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ABSTRACT

Nowadays environmental concerns make us rethink the way we live and eat. In this regard,
alternative protein sources are emerging; among them, insects are some of the most promising
alternatives. Insect farming is still an infant industry, and to improve its profitability and
environmental footprint, valorization of the by-products will be a key step. Chitin as main
polysaccharide in the exoskeleton of insects has a great potential in this regard and can be
processed into high value-added materials. In this study, we extracted and fibrillated chitin
fibers from fly larvae (Hermetia illucens) and compared it with commercial chitin from shrimp
shells. A mix of chitin and cellulose fibers was also extracted from mealworm farming waste.
The purified chitinous fibers from different sources had similar chemical structures as shown
by FTIR and NMR spectroscopies. After mechanical fibrillation, the nanostructures of the
different nanofibers were similar with heights between 9 and 11 nm. Chitin nanofibers (ChNF)
from fly larvae presented less non-fibrillated fiber bundles than the shrimp-derived analogue,
pointing towards a lower recalcitrance of the fly larvae. ChNF suspensions underwent different
film-forming protocols leading to films with tensile strengths of 83 + 7 and 71 + 4 MPa for
ChNF from shrimp and fly, respectively. While the effect of chitin source on the mechanical
properties of the films was demonstrated to be negligible, the presence of cellulose nanofibers
closely mixed with ChNF in the case of mealworm led to films twice as tough. Our results
show for the first time the feasibility of producing ChNF from insect industry byproducts with

high potential for valorization and integral use of biomass.



INTRODUCTION

Today’s environmental crisis has urged scientist to find alternatives to conventional sources of
proteins. With their high protein content, insects are promising food' and feed* alternatives,
and their composition also includes high amounts of lipids and structural polysaccharides,
notably chitin. Insects are considered as future foods to potentially replace conventional animal
sources of protein,” also having great advantages regarding current environmental issues. One
reason is the incredibly high protein yield per production space in comparison to other protein
sources, mainly due to the possibility of vertical farming: One kilogram of edible protein from
mealworm requires 18 m?, differing in one order of magnitude from beef cattle (200 m*/kg).>
In addition, the amount of water needed for insect farming is low as some insects can grow
without water and can be fed in a very sustainable manner, e.g. with crop waste.® Moreover, it
was shown that frass from mealworm larvae farming has similar fertilizing potential as
conventional mineral fertilizers.” All these arguments explain the advancement of insect
farming. Although the pertinent business models are still under development, it is obvious that
valorization of all components is needed to meet the demands of sustainable biorefinery
approaches.® Chitin is one of the insects” main components, representing 5 to 10% of their dry
matter.”!® Chitin possesses a high potential in agriculture, waste treatment, cosmetic,
healthcare, food, or materials application and its utilization could further enhance the
sustainability of insect farming. The chitin present in the insects” body, larvae, or shells can be
readily separated from the protein-rich fractions. Caligiani et al. showed that black soldier fly
prepupae can be integrated in a biorefinery approach as source of proteins, lipids, and chitin.!!
In addition, during the different life stages (larvae, pupae, prepupae, adult), insects molt,
leaving behind shells (exoskeletons) as a chitin-rich side stream'>!? that could be directly used

for chitin extraction.



Colloidal nanofibers can be obtained from chitinous biomass by mechanical treatment at high
pressure or sonication of purified chitin suspensions.'* Chitin nanofibers (ChNFs) have a
tremendous potential in the fabrication of materials given their unique properties. Compared to
nanocellulose, nanochitin is less hydrophilic and can bear cationic surface groups due to
deacetylation of the N-acetyl moieties, which support, via electrostatic repulsion, the
individualization into nanofibers. Moreover, the presence of primary amino groups on the fibril
surface after partial deacetylation opens many doors for chemical functionalization absent in
nanocelluloses. When protonated, these groups also offer the opportunity of physical
functionalization through the electrostatic toolbox and render ChNF suspensions colloidally
stable. Its fibrillar nature, biodegradability as well as natural cationic surface make deacetylated
chitin/chitosan a promising, versatile building block for material development, as demonstrated

16

in composites,'”> membranes,'® platforms for waste water treatment, and emulsion

stabilization.!”

18 squid pen,'’

Many studies have shown the extraction of nanochitin from shrimps, crabs,
mushrooms,?’ and Riftia tube,?! but the production and comparison of ChNFs from different
insect sources has been overlooked so far. In fact, chitin has been extracted from insects, but
only few comparisons between crustacean and insect chitin have been reported and no
nanofibers have been obtained from insect chitin.'>*?2* The chitins possess similar chemical
structures, crystalline arrays, and thermal properties,” but differences in morphology, in
particular the accessibility of the fibers, were noted.'>?*> Also, given the unique chemical
composition and therefore recalcitrance of each chitin source (either from crustaceans or
insects), the extraction and purification processes should be tuned accordingly. Whereas

crustacean shells are mainly composed of calcium carbonate, exoskeletons of insects contain

relatively more proteins and lipids. The conventional demineralization/deproteinization steps



should therefore be adapted.?® Fungi are another source of chitin, from which ChNFs have been

extracted, though with low purity due to glucans present on the fibers” surface.?

In this work, we have studied the effects of the chitinous raw material on the purification of
chitin and the subsequent isolation of nanofibers and their properties. ChNFs were produced
from chitin of black soldier fly (Hermetia illucens) larvae and chitinous waste from mealworm
(Tenebrio molitor) farming. These two species are among the most promising insects for
industrial farming,” being both considered as future foods,”> which has triggered several
companies (e.g., Ynsect, Alpha Chitin, InnovaFeed, Enterra, Die Wurm Farm, and Protix) to
start efforts at pilot and industrial scales. In addition, mealworm has recently been considered
safe for human consumption as food by the European Food Safety Authority (EFSA).?” In our
work, purification of the chitins from different sources was followed by mechanical
disintegration to form nanofibers (see Figure 1). Comparisons of the structural properties of
the extracted nanofibers and their ability to form self-standing films are presented. The
influence of impurities was also considered and discussed. With this work we hope to
encourage efforts to upcycle insect farming waste into high-performance building blocks for

colloidal and solid-state materials.

a Chitin sources
Traditional Emergent

=

b Microstructure of purified chitin flakes
- T —

Colloidal behavior !

i I

. -

S

Characterization

Purification Fibrillation Film formation



Figure 1: Different chitin sources used in this study (a). Microstructure of the purified chitin
fibers from shrimp (b1), fly larvae (b2) and mealworm (b3) shown by SEM images (b).

Different process steps conducted before characterization of the materials (c¢).

RESULTS AND DISCUSSION

Analysis of the purified materials

We first compared the properties of chitin fibers obtained from the larvae and residual biomass
of emerging farming of fly (Hermetia illucens) larvae and mealworm (Tenebrio molitor) with
those of chitin purified from shrimp shell, a conventional commercial source of this
polysaccharide. We analyzed the chemical composition and purity of the raw materials using
Fourier-Transform Infrared (FTIR) and solid-state '*C Nuclear Magnetic Resonance (NMR)
spectroscopies (Figure S1 and S2). The results were also used to adapt the conditions of
purification applied to each chitinous biomass (fly, mealworm, and shrimp). According to the
NMR spectra both fly and shrimp raw chitin samples did not contain significant amount of
proteins or lipids while that from the mealworm production contained considerable amounts of
lipids and proteins (Figure S2). This is also visible in the IR spectrum of the mealworm chitin
which displayed a significantly lower intensity of the C—O IR band at ca. 1000 cm’
(corresponding mostly to polysaccharide moieties, see Table S1 for further details) than the
other raw materials, whereas the intensity of C=0 band at 1450-1700 cm™ was similar (Figure
S1). Moreover, NMR indicated that the mealworm waste sample was a mixture of chitin and
cellulose. The cellulose fraction originated from the cereal-based feed of the mealworm
(residual husk as feed leftover) which was mixed with the mealworm exuviae. The inorganic
residues in the samples were analyzed thermogravimetrically: the ash contents of the as-

received materials were 0.3, 4.0, and 4.8 wt%, for S-Ch, F-Ch, and W-Fiber, respectively.



The conventional demineralization, deproteinization, and bleaching steps that are usually
applied for crustacean shells were carried out using similar concentrations and temperatures,
but the time was adapted to each source following the optimization method of Percot et al.?® A
mild demineralization step with 0.25 M HCI at room temperature was followed by a treatment
with 1M NaOH at 50 °C between 4 and 24 h, depending on the source, and sodium chlorite
bleaching cycles (2 h at 80 °C). Although the fly and shrimp raw chitins were of considerable
purity, these steps were required to remove remaining inorganic and protein contaminants. The
purification yields were 90% for the shrimp and 68% for the fly. For the mealworm sample,
we used a different protocol and first extracted the lipid fraction with n-hexane. After
extraction, we applied the same protocol as for the other chitin samples but added an alkaline
purification step due to the high protein content of the material, applying 1 M NaOH for 1 h at

70 °C between two bleaching cycles. The yield after extraction was 11%.

The solid-state *C NMR spectra of all chitin samples after purification are shown in Figure
2a. The chitins extracted from shrimp (S-Chitin) and fly (F-Chitin) were almost identical, apart
from protein traces in the fly sample (in the range of 30 ppm).?’ Comparable resonances
assigned to proteins were also present in the NMR spectra of the mealworm sample (W-Fiber)
in which the cellulose fraction was clearly identified (Figure S3). The amount of cellulose in
the sample was estimated to approx. 44 wt% (50 mol%) by comparing the peak intensity of the
C2 of the chitin fraction at around 55 ppm to the combined C1 peak intensity of chitin and

cellulose at about 102 ppm.

The ash contents after purification of the three materials were 0.1%, 1.4%, and 1.2% for S-Ch,
F-Ch, and W-Fiber, respectively. Although the initial ash content in every sample was already
low (0.3, 4.0, and 4.8 wt%, respectively), it further decreased through removal of inorganic

residues.
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Figure 2. 13C NMR spectra of the purified fibers from shrimp (S-Chitin), fly (F-Chitin), and

mealworm (W-Fiber) (a), the latter encompassing cellulose (¢) in addition to chitin (b,

respective carbons are numbered and assigned to the NMR spectra). FTIR (d) and XRD (e)

spectra of the dried nanofibers (S-ChNF, F-ChNF, and W-NF). Solid lines in the diffractograms

indicate chitin and dashed lines cellulose peaks.

Structural analysis of the chitin nanofibers

After purification, the chitins were processed into nanofibers by fibrillation under mild acidic

conditions. The suspensions were passed six times through a microfluidizer at 1500 bar without



any chemical pretreatment. After defibrillation, white gel-like nanofiber suspensions were

obtained from S-chitin (S-ChNF), fly larvae (F-ChNF), and mealworm exuviae (W-NF).

FTIR of the fibrillated nanofibers allowed tracking possible chemical changes arising from the
purification and processing steps (see Table S1 for peak assignment). Figure 2d shows that
the three materials have the fingerprint regions of glucopyranoxylamine (and glucopyranose
in case of W-NF) rings in the 1000-1155 cm’! region related to C—O and C—O—C bonds.*° The
amide I and II bands of chitin (1555, 1620, and 1660 cm™) were also present in all of the three
different materials, although having lower intensity in W-NF due to the presence of cellulose.
The peaks at 1630 and 1530 cm™!, related to amide bonds in proteins,?® were predominant in
the raw mealworm samples, but were remarkably less intense in W-NF, indicating efficient

deproteinization (see Figure S1).

Figure 2e displays the XRD spectra of the three different nanofibers. The typical pattern of a-
chitin was present in all samples, with a peak of maximum intensity at 19.2° and a second peak
at 9.2°, which is in accordance with results reported for insect chitin.>! The crystallinity was
found to be 94% and 93% for S-ChNF and F-ChNF, respectively. Peaks from both cellulose
and chitin were visible in the XRD profile of W-NF. The peaks at 14.5°, 16.5°, and 22.5°
corresponded to the cellulose Ia planes (100), (010), and (110), respectively,®? and those at
9.3°,12.8°,19.3°,20.9°, and 23.4° to the a-chitin planes (020), (101), (110), (120), and (130),
respectively.®* Due to the mix of cellulose and chitin and the fact that peaks were overlapping,

it was not possible to calculate the crystallinity index of W-NF.

The surface chemistry of the nanofibers with regard to charged groups was assessed by zeta
potential measurements at different pH. S-ChNF and F-ChNF are negatively charged at basic
pH and positively charged at acidic pH, with an isoelectric point of approx. 6 (see Table 1 and

Figure S4). The negative zeta-potential of F-ChNF at pH 7 could be explained by the higher



fibrillation degree of the F-ChNF and the high variation of zeta-potential around the iso-electric
points. The presence of acetamide groups on the surface of the nanofibers, and in particular
amino groups by deacetylation, leads to positively charged nanofibers in acidic media. The
positive charge and the presence of amine are advantages of ChNF over their cellulosic
counterparts, as this opens many opportunities regarding functionalization or interaction with
molecules containing carboxylic acids or other anionic moieties.** Further deacetylation, which
is usually done prior to defibrillation, allows tuning the amine content on the surface of
ChNFs.** Although W-NF was a mix of chitin and cellulose, it displayed a negatively charged
surface. The cellulosic contribution was predominant in the blend, leading to a net negative
zeta potential throughout the studied pH range. Cellulose fibers are naturally negatively
charged at a wide pH range because of the presence of residual hemicelluloses.*® Classically,
the zeta potential of cellulose fibers ranges from -20 to -50 mV depending on the source; hence
the value of -7.2 mV confirms a mix of positive and negative charges from chitin and cellulose,

respectively.

To further study the surface charge of the nanofibers, conductometric titration was performed
and the degree of acetylation was determined. The surface charge densities of S-ChNF, F-
ChNF, and W-NF were 215 + 13, 209 £ 5 and 293 + 18 pumol/g, respectively. Associated
degrees of N-acetylation (DA) were 96%, 95%, and ca. 90% for S-ChNF, F-ChNF, and W-NF,
respectively. The DA of W-NF was estimated for its chitin fraction. From the calculated DA
(conductometric titration), displayed in Table 1, we conclude a relatively low content of
primary amine groups in the nanofibers, probably due to the mild purification steps. This is in
accordance with Ifuku et al., who measured a DA of 95% for non-deacetylated ChNFs from
crab®” and Huet et al., who calculated a DA of 93% for chitin from insects.?* The approximated
DA of W-NF was slightly lower, which might be reasoned by the additional and more severe

caustic treatment.



Table 1. Zeta potential at different pH and charge content measured by conductometric titration
and associated degree of N-acetylation. *Degree of N-acetylation of W-NF was estimated for

its chitin fraction.

Zeta potential Zeta potential ~ Charge density Degree of N-

pH3 pH 7 acetylation
mV mV umol/g -
S-ChNF 27+3 242 215+ 13 95.7+0.3%
F-ChNF 23+3 -10.6 £0.5 209 +5 95.1+0.1%
W-NF -72+0.7 -18+1 293 £18 ~ 90%*

The morphology of the chitinous nanofibers was investigated by AFM (Figure 3a-c), from
which the height distribution (Figure 3d-f) was obtained. Overall, well separated nanofibers,
with average height between 4 and 35 nm were obtained, regardless of the chitin source.
Additionally, the transmittance of the aqueous suspensions of nanofibers was measured at pH
3 and 0.1 wt% concentration to gain further insights into their colloidal behavior, in terms of
aggregation and stability (Table 2). A remarkable difference in transmittance was observed
between S-ChNF (15.2 + 0.6%) and F-ChNF (28.7 + 0.8%), indicating that the nanofibers from
fly larvae were fibrillated to a greater extent, even though they showed seemingly similar
morphologies in the AFM images (Figure 3). To confirm such difference, the ratio between
fine and coarse fractions in the suspensions was measured gravimetrically (Table 2). A higher
amount of fine fraction, meaning smaller nanofibers that remain in suspension under
centrifugal forces, was measured for F-ChNF (35 + 2%) compared to S-ChNF (24 £+ 10%).
22,38

Chitins from insects have been reported to be more accessible than those from crustacean,

which could have facilitated the fibrillation, explaining the difference.



To increase the density of repulsive charges, ChNF suspensions are usually processed at pH 3
to protonate the primary amino groups and kinetically stabilize the suspensions. Due to the mix
of cellulose and chitin nanofibers in W-NF, the stability of this suspension might differ with
pH, as shown by the zeta potential. To investigate the pH-dependency in the aggregation
phenomena of the W-NF suspension, we measured the transmittance at pH 3 and 7. The
transmittance at pH 3 (18.2 £ 0.5%) was slightly lower than at pH 7 (20.9 + 0.5%), which

indicates no remarkable aggregation of the nanofibers at pH 3.

S-ChNF F-ChNF

Count (%)
Count (%)
Count (%)

10;
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Figure 3. AFM images of S-ChNF (a), F-ChNF (b), and W-NF (c¢) and the corresponding

height distributions (d, e, and f respectively) (see also Table 2).

Table 2. Height average of the nanofibers from the AFM images and transmittance of the

suspensions at 0.1% and pH 3.




Height Transmittance  Fine

average at 550 nm fraction

nm % %
S-ChNF  9+6 15.2+£0.6 17+1
F-ChNF 11+6 28.7+0.8 27+1
W-NF 10£4 182=+0.5 1+£2

In summary, ChNFs were successfully prepared from all three sources, fly larvae, mealworm
waste, and commercial shrimp shell chitin, having only small traces of proteins as noted by
NMR spectra. The purification and fibrillation processes did not affect the chitin structure,
resulting in highly N-acetylated ChNFs. The ChNF extracted from fly and shrimp were
structurally similar, with no significant differences in terms of crystallinity, degree of N-
acetylation, and charge density. One major difference was the presence of non-fully fibrillated
species in S-ChNF, as shown by the low transmittance of the suspension and the fine-to-coarse

ratio. Additional energy would be required to obtain a more homogeneous and finer S-ChNF.

W-NF consisted of 56 wt% chitin and 44 wt% cellulose, which is a result of the source biomass,
a non-purified waste. Both polysaccharides were purified using the same purification steps
leading to blended nanofibers. The negative surface charge of the cellulose fibers dominated
the colloidal properties and resulted in negatively charged particles in suspension throughout a
wide pH range. We could not identify the real state of the cellulosic colloids in the W-NF
systems; however, it is likely that they were in the form of nanofibers given the AFM
observation. The colloidal behavior at different pHs indicates that the surface of the nanofibers
was dominated by cellulose, and that reactive amine groups do not contribute significantly. An
advantage for future applications of the mealworm exuviae mixed waste is that both cellulose

and chitin could be utilized as reactive moieties.



Film properties

Films were formed by overpressure filtration of ChNF suspensions followed by drying under
two different conditions. One group of films was hot-pressed (HP) at 70 bar and 100 °C for 30
min and another was cold-pressed (CP), i.e., dried overnight at room temperature under a much
smaller pressure (0.012 bar). The density of the obtained films was similar and ranged from
1.2 to 1 g/ecm?, with that of cold-pressed ones being slightly higher (below 10% increase) than
their hot-pressed counterparts. The transparency of the films depended both on the source and
the processing conditions (Figure 4a). The transmittance at 550 nm for films obtained by cold
(CP) and hot pressing (HP) ranged from 7.2 £ 0.5% to 0.8 + 0.06% for S-ChNF and from 21 +
2% to 1.8 £ 0.2% for F-ChNF, respectively (see Figure 4b). The opacity of the films was likely
a result from the high structural porosity.” When the films were hot pressed, the speed of
drying and water evaporation was considerably higher compared to that from overnight cold
drying. Thus, the nanofibers in hot pressing had little time to rearrange and entangle, leaving a
porous or defective structure in the packed lamellas. The F-ChNF CP film had higher
transparency than the S-ChNF CP film, which was expected due to the higher homogeneity of

F-ChNF and the smaller concentration of fiber aggregates in the suspension.

Water contact angles were measured for each film to gain insights into the surface energy of
the different chitins. The films were highly hydrophilic, with contact angles ranging from 29 +
0.3° to 40 + 2° for S-ChNF HP and F-ChNF CP films, respectively. However, differences were
noticed between the film-forming procedures: HP films trended towards lower contact angles
due to their smoother surfaces in comparison with the CP counterparts. W-NF had a slightly
higher contact angle compared to their shrimp and fly counterparts (Figure 4c). This is due to
the presence of constituents of opposite surface charge (chitin and cellulose), leading to partial

charge neutralization and fewer groups to possibly interact with water.*® Consolidation of the



W-NF suspension at different pH did not alter the water contact angle, and neither the

transmittance of the resulting films (Figure 4).
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Figure 4. Images of the different films processed with cold (CP) or hot pressing (HP) at pH 3
or 7 for W-NF (a). Transmittances of the films measured by UV-Vis spectrophotometry (b)

and contact angles measured 2 min after drop deposition (c).

All the films were subjected to tensile tests to evaluate their mechanical performances (Figure
5). Following the previous results, the strength of the chitinous nanofibrillar networks was
influenced mostly by the assembling conditions (CP or HP) rather than by the nature of the
chitin precursor. The HP process induced an increase in Young’s modulus from 5.2 + 0.7 GPa

to 8.0 £ 0.2 GPa for S-ChNF and from 4.8 + 0.4 GPa to 7.2 =+ 0.3 GPa for F-ChNF. However,



the maximum tensile strain and hence the toughness were greatly reduced by the hot-pressing
process, going from 5.5 £ 0.7% to 1.9 £ 0.2% for S-ChNF and from 5.0 £ 0.6% to 1.4 = 0.1%
for F-ChNF. The decrease in toughness could be explained by the reduced amount of water
present in the films after the hot pressing. Indeed, water is known for its plasticizing role in
cellulosic films. Sharma et al. showed that treatment of films at 100 °C or higher decreased the
water retention of the film.*! SEM images of the cross-sections of the films obtained after the
tensile tests showed a paper-like structure, with fibers aligned in the plane and without visible

aggregation of nanofibers (see Figure Sb-c and Figure SS5).

W-NF, with its composite nature, was processed at pH 3 and 7, but only under cold-pressing
conditions. As noted, CP offered products with superior mechanical properties compared to the
films assembled from F-ChNF and S-ChNF. Two pH values were used to determine the effect
of the amine protonation on the film properties. Even with a slightly higher toughness, given
the higher elongation, the mechanical properties of the W-NF films were independent of the
pH prevalent during film formation, as concluded from the variance of the results. In addition,
the SEM image of the cross-section of the films did not show any clear difference with regard
to porosity or nanofiber aggregation (Figure 5c and S5). Moreover, films from W-NF showed
an elongation and toughness twice those observed for S-ChNF and F-ChNF. To better
understand the mechanical properties of W-NF films, we produced a reference film containing
50 wt% of cellulose nanofibers (CNF) and 50% of ChNF and compared its mechanical
properties to films of neat ChNF and CNF (see Figure S6). The CNF film showed higher
toughness, Young’s modulus, and tensile strength than the ChNF film. The film with 50:50
ChNF:CNF displayed intermediate properties, between those of CNF and ChNF. Therefore,
one can speculate that the cellulose component in W-NF was not in the same state as traditional
CNF, but possibly smaller or highly infused or entangled nanofibers. While the films from the

ChNF:CNF mixture nearly followed the rule of mixtures, our W-NF displayed reinforcing



synergies between the chitin and cellulose components, given the better mechanical

performance compared to the other chitin nanofibers.
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Figure 5. Tensile stress vs. strain profiles of the different films (a). Cross-section images of F-

ChNF CP (b) and W-NF pH 7 (¢). Young’s Modulus (d), maximum strength (e) and toughness

of the films (f).

The association of ChNF with other polymers, either towards new functionalities or enhanced
properties of the films, has been considered. For instance, Zhang et al. showed that contact

between cationic chitin nanocrystals and anionic TEMPO-oxidized CNF led to interfacial



complexation, allowing dry-spinning of microfibers.** The same phenomenon was observed
by Grande et al. with deacetylated ChNF and anionic seaweed alginate, filaments with wet
strength close to 50 MPa were obtained although the components were both hydrophilic.* Kim
et al. achieved lower oxygen transmission rates using layer-by-layer (LbL) deposition on PET
of CNF and chitin nanocrystals compared to the individual biopolymers. The nanoscale
blending by LbL assembly led to synergies between the two polymers.** Therefore, our
substrates present an alternative to explore a synergism between the nanofibrillar matrices, e.g.,
by taking advantage of W-NF, which contains both chitin and cellulose. Co-grinding
biopolymers with nanofibers has been shown to lead to high-performance nanofibers, where
the biopolymers are fully infused in the nanofibrillar matrix.* Moreover, it seems that the
advantages arising from co-grinding techniques may also hold true for insoluble biocolloids,
as it was the case of the resulting suspensions obtained by co-homogenization from the

mealworm waste.

In summary, ChNF from insects showed similar properties than those obtained from shrimp,
with additional features depending on the nature of the starting precursor. The method of film
assembly was most relevant as far as the mechanical properties of the obtained films. Hence,

the process needs to be chosen depending on the desired application.

Overall sustainability, insights on potential applications, and future prospects for insect-
based ChNF

ChNFs present several application prospects, both as suspensions and films. For instance,
ChNFs can kinetically stabilize oil-in-water Pickering emulsions at concentrations as low as
0.1 wt%, making them good candidates to replace petrochemical surfactants.!”*¢ Mixtures of

cellulose and chitin at different ratios have also been studied for Pickering stabilization and



resulted in super-stable emulsions.*’” ChNFs have also demonstrate their ability for high-barrier
films or coatings.*® Another way to valorize chitin from residual biomass is by complete or
partial deacetylation into chitosan, which is soluble in water at mildly acidic pH and boasts

applications in food packaging,* biomedical materials,’® food additives ezc.'®!

Also, some environmental aspects of using waste to produce ChNFs should be put forward
here. This study shows that ChNFs from Hermetia illucens larvae have similar properties than
ChNFs from shrimp shells. ChNF isolation from fishery waste is by common sense already
sustainable, and we herein enable the isolation of this biocolloid from insects via an equally
green (if not greener) procedure and propose its use in materials with superior performance. It
is not among our goals, though, to indicate quantitatively which route is more sustainable, but
to provide insights on their overall sustainability relying on qualitative indicators of

environmental footprint (Figure 6).
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Figure 6. Overall qualitative evaluation of shrimp (a), pupal exuviae (b), and larval
exoskeleton (c¢) sustainability as sources of nanochitin. Availability considers geographical
restrictions, seasonality, and lifecycle duration for biomass generation. Energy footprint relates
to any energy input in the production chain, renewable energy contributing less to the ultimate

footprint than its fossil analogue. Carbon footprint encompasses emissions of greenhouse



gases, including carbon dioxide, methane, nitrous oxide, and ozone. Material footprint
accounts for the depletion of natural resources for use in biomass generation and fractionation,
while chemical and water footprints relate to emissions of chemicals and use of freshwater in
these processes, respectively. Finally, land footprint translates the use of land to isolate
nanochitin, including that for feed cultivation, to absorb the waste generated in the processes,
and the land use change induced by a change in current practices. The levels (low, green;
medium, yellow; high, red) were attributed in relative terms to illustrate qualitatively the
comparison between the three scenarios, relying on our data and literature reports. Note that
they are not meant to be compared with other procedures and goods (the carbon footprint of
nanochitin isolation from shrimp is the highest among the three resources, but is significantly
lower than that of livestock, as an example). Several of these indicators are intricately

connected with biomass recalcitrance.

The starting biomasses can be compared in terms of availability, including geographical
restrictions, seasonality, and lifecycle duration. Overall, insects reproduce at high rates and
boast short maturation periods,” producing leftover streams that are abundant in chitin. Each
mealworm female, for instance, reaches adulthood in 10 weeks and generates nearly 160 eggs
throughout the 3-month lifespan.® In the case of BSF larvae, the transition to adulthood gives
rise to chitin-rich larval exoskeletons (ecdysis) and pupal exuviae (skin renewal),'? also at a
high rate.” For shrimp, this cycle of course depends on species among other variables, but
typically lasts for 7-8 months before harvesting, and 9-14 months until broodstock. Although
important, the chitin yield is rather difficult to compare among the different sources as it varies
with species, parts used for isolation, and the isolation protocol itself. Because of their short

lifecycle and the growing insect economy, insect biomass appears more available.

Also relevant from the environmental angle is the biomass recalcitrance, which will affect not

only extraction time, but also energy input, consumption of chemicals, and inevitably, costs.



Even if using an abundant, inexpensive waste, fractionation of crustacean shells is wasteful,
expensive, and involves highly corrosive sodium hydroxide (for protein removal) and
hydrochloric acid (for decomposition of calcium carbonate).’? Insects comprise lower loads of
minerals compared to crustacean shells (<6% vs 30-50%).% Yet, insect chitin may also be
recalcitrant to some extent owing to sclerotization, i.e., when proteins are covalently
crosslinked to catecholic compounds and chitin.'? This is true for pupal exuviae, but not for

larval exoskeletons, making chitin isolation from the latter preferable.

Lower recalcitrance means not only less energy input, but also less use of harsh chemicals,
including HCI, which has a negative impact on acidification of complex environments,”
leaving behind a solid chemical footprint. The isolation of 1 kg chitin from shrimp shells
requires ca. 2.5 kg of HCI and 1.3 kg of NaOH, plus 167 L of water.”> HCI has been
traditionally the acid of choice for the demineralization of crustacean shell-derived chitin, but
milder, less corrosive acids (e.g., formic acid) have been used for less recalcitrant larval
exoskeletons.!? Such a replacement is also relevant from the technical angle, as strong acid
treatment is responsible for chitin depolymerization, hence milder acidic treatments from insect
purification can lead to better preserved chitin fibers. Recovery and recyclability of the acid
can also be developed as it is classically the case in industry. Moreover, new extraction

4

processes with ionic liquid are emerging,”* which are considered green solvents. It was

demonstrated that chitin extracted with ionic had high molecular weight and high purity.

Importantly, the acid demineralization of the calcium carbonate-rich shrimp shells releases ca.
0.7 kg CO2/kg chitin, this CO; being considered as of fossil origin.>> Not only fractionation
operations, but also logistics involved in the supply chain ought to be considered when
assessing emissions. If CO; emission is to be avoided in the case of crabs and shrimps, the
prevalent commercial sources of chitin, availability is concentrated in coastal regions as most

species are marine.'? Only shell transportation and bulldozer operations have been shown to



consume 20+ L diesel per ton of chitin,> although the emissions of greenhouse gases (GHG)
in fisheries are dominated by feed production.> Insect farming, on the other hand, is globally
suitable and has the great advantage of no geographical restrictions.!! Additionally, the
technological features of highly deacetylated chitin derived from insect depend neither on the
geographical location nor on the organic substrate, as showcased for food waste-fed insects.'!
Indeed, organic (e.g., agricultural and urban) waste is abundantly available all year-round,
denoting another plus of insects over crustaceans as the chitin source. The global warming
potential — typically expressed in COz-equivalents, considering CO2, CHas, and N>O emissions,
which is already low for mealworms (2.7 kg of COz-eq/kg edible protein) compared to other
animals — may be further decreased in a straightforward fashion by using local leftover stream,
as this indicator is dominated by production and transportation of feeding (ca. 56%) followed
by gas and electricity for heating the rearing environment (ca. 43%).> When optimized, insects
farms can become even carbon neutral or negative; their handprint could therefore be calculated

to measure the positive impact of their production on the environment.>

While mealworms do not produce enteric CHa,”” H. illucens outstands owing to the ability of
its larvae to digest organic matter. The biodigesting approach further fits the insect biorefinery
into the circular bioeconomy by opening up the possibility of feeding larvae with nutritious
agri-food side streams (e.g., brewery spent grains and okara),!' which may denote not only a
major environmental issue but also an opportunity to upcycle food waste into economically
valuable biomass,’® including nanochitin. This also applies to municipal waste that, when
decomposed by H. illucens larvae, will generate less malodors, potential diseases, and methane
emission. Notably, between egg hatching and the prepupal stage (two weeks), H. illucens
converts ca. 20 times their own weight of waste.>* While most of worldwide commercialization
of chitin derives from crustacean shells as by-product of the fishery industry, chitin isolation

from organic leftover stream-fed insects can be consider a by-product of the by-product,



rendering a milder material footprint owing to the diminished extraction of raw materials from

nature.

Whereas biogenic CO; emissions arising from degrading organic matter do not contribute to a
net increase in atmospheric CO», as biogenic carbon is scavenged and released rapidly,
biogenic CO; emissions resulting from land use change denotes a net addition to atmospheric
CO>3 The latter includes clearing of land for crop production. As mentioned above,
mealworms can be fed organic waste, eliminating the need for feeding with crops. Although
the land use for shrimp farming is virtually null when farming is extensive, there is an induced
land use change (iLUC) associated with diverting its shells from their traditional use as animal
feed. This iLUC, in turn, augments the need to deforest land for crop cultivation (further
emitting CO:) and/or to increase the yield in cultivated land using nitrogen fertilizers (boosting
acidification).”> When shrimp farming is intensive, additional land use due to earthen ponds
and feed production should be considered.”>° The already low land footprint of insect farming

can be further reduced by vertical farming.

This study has also demonstrated that a direct valorization of untreated waste from the
mealworm industry, comprising chitin-rich exuviae and cellulose-rich rearing substrate, is

viable and can lead to strong biobased films.

In a more sustainable perspective, partial purification of chitin could also be achieved giving
rise to both energy and chemicals saving compared to complete purification as well as new
properties due to the presence of impurities. For example, Nawawi et al.2® extracted ChNF from
mushroom with only partial removal of glucans to maintain the chitin-glucan complexes
naturally present in mushrooms. Films with tensile strengths up to 200 MPa were produced and
two times higher Young’s moduli than for ChNF from crab were reported. Following the same

idea, Ifuku et al. did not deproteinate chitin fibers from crab to yield protein-rich ChNF, which



displayed similar reinforcing properties than neat, highly purified ChNF.%! Finally, one must
consider the need for highly purified systems, as non-purified fibers have been performing

similar, if not better, given natural synergies present on the precursors.

CONCLUSION

In this study, we prepared nanofibers from chitin-rich biomass. Chitin from fly larvae and an
industrial mealworm waste stream were compared to that from commercially available chitin
(from shrimp shells). Fly-derived chitin nanofibers (F-ChNF) showed similar properties
compared to shrimp chitin nanofibers (S-ChNF), for example, in terms of crystallinity, degree
of acetylation and film mechanical properties. Moreover, F-ChNF featured superior fibrillation
behavior which resulted in suspensions with higher transmittance and produced films with
higher transparency. In contrast, the nanofibers prepared from the mealworm waste (W-NF)
differed considerably from the other samples, due to the presence of cellulose from feeding
residues, which was incorporated in the form of composite nanofibers. The surface charge of
the colloidal suspension was dominated by the cellulose component, explaining a colloidal
stability over a large pH range. Films from W-NF were less brittle than the other ChNF films

and had a higher toughness (double the value) than those from the F- and S-ChNF samples.

Taking all together, ChNF from fly larvae shows high promise as alternative to commercial
chitin, but the valorization of mealworm waste as W-NF is expected to further open a new field
of applications given the synergistic effects between the two components, chitin and cellulose.
Our results demonstrate that side streams from the emerging insect industry can be valuable

sources for future materials.



EXPERIMENTAL SECTION

Materials. Chitin flakes from shrimp were obtained from Sigma-Aldrich. Chitin from fly
larvae (Hermetia illucens) was provided by S-Fly (France), and the chitinous waste from
mealworm (7Tenebrio molitor) farming was provided by Die Wurm Farm (Austria). All
chitinous samples were received as dried powder. Bleached Kraft Hardwood pulp was used as
never dried raw materials to produce the reference cellulose nanofibers (CNF) following
microfluidization (M-110P, Microfluidics In., USA, 2000 bar with 200- and 100-pm chambers)
using six passes and with no chemical pretreatment. All reagents and solvents were purchased

from Sigma-Aldrich and used as received.

Chitin Purification. Chitin from fly and mealworm were first purified with a Soxhlet
extraction with hexane for 6 h. Chitin purification was optimized following the procedure
described by Percot at al.?® First, acid hydrolysis at 0.25 M and room temperature was
controlled following the increase of pH that occurred upon dissolution of calcium carbonate.
In the same way, deproteinization with NaOH 1 M at 50 °C was controlled by UV absorption
at 280 nm, characteristic of the tryptophan protein. A final bleaching step, with sodium chlorite
at 80 °C for 2 h, was used to remove any residual pigments. Only one cycle was needed for the
chitin from shrimp while three were needed to obtain white chitin from fly. Four bleaching
cycles separated by sodium hydroxide purification step at 70 °C for 1 h were needed to obtain
white chitin from the mealworm waste. The yield was calculated by dividing the final dry mass

of the obtained material by the initial mass of the purified biomass.
Characterization of the raw and purified chitin flakes.

Purity. Solid state '>C NMR was used to analyze the purity of the extracted chitinous fibers.
Before measurement, fiber samples were hydrated in DI water for 24 h at room temperature

and excess water was removed by squeezing the wet samples between tissue paper. Solid state



13C NMR experiments were performed according to Beaumont et al.%?> on a Bruker Avance III
HD 400 spectrometer (resonance frequency of >C of 100.61 MHz), equipped with a 4-mm
dual broadband CP-MAS probe. The degree of acetylation was calculated by comparing the
integrals of C2 (51-58 ppm region) and CH3 (acetyl) (21.3-23.7 ppm) peaks. The amount of
cellulose in the mealworm sample was estimated by relating the integral of the C2 with the C1

(96-109 ppm region) peak.

Ash content. A thermogravimetric analyzer (Q500, TA instruments) was used to measure the
ash content of the different samples before and after purification. For that purpose, 10 mg of
biomass were dried and then carbonized at 600 °C for 15 min within an oxygen-containing

atmosphere.

Nanofiber suspension preparation. The purified chitins were diluted to 0.6% and acidified
with acetic acid to reach pH 3. The fibers were pre-treated with an Ultra-Turrax homogenizer
(IKA, Germany) for 10 min at room temperature, then fibrillated with six passes in a
microfluidizer (M-110P, Microfluidics In., USA) at 1500 bar using sequentially the 400- and
200-um chambers. Nanochitin suspensions are herein referred to as S-ChNF, F-ChNF, and W-
NF for the ChNF suspension coming respectively from shrimp, fly larvae, and chitinous waste
from mealworm farming. Part of W-NF suspension was dialyzed (6-8 kDa membrane) in

deionized water to obtain a suspension of neutral pH.

Suspension characterization. Chemical structure. To analyze the changes in chemical
structure of the fibers after purification and fibrillation, Fourier-transform infrared (FTIR)
spectra were acquired on a Perkin Elmer spectrometer in ATR mode. Samples were dried at
105 °C before analyses. The resolution was 2 cm™ and the spectra shown are the cumulative

data after at least 10 scans.



Surface charge measurement. Zeta potential of the nanofibers suspensions at different pH was
measured with a Malvern Zetasizer Nano using a dip cell. The suspensions were diluted to
0.05% and pH was adjusted with NaOH and HCI or buffer solutions, conductivity was

corrected with NaCl 1 M to 0.25 mS/cm. At least duplicate samples were analyzed.

Conductometric titrations were done with an automatic titrator (Metrohm). Before titration,
nanofiber suspensions were dialyzed as described above to remove acetic acid. Then, 0.1 g of
nanofibers were dispersed in 100 mL water, 0.2 mL HC1 0.1 M, and 0.1 mL NaCl 0.5 M were
added. The suspension was then titrated against NaOH 0.02 M at 0.1 mL/min and the
conductivity was measured under continuous magnetic stirring. The surface charge was
calculated from the volume of NaOH added corresponding to the difference between the two
inflection points representing the change in conductivity of the solution (Veq). The degree of

acetylation (DA) of the suspensions was then calculated using the equation below:

Ma
Mg— Mg+

DA=1-

(M

___m
[NaOHIxVeq

where m represents the mass of nanofibers and M, and M, correspond to the molar mass of the

acetylated (203 g/mol) and deacetylated (161 g/mol) chitin.

Morphology. The morphology of the nanofibers was analyzed with atomic force microscopy
(Bruker MultiMode 8 AFM). For sample preparation, PEI was drop cast on silica substrates,
after 1 min contact, the substrate was rinsed and then dipped in diluted nanofiber suspension
(0.001 wt%) to deposit nanofibers on the surface. NanoScope Anaylsis software was used to
measure the fibers height. At least 50 different nanofibers were measured, and the average was

calculated.

UV-Vis transmittance of suspension at pH 3 and 0.1% was measured with a spectrophotometer

(Shimadzu UV-2550) to obtain information on the fiber’s behavior in suspension. To obtain a



ratio of fine fibers, the suspensions were diluted to 0.1% and centrifuged at 3000 rpm (4.2 x g)
for 15 min.®® Then, the supernatant was removed and weighted. The ratio of fines was

calculated following the equation below:

Fines (%) = —*2 x 100 2)

tot

where mgyp represents the mass of nanofibers in the supernatant and myo the total mass of initial

nanofibers. The measurement was performed in triplicate.

Film preparation. Films (30 g/m?) were produced using a positive pressure filtration unit with
0.45-um PVDF membranes. To better understand the role of the drying process, some films
were hot pressed (HP) at 100 °C and 70 bar for 30 min and others cold-pressed with a 3.4 kg
load (0.012 bar) and dried overnight at room temperature. Films were processed at pH 3 and

for the W-NF sample, one additional film was made at pH 7 after dialysis of the suspension.

Films containing CNF. To better understand the mechanical behavior of the W-NF films, a
film with 50 wt% of S-ChNF and CNF was prepared. For that purpose, the desired mass of
nanofibers was weighted and mixed with an Ultra-Turrax homogenizer for 5 min at room
temperature followed by over-pressure filtration and cold pressing and drying overnight at
room temperature, using the same conditions than those use for the chitin films. A film

containing only CNF was also processed.

Film characterization. Density. The density of the films was measured gravimetrically by
weighting the films at 23 °C and 50% relative humidity and measuring their thicknesses and

surfaces in the same conditions.

Crystallinity. X-ray diffraction pattern of the chitin films was measured, and their crystallinity
indexes were calculated. Rigaku Smart-Lab diffractometer with Cu anode operated at 45 kV

and 200 mA was used to measure the X-ray diffraction intensities between 5 and 65° in 20.



Films of ChNF were dried at 105 °C overnight before measurement in reflection mode. The
crystallinity index was calculated following Cardenas et al.>* method using the ratio between
the crystalline peak intensity at 19.2° corresponding to the (110) diffraction plan and the

amorphous part at 12.6°. The crystalline index was then calculated with the following equation:

cr = Gaozlem) o g0 3)

I110

Morphology. Scanning electron microscopy (SEM) images of the cross-sections after
mechanical tests were made to observe the homogeneity of the films. Zeiss, Sigma VP SEM
was operated at 1.5 kV. A 4-nm-thick Au/Pd layer was sputtered on the sample before analysis.
Most representative SEM images were selected for the discussion among at least 10 images in

different zones of observation.

Wettability. Contact angle of the films was measured with a Theta Flex optical tensiometer
(Biolin Scientific) using 5-pL drops. The recorded contact angles were measured after 120 s of

drop contact on different zones. At least triplicate was performed.

Transparency. A UV-Vis spectrophotometer (Shimadzu UV-2550) was utilized to measure the
transparency of the films between 200 and 800 nm. The average of triplicate is proposed for

discussion.

Mechanical properties. Tensile tests of 50 x 5 mm? samples were carried out on an Instron
5944 with a 2-kN load cell at I mm/min with an initial gap of 30 mm. Before measurements,
specimen thicknesses and width were measured with a micrometer and a caliper, respectively.
Every sample was conditioned at 23 °C and 50% relative humidity for at least 24 h before and

during the measurements. At least triplicate was performed for each film.



SUPPORTING INFORMATION
FTIR of raw materials, '>*C NMR spectra of the raw materials, '*C NMR spectrum of the
purified mealworm sample, assignation table of IR peaks, zeta potential as function of pH,

SEM cross-section images of films, tensile stress versus strain profiles of CNF film, mix of

50% S-ChNF and 50% CNF film, S-ChNF CP and W-NF pH 3.
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Synopsis:

Biomass derived from industrial insect farming is exploited as an emergent source of chitin

nanofibers.



