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A B S T R A C T

The industry of insect-based proteins as feed and food products has been encountering a huge development since
the last decade, and industrial-scale factories are now arising worldwide. Among all the species studied, Black
Soldier Fly is one of the most promising and farmed. This rearing activity generates several by-products in the
form of chitin-rich biomass that can be valorised to keep a virtuous production cycle embedded in the scope of
the bioeconomy. Herein, we report the isolation of chitin and, for the first time, chitin nanocrystals (ChNCs) from
all the BSF rearing by-products, i.e., moults (larval exuviae, puparium) and dead adults. Extraction yields, were
dependent on the type of by-products and ranged from 5.8 % to 20.0 %, and the chemical structure of the extracts
exhibited typical features of α-chitin, confirmed by FTIR, NMR, XRD and TGA analysis. Both STEM in SEM and
AFM analysis confirmed the isolation of chitin nanocrystals presenting a rod-like morphology. The average
nanocrystal height estimated by AFM ranged from 13 to 27 nm depending on the by-product sample. The
following results highlighted the potential of BSF rearing by-products, promoting an approach to valorise those
industrial waste and paving the way towards insect-based biorefinery.

1. Introduction

In the context of the growing world population, concerns are rising
towards the food supply chain and the related impact on climate change.
With global demand for agricultural products expected to increase by 15
% in the coming decade, scientists recommend reforming the food sys-
tem to avoid an increase of its environmental footprint by 60–90 %
between 2010 and 2050 (OECD, 2019); (Springmann et al., 2018).
Considering the current situation, the search for alternative protein
sources, in particular from insects, holds a central place in providing
sustainable products worldwide. The production of insect-derived pro-
teins shows environmental benefits compared to traditional livestock,
consuming less land and water, leading to the emergence of a new in-
dustry based on the rearing of insects as food and feed ingredients (van
Huis, 2013). In the last decade, numerous companies have emerged and
insect-production plants are now arising everywhere on the globe.

Several insect species have been studied and implemented for their
specific ability to bioconvert organic waste, such as manure, fruits or
agriculture-wastes, into valuable proteins and lipids, thus, offering a
solution for the management of food waste and loss (Ojha et al., 2020).

Among them, the Black Soldier Fly (BSF, Hermetia illucens) has gained
particular interest as a tangible source of alternative proteins and fats,
having already found a market as feed ingredients for pet food, pigs,
poultry and aquaculture fields. With growing volumes annually pro-
duced, companies are now facing the side streams generated by their
activity (Chavez, 2021). Therefore, seeking solutions to valorise them in
a circular model of development, with the opportunity to develop insect
biorefineries is crucial. Throughout the BSF life cycle, different by-
products can be found, mainly in the form of chitin-rich biomass, thus,
providing a potential stable source of chitin and its derivatives (Nurfi-
kari& de Boer, 2021). Insect exoskeleton is a composite structure where
chitin acts as a matrix associated with proteins, lipids and minerals in
specific cases (Muthukrishnan et al., 2022); (Jia et al., 2022).

Chitin is the second most abundant polysaccharide on Earth, with
1011 tons annually biosynthesized by living organisms as a structural
component (Hahn et al., 2020). Chemically, it’s a linear copolymer of
randomly distributed N-acetylglucosamine as major unit and N-glucos-
amine as minor one, linked by β,1 → 4 glycosidic bond. It exhibits three
allomorphic crystal structures, α, β and γ, following the parallel or anti-
parallel polymer chain arrangement (Arnold et al., 2020). Depending on
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the source from which it is extracted, chitin’s intrinsic physico-chemical
features might slightly differ (Kaya et al., 2017). However, its overall
functional properties such as biodegradability, non-toxicity and
biocompatibility offer this natural polymer a wide range of applications
in economically important sectors, including biomedicine, cosmetics or
agriculture among others (Tamura et al., 2011); (Lv et al., 2023); (Sharp,
2013); (Olza et al., 2023); (Fernández-Marín et al., 2022); (Fernández-
Marín et al., 2021); (Zubillaga et al., 2020); (Zubillaga et al., 2018);

One interesting aspect is the ability to derive chitin into its nano-
metric form, nanochitin, thus offering enhanced characteristics, like
high mechanical properties, high surface area, low density and reactive
surface groups (Kishida et al., 2022); (Salaberria et al., 2015). For
example, nanochitin can be used as a reinforcing agent in films to pro-
duce nanocomposites or as stabilising agents in Pickering emulsions
systems (Salaberria et al., 2017); (Fernández-Marín et al., 2020);
(Jiménez-Saelices et al., 2020). Generally, nanochitin is obtained by top-
down methods disintegrating chitin bundles via controlled chemical or
mechanical reaction and can be classified whether it displays fibre- or
rod-like structure, namely chitin nanofibers (ChNFs) and chitin nano-
crystals (ChNCs) (Bai et al., 2022).

Recently, the growing interest towards the insect industry has shed
light upon insect-chitin and more specifically black soldier fly-derived
chitin, with an increased number of studies on its extraction, intrinsic
properties, potential applications, and lately nanochitin production
(Złotko et al., 2021); (Khatami et al., 2024); (Triunfo et al., 2022);
(Xiong et al., 2023); (Rampure et al., 2023); (Lee et al., 2022); (Man-
nucci et al., 2024); (Feng et al., 2023); (Pasquier et al., 2021). Never-
theless, most research has focused on the production of chitin nanofibers
(ChNFs). Furthermore, these ChNFs have been extracted from larvae or
prepupae which are the main products of interest of insect-based pro-
teins activity (Pasquier et al., 2021); (Le et al., 2023), and not from BSF
rearing wastes generated by this industry (larval exuviae, puparium and
dead adult flies).

With the determination to close the loop and develop a circular
production model, we are convinced that the valorisation of all the
chitinous side streams of the BSF rearing would be beneficial to this
industry. Instead of using this waste in methanization or rendering
processes as a final treatment step, the idea is to transform it into new
products/materials with high economic added value and approaching
the zero-waste system.

Therefore, the aim of this work is to extract, characterize and
compare the yield, physico-chemical and morphological properties of
chitins and chitin nanocrystals (ChNCs) isolated from BSF by-products
generated by the industry of insect-based proteins: i.e., larval exuviae,
puparium and dead imago (dead adult fly). To the best of our knowl-
edge, the isolation of chitin nanocrystals (ChNCs) from all the BSF
rearing by-products is investigated for the first time in this study. Thus,
herein, a conventional chemical extraction is used in order to compare
the properties of the chitins and ChNCs obtained with those in the
literature and with a commercial chitin derived from crustaceans. This
could help to assess the potential of this recent biomass as feedstocks for
natural functional polymers with the long-term target of an insect bio-
refinery implementation.

2. Materials and methods

2.1. Chemicals and raw materials

The by-products generated by black soldier fly-rearing activities, i.e.,
the larval exuviae, the puparium and the dead imago, were kindly
supplied by Agronutris (France) between 2023 and 2024. HCl (37 %,
ACS reagent) and anhydrous NaOH pellets were purchased from Merck,
diethyl ether (≥ 99.7, ACS reagent) was obtained from VWR, and NaOCl
aqueous solution (12–15 % available chlorine) acquired from Abcr
GmbH. All reagents were used as received without further purification.
Commercial α-chitin (presenting a Degree of Acetylation (DA) of 94.8 %

and a Crystallinity Index (CI) of 77 %, characterized in-house) derived
from shrimp shells was provided by Mahtani Chitosan Pvt. Ltd. (India)
and used as reference chitin material.

2.2. Biomass harvesting and homogenisation

Three types of resources produced as rearing wastes during the life
cycle of H. illucens were considered as potential alternative chitin
sources: (i) the larval exuviae – larval moult; (ii) the puparium – pupal
shell left after fly emergence, and (iii) the dead imago – dead fly. First,
the BSF larvae were grown on a semi-industrial substrate composed of
discarded grains, wheat soluble, and co-products arising from beetroot
and potato processing. Then, the larval exuviae (BSFE) samples were
manually collected and separated from the breeding substrate at the last
larval stage, while the puparium (BSFP) samples were harvested in the
emergence rack, and the dead imago (BSFI) samples were collected from
the fly aviaries at the end of their life cycle. Each resource was washed
extensively with tap water to remove impurities, sieved and dried at
60 ◦C until stable mass. Homogenisation was done by grinding the whole
insect sample into a fine powder using a Retsch GM200 laboratory knife
mill. The samples were kept in a hermetic storage container and stored
at − 21 ◦C until further use.

2.3. Proximate analysis of raw samples

The proximate analysis of by-products was performed to investigate
the initial composition of each sample before their valorisation. Mois-
ture and ash content were determined gravimetrically by drying samples
in an oven, respectively, at 103 ◦C for 4 h and at 600 ◦C until no
carbonaceous particles was left, leading to the obtention of whitish or
reddish ash. Soxhlet extraction was used to calculate the crude oil
content using diethyl ether as solvent. The nitrogen amount within
samples was obtained with the Dumas Method, and a nitrogen-to-
protein conversion factor of 6.25 was applied to calculate the protein
content (Miller et al., 2007).

2.4. Extraction of chitin from black soldier fly (BSF) by-products

Chitin was extracted from the three by-products using conventional
chitin extraction method adapted to insect source proposed by (Hahn
et al., 2021), with slight modifications. The process involved the real-
isation of 4 extraction steps to recover the remaining chitin as the
insoluble residue. Delipidation was first carried out using a Soxhlet
apparatus with diethyl ether to solubilize and remove apolar com-
pounds, which may hinder interactions with chemical reagents because
of hydrophobic repulsions (Nurfikari & de Boer, 2021). Approximately
5 g of initial biomass were loaded in the cellulose thimble and the
Soxhlet system was run for 5 h allowing 20–24 cycles depending of the
by-product. The degreased powder was air-dried overnight under a fume
hood. The samples were therefore demineralised with a 1MHCl solution
(solid:liquid ratio of 1:20) for 1 h at 100 ◦C. The mixture was filtered,
washed extensively to reach a neutral pH and oven-dried overnight at
60 ◦C. The deproteination was achieved by treating the demineralised
sample with a solution of 2 M NaOH (solid:liquid ratio of 1:30) for 4 h at
90 ◦C. The powder was recovered by filtration, washed and dried
overnight at 60 ◦C. Finally, the bleaching of the sample was performed
to remove residual pigments with a 6 % NaOCl aqueous solution (solid:
liquid ratio of 1:40) for 1 h at 60 ◦C. After filtration, the chitin samples
were washed with water to remove solvent from the powder and dried
overnight at 60 ◦C in a circulating oven until stable mass.

2.5. Isolation of nanocrystals from black soldier fly chitin

Acid hydrolysis with concentrated hydrochloric acid was performed
to isolate the crystalline phase of the chitin polymer by removing the
amorphous part from the material. The process used, was adapted from
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the method described in previous work (Salaberria et al., 2014). An
amount of 400 mg of the extracted chitin from each type of by-product
was incubated in a reactor with 3 M HCl at 100 ◦C for 90 min at a solid:
liquid ratio of 1:30. The reaction was quenched afterwards, by cooling
the mixture with an ice bath and adding a 5-fold volume of distilled
water. The nanocrystal suspensions were left to sedimentation, and the
supernatant was discarded to recover a blurry suspension. The nano-
crystal suspensions were washed by two centrifugation cycles (5927 g, 5
min at 5 ◦C) to remove excess acid before being transferred to a dialysis
membrane (SpectraPor 3.5 kDa MWCO regenerated cellulose membrane
from Spectrum Laboratories). Dialyses were done overnight in large
volumes of distilled water to reach a neutral pH. The nanocrystal sus-
pensions were then concentrated and recovered by centrifugation
(27,216 g, 20 min at 5 ◦C). One fraction, per each concentrated sus-
pension, was reserved in the wet form to analyse the morphological and
colloidal properties and the other fraction was freeze-dried to obtain
powdered chitin nanocrystal samples for the other analyses. The wet
nanocrystals fractions were furthermore sonicated and homogenised to
allow their morphological characterization (see Sections 2.7.6, 2.7.7 and
2.7.8).

2.6. Determination of the chitin (Ch) extraction and nanocrystals
isolation (ChNC) yield

The chitin extraction and chitin nanocrystals yield for each by-
product were determined by gravimetry, using the Eqs. (1) and (2),
respectively:

Chitin Yield (%) =
mCh

mraw
×1000 (1)

where mCh is the mass of the dried powdered samples obtained after the
bleaching treatment, corresponding to the chitin residue, and mraw is
attributed to the initial dry mass of the by-product involved in the pu-
rification process.

Chitin nanocrystals Yield (%) =
mChNC

mCh
×1000 (2)

where mChNC is the mass of the freeze-dried chitin nanocrystals, and mCh
is attributed to the initial dry mass of chitin involved in the acid hy-
drolysis process.

2.7. Physico-chemical characterization of the raw materials, chitin and
chitin nanocrystals

2.7.1. Fourier transform infrared spectroscopy (FTIR)
The Attenuated Total Reflectance-FTIR (ATR-FTIR) spectra of the

raw by-products, ether extracts, extracted chitin, commercial α-chitin,
and obtained powder chitin nanocrystals were analysed in terms of their
chemical structure by using a Nicolet iS50 FTIR spectrometer (Thermo
Fisher Scientific, USA). The spectra were recorded from a range of
4000–400 cm− 1, with a resolution of 4 cm− 1 and an accumulation of 64
scans.

2.7.2. Solid state 13C-nuclear magnetic resonance spectroscopy (13C ss-
NMR)

The solid-state 13C cross-polarized magic-angle spinning nuclear
magnetic resonance (13C CP-MAS NMR) experiments were performed to
assess the purity of the chitin and chitin nanocrystal samples obtained
from the insect by-products. The spectra were recorded on a Bruker
Avance III 500 MHz spectrometer (Bruker, USA), using a 4 mm CP-MAS
probe, with a sample spinning rate of 11 kHz and a contact time of 2 s.
The degree of acetylation (DA%) of each sample was calculated from the
ratio of the integral of the methyl carbon over the integrals of the
polysaccharide ring using Eq. (3) (Kasaai, 2010):

DA(%) =
ICH3

(IC1 + IC2 + IC3 + IC4 + IC5 + IC6) × 1
6
×100 (3)

2.7.3. X-ray diffraction (XRD)
The X-ray diffraction pattern of the extracted chitin and isolated

chitin nanocrystals was obtained with a diffractometer (Rigaku, Tokyo,
Japan) operating at 40 kV and 40 mA to determine the crystalline fea-
tures of the analysed samples. A FR-X rotating anode Cu-kα anode (λ =

1.54060 Å) was used as the radiation source and the angular range was
set between 5◦ and 40◦ in 2Θ with a 3-circle partial chi goniometer.

2.7.4. Scanning electron microscopy (SEM)
The morphology of the raw by-products and chitin samples was

investigated via a Hitachi SH-3000 scanning electron microscope (Hirox
Europe, Limonest, France), operating at an acceleration voltage of 25
kV. The powdered samples were first sputter-coated with gold plasma
under vacuum using a Denton Vacuum Desk V sputter coater (Moores-
town, NJ, USA) with a current of 30 mA for 60 s.

2.7.5. Scanning transmission electron microscopy in scanning electron
microscopy (STEM in SEM)

Scanning transmission electron microscopy in Scanning Electron
Microscopy (STEM in SEM) was used to analyse the morphological
features of the isolated chitin nanocrystals with a Thermo Scientific
Apreo 2 scanning electron microscope (Thermo Fischer Scientific,
Waltham, USA), operating at an acceleration voltage of 30 kV with a
STEM detector. Before the analysis, wet chitin nanocrystals derived from
each by-product were dispersed in ultrapure water to obtain a diluted
suspension of nanocrystals (0.01 g.L− 1). The mixture was then subject to
an ultrasonication treatment with a 500W Sonics Vibracell probe set at a
30 % amplitude for 10 min. A 2 μL droplet of the sonicated suspension
was deposited on a 200 mesh Cu TEM grid (Ted Pella Inc. type B) and
excess water was removed carefully from the grid with a paper before
insertion in the STEM chamber to proceed to the morphological
investigations.

2.7.6. Atomic force microscopy (AFM)
Atomic force microscopy was performed to assess the nanocrystal’s

morphology and size, operating using a MultiMode 8 AFM (Bruker,
USA). The images were taken in PeakForce Quantitative Nano-
Mechanical mode under ambient conditions using ScanAsyst probe (0.4
nN) at 2 kHz. Before the analysis, wet chitin nanocrystals derived from
each by-product were dispersed in ultrapure water to obtain a diluted
suspension of nanocrystals (0.003 g.L− 1). The mixture was then subject
to an ultrasonication treatment with a 500 W Sonics Vibracell probe set
at a 30 % amplitude for 20 min, in addition to a 5 min treatment with a
Unidrive X1000D homogenizer operating at 10000 rpm. 2 μL of the
sonicated suspension was deposited on an ozone cleaned silica wafer
and air-dried overnight under a fume hood. The average height of the
nanocrystal’s suspension was estimated with the NanoScope Analysis
software, with a sample size of 50 nanocrystals.

2.7.7. Thermogravimetric analysis (TGA)
Thermogravimetric investigations were carried out using a TGA 2

Mettler Toledo thermogravimeter (Mettler Toledo, USA). Approxi-
mately 2–10 mg of grounded by-products, extracted chitin and chitin
nanocrystal samples were weighted in an alumina crucible and heated
from 30 to 900 ◦C with a heating rate of 20 ◦C min− 1, and a gas flow rate
of 50 mL min− 1 in both nitrogen and air atmosphere. The samples were
stored at room temperature before analysis and were not dried in an
oven beforehand, thus, retaining their residual humidity.

2.7.8. Zeta potential and dynamic ligh scattering (DLS)
The colloidal properties of the produced nanocrystals were evaluated

by measuring the zeta potential of chitin nanocrystal suspensions from
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each source (0.005 g.L− 1), with a Malvern Zetasizer Nano ZS (UK)
coupled with an MPT-2 autotitrator system. Ultrasonication of the sus-
pensions was performed before the analysis with a 500 W Sonics
Vibracell probe set at a 30% amplitude for 20min, in addition to a 5min
treatment with a Unidrive X1000D homogenizer operating at 10000
rpm. A folded capillary zeta cell was employed and the diluted sus-
pensions in ultrapure water were investigated on a pH range going from
2 to 12, adjusted with 1 M NaOH and 1 M HCl buffer solutions. Dynamic
light scattering was also used to estimated Z-average diameter in the
same conditions with the Zetasizer Nano ZS (UK).

3. Results and discussion

3.1. Chemical composition of the raw by-products

Understanding the composition of the initial material is of vital
importance in the scope of waste valorisation through extraction pro-
cedure. In this sense, the proximate analysis is a valuable tool to obtain
insights from the elements that constitute a biological material. The
composition of each raw by-product investigated is reported in Table 1.

Moisture content was measured as 18.0 %, 11.1 % and 40.5 % for
BSFE, BSFP, and BSFI while their ash content accounted for 5.1 %, 23.3
% and 3.2 %, respectively. Even though mineral is often found in only a
low proportion in insects compared to crustaceans (Kamal et al., 2020);
(Hahn et al., 2020), it is noteworthy that the studied by-products show
inorganic material, in particular BSFP, exhibiting a particularly high
concentration of minerals, where it could act as a protective layer
against external stresses, as recently demonstrated by Rebora et al.
(2023). The same observations were made looking at the thermogravi-
metric analysis (TGA) profiles of the raw samples under oxidizing oxy-
gen atmosphere and their remaining residues at 900 ◦C, where it is
assumed that only inorganic material may be present (Supplementary
Fig. S1c and Supplementary Table S1).

With values comprised between 2 and 4 %, fat content was found to
be relatively low in larval exuviae and puparium moults, compared to
adult BSF exhibiting a crude oil content of almost 25 %. Those results are
in accordance with previous studies done by Triunfo et al. (2022) and
can be explained by the fact that insects store energy in the form of fat in
their body such as BSF adult specimens, while moulted exoskeletons are
expected to display only structural lipidic compounds composing the
different layer of the cuticle (Arrese & Soulages, 2010); (Bhavsar et al.,
2021). Although the general appearance of the crude oils obtained from
the BSF by-products differs (see Supplementary Fig. S2), their chemical
composition was comparable based on ATR-FTIR analysis with charac-
teristic bands attributed to aliphatic compounds around 2900 cm− 1 and
carbonyl esters at 1710 cm− 1 (see Supplementary Fig. S1b).

As expected, each raw by-product contains an important proportion
of proteins ranging from 26 % up to 48 %. The type of proteins
encountered in BSF by-products are assumed to be mainly cuticular
proteins, especially for the moults, larval exuviae and puparium. Those
are insoluble structural proteins, which can be tightly bound to cate-
cholamine compounds and chitin presumably by cross-links, during the
sclerotization process where the insect cuticle hardened and darkened
(Peter et al., 1984). This reaction is also accompanied by the deposition

of granular melanin, giving the black colour encountered in the cuticle
(Andersen, 2010).

Knowing the following composition of the raw by-products and how
biomolecules are assembled within the matrix of the biological material
may better guide suitable design and efficiency of chitin extraction ap-
proaches. Hence, the deproteinisation should represent a key step to
obtain purified chitin, in particular for the purification of sclerotized
samples (i.e. the puparium). Herein, considering the rather high content
of minerals for the considered BSF resources and more particularly the
puparium, minerals removal should not be overlooked to reach a better
extraction for the present samples, in contrast to other studies with
different insect species where demineralisation was not needed (Kamal
et al., 2020); (Khatami et al., 2024).

3.2. Physico-chemical properties of the extracted chitin

The extraction of chitin from the BSF rearing by-products was con-
ducted following a four-step chemical approach, and the ensuing
products were obtained in the form of powder or flakes presenting a
brownish or whitish colour (see Supplementary Fig. S2). Chitin yields of
16.2 %, 20.0 % and 5.8 % were found for larval exuviae, puparium and
dead adult fly, respectively (Table 2), highlighting the potential of the
exuviae, puparium, as alternative chitin sources. Brigode et al. reported
similar values for the chitin content in dead adult fly and puparium, with
7.7 % and 25.4 % (Brigode et al., 2020). Valorisation of chitin from
larval exuviae is less described in the literature, however Soetemans
et al. outlined an extraction yield of 31.1 % from larval sheddings
(Soetemans et al., 2020). The chitin content obtained in the present
study was lower, which may be related with the composition of the
initial by-products that is particularly influenced by the variations in the
rearing conditions (e.g. feeding substrate) impacting the larval stages.
To obtain further insights into the physico-chemical features of the ex-
tracts and assess their purity, as well as their composition, several
characterization techniques were performed.

Solid-state 13C NMR spectra of the obtained chitin from the BSF by-
products are presented in Fig. 1a. Characteristic resonance peaks of
chitin could be identified for each sample with some variations
regarding purity and composition (see Supplementary Table S2). All
samples, dead imago (BSFI-Ch), puparium (BSFP-Ch) and larval exuviae
(BSFE-Ch) showed similar chemical structure, with signals between 58.2
and 101.4 ppm attributed to the carbon atoms of the glucopyranosyl
ring, labelled from C1 to C6 (Fig. 1a). The peak of the methyl group
(CH3) was found at 20.1 ppm while the one of the carbonyl groups
(C=O) was located around 170.8 ppm. The presence of a split into

Table 1
Proximate composition of the by-products derived from black soldier fly-rearing
activity.

Analysed parameters BSFE BSFP BSFI

Moisture content (%) 18.0 11.1 ± 0.6b 20.6 ± 0.6b

Crude ash (%) 5.1 23.3 ± 0.9b 3.2 ± 0.2b

Crude oil (%) 2.4 ± 0.2a 3.9 ± 0.8a 24.7 ± 0.5a

Protein content (%) 25.7 44.3 ± 1.3b 48.1 ± 1.4b

a Values are presented as mean ± standard deviation (n = 3).
b Values are presented as single results ± uncertainty.

Table 2
Yields of chitin extraction and chitin nanocrystal isolation, Degree of Acetylation
(DA), and maximal degradation temperature under air and nitrogen atmosphere
of the extracted chitin (Ch) and isolated chitin nanocrystals (ChNC) from BSF by-
products.

Sample Yield
Ch
(%)

Yield
ChNC
(%)

DA
(%)

Tdmax

under Air
atmosphere (◦C)

Tdmax

under N2
atmosphere (◦C)

BSFE-
Ch

16.19
± 0.31

– ≈ 57 334.07 ± 4.01 376.54 ± 2.68

BSFP-
Ch

19.98
± 1.39

– 97 333.19 ± 2.47 395.17 ± 0.94

BSFI-Ch 5.84 ±

0.13
– 100 340.01 ± 2.48 395.79 ± 0.43

BSFE-
ChNC

– 69.40 ≈

61–66
332.10 ± 0.36 360.46 ± 0.68

BSFP-
ChNC

– 70.93 96 338.76 ± 0.53 397.59 ± 0.55

BSFI-
ChNC

– 74.76 100 339.70 ± 1.34 392.85 ± 0.12

Yields of chitin extraction and degradation temperature values are presented as
mean ± standard deviation.
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doublet for C5 and C3 peaks at 73.0 and 75.6 ppm, indicate that the
following chitins are assimilable to the α-chitin polymorph. Nonetheless,
BSFP-Ch and BSFE-Ch NMR spectra displayed additional peaks. BSFP-Ch
revealed a small peak around 27.7 ppm which suggests the presence of
residual proteins and/or catechols arising from the high degree of
sclerotization in this type of exoskeleton moult (Kramer et al., 1995);
(Hahn et al., 2021). In the case of BSFE-Ch, apart the characteristic
chitin peaks, NMR spectrum showed an important peak at 27.7 ppm
indicating the presence of remaining proteins, and resonance peaks at
62.4 and 86.3 ppm, suggesting the presence of cellulosic compounds.
Pasquier et al. reported similar observations with chitin extracted from
yellow mealworm containing up to 44 wt% of cellulose in the sample
and presenting analogue peaks in ss-NMR analysis (Pasquier et al.,
2021). This cellulose content may arise from particles of the rearing
substrate which are still blended with the larval exuviae during the
homogenisation treatment.

The degree of acetylation (DA) of all samples was determined by
NMR analysis (Table 2). Chitins derived from dead imago and puparium
were found to be highly acetylated (100 and 97 %, respectively), while
the estimation of the DA value of larval exuviae is difficult to determine
because of the presumed cellulose content.

ATR-FTIR spectra of the obtained chitin samples were assessed and
compared with chitin extracted from shrimp (see Supplementary
Fig. S3a). As observed in Fig. 1b, the three spectra displayed typical
vibrational bands of chitin (see Supplementary Table 3) and similar to

shrimp chitin. The absorption bands found in the region of 3430 and
3100 cm− 1 were assigned to O–H and N–H stretching respectively,
which are distinctive of the intermolecular hydrogen bond network. The
amide II and III bands, visible at 1552 and 1308 cm− 1, were identified,
as well as, a characteristic amide I band of the α-chitin form with a split
into doublet at 1652 and 1620 cm− 1. A low-intensity shoulder was
discerned around 1726 cm− 1, for BSFE-Ch and BSFP-Ch, confirming the
presence of residual proteins as demonstrated before by NMR analysis.
These two samples demonstrated also a unique pattern for the vibra-
tional bands at 2922 and 2851 cm− 1, which was outlined for most of the
FTIR spectra of chitin derived from insect cuticles (Brigode et al., 2020);
(Soetemans et al., 2020); (Kaya & Baran, 2015); (H. Wang et al., 2020).
Although the presence of these specific bands has been rarely described,
recent research pointed out that it could result from organic impurities,
possibly lipids considering the intensity of the CH2 and CH3 stretching
bands, that exhibit a strong resistance to the purification treatment
(Elkadaoui et al., 2024).

The thermogravimetric analysis (TGA) was performed under nitro-
gen and air atmospheres, allowing access to different information on the
thermal behaviour of the samples. Nitrogen atmosphere as an inert
environment, gives insights into the main organic degradation pattern of
chitin, while air allows to explore the complete degradation of organic
matter, allowing to quantify also the total inorganic matter content.
Under the air atmosphere, as showed in Fig. 1c and Table 2, TGA and
DTG profiles of BSF chitin displayed similar degradation stages

Fig. 1. 13C NMR spectra (a), FTIR spectra (b), TGA and DTG profile under air atmosphere (c), and XRD diffractograms (d) of the chitins obtained from BSF imago
(BSFI-Ch), BSF larval exuviae (BSFE-Ch) and BSF puparium (BSFP-ch).
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compared to shrimp chitin (see Supplementary Fig. S3c) with three
visible weight losses and a distinct maximal degradation temperature.
The first weight loss was assigned to the evaporation of residual water
content in chitin. This occurrence was measured around 30 ◦C and
140 ◦C under air atmosphere, with a weight loss comprised between 3.4
and 4 % depending on the BSF sample. Then, the second and main
degradation step was noted by a sharp degradation peak with a weight
loss of about 70 % at 340 ◦C (Tdmax), showing similar behaviour to
shrimp chitin (63 % loss at 329 ◦C). This weight loss corresponds to the
decomposition of the chitin polymeric structure, manifested by depo-
lymerisation of the polysaccharide, ring dehydration and deterioration
of acetylated and deacetylated units. A third degradation stage, specific
to the air oxidizing atmosphere, reached a maximum of around
500–550 ◦C, with a weight loss of approximately 25 % for BSF samples
and 27 % for shrimp-chitin. This was assigned to a combustion reaction
of the carbonised chitin, alongside with a devolatilization of char. This
data is in agreement with a previous study which investigated the
degradation profile under air atmosphere of α-chitin obtained from
Polybius Henslowii crab (McReynolds et al., 2022). The final residues at
900 ◦C were respectively, 1.27 %, 0.13 %, 1.09 % for BSFE-Ch, BSFP-Ch,
BSFI-Ch and 2.3 % for Shrimp-ch. In agreement with FTIR and NMR
analysis, these results confirmed that no inorganic impurities were left in
the chitins after extraction. Under nitrogen atmosphere (see Supple-
mentary Fig. 4a), and according to literature for α-chitin, all the samples
exhibited two decomposition stages with the first one corresponding to
water evaporation, and a second degradation step corresponding to
sugar deterioration (H. Wang et al., 2020). However, BSFE-Ch sample
showed a broader degradation peak, indicating the presence of impu-
rities such as residual cellulosic compounds, and protein’s traces (small
degradation peak around 460 ◦C on the DTG profiles) (Zozo et al., 2022).
All these observations were consistent with FTIR and NMR analysis.
Residues at 900 ◦C for all the BSF-Ch and shrimp-Ch under an inert at-
mosphere ranged from 14 to 19 %, being higher than the ones under an
oxidizing atmosphere and representing mainly chitin carbonised matter
(biochar) knowing that few amounts of biominerals are found in the

samples. The maximal degradation temperatures were 376 ◦C, 395 ◦C
and 396 ◦C for chitin derived from larval exuviae, puparium and dead
imago, respectively, while chitin derived from shrimp was of 383 ◦C.
The following results were in accord with Tdmax values under N2 at-
mosphere for α-chitin (350–400 ◦C) (Paulino et al., 2006).

XRD diffraction profiles of the extracted BSF chitins are presented in
Fig. 1d. Six main diffraction peaks were observed for all the samples,
corresponding to the crystal planes of α-chitin at 2Θ values of 9.3◦ (020),
12.8◦ (021), 19.2◦ (110), 20.6◦ (120), 23.3◦ (130), 26.4◦ (013), being
consistent with the literature (Ngasotter et al., 2023); (Salaberria et al.,
2014). Accordingly with the NMR and TGA results, the broader peak at
22.9◦ for BSFE-Ch sample could be attributed to a partial contribution of
cellulosic content with cellulose Iα (110) plane overlapping with the
α-chitin (130) plane (Pasquier et al., 2021). XRD data values for each
sample are depicted in Supplementary Table S4. For all diffractograms,
highest intensity peak was recorded for (110) and BSFP-Ch showed a
sharpest and more defined peak, suggesting a higher crystallinity.

The surface morphology of the powdered chitin samples (Fig. 2) was
assessed and compared to the powdered raw by-products (Fig. S5).
When considering, biological material such as insect cuticle, morpho-
logical features play an essential role regarding chitin’s functionality
and usage. Previous studies have shown that chitin surface morphology
differs depending on the species, the gender and the growth stage, with
four distinct morphology types depending on the presence or absence of
pores and fibrillar structure (Kaya et al., 2015). BSFI-Ch (Fig. 2a) dis-
played the most diverse surface morphology with microporous surface
and hexagonal arrangement as well, depending on the body part
considered, which can be linked to the different functions needed to
operate for the adult stage. Here, chitin’s role as a scaffold can be clearly
highlighted, with similar structures found for the raw by-products,
although, being less dense and logically not decorated with other
organic and inorganic compounds (see Supplementary Fig. S5). In
Fig. 2b and c, the morphology of BSF chitin derived from spent shells is
presented with a unique honeycomb-like pattern composed of hexago-
nal/pentagonal tiles and a dense surface. Although not visible on those

Fig. 2. SEM images (magnification ×50 and ×500) of chitin powder extracted from dead imago (a), larval exuviae (b), and puparium (c).
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micrographs some porous and/or fibrillar structures at the nanometric
scale can be assumed based on previous studies (Purkayastha & Sarkar,
2020); (Triunfo et al., 2022).

The physico-chemical characterization of the chitin extracted from
BSF-rearing by-products allowed to assess their properties and purity,
which are important data to evaluate the scope of coming applications
and the approach to produce its main derivatives: chitosan and/or
nanochitins. Here, the chitin from dead imago (BSFI) showed the best
purity with characteristics close to the one derived from shrimp, despite
displaying a low yield (see Table 2). Some impurity traces were found in
larval exuviae (cellulose and proteins) and puparium (proteins),
confirmed by FTIR, NMR and TGA analysis. This may arise, for the latest
resource, from the high degree of sclerotization of proteins. Therefore,
modifications to the extraction process could be beneficial, given that
BSFP-chitin represents a promising chitin source with an initial biomass
extraction yield reaching almost 20 %, and being among the three by-
products, the most generated.

3.3. Analysis of the obtained BSF chitin nanocrystals (ChNCs)

After chitin extraction from BSF rearing by-products (i.e. larval
exuviae, puparium and dead imago), the derivatisation into chitin
nanocrystals (ChNC) was undertaken by conventional acid hydrolysis.
During this process, amorphous regions with low lateral order are
hydrolysed and dissolved while the crystalline part more resistant to
acid attacks remains, emerging as rod-like particles (Scheme. 1). The
isolated chitin nanocrystals present gel-like forms with whitish colour
(see Supplementary Fig. S2). Chitin nanocrystals yields ranged between
70 and 75 %, being similar with those reported in literature for shrimp-
derived nanocrystals (Narkevicius et al., 2019).

3.3.1. Physico-chemical properties of chitin nanocrystals
The physico-chemical properties of the ensuing chitin nanocrystals

were investigated in the same regard as for chitin allowing to identify
potential changes in features after the ChNC isolation process. NMR,
FTIR and TGA analysis of the chitin nanocrystals are presented in Fig. 3.
Overall physico-chemical parameters of the resulting nano-objects were
comparable to their chitin analogues with slight differences.

13C NMR spectra of chitin nanocrystals isolated from larval exuviae,
puparium and dead imago, respectively labelled as BSFE-ChNC, BSFP-
ChNC and BSFI-ChNC, showed similar spectra than BSF chitins (Fig. 3a).
All the spectra displayed characteristics resonance peaks of α-chitin
molecule with sugar ring carbon atoms (C1–C6), methyl (CH3) and
carbonyl (C=O) peaks being located in the same range than the corre-
lated chitins (see Supplementary Table S5). The same impurities
(cellulosic compounds) and residual protein trace signals were found
only for larval exuviae chitin nanocrystals samples. The DA was of 96 %,
100 % and 61–66 %, respectively for BSFP-ChNC, BSFI-ChNC and BSFE-
ChNC (Table 2). As for BSFE-Ch, the DA determination of BSFE-Ch was
affected by the probable cellulosic content.

FTIR spectra of ChNCs (Fig. 3b) showed a comparable pattern to
extracted BSF chitins, with vibrational bands identified at, 1619–1654
cm− 1 (Amide I), 1552 cm− 1 (Amide II), 1307 cm− 1 (Amide III) and 1154
cm− 1 (saccharide ring), typical from chitin chemical structure (see
Supplementary Table S6). Interestingly, the bands ascribed to potential
lipids and residual proteins around 2900 cm− 1 and 1710 cm− 1,

respectively, were not identified, indicating a further purification during
the isolation process regarding the proteins and lipids content. In this
sense, FTIR spectra of chitin nanocrystals from BSF-rearing by-products
displayed identical features to ChNCs extracted in-house from shrimp
chitin (see Supplementary Fig. S6a).

Thermogravimetric analysis curves under air atmosphere of BSF
ChNCs are presented in Fig. 3c and their TGA and DTG profiles under an
inert atmosphere are depicted in Supplementary Fig. S4b. The thermal
behaviour of the ensuing BSF ChNCs revealed similar trends, either
under air or nitrogen atmosphere, when compared to extracted BSF
chitins. Under an oxidizing atmosphere, the three degradation stages
corresponding to water evaporation, chitin degradation and biochar
devolatilization were observed at similar temperatures. Almost no res-
idues were left at 900 ◦C, meaning that no mineral content was found
within the samples. In the inert environment, BSF-ChNCs presented the
same degradation profile as BSF-chitin, with at least two distinct weight
losses for all nanocrystal samples. The same additional degradation
stage for protein traces was present around 458 ◦C for BSFP-ChNC and
BSFE-ChNC. For the latest, the degradation peak at Tdmax appearedmore
defined and sharper than BSFE-Ch, despite being still affected to some
extent by impurities (e.g. cellulose content). The Tdmax as well as the
main reviewed physico-chemical parameters of BSF ChNCs are sum-
marized in Table 2.

Chitin nanocrystals diffractograms are shown in Fig. 3d and the
major diffraction peaks’ position with their respective attribution are
given in Supplementary Table S7. Similarly, as NMR results for the
nanocrystals, ChNCs crystalline features derived from BSF by-products
were similar to the chitin extracts starring a typical pattern of α-chitin.
A better definition of all the crystalline peaks and more particularly the
one corresponding to (110) plane, was noticed for each sample, indi-
cating an increase in the overall crystalline behaviour compared to BSF
chitins.

3.3.2. Morphological properties of the BSF-ChNC
Morphological features of the isolated BSF chitin nanocrystals were

observed by combining STEM in SEM and AFM analysis, and, as dis-
played in Fig. 4 all samples showed a rod-like morphology. Based on
STEM in SEM images, BSFI-ChNC samples showed smaller rod-like nano-
objects in width and length comparing with BSFP-ChNC and BSFE-ChNC
samples. Nevertheless, Fig. 4c and e, corresponding to puparium and
larval exuviae ChNC samples, appear to have higher level of aggregation
that may be due to the presence of some residual proteins and cellulosic
complexes demonstrated by NMR and TGA.

STEM in SEM micrographs of BSF-ChNC were compared to in house
isolated chitin nanocrystals from commercial shrimp chitin (see Sup-
plementary Fig. S6b) and TEM images of diluted suspension of shrimp-
derived nanocrystals from literature, which presented a typical
morphology of rod-like particle with high aspect ratio (Gopalan Nair
et al., 2003). Interestingly, the isolated BSF-ChNCs revealed similar rod-
like morphology but with longer lengths and thinner widths.

AFM images in peak force mode of the diluted BSF nanochitin sus-
pensions, also displayed nanometric chitin particles in the form of
whiskers. The average heights measured from the AFM images, showed
values ranging from 13 to 27 nm depending on the samples (Table 3 and
Supplementary Fig. S7). The lower height (13 nm) was ascribed to BSFI-
ChNC, being consistent with STEM in SEM observations.

Scheme 1. Schematic representation of the chitin nanocrystal isolation from chitin polymer chain by acid hydrolysis process (Narkevicius et al., 2019).
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Recent research has reported an average height of 11 nm for chitin
nanofibers obtained from BSF chitin larvae (Pasquier et al., 2021). The
present data collected by AFM shows some aggregation of nanocrystals,
in particular for the BSFP-ChNC sample which presents a high standard
deviation. Consequently, although the data obtained gives a certain
trend in the size of the nano-objects, a smaller average height for the
chitin nanocrystals isolated in this study could be hypothesized, espe-
cially for BSFE-ChNC and BSFP-ChNC.

3.3.3. Colloidal behaviour of the BSF-ChNCs
The colloidal behaviour of the chitin nanocrystal suspensions was

assessed by measuring their zeta potential at different pH (Table 3). Zeta
potential gives insights into the charged groups at the surface of the
considered nanoparticles, being a great tool to characterize their
colloidal stability. In the case of chitin, charged groups can arise
whether from positively charged ammonium ions (-NH3

+), being more
present for partially deacetylated ChNCs, or carboxylate anions (-COO− )
depending on the pH conditions. Herein, as illustrated in Fig. 5, for all
samples a positive zeta potential was recorded at acidic pH, with close
values for BSFI-ChNC and BSFP-ChNC, which then decreased gradually
to negative zeta potential values comprised between − 30 and − 40 mV
at basic pH. For the BSFE-ChNC sample, a rather low zeta potential even
at acidic pH could be associated with the presumed cellulose content,

knowing that cellulose typically exhibits a negatively charged surface on
a wide pH range. The overall following profiles were comparable to BSF
ChNFs reported by Pasquier et al., even though BSF ChNCs isolated in
the current study shifted to negative zeta potential at lower pH than BSF
ChNFs, resulting in higher negative values at neutral pH for nanocrystals
(Pasquier et al., 2021). This could be due to the higher acetylation de-
gree, indicating a limited presence of ammonium ions, thus, resulting in
a reduced stabilization of ChNCs. Previous studies have reported that
flocculation of nanoparticles is often encountered for zeta potential
values between − 15 and 15 mV, and usually stable for values above 25
mV highlighting that a high zeta potential is necessary to display
enhanced colloidal stability (Naduparambath et al., 2018); (Morais
et al., 2013); (Melikoğlu et al., 2019). For instance, Ngasotter et al. re-
ported stable ChNCs obtained from shrimp shells with a zeta potential
value of 51.1 mV (Ngasotter et al., 2023). This could be linked to the
aggregation behaviour of BSF ChNCs isolated in the current study which
can be correlated to the Z-average diameters recorded for the nano-
crystal’s suspensions (see Supplementary Fig. S8).

When measuring the size parameters of nanocrystals in DLS, a crit-
ical approach should be adopted because those nano-objects are not
spherical and usually display a high aspect ratio (Tarrés et al., 2022).
However, Z-average diameters of BSF ChNCs ranged from 250 nm to
740 nm depending on the sample and the pH conditions (see Fig. S8),

Fig. 3. 13C NMR spectra (a), FTIR spectra (b), TGA and DTG profile under air atmosphere (c), and XRD diffractograms (d) of the chitin nanocrystals (ChNC) produced
from BSF dead imago (BSFI-ChNC), BSF larval exuviae (BSFE-ChNC), and BSF puparium (BSFP-ChNC).
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being aggregated in the case of high Z-average value, which was
consistent with the literature (Ngasotter et al., 2023); (Jin et al., 2022).
These results suggest that the slight decrease in Z-average diameter
observed at pH of around 8 to 10 for all chitin nanocrystals seems to be
correlated to the higher zeta potential in absolute value at this pH range.
Therefore, in the current work, BSF ChNCs are thought to be essentially
stabilized by the carboxylate anions and hydrophobic repulsion of the
acetyl groups. Thus, an enhanced colloidal stability would be reached at

slightly basic to basic pH (8 ≥ pH ≤10). This represents a key aspect in
the use of the BSF ChNCs as reinforcing agent in nanocomposite for
active packaging, aerogels for thermal insulation, or as stabilization
agent in Pickering emulsion for food or bio-elastomers development
(Fernández-Marín et al., 2020); (Yan et al., 2020); (Barkhordari& Fathi,
2018); (Wang et al., 2017).

Fig. 4. STEM in SEM in BF mode and AFM images in peak force mode of chitin nanocrystals (ChNCs) isolated from BSF dead imago (BSFI-ChNC) (a,b), BSF larval
exuviae (BSFE-ChNC) (c,d), and BSF puparium (BSFP-ChNC) (e,f) (STEM: a,c,e; AFM: b,d,f).

Table 3
Chitin nanocrystal height measured from AFM images and zeta potential values of diluted ChNCs suspensions at different pH.

Sample
name

Minimum ChNC height
(nm)

Maximum ChNC height
(nm)

Average ChNC height
(nm)

Zeta potential at pH
2
(mV)

Zeta potential at pH
7
(mV)

Zeta potential at pH
12
(mV)

BSFE-ChNC 11.72 48.49 21.00 ± 6.90 3.12 ± 0.72 − 17.17 ± 0.85 − 36.83 ± 1.46
BSFP-ChNC 16.00 106.98 27.23 ± 17.28 12.80 ± 1.31 − 20.90 ± 0.56 − 29.80 ± 1.38
BSFI-ChNC 6.59 31.25 13.35 ± 5.69 10.90 ± 1.06 − 21.00 ± 2.87 − 39.20 ± 0.49

Average height is presented as mean ± standard deviation (n = 50) and zeta potential value as mean ± standard deviation (n = 3).
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4. Conclusion

In this study, the valorisation of three types of resources produced as
rearing waste during the life cycle of H. illucens (the larval exuviae –
larval moult, the puparium – pupal shell left after fly emergence, and the
dead imago – dead fly) were considered as potential alternative sources
of chitin and chitin nanocrystals. The extracted chitins and chitin
nanocrystals were characterized regarding their yield, physico-
chemical, thermal and morphological properties.

Chitins derived from dead adult (BSFI-Ch) and puparium (BSFP-Ch)
were comparable to the one obtained from shrimp commercial chitin,
exhibiting a high DA (97–100 %), with thermal and chemical features
characteristics of the α-chitin polymorph, displaying a maximal degra-
dation temperature between 370 and 395 ◦C under inert atmosphere.
Some residual proteins were found in extracts from moults (i.e., pu-
parium and larval exuviae) while BSFI-Ch was confirmed to display a
higher degree of purity. Other impurities were detected for the larval
exuviae sample, possibly linked to a cellulosic content introduced during
biomass harvesting from the breeding crate. Therefore, among the
considered initial resources, puparium stands-out in the scope of chitin
production, with a high extraction yield of around 20 %.

Chitin nanocrystals were subsequently isolated from chitin extracted
from BSF by-products, revealing similar physico-chemical properties
than their chitin analogues, although showing an apparent increase in
purity according to TGA profiles and FTIR spectra. STEM in SEM and
AFM investigations highlighted a rod-like morphology for all the chitin
nanocrystals isolated from BSF by-product. Nanocrystals average height
of around 13 to 27 nm was estimated from AFM analysis depending on
the sample. The analysis of the zeta potential of the ChNC suspensions at
different pH, showed a better colloidal stability at slight basic to basic
pH with zeta potential values close to − 30mV, implying a less aggregate
state and smaller nanoparticle size. Those data are of crucial impor-
tance, when considering the suitable condition to process the obtained
nanocrystals and optimize their use in material applications.

The present work, provide fundamental insights to understand the
composition, intrinsic physico-chemical and morphological properties
of the chitins and chitin nanocrystals obtained from each BSF by-
product. Taking in account their properties, that are very similar to
those from commercial chitin from crustacea, these samples have po-
tential promising applications in nanocomposites or Pickering emulsions

for food technology, cosmetics or packaging.
From an industrial point of view, thousands of tonnes of by-products

are generated each year in this sector, which represents non-seasonal
available biomass to be upgraded into high value-added products such
as chitin and its derivatives. Other interesting reflexions would be the
production of chitin from the whole by-products or similar resources (i.
e., larval exuviae and puparium), gathered in a unique process adapted
to extract BSF chitin with the highest purity, and also to try to valorise
the other compounds of these by-products like the lipids and proteins
using a biorefinery approach. Also, for future studies, it will be crucial to
focus on translation towards more resilient extraction processes within
the framework of green chemistry, adapting new type of solvent to
process this insect biomass, using fundamental tools to assess the
generated impact on the environment (LCA, GAPI metrics) as well as an
evaluation of the economic viability of the created process.

Knowing that insect meals have been subject to new regulations in
the EU and that the physicochemical characteristics of insect chitins are
close to those of crustacean chitins, similar regulatory aspects and po-
tential applications are expected for BSF chitin-rich by-product
derivatives.
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Fig. 5. Zeta potential values of the ChNCs suspensions in function of the pH
obtained from BSF dead imago (BSFI-ChNC), BSF larval exuviae (BSFE-ChNC)
and BSF puparium (BSFP-ChNC) (data are presented as mean ± standard de-
viation with n = 3).
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(2021). Purification of chitin from pupal Exuviae of the black soldier Fly. Waste and
Biomass Valorization: Scopus. https://doi.org/10.1007/s12649-021-01645-1

Jia, Z., Deng, Z., & Li, L. (2022). Biomineralized materials as model Systems for
Structural Composites: 3D architecture. Advanced Materials, 34(20), 2106259.
https://doi.org/10.1002/adma.202106259
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