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Abstract

Purpose Chitin purification from remains (pupal exuviae after metamorphosis to adult flies) of Hermetia illucens farming
was optimized performing demineralization, deproteinization and bleaching under different conditions. The optimal param-
eters to obtain high-purity chitin were determined.

Methods Dried and ground pupal exuviae, whose composition was initially determined, were demineralized using six dif-
ferent acids. Proteins were removed with a NaOH treatment in which temperature, molarity and duration were varied in a
randomized experiment. Bleaching was carried out testing ten different chemicals, including NaOCl, H,0,, solvent mixtures
and enzymes. The efficiency of each step was determined to assess the optimal conditions for each of them. The resulting
chitin was subjected to spectroscopic characterization.

Results The highest demineralization efficiency (90%) was achieved using 0.5 M formic acid for 2 h at 40 °C, confirming
the validity of organic acids as a more sustainable alternative to inorganic acids. The treatment with 1.25 M NaOH at 90 °C
for 4 h showed the highest deproteinization efficiency, removing 96% of the proteins. Temperature and NaOH concentration
were the significant parameters for deproteinization efficiency. The most efficient bleaching treatment was with 6% NaOCl
at 60 °C for 1 h (67% efficiency). H,0, could also be a valid alternative to avoid environmental risk related to chlorine-
containing compounds. At the end of the purification process 17% of the original biomass was retained with a chitin content
of 85%, corresponding to a chitin yield of 14% related to the initial biomass. Solid-state nuclear magnetic resonance showed
that the purified chitin had a degree of acetylation of 96% and X-ray powder diffraction gave a crystallinity index of 74%.
Conclusion This investigation shows an optimized method for extraction of high-purity chitin from H. illucens pupal exuviae,
supporting the validity of insect-farming remains as source of this versatile biopolymer.
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Statement of Novelty

The industrial production of insect-based proteins and lipids
by the conversion of agro-industrial waste streams gained
momentum in the last decade. To create a higher value of
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this process, a valorization of the side streams thereof is
required. To this end, we describe the production of pure
chitin from one of the major insect processing waste streams,
the pupal exuviae. Chitin, as a parental polysaccharide of the
acid-soluble chitosan, is currently the focus of comprehen-
sive research for the substitution of synthetic polymers in
various application fields. Since we addressed the decentral-
ized extraction of this versatile natural polysaccharide from
an insect processing waste stream, our investigations thus
provided the basis for a prospective commercialization of
this novel approach.

Introduction

Chitin is the Earth’s second most abundant polysaccharide
after cellulose, being the main structural component of
arthropod’s exoskeleton and the cell wall of fungi [1]. It is
a polymer of increasing commercial potential. It is used in
agriculture for the biological control of pathogens [2], in
tissue regeneration [3], for wound dressing, for adsorption
of dyes and heavy metals from waste water, as moisturizing
agent in cosmetics, and as additive in paper production [4].
Furthermore, chitin can be converted into chitosan, a poly-
mer with increased solubility and reactivity provided by free
amino groups, which can find a wider range of applications
[5, 6].

On an industrial scale, chitin is mostly obtained from
waste streams of the fishing industry (mainly crustacean’s
exoskeleton), whose chitin content ranges between 15
and 40% [7]. Nevertheless, in recent years it has become
necessary to look for alternative sources to cope with the
huge increase in demand expected for chitin and chitosan
[8]. Moreover, crustacean waste does not have a constant
availability throughout the year, its supply is becoming no
more sustainable without worsening the depletion of marine
resources and the chitin quality is not consistent since the
raw materials composition varies [9, 10].

Alternative sources of chitin are fungi and insects. Fungi,
as for example the species Mucor rouxii, can incorporate
chitin (as well as chitosan) up to 40% of the cell wall’s dry
weight [11]. Although offering a non-seasonable source of
chitin and chitosan, the content varies greatly with the fungal
life cycle [12]. Insect exuviae can contain up to 35% chitin
of the dry weight, depending on the species [13]. This is
a chitin-rich substrate whose availability is increasing, as
insect farming for feed production and waste management
is growing worldwide. Bioconversion of organic waste and
agricultural by-products by insects is one of the technolo-
gies that has received the most attention in recent years [14].
Insect waste deriving from this process can be a cost-free
source of chitin available throughout the year with low envi-
ronmental impact [15].
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The black soldier fly (Hermetia illucens L.) is one of
the most commonly bred species for the insect-based bio-
conversion. The larval stages of this fly can consume a
wide variety of organic substrates converting them into
valuable products, such as proteins and fat for animal feed,
lipids for biodiesel and cosmetics production, and frass for
soil improvement [16].

The life cycle of H. illucens is divided in five devel-
opmental stages, including egg, larvae, prepupae, pupae
and adult. During transition from larvae to pupae, several
larval exoskeletons are shed. Pupal exuviae are released
by metamorphosis from pupae to adult flies [17]. As chi-
tin is one of the major components of these by-products
of the life cycle [18], they are suitable for a prospective
decentralized chitin isolation. The larval exoskeletons
are commonly a component of the insect frass, which is a
commercial product. The chitin presence in the frass sup-
ports growth of beneficial microbes in soil and acts as a
biostimulant [19]. Pupal exuviae are easier to collect from
H. illucens farming, since they self-collect in the contain-
ers used for the development of pupae into adults, and the
one that is most readily available. Hence, a process for chi-
tin purification from pupal exuviae should be developed.

To date, the majority of studies focused on the optimi-
zation of chitin extraction from fishery waste, for which
several methods are available in literature. Purification
of chitin from insects still remains on laboratory scale,
mainly applying the protocols reported for crustaceans
that involve sequential steps to remove minerals, proteins,
pigments and catecholic compounds becoming noticeable
by the dark colour of the insect cuticle. A comprehensive
review of methods for chitin and chitosan purification from
insects is provided by Hahn et al. [20]. Chitin purification
from pupal exuviae has already been in the focus of a
study. However, the objective of Brigode et al. [21] was to
obtain physico-chemical data rather than to optimize chi-
tin purification. Furthermore, in most cases whole insects
at different developmental stages of their life cycle (f. e.
pupae, adult) are used [22-27] for chitin purification and
investigation instead of side streams from insect farming.

The present work was performed to optimize systemati-
cally the chitin purification from side streams of H. illu-
cens breeding, namely pupal exuviae for the first time.
Purification steps, i.e. demineralization, deproteinization
and bleaching, were carried out under different conditions
in order to determine the optimal parameters. The effi-
ciency of demineralization was investigated in relation to
the acid used, molarity and final washing volume. The
deproteinization step with alkali was optimized concern-
ing temperature, molarity and incubation time. The final
bleaching treatment was evaluated concerning the chemi-
cal used, duration and temperature.
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Materials and Methods
Material

Pupal exuviae are side streams of the black soldier fly
(H. illucens) cultivation, manually collected and provided
by Protix (Dongen, Netherlands). Insects were reared on
exclusively plant origin by-products from the food process-
ing industry. The raw biomass used was initially crushed
with an ultra-centrifugal mill (ZM 100, Retsch, Germany)
equipped with a ring sieve (Hole diameter: 0.5 mm). Mate-
rial was stored at — 18 °C until usage.

If not stated otherwise, desalted water was used. Rea-
gents were of practical grade and purchased either from
Carl Roth GmbH (Germany) or Merck KgaA (Germany).
The commercial chitin purified from Pandalus borealis
was purchased from Chitinor AS (Norway) and applied
for analytical comparison purposes.

Analytical Methods

The basic analyses were performed as triplicates. The chitin
content of the raw material, the demineralized and depro-
teinized pupal exuviae and the bleached chitin was measured
as acid detergent fiber (ADF). The value of the acid deter-
gent lignin (ADL) was measured and deducted from ADF to
consider the catechol content within the biomass according
to Hahn et al. [18]. The method includes the removal of non-
fibrous contents from the homogenized and degreased raw
material using an acidic detergent solution at elevated tem-
peratures. After washing, subsequent separation and drying,
the residue was weighed and the mass related to the original
biomass applied (ADF). To measure the ADL, the residual
biomass is subjected to an incubation with concentrated
sulfuric acid. Again the residual solid was washed until pH
neutrality, dried and weighed. The mass of the ash after
incineration of the biomass was subtracted from this value
and the difference is to be related to the biomass applied for
the measurement (ADL). The difference between the values
(ADF — ADL) refers to the chitin content.

The lipid content of the raw material was estimated by
Soxhlet extraction with n-hexane as solvent according to
Matissek et al. [28]. The moisture and ash contents were
determined at 105 °C and 550 °C according to DIN EN
15935:2009 and 12880:2000. Determination of different
metal ion contents in the raw material was performed via
Inductively Coupled Plasma Optical Emission Spectrom-
etry (Activa M, Horiba Scientific, Japan) after biomass
hydrolysis with sulfuric acid. All spectroscopic characteri-
zations were only carried out with hydrogen peroxide (see
experiment IV, Table 2) bleached pupal exuviae chitin.

Protein Quantification

A quantification of the proteins in the supernatant via Brad-
ford assay or similar is aggravated by the presence of the
catecholic compounds. Hence, the deproteinization condi-
tions were assessed by the amino acid content in the bio-
mass before and after the alkaline treatment. The amino
acids were thus measured in the supernatant after total
hydrolysis of the biomass. The decomposition was per-
formed with 120 mg sample suspended in 6 mL 6 M HCI
incubated for 45 min in a microwave oven at 110 °C. After
incubation, water was added up to a volume of 10 mL. The
supernatant was removed and D-Norvalin was added as
internal standard. Automated precolumn Fluorenylmeth-
oxycarbonyl (Fmoc) derivatization enables the detection
of the amino acids in the pmol/uL-range. Separation of the
sample was performed with a 1290 Infinity UHPLC-Sys-
tem and a Zorbax-Eclipse-RRHD-column (Agilent Tech-
nologies, US) applying a gradient with variable amount of
10 mM Na,HPO,—Na,B,0,-buffer pH 8.2 (mobile phase
A) together with Acetonitrile/MetOH/water (45/45/10
v/v/v, mobile Phase B). Volumetric flow rate was adjusted
to 0.8 mL/min and the temperature set up to 40 °C. Derivat-
ized amino acids were quantified with a fluorescence detec-
tor (266/305 ex/em).

The protein content of the raw material, the demineral-
ized pupal exuviae and the deproteinized samples was deter-
mined by summarizing the contents of all amino acids in the
biomass detected in the supernatant after total hydrolysis
(see Supplementary Material). To perform this, we have to
assume indefinite long protein chains, considering the loss
of water during peptide bond formation by subtraction of the
molecular weight (18 mol/g) from each amino acid. Further-
more, we hypothesize that some amino acids undergo partial
or total degradation during hydrolysis [29] so that the real
protein content should be slightly higher.

Attenuated Total Reflectance (ATR) Fourier Transform
Infrared Spectroscopy (FT-IR)

The FT-IR spectra were recorded on a “Vertex70” spectrom-
eter (Bruker) using a diamond ATR crystal. The measure-
ments were executed in the range of 4000—400 cm™! with
a resolution of 4 cm™! and a measuring time of 60 scans
(>25s).

X-ray Diffraction (XRD)

The chitin was filled into mark-tubes (@ =7 mm). The XRD
measurements were performed on a Bruker AXS Nanostar
with a copper anode (A=1.5418 A) and a Histar 2D detector
to obtain the scattering intensity as a function of the scatter-
ing angle, the obtained 2D images were integrated over one
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direction in space. The scattering angle was calibrated using
silver behenate. The measurement was performed at 25 °C.
The crystallinity index (CI) was determined by:

Lo —1
Cl o[ %] = w - 100 )
110

where I}, is the maximum intensity of the (110) lattice dif-
fraction at 20 =19° and I, is the intensity of the amorphous
diffraction at 20=12.6° [30, 31].

Solid-State Nuclear Magnetic Resonance (ss-NMR)

"H-'3C cross polarized magic-angle spinning (CP-MAS)
NMR experiments were performed on an Avance III 400WB
spectrometer at a resonance frequency of 100.6 MHz, a spin
rate of 8 kHz and by applying a contact time of 1 ms as in
literature [32]. A delay of 5 s between the scans was applied.

The degree of acetylation (DA) was calculated from the
integral of the methyl carbon C8 divided by the integrals of
the ring carbons C1-C6 [32, 33].

_ Ieg
DA[%] =
(101 Flep s+ 1y +1cs +IC6) :

[

Purification Investigations

First, demineralization investigation was carried out (step 1).
Identification of a suitable demineralization agent resulted in
the production of a larger batch to carry out the deproteiniza-
tion experiments (step 2). Bleaching was performed as third
and final process step

Step 1: Demineralization

For demineralization (DM), a suitable agent needs to be
identified from different organic and inorganic acids. For this
purpose, H;PO,, H,SO,, HNO;, HCI, CH;COOH, HCOOH
were applied. Thus, 1 g of homogenized pupal exuviae were
suspended in 15 mL of the respective acid (all 0.5 M with
exception of 0.25 M H,S0O,) using 50 mL reaction vessels of
a parallel synthesis apparatus (Synthesis 1, Heidolph, Ger-
many). The investigations were performed for 2 h at 500 rpm
either at 40 or 70 °C. Water incubation without acid addition
was carried out at 70 °C to set-up a benchmark. After incu-
bation, the suspension was centrifuged (10 min, 4696 g) and
the supernatant was decanted. Then, the residual biomass
was washed with 15 mL water and again centrifuged. Wash
water was decanted, biomass dried at 105 °C overnight and
the ash content was finally measured. All experiments were
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carried out in triplicates. Demineralization efficiency (DME)
was calculated according to the following equation:

DME[%] = 100 ACpen 100
o] = AC 3)

RM

whereby AC),,,, and ACy,, is the ash content after and before
demineralization, respectively.

Step 2: Deproteinization

Deproteinization experiments were performed in order to
determine the quantitative effect of different conditions for
protein removal. For deproteinization (DP) investigations, a
larger amount of demineralized pupal exuviae were previ-
ously prepared. This was performed in a 3 L-shaking flask
with 200 g grinded pupal exuviae suspended in 800 mL 1 M
formic acid incubated for 3 h at room temperature (RT) and
a shaking frequency of 120 rpm. It has to be stated that the
conditions slightly differ from those investigated in the dem-
ineralization study but are a result of few adaptions which
did not lead to significant altered DME. However, biomass
was afterwards separated by centrifugation (4696 g, 10 min)
and subsequently washed with 1.8 L water. After another
centrifugation step, the demineralized biomass was dried
overnight at 105 °C.

DP was performed in a parallel reaction system
(Tornado™IS6, R. B. Radley Co. Ltd, UK). 50 mL of the
sodium hydroxide (NaOH) solution were heated in a 50 mL
reaction vessel to the temperature fixed before. Reached the
desired temperature, 5 g of demineralized pupal exuviae
were added and the suspension stirred (300 rpm). Reaction
was finished after the predefined incubation time by cool-
ing on ice. The deproteinized material was separated with
a glass funnel equipped with an integrated filter membrane
(pore size 100—150 pm) under vacuum. Subsequent wash-
ing of the biomass with hot water (~250 mL) removed dyes
and adsorbed proteins. The product was dried in an oven at
105 °C overnight and further analyzed concerning the amino
acid content. The amino acid content was utilized to deter-
mine the protein content, and deproteinization efficiency
(DPE) was calculated according to the following equation:

P
DPE[%] = 100 — < il -100) )

Dem

whereas Pp,, and Pp,,, are the protein content in percent-
age after and before the reaction, respectively. The different
conditions applied for the approaches and the certain results
are provided in Table 1.

Temperature (°C), NaOH concentration (mol/L) and
incubation time (h) were varied in randomized experiments
in order to identify the most relevant deproteinization
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Table 1 Deproteinization efficiency as a function of different param-
eter combinations (NaOH concentration, incubation time, incubation
temperature)

Experiment ¢ (NaOH) Time (h) Tempera- DP
(mol/L) ture (°C) efficiency
(%)
1 1.25 1 50 31
2 1.25 4 90 96
3 1.25 2.5 70 79
4 1.25 2.5 70 91
5 2 2.5 50 35
6 1.25 4 50 15
7 2 2.5 90 95
8 2 4 70 86
9 2 2.5 90 92
10 2 2.5 90 93
11 2 1 70 45
12 0.5 1 70 23
13 0.5 2.5 50 0
14 0.5 4 70 20
15 0.5 2.5 90 80
16 1.25 1 90 93

parameters. Response surface methodology (RSM) and
linear regression were performed with Design-Expert®
(Version 7.1.5, Stat-Ease Inc. Minneapolis, USA). Results
were analyzed with the statistical software to determine the
optimum conditions for the DP process and to assess valid-
ity and relevance of each parameters for demineralization
efficiency.

Step 3: Bleaching
According to the results obtained by the evaluation of the DP

experiments and to provide a sufficient amount of raw mate-
rial for bleaching trials, a larger amount of demineralized

pupal exuviae was subjected to DP at previously determined
suitable conditions. Hence, 75 g of demineralized pupal exu-
viae were incubated for 2 h at 90 °C in 2.5 M NaOH at a
liquid/solid-ratio of 10 and stirred at 500 rpm in a stainless-
steel reactor (Versoclave, Biichi, Germany). Afterwards,
supernatant was removed via filtration, the residue washed
with 4 L 80 °C hot water and the deproteinized pupal exu-
viae subsequently dried at 105 °C.

Bleaching was carried out with agents and protocols
identified in other studies originally applied for bleaching
of cellulose or chitin derived by crab shells or insects. The
individual approaches and the respective conditions for
bleaching are listed in Table 2.

All experiments were carried out in duplicates and the
bleaching solutions were separated from the biomass by cen-
trifugation for 5 min at RT and 4696 g after the bleaching
process. The samples were additionally washed with 250 mL
of water at 80 °C (methods 1 and 2) or 40 °C (method 3).
The wash solution was removed by further centrifugation
under the already mentioned conditions. Subsequently, the
bleached insect chitin was dried overnight at 105 °C.

Method 1

For bleaching experiments I-VI (Table 2), 0.5 g of the insect
chitin were weighed into a 50 mL glass reactor vessel and
incubated with 10 mL of the bleaching solution for 60 min
(except experiment IV 90 min) at 200 rpm. The bleaching
reactions were carried out in the parallel synthesis system
(Tornado™, Radleys) which was also used for DP. Experi-
ment [V had to be finished after five min due to strong foam-
ing. The sample was washed and dried under the abovemen-
tioned conditions.

Table 2 Main contents of the

c . . Trial Bleaching solution Conditions Method Adapted from
different bleaching solutions,
incupation conditions, I_‘ﬂethOdS I 1% Na,S,0, (sodium dithionite) 70 °C, 60 min 1 [34]
applied and the respective study I 3% H,0,; pH 7.5 90 °C. 60 min 1 (35]
I 5% H,0,; 0.1% MgSO, 70 °C, 60 min 1 [36]
v 5% H,0,; 1.8% NaOH; 0.2% MgSO, 85 °C, 90 min 1 [37]
\" 1% CH,N,0,S (thiourea dioxide) 70 °C, 60 min 1 [34]
VI 6% NaOCl 60 °C, 60 min 1 [38, 39]
VII 1/2/4 CHCl;/MeOH/H,0 RT, 120 min 2 [40]
VIII 1/3.5/4 CHCly/MeOH/H,0 RT, 60 min 2 [40]
X Laccase RT, 24 h 3 [41, 42]
X Laccase, 3 mM ABTS RT, 24 h 3 [41, 42]

All quantities in experiment I-VI refer to weight per volume, shares of trials VII and VIII refer to volume

per volume
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Method 2

The bleaching with solvent mixtures (experiments
VII-VIII, cf. Table 2) was carried out in 15 mL reaction
vessels in a table shaker. For this purpose, 0.5 g of sample
were weighed into a vessel and these were each filled with
10 mL of bleaching solution. The incubation took place
at RT for 2 h (experiment VII) or 1 h (experiment VIII),
at 500 rpm.

Method 3

As an alternative to the bleaching with chemicals, the use
of laccase was attempted to remove pigments from insect
chitin. Laccase can cleave lignin [34], thus it was applied
to unbleached chitin due to the structural similarity
between monomeric lignin constituents and the catecholic
compounds. In these experiments (IX and X), a batch was
carried out only with laccase and citrate buffer (pH 5), and
an approach with additional 3 mM ABTS 2,2'-azino-bis-
(3-ethylbenzthiazolin-6-sulfonic acid). ABTS is a diam-
monium salt which supports the electron transfer of the
oxidation as a mediator. Experiments were carried out in
100 mL shaking flasks in the shaker. 1 g of insect chitin
was added to a flask with 20 mL of citrate buffer with or
without ABTS and 0.42 mg of laccase (5.6 kU/g measured
with ABTS). The batches were incubated at room tempera-
ture for 24 h, at 160 rpm (Table 2).

Bleaching Evaluation

In order to quantitatively assess the bleaching effect of the
different treatments, the bleached chitin was colorimetri-
cally measured in a spectrophotometer. The spectropho-
tometer measures the reflectance values by illuminating
the surface of the sample over the entire spectrum of vis-
ible light. A pure white standard with 100% reflection and
a black one with 0% reflection were used for calibration.
The CIELab system is a colour space defined by the
International Commission on Illumination (French: Com-
mission Internationale de I’Eclairage, CIE) in 1976. The
internationally used CIELab colour space was utilized to
relate reflectance spectra to colour and evaluate differences
among samples. Using the device-independent 3D colour
model, colour differences are determined numerically.
CIELab describes optical colour perception in a three-
dimensional space and divides it into two colour axes
(red-green and blue-yellow) and one lightness axis (white-
black) [http://cie.co.at/]. The lightness axis has a scale of
0-100, where 0 means pure black and 100 means pure
white. Within this colour space, each colour is represented
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by a colour point with L*, a* and b* as coordinates. The
colour difference between a bleached sample and a refer-
ence sample can be measured as the distance between their
respective colour points. With this method, the increase
in lightness due to the bleaching treatment and, thus, the
bleaching effect can be determined.

Preparation of the Bleached Samples

The bleached insect chitin, previously dried and ground,
was pressed into tablet-shaped discs (@ 13 mm) using a
laboratory press. Approximatively 200 mg of bleached chi-
tin was transferred into the pressing device and pressed
at 10 bar. The pressed pellets were then measured in the
spectrophotometer and evaluated according to the light-
ness axis of the CIELab colour space.

Colorimetric Measurement of the Bleached Samples Using
a Spectrophotometer

For the quantitative evaluation of the bleaching effect, chi-
tin samples were measured colorimetrically using a spec-
trophotometer. This determines the coordinates in the 3D
CIELab colour space through remission and transmission
measurement via double-beam spectrophotometry.

First, unbleached insect chitin was measured as a stand-
ard and its colour was converted into coordinates. The
bleached samples were then measured, also converted,
and the distance to the coordinates of the standard was
generated as difference (D) on the individual axes (DL*,
Da*, Db*). The values of lightness distances (DL*) were
used to assess the bleaching effect. Since the bleaching
tests involved the brightening of the samples, the absolute
lightness values L* were defined as a significant criterion
for the evaluation of the bleaching effect. The higher the
L* value, the brighter the sample and the more effective
the bleaching treatment. Based on the L* values of the
purified insect chitin as a reference sample (L* standard),
the bleaching effect was calculated as percentage increase
in lightness, using the following equation:

DL*sample

Bleachi ffect[%] = ——— -
eaching effect[%] T standard

100 )

Results and Discussion

Pupal exuviae arose from the transformation of the pupae
in H. illucens imago. A major challenge of the chitin puri-
fication thereof is the sclerotized structure of the cuticles,
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meaning the cross-linking of proteins with catechol deriva-
tives and chitin, resulting in water extrusion, hardening
and browning of the cuticle [35, 36]. The three consecutive
steps of the chitin purification process from pupal exuviae
were investigated: demineralization (step 1), deproteiniza-
tion (step 2) and bleaching (step 3).

Characterization of the Raw Material

The metal ion contents of the pupal exuviae fresh mass were
as follows: Ca’* 40 mg/kg, Mg>™ 5 mg/kg, Mn** 0.8 mg/
kg, Fe>™3* 0.15 mg/kg, Zn>** 0.05 mg/kg, Cu** 8 ug/kg,
Ni** 4 pg/kg. The pupal exuviae have a moisture content
of 8.7%, and an ash content of 15.8% on a wet mass base.
Lipid content was determined to be 1.2% related to wet
mass. Khayrova et al. [37] have determined the ash and lipid
content of H. illucens pupal exuviae, obtaining 10.5% and
8.9% respectively. At the best of our knowledge, there is no
other work in the literature with which to compare our data.
In most cases, the composition of larvae or prepupae of H.
illucens, the stages most commonly intended for animal feed
production, is determined.

Demineralization as the first step of purification

Previous investigations identified the major amount of the
ash in the Black soldier fly as calcium and magnesium salts
(not shown), whereby the main counter anion is carbonate
[38]. The application of an acid results in the degradation of
the carbonates and the formation of carbon dioxide which is
the driving force of the reaction. Various acids were investi-
gated at different temperatures concerning the demineraliza-
tion efficiency, the results are reported in Fig. 1.

Treatment with acids was mandatory as indicated by the
non-significant demineralization of pupal exuviae resulted
from incubation with water at both 40 and 70 °C. The

solubility of calcium carbonate (14 mg/L at 20 °C) (GES-
TIS substance database, 2020, https://gestis-database.dguv.
de/data?’name=001650) is too low to allow its removal with
water only. Furthermore, calcium carbonate is an “inverse
solubility salt” whose solubility decreases with increasing
temperature [39].

At both temperatures, sulfuric acid and phosphoric acid
showed the lowest DME, resulting in residual ash con-
tents > 8% (Fig. 1). The use of phosphoric acid leads to the
formation of heavily soluble calcium phosphates at slightly
low pH values and an inverse solubility as already described
for calcium carbonate [39]. The application of sulphuric acid
at the given pH value leads to the formation of calcium salts
with low solubility remaining in the biomass. What has just
been said also applies to the magnesium salts. Hence both
phosphoric and sulfuric acid are not suitable for deminerali-
zation of H. illucens pupal exuviae.

The use of nitric, hydrochloric, acetic and formic acids
resulted in a much lower mineral content (1.6-5.2%) at
both temperatures, with the highest DME being achieved
treating with both 0.5 M formic acid or hydrochloric acid
(Fig. 1). The salts formed as a result of the use of these acids
(nitrates, chlorides, acetates and formates) have a higher sol-
ubility than calcium phosphate or sulphate. Comparing the
mineral content after the 40 °C and 70 °C treatments with all
acids, it is shown that the treatment at 70 °C did not result
in the removal of more minerals as could be expected. With
sulfuric and acetic acid only the DME was slightly higher
at 70 °C than 40 °C.

Since it showed the highest DME at both 40 °C and
70 °C, formic acid was the acid of choice for DM of pupal
exuviae.

These results are in line with studies on DM of shrimp
shells with organic acids, such as lactic or acetic acid,
reporting that the DME was comparable to that obtained
using hydrochloric acid [40, 41]. Furthermore, the costs

Fig.1 DME as function of 100 -
different acids and temperature < 80l
of the acid solution. Upper bar § 1
graph represents the approaches >, 60+ 1 I
performed at 40 °C, the lower 8 40 l
graph provides the results of @ 20
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70 °C results in a DME of 8 HCOOH HCI HN03 CH3COOH HZSO4 H3PO4
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of demineralisation can be reduced by using organic acids
[40] and salts of formic acid exhibit lower corrosiveness
than mineral acids, which can reduce material wear on an
industrial scale.

Formic acid has already been used for DM of H. illucens
larval exoskeleton, obtaining a DME of 84-86% [20]. Simi-
lar values were achieved by Zhou et al. [42] using natural
deep eutectic solvents for DM of prepupae. Khayrova et al.
[43] and Smets et al. [44] performed DM of H. illucens lar-
vae, prepupae and pupae with hydrochloric acid, but DME
of these treatments was not been measured.

Investigation of the Deproteinization as Second
Step of Chitin Purification

As is the case for chitin purification from crab shells, pro-
teins are the second compound to be separated after dem-
ineralization in a deproteinization step. The protein content
of samples was deduced from the mass sum of all amino
acids quantified.

The amino acids content of raw pupal exuviae was
317.4+30.9 mg/g, so the protein content of the pupal exu-
viae biomass was calculated to 31.7 +3.1% (w/w). This pro-
tein content is slightly lower than in the exoskeleton of other
insects. For instance, exoskeleton of honeybees (Apis mel-
lifera) contains around 40% proteins [45]. Cocoons of the
fungus gnat (Rhynchosciara americana) have 38% protein
[46], while cocoons of silkworm (Bombyx mori) have 48%
proteins [47].

Deproteinization was carried out with the demineralized
pupal exuviae. The deproteinization efficiency (DPE) was
calculated for all the experiments. Results are reported in
Table 3. The highest DPE resulted from incubation with
1.25 M NaOH solution for 4 h at 90 °C (experiment 2),
during which 96% of the proteins was removed from the
sample. The use of NaOH leads to partial or total hydrolysis
of the peptide bonds, whereby the extent of the hydrolysis
increases with the incubation temperature and alkali con-
centration. Indeed, the DPE raised sharply as the tempera-
ture was raised. With a temperature of 90 °C, the DPE was
higher than 79% independent of incubation time and NaOH
molarity.

Even incubating for 4 h, the lowest NaOH concentra-
tion (0.5 M) and a temperature of 70 °C (experiment 14),
resulted in a minimal DPE of 20%. The DPE raised to 79%

by increasing only the NaOH concentration to 1.25 M
(experiment 3).

As already presumed by a superficial investigation of the
results, temperature and NaOH concentration are significant
parameters for DPE (p <0.005). The dependency of the DPE
in function of both parameters is illustrated in Fig. 2. The
incubation time has lower significance. Thus, a linear model
with two main effects was generated:

DPE(%) = —86.5 + 1.65 - temperature (°C) + 20 - ¢c(NaOH) (mol/L)

The F-value of 23.3 implies that the model is valid.
Independent from the incubation time and according to the
model, 90 °C and 2 M should result in a maximum DPE.
Although providing a valid model, a R? of 0.78 indicates that
there is significant proportion of variation in the data which
cannot be reasoned by the model. It has to be further stated
that the optimum temperature and NaOH concentration are
at the upper limit of the range applied for investigation. This
implies, that higher values would be more efficient. Never-
theless, 100 °C is the limit for the water temperature con-
ducting the deproteinization with common equipment and

110
82.5

55

DPE (%)

275

K OSLHRIRAL 06205 %
0 QO 0.9 9, 0 @@
00 9% 00
o o:o":'o"‘o .,‘oﬁoﬁo,"""
0‘0 0,’00%’0
<% 0% '0,000,%0,0.:0
u.:o,' ,'%:0 L — 90
020 208020, TS
PR

B: NaOH (mol/L) A: Temperature (°C)

Fig.2 DPE (%) in function of NaOH concentration (mol/L) and tem-
perature (°C). The chitin applied was previously demineralized at
optimum conditions

Table 3 Representation

Bi % ADF (% ADL (% Chitin (%
of the fiber content after fomass recovery (%) % (%) itin (%)
each purification step: Raw material 100 327404 12.6+0.2 20.0+0.5
demineralization (DM), After DM 61.4+0.2 55.5+0.5 18.1+1.8 374+19
deproteinization (DP) and
bleaching After DP 22.5+0.8 90.8+0.3 11.4+02 79.4+0.3

After bleaching 16.5+0.8 88.9+0.4 4.2+0.1 84.7+0.4
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2M NaOH is a suitable concentration to deproteinize the
samples in an appropriate time span.

A quantitative evaluation of the DPE of insect biomass
was only performed by few researchers. The DPE achieved
within out treatment was confirmed by other studies: Kim
and coworkers [24, 48] applied DP conditions similar to ours
(1.25M NaOH for 3 h at 95 °C) on Musca domestica pupae
and Gryllus bimaculatus adults achieving 87% DPE. A DPE
of 97% was achieved by Zhou et al. [42] using natural deep
eutectic solvents on H. illucens prepupae.

It has to be stated that the deproteinization at alkaline
conditions and elevated temperatures commonly results in a
partial deacetylation of the chitin as approved by Pires et al.
[49]. However, the authors reported a deacetylation of about
13% of the acetyl groups at similar conditions as provided
in the present study.

The use of NaOH is also accompanied by the solubiliza-
tion of catechols that are incorporated into the insect cara-
paces due to the sclerotization process. Part of these catech-
ols is known to be tightly bound to chitin [50] and they are
not removed by the DP conditions applied. Thus, the use of
bleaching reagents in a separate step is necessary to remove

the residual coloration of the biomass. In the cocoons of
the tobacco hawkmoth (Manduca sexta), 4% of catechols is
present after sclerotization. By the time the adult hawkmoths
hatch from the cocoons, the proportion of catechol deriva-
tives increases up to 17% [51]. A similar catechol content
can be expected for the H. illucens breeding waste.

Bleaching as the Final Process Step

The bleaching treatment was applied at the end of the puri-
fication process, to increase chitin lightness and purification
degree by removing redox-sensitive and colour-intensive
contaminants, mainly catecholic compounds. All bleaching
experiments were carried out with the unbleached insect chi-
tin, which was first demineralized and deproteinized with the
process conditions identified to be optimal. The images of
the resulting bleached samples are shown in Fig. 3. Bleach-
ing effects of the different treatments were determined
by colorimetric measurement using a spectrophotometer.
The lightness values (L*) of bleached samples and the
unbleached insect chitin as standard were first determined.
With the knowledge of the L* value of the standard chitin

Experiment |
1% Naz2SO04

Experiment Il
3% H20:2

Experiment I

5% H202;
0.1% MgSOs4

Experiment IV
5% H202;
1.8% NaOH,;
0.2% MgSOq4

Experiment V
1% CH4N202S

Experiment IV Experiment VII Experiment VIII Experiment IX Experiment X
6% NaOCl 1:2:4 1:3,54 Laccase Laccase + ABTS
CHC I3, CH3sOH, CHC I3, CH3sOH,
H20 H20

Fig.3 Reagents and concentrations used for the different bleaching methods, and the resultant respective bleached chitin. The chitin used was

previously demineralized and deproteinized at optimum conditions
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(L*=47.9), the DL* of each bleached sample (i.e. the dif-
ference of lightness between the standard and the bleached
samples) and, consequently, the bleaching effect of the
respective treatment were calculated. Lightness and bleach-
ing effect values of each treatment are shown in Fig. 4. The
best result was achieved using NaOCI solution, which led to
an increase in L* by about 38, compared to the unbleached
chitin, corresponding to a bleaching effect of 66.5%. The
H,0,-containing solutions also led to very good bleach-
ing. The use of H,0, with NaOH resulted in a significantly
higher bleaching effect (62.5%) than the use of H,O, alone
or with MgSO, additive without lye. This makes clear that
alkaline-soluble cleavage products are formed during oxi-
dative bleaching [52]. These products remain in solution
through the NaOH and can be removed during the separation
of the solution. Less effective (7.7-13.9% bleaching effect)
were reducing agents and solvent mixtures (experiments I,
V, VII, VIII). The enzymatic approaches could not lead to a
significant lightening. Only a bleaching effect of 0.3% was
observed using laccase. The use of ABTS as mediator for
laccase even resulted in a slight, reddish colouration of the
solid based on a colour change from green to red when incu-
bating the ABTS solution with laccase, citrate buffer and
chitin. This dyeing was transferred to the solid and could not
be alleviated by the washing step following the incubation.

Due to the environmental risk of chlorine-containing
bleaching agents, it is desirable to identify a chlorine-free
alternative to the bleaching of insect chitin. For instance,

a treatment with potassium permanganate (KMnO,)
and oxalic acid (C,H,0,) was proposed by Wasko et al.
[53]. The use of 1% KMnO, for 1 h at room tempera-
ture followed by 4% C,H,0, for 1 h at 60 °C for bleach-
ing of H. illucens adults and pupal exuviae chitin led to
a white—gray product [53]. According to our results, the
use of H,0, can also be a valid alternative to chlorine-
containing compounds, being its bleaching effect almost
equal to that of NaOCI. Furthermore, combining bleach-
ing with deproteinization using a mixture of H,0O, and
NaOH, as done in the bleaching experiment IV, could be
considered. The percentage used of NaOH (1.8%) corre-
sponds to a concentration of about 0.5M. According to
the results of our deproteinization experiments, the use
of 0.5M NaOH at high temperature results in a DPE of
80%. Thus, a combination of H,0, and an increased NaOH
concentration could lead to a highly efficiency deproteini-
zation and bleaching.

A comparison with literature values is challenging and
not very significant, because of different evaluation meth-
ods and chitin sources. Crustacean shells, the major chitin
source, has a faint red coloration which is mainly due to
non-covalently bound carotenes [54] not contaminated
with cross-linked catechols as in the exuviae of insects.
However, some “lessons” can be learnt: Kaya et al. [55]
proposed the use of a bleaching treatment with NaOCl
as the first step in the purification process of chitin from
crustacean, to reduce the time required for subsequent

Fig.4 Absolute lightness values 90 —
L* of the differently bleached ]
samples in comparison to the 80
unbleached insect chitin. The |
values in the column are the 70
bleaching effects [%] with T
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demineralization and deproteinization. This option could
also be investigated for chitin isolation from insects.

Degree of Purification Within Processing
of the Pupal Exuviae

In the three purification steps DM, DP and bleaching, dif-
ferent components of the sample material are removed and
the chitin is enriched. To evaluate the purification, a wet
chemical method (ADF, ADL, ADF-ADL) was performed
after each step to determine the respective chitin content
and to assess the purification. Chitin purity and related
data during purification are shown in Table 3.

The results indicated a total loss of 83.5% biomass
after the three extraction steps, with the highest losses
occurring after both DM and DP to an equal extent. The
lower loss in bleaching than with DM and DP was due to
the proportionally lower presence of chromophores. The
original biomass contained approx. 21.4% minerals and
31.7% proteins. The catechols were measured as ADL with
a proportion of almost 13.0%.

Furthermore, it can be seen that the ADF was enriched
by DM and DP from originally 32.7% to 90.8% by remov-
ing minerals and proteins. Considering the values of ADL,
an increase of 5.5% (from 12.6 to 18.1%) occurred after
DM compared to the raw sample (Table 3). Just like the
ADF, it was initially enriched when the minerals were
removed. However, a decrease to 11.4% was obtained
by DP using NaOH. This can be explained by the fact
that the splitting of the peptide bonds by means of NaOH
also causes a part of the catechols to be dissolved and
removed, indicated by the browning of the DP solution.
The further decline of the ADL value after bleaching sup-
ports the assumption that the ADL relates to the catechol
content of the insect cuticle. The aim of bleaching was to
separate or disintegrate the catechols leading to darken-
ing. The effectiveness of this treatment is illustrated by the
lightening of the samples and an ADL value of only 4.2%
after bleaching.

In order to evaluate the accumulation of chitin during
purification, the values of ADF-ADL could be considered.
Here, a stepwise increase through the individual purifica-
tion steps can be seen. Starting from 20.0% in the dried raw
sample, the value was increased to 84.7% after DM, DP
and bleaching (Table 3). This result shows that the methods
applied can be successfully used for the recovery and purifi-
cation of chitin from insect remains of H. illucens. The chitin
content of our final product can be assumed as a degree of
purity of the chitin obtained from H. illucens pupal exuviae.
A purity of 84.7% is in accordance with the average value
(82.5%) obtained by Zhou et al. [42] purifying chitin from
H. illucens prepupae with natural deep eutectic solvents.
A slightly higher purity (93%) was achieved by chemical

purification from Bombyx eri larvae using HC1 and NaOH
for DM and DP, respectively, without performing bleaching
[56].

A biomass retention of 16.5% containing 84.7% chi-
tin corresponds to a chitin yield of 13.9%, referring to the
whole insect biomass applied for the extraction. This value
is comparable to the average yield of 5-15% chitin obtained
in most cases from different insect species [13]. Chitin has
been purified from H. illucens pupal exuviae only by Bri-
gode et al. [21] and Wang et al. [27] with a yield of 25
and 14%, respectively, using HCI for DM and NaOH for
DP. Recently, also Ztotko et al. [57] reported the isolation
of chitin from pupal exuviae of this insect, using the same
chemicals for DM and DP, but achieving a much lower chitin
yield: 8% without bleaching, and 6-7% applying different
discolouration treatments. Nevertheless, it should be noted
that there is no uniformity in the calculation of the chitin
yield, as it refers sometimes to the total biomass retained at
the end of the extraction process, and sometimes to the chitin
content of this final biomass obtained.

However, chitin enrichment is accompanied by loss of
the biopolymer during the purification processes. On the
one hand, this is done by filtration or sample transfer. On
the other hand, a partial degradation of the chitin can also
be assumed. From the initial value of the chitin content of
20.0%, the yield of biomass, the total masses and the chitin
content after purification (84.7%), the loss of chitin amounts
to 27.6% and is thus within an acceptable range.

Spectroscopic Characterization and Assessment
of the Quality of Pupal Exuviae Chitin

Fourier-transform Infrared spectroscopy (FT-IR) is a simple
and powerful analytical technique to determine the func-
tional groups present in chitin. The most significant bands
of Hermetia illucens-derived chitin occur at wave numbers
of 1310 cm™' (CN stretching, amide III), 1560 cm™' (NH
bending, amide II), 1623 and 1655 cm™! (CO stretching,
amide I), 3105 cm™! (NH symmetric stretching), 3255 cm™!
(NH asymmetric stretching) and 3440 cm™! (OH stretch-
ing) (Fig. 5A, see commercial chitin for reference) [13, 58].
The two separate bands at 1623 cm™! and 1655 cm™! indi-
cate the presence of a-chitin, which is related to the occur-
rence of the intermolecular hydrogen band —CO---HN- and
—CO---HOCH, [59].

Powder X-ray diffraction shows broad reflections at 20
values of 9° (020), 13° (021), 20° (110), 21° (120), 23°
(130), 26° (031) indicating the occurrence of the lattice
planes (020), (021), (110), (120) (130) and (031) of the
crystal of a-chitin (see Fig. 5B) [60]. The theoretical X-ray
diffraction pattern was published by Sikorski et al. [60] and
emphasizes the relevant signals derived from the different
planes. The crystallinity index of the chitin was calculated
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Fig.5 Spectroscopic characterization of purified a-chitin from pupal
exuviae. A shows the FT-IR spectra of the commercial P. borea-
lis chitin (red) and the pupal exuviae chitin (black). B illustrates the
XRD diffractogram of the pupal exuviae chitin and a theoretical pat-

to be CI;,,="74%. This value is comparable to the common
crystallinity indices of 72-83% in different a-chitin sources
[61-63].

13C solid-state nuclear magnetic resonance (ss-NMR)
is able to assess the quality of chitin such as the degree
of acetylation (DA), polymorphic forms and impurities
such as proteins or catecholic compounds [64—66]. The
ss-NMR of the bleached chitin extracted from pupal exu-
viae, shows peaks at 173.1 (C7), 104.3 (C1), 83.2 (C4),
75.8 (C5), 73.5 (C3), 60.9 (C6), 55.2 (C2), 22.9 (C8) ppm
(see Fig. 5C), which provides all typical peaks of chitin
[67]. An additional peak at 30 ppm (s. Fig. 5C, see nota-
tion) indicates the presence of proteins or/and catecholic
compounds [62, 65, 68, 69]. This result may provide fur-
ther support for the hypothesis that catecholic compound
are still present in the purified chitin after bleaching. The
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tern of the crystal data of a-chitin. C. shows the ss-NMR of the puri-
fied chitin. The arrow indicates the presence of proteins or/and cat-
echolic compounds. (Color figure online)

DA of the purified chitin is found to be 96%. In literature,
insect- and crustacean-derived a-chitin commonly exhib-
ited DAs of 90-98% [65, 68, 70].

Conclusions

This investigation provides an optimization of chitin
extraction from side streams of insect farming. Pupal exu-
viae of the widely bred fly species H. illucens were used,
being them a readily available waste biomass rich in chitin
easy to collect from the insect-breeding facilities. Steps
of the extraction process were carried out under different
conditions in order to assess the optimal parameters.

DM was optimized concerning acid applied and tem-
perature. Formic and hydrochloric acid were the most
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effective, particularly formic acid gave the best results
at both tested temperatures. This encourages the use of
organic acids instead of the most applied inorganic acids
in a frame of a greater environmental sustainability.

Efficiency of DP was investigated in relation to tem-
perature, molarity and duration, highlighting the signifi-
cance of temperature and alkali molarity as parameters for
an efficient protein removal. The optimized DP procedure
successfully removed proteins from the insect sample. At
the same time, the use of NaOH leads to a slight or mar-
ginal deacetylation of the final chitin [71]. In comparison,
other studies reported about 23% deacetylation after treat-
ing chitin with 2% NaOH for 0.5 h at 60 °C [72].

The bleaching experimental series shows that oxidative
agents lead to a significant lightening of the insect chitin,
especially solutions with NaOCl and H,O,. Although the
bleaching effect is slightly higher using NaOClI, the use
of H,0, can be a viable alternative to reduce the envi-
ronmental risk of chlorine-containing compounds while
still maintaining a high bleaching effect. The possibility
of bleaching and deproteinizing at the same time using a
combination of H,0, and NaOH can be also considered,
thus saving time and energy.

Appling the optimized extraction method, a chitin with
around 85% purity was obtained from H. illucens pupal
exuviae with a yield of 14% related to the original insect
biomass. This is in line with average yields and purity of
chitins generally obtained from insects. Particularly, the
purification degree of chitin extracted from pupal exuviae
is similar to that experimentally determined of commercial
chitin from fishery waste (unpublished data). The spectro-
scopic investigation of the pupal exuviae chitin indicates
that traces of protein/catecholic compounds are present in
the purified biopolymer. The extracted a-chitin has a DA
of 96% and a CI of 74%.

Currently, insect-based chitin is produced only on a
laboratory scale. This study provides a starting point, on
one hand, for the scale-up of chitin purification processes
to exploit waste biomass generated from the insect farms.
On the other hand, it provides the basis for further research
activities fully unfolding the potential of the chitin and its
derivatives isolated from insects. This was already con-
firmed by researchers applying chitosan obtained from
H. illucens pupal exuviae for advanced applications, such
as 3D films [73].
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