.94 15.40 ± 0.17 56.30 ± 3.78

Residual 
substrate at 
day 14

CTRL 92.04 ± 0.41� 8.46 ± 0.09� 1.39 ± 0.28� 17.83 ± 1.54 22.03 ± 2.23 42.33 ± 2.51
TRT 91.57 ± 0.31� 7.97 ± 0.07� 0.66 ± 0.26� 15.85 ± 2.97 23.15 ± 1.11 43.94 ± 2.85
p-Value 0.0225 <0.0001 <0.0001 0.2981 0.2267 0.2507

All values are listed as mean ± standard deviations on fresh matter basis. � Asterisk indicates statistically significant differences between tested groups 
(Unpaired Student’s t-test p< 0.05).

Figure 2. Antioxidant activity of residual growing substrates 
extracts at three different concentrations (100%; 50%; 25%) in 
the treatment (TRT) and the control (CTRL) groups. All values 
are listed as mean ± standard deviations. � Asterisks indicate 
statistically significant differences between tested groups 
(p< 0.05).

Table 3. Nutritional composition of insect meals in the con-
trol (CTRL) and the treatment (TRT) groups.

CTRL TRT p-Value

Dry matter (%) 93.3 ± 3.35 90.74 ± 1.85 0.080
Ash (%) 7.44 ± 4.52 8.91 ± 2.58 0.439
Ether extract (%) 30.75 ± 2.33� 27.49 ± 0.94� 0.003
Crude protein (%) 44.02 ± 3.12� 46.66 ± 1.34� 0.045

Data are listed as means ± standard deviations on dry matter. � Asterisk 
indicates statistically significant differences between tested groups 
(Unpaired Student’s t-test p< 0.05).
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SDS-PAGE of soluble proteins from insect meals 
and residual substrates

The extracted proteins were 0.68 mg/mL for residual sub-
strates and 2.215 mg/mL for insect meals, respectively.

One-dimensional denaturing gel revealed clearly 
separate protein bands, although there were qualita-
tive differences in the intensity of the bands. 
Compared to the marker, the polypeptide profile for 
residual substrates ranged from 5 to 75 kDa, and 50– 
250 kDa for insect meals (Figure 4).

Discussion

Insects are considered excellent bioconverters that can 
transform a wide range of substrates into high-quality 
biomass (Fowles and Nansen 2020; Ites et al. 2020; 
Bordiean et al. 2022). In this study, we have shown 
that wheat bran used as a growing substrate (a by- 
product of the milling industry commonly used in ani-
mal feed as a source of fibre) supplemented with a 
hydration source with lactoferrin as a functional ingre-
dient could result in insect meals with higher inhibi-
tory activity. We used lactoferrin to investigate the 

effects of hydration source and substrate interaction 
on the growth and functional properties of reared 
insects. The small amount of lactoferrin did not affect 
the costs of production significantly and it can be 
used routinely. In particular, bovine lactoferrin is 
priced on the European market between e100 and 
e3200 per kilogram, depending on its intended use 
and level of purity. In addition, given that the sub-
strate in which insects are reared influences the per-
formance and the functional properties of the animals, 
the ingredient to administer to the insects could be 
selected specifically to reduce the costs of farming 
thereby enhancing the final yield and functional char-
acteristics of insect meal obtained. Considering the 
encouraging results, it would be interesting to evalu-
ate the interaction of lactoferrin with other types of 
substrates.

Although insect rearing is relatively recent, and 
optimal growing conditions are still not well-defined, 
the environment, diet and hydration, can directly influ-
ence animal performance and the nutritional charac-
teristics of the final product (Antonopoulou et al. 
2022). The growth performance, chemical composition 
and functional properties of edible insects also 
depend on the species and developmental stage 
(Meyer-Rochow et al. 2021).

We evaluated the impact of a hydration source - a 
water solution containing 12.7% of lactoferrin - on the 
insects’ growth, and the nutritional and functional 
value of the T. molitor meal obtained. When the 
macro- and micro-climatic conditions recommended 
by the Italian Cricket Farm (the company involved in 
this study) for rearing T. molitor larvae are followed, 
the larval stage is completed in two months. During 
the first phase, there is exponential growth, while 
in the second phase the growth rate decreases, and 
the chemical composition (e.g. chitin and protein con-
tent) of the larvae can be modified as they prepare for 
the pupae step. During the last two weeks of the lar-
val phase, the nutritional and functional characteristics 
of the final product can be influenced by the rearing 
conditions (Yu et al. 2021). This is why we focused on 

Table 4. Lightness (L�), red/green (a�) and yellow/blue (b�) results of control and treatment insect 
meals groups.
Insect meals L� a� b�

Control  33.07 ± 1.32  6.19 ± 0.49� 13.68 ± 0.87�

Treatment 31.88 ± 0.90 5.68 ± 0.38� 12.64 ± 0.52�

p-Value 0.0530 0.0384 0.0121

Data are shown as means and standard deviations. � Asterisk indicates statistically significant differences between tested 
groups (Unpaired Student’s t-test p< 0.05).

Figure 3. Evaluation of growth inhibition of O138 E. coli of 
insect meals in the control (CTRL) and the treatment (TRT) 
groups for six hours after the inoculation. Data were analysed 
using two-way ANOVA, and shown as means and standard 
deviations. � Asterisks indicate statistically significant differen-
ces among tested groups (p< 0.01). T0: 0 hours; T1: 1 hour; 
T2: 2 hours; T3: 3 hours; T4: 4 hours; T5: 5 hours; T6: 6 hours.
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this period in order to valorise the effect of lactoferrin 
on functional properties.

We found no significant differences in growth per-
formance between groups during the 14 days of the 
trial. Wheat bran used as a growing substrate, alone 
or supplemented with a functional source of hydration 
represented by lactoferrin, did not influence the 
growth and feed conversion efficiency of T. molitor lar-
vae. To the best of our knowledge, no other studies 
have assessed hydration with lactoferrin supplementa-
tion on the growth performance of larvae.

Although the larvae were maintained under the 
same environmental conditions, with the same mois-
tening and feeding protocol, except for the presence 
of lactoferrin in the water administered to TRT, our 
results demonstrated that the larvae of TRT group 
showed a higher survival rate than CTRL group.

In line with Bordiean et al. (2022), we found that 
the survival rate is influenced by the protein content 
of the growing substrate. In our study, the protein 
concentration of the TRT growing substrate was com-
parable to the substrate of the CTRL group, but the 
hydration with a protein source in small doses may 

have positively influenced the reduction in larval mor-
tality, particularly given the antimicrobial activity of 
lactoferrin and derived bioactive peptides (Malone 
et al. 2022). We found that the insect meals from lar-
vae fed with wheat bran had a lighter colour than 
insects that consumed the same substrate hydrated 
with the lactoferrin solution.

Lee et al. (2008) reared larvae on substrates with 
low-quality protein made up of zein (from corn), and 
found that such substrates exhibited less melanisation 
of cuticles than casein used as a high-quality protein 
source. Their results demonstrated a positive correl-
ation between the quantity of protein ingested by 
insects and the cuticular melanisation.

Stronger melanisation is known to directly increase 
the immune function through the stimulation of the 
prophenoloxidase system (Binggeli et al. 2014). 
Therefore, since both our groups received the same 
growing substrate with a protein content of approxi-
mately 15%, these conditions of growing, equal for 
both groups, could indicate that it was the hydration 
with lactoferrin that positively influenced the melani-
sation of the larvae cuticles in the TRT group thus 

Figure 4. SDS-PAGE of soluble proteins extracted from insect meals and residual substrates at day 14 of the control (CTRL) and 
treatment (TRT) groups. (A) Soluble proteins extracted from insect meals. M: Molecular weight marker (Precision Plus Protein, Bio- 
Rad, Hercules, CA, USA); Lane 1: 8 mg of soluble proteins of the CTRL group; Lane 2: 4 mg of soluble proteins of the CTRL group; 
Lane 3: 8 mg of soluble proteins of the TRT group; Lane 4: 4 mg of soluble proteins of the TRT group. (B) Soluble proteins 
extracted from residual substrates after 14 days of trial. M: Molecular weight marker (Precision Plus Protein, Bio-Rad, Hercules, CA, 
USA); Lane 1: 5 mg of soluble proteins of the CTRL group; Lane 2: 2.5 mg of soluble proteins of the CTRL group; Lane 3: 5 of sol-
uble proteins of the TRT group; Lane 4: 2.5 of soluble proteins of theTRT group.
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making the insects more resistant to pathogens with a 
higher chance of survival. Resuming, larvae given sup-
plementation of high-quality protein as a hydration 
source had a higher survival rate than larvae that 
received only water, conferring a darker colour in the 
resulting meal probably due to increased melanisation 
of cuticles. As reported by Lee et al. (2008), balancing 
nitrogen quantity available for larvae, the quality of 
administered proteins is a crucial factor able to deter-
mine the survival of insects. Obtained findings suggest 
that the administration of a functional hydration 
source through the supplementation of approximately 
10 mg of pure lactoferrin in 14 days may have influ-
enced the nitrogen availability for melanin production 
and immune function, resulting in lower mortality and 
darker colour of meals compared to the insects of 
control group.

Other authors have found that higher survival rates 
directly correlated with a higher protein content (21– 
26% of CP on DM) administered to insects (van 
Broekhoven et al. 2015; Oonincx et al. 2015), could 
also be related to the melanisation process. In add-
ition, the antimicrobial properties of lactoferrin act 
against a variety of pathogens, including bacteria, 
viruses, and parasites, and lactoferrin is recognised for 
its immunomodulatory and antioxidant activities 
(Garas et al. 2016). Lactoferrin thus seems to have a 
direct protective potential due to its antimicrobial 
effect, and it is likely that its supplementation in the 
water supply could stimulate insect melanisation.

In our study, residual substrates collected at day 14 
were analysed in terms of chemical composition and 
showed significant differences for the content of dry 
matter, ash, lipids. Since residual substrates are largely 
composed of insects faeces, the differences in chem-
ical composition of residual substrates could be due 
to a different activation of gut digestive enzymes and 
microbial-derived enzymes present in the larvae after 
lactoferrin administration (Li et al. 2013). However, the 
antioxidant activity of residual substrates could be 
exerted by the presence of undigested substrate, and 
the presence of insect faeces and cuticles. van 
Broekhoven et al. (2015) observed that larvae fed a 
diet rich in protein content excreted more uric acid 
than larvae reared with a substrate with a low protein 
concentration (�10% CP), thus increasing the uric acid 
level in faeces. In fact, insect faeces are mainly made 
up of uric acid, the end-product of purine metabolism 
that is excreted predominantly through urine in mam-
mals which is an excellent scavenger (Glantzounis 
et al. 2005; Weihrauch and O’Donnell 2021).

Cuticles contain chitin, a major component of the 
insects’ exoskeleton which is also present in minor 
quantities in the peritrophic matrix (Zhu et al. 2016). 
This glycoprotein modulates, enhances and promotes 
physiological functions of insects, such as the antioxi-
dant effect (Ngo and Kim 2014; G€uneş et al. 2018). 
The reduction in insect mortality could be due to the 
protective effect of lactoferrin in the TRT hydration 
showing a higher bioactivity of lactoferrin. These data 
thus suggest an enrichment of the content of antioxi-
dant compounds in the growing substrate, likely due 
to uric acid and cuticles present in the larvae rearing 
environment (Weihrauch and O’Donnell 2021).

In our study, differences were observed in the pro-
tein and lipid content of insect meals (on a dry matter 
basis) in the CTRL and TRT groups. The crude protein 
content of the insect meals obtained was calculated 
using a conversion factor for nitrogen of 4.76 to 
exclude the chitin content (Janssen et al. 2017). The 
control and treatment groups were 44.02 ± 3.12% (on 
DM) and 46.66 ± 1.34% (on DM) of CP, respectively, 
which are in line with protein contents reported for T. 
molitor larvae (CP: 43-51% on DM) (Hong et al. 2020). 
This result confirms previous studies showing that T. 
molitor meal could replace soybean meal (CP 44% on 
FM), and be a partial substitute for fishmeal (National 
Research Council 2012). In addition, the higher per-
centage of protein in the TRT group compared to the 
CTRL group demonstrated how the substrate affects 
the chemical characterisation of insects, even when 
the lactoferrin dose was very low and was adminis-
tered through a method not jet tested to date. Even if 
the amino acid profile was not evaluated in this study, 
as reported by Janssen et al. (2017), T. molitor can be 
considered a valid protein source with a balanced 
amino acid profile suitable for animal nutrition.

T. molitor larvae could thus become a sustainable 
protein source for livestock farming. The protein con-
tent of insect meals grown on wheat bran hydrated 
with lactoferrin solution compared to the control group 
suggests that insects are able to adjust the protein con-
tent by exploiting the available nutrients depending on 
their specific physiology. Although some studies have 
reported that substrate with an increased protein con-
tent could influence the body composition and growth 
performance (van Broekhoven et al. 2015), insects are 
able to adapt their final protein content by exploiting 
different growing substrates and thus reaching a similar 
final nutritional composition even when received differ-
ent diets in terms of nutrients (Pinotti and Ottoboni 
2021). Nevertheless, insects exhibit a significant plasti-
city in protein and lipid accumulation according to the 
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diet administered, the developmental stage (larval or 
adult) and environmental conditions (Kr€oncke et al. 
2023). Our results demonstrated that the protein and 
lipid content of insect meals could be influenced by 
the administration of different hydration sources due to 
their strong relationship in the insects composition.

Using bioactive ingredients in mealworm larvae 
rearing may lead to improve functional properties of 
insect meals (Andreadis et al. 2021). It is still unclear 
which technologies are the best at safeguarding the 
functional properties of larvae during the storage and 
subsequent processing stages. There is still limited 
information on the most appropriate processing sys-
tem for drying insects in order to maintain the stabil-
ity of their nutritional components. In our experiment, 
a microwave was used during meal production, which 
is efficient for drying insects according to Keil et al. 
(2022). Mancini et al. (2021) reported that unlike other 
techniques, microwaving does not affect the nutri-
tional components.

In this study, the supplementation of lactoferrin dur-
ing the water supply showed the increased capacity of 
insect meal extracts to inhibit the O138 E. coli growth, 
a representative model of gastrointestinal disorders. 
Lactoferrin is a glycoprotein of the transferrin family 
that binds to iron and has antimicrobial and antibacter-
ial properties. Lactoferrin also regulates the immune 
response, and protects against infection and septic 
shock in animals (Lu et al. 2022).

E. coli is a gram-negative bacterium belonging to 
the Enterobacteriaceae family that harbours different 
pathogenic strains, and these strains can lead to multi-
factorial diseases in livestock farming, leading to eco-
nomic losses and antibiotic use (Rossi et al. 2021). 
Results from E. coli inhibitory activity have demon-
strated that the TRT meal extracts, at concentrations 
of 1:4 and from 3 to 6 h of incubation, inhibited the 
growth of O138 E. coli with compared to the CTRL 
group meal extract. Several studies have also con-
firmed that insect meals possess antimicrobial activity 
(Wu et al. 2018; Veldkamp et al. 2022).

The delayed inhibition effect of the different 
extracts could be due to the time required for the 
antimicrobial compounds contained in insect meals to 
exert their disrupting activity against bacteria. These 
data suggest that lactoferrin positively influences the 
bioactive compounds in insects. The delayed inhibition 
effect of the different treatment extracts may be due 
to the time required for the antimicrobial compounds 
contained in insects to act and disrupt the integrity of 
the bacterial cell wall. This inhibitory activity implies a 
potential functional role for the insect meals obtained, 

and their supplementation in animal feed could 
enhance animal health thus decreasing pathology 
occurrence and antibiotic use.

In terms of swine farming, the dietary inclusion of 
lactoferrin could be difficult due to the high doses 
required to achieve a sufficient antimicrobial effect, 
and the cost of the additive itself. The use of insects 
grown with functional hydration may thus be an inter-
esting source of antimicrobial compounds. Finally, one 
of the most important future goals for the develop-
ment of a sustainable livestock, will concern the devel-
opment of specific functional diets that improve 
animal health, in compliance with the principles of 
One Health.

The SDS-page analysis showed a similar compos-
ition in terms of the soluble polypeptides extracted 
from the growing substrates and insect meals of the 
CTRL and the TRT groups. This suggests that hydration 
with the lactoferrin solution did not influence the pro-
tein profile of insects, thus confirming that they are 
able to bioconvert and metabolise dietary ingredients 
even in low doses (Pinotti and Ottoboni 2021).

Conclusions

T. molitor larvae rearing can be considered an excellent 
sustainable production according to a One Health 
approach. We found that when a lactoferrin solution 
was used as a functional hydration source in T. molitor 
larvae, it enhanced the larvae survival rate and did not 
impair the growth performance. The nutritional charac-
teristics of the insect meals were also mainly influenced 
by the substrate and growth conditions as reported in 
other studies. In vitro evaluation of bacterial growth 
inhibition showed that insect meals hydrated with 
lactoferrin showed a higher antimicrobial capacity com-
pared to the control group hydrated only with water.

The antioxidant activity of residual substrates of TRT 
group was higher than in the residual substrates in the 
CTRL group. The administration of innovative ingre-
dients as hydration sources could thus be beneficial in 
the production of functional T. molitor meal with a 
high content of bioactive molecules. The use of func-
tional insect meals in animal nutrition has the potential 
to enhance animal welfare and reduce pathologies, 
thus decreasing antibiotic treatments. It is important to 
underline that a large-scale evaluation of innovative 
hydration system could produce a different impact on 
insects rearing, however our findings may be interest-
ing for increasing the survival rate and functionality of 
insects in this innovative farming system.
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Further studies are needed to evaluate different 
strategies for applying functional ingredients in insect 
rearing.
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