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Chitin, a biopolymer present in fungi and arthropods, is a compound of interest for various

applications, such as in the agricultural and medical fields. With the recently growing

interest in the development of insect farming, the availability of chitin-containing residual

streams, particularly the molting skins (exuviae), is expected to increase in the near

future. For application purposes, accurate quantification of chitin in these insect sources

is essential. Previous studies on chitin extraction and quantification often overlooked

the purity of the extracted chitin, making the outcomes inconsistent and prone to

overestimation. The present study aims to determine chitin content in the exuviae of

three insect species mass-reared worldwide: black soldier fly (BSF), mealworm, and

house cricket. Chitin was chemically extracted using acid and alkali treatments to remove

minerals and proteins. The purity of extracted chitin was evaluated by hydrolyzing the

chitin into glucosamine, followed by quantitative determination of the latter using two

liquid chromatography methods: electrochemical detection (ECD) and tandem mass

spectrometry (MS/MS). Both methods proved accurate and precise, without the need

for labor-intensive derivatization steps. Pearson’s correlation and Bland-Altman plots

showed that the glucosamine determination results obtained by the two methods were

comparable, and there is no consistent bias of one approach vs. the other. The chitin

content in extracted residues ranged between 7.9 and 18.5%, with the highest amount

found in BSF puparium. In summary, the study demonstrated that (1) the residual streams

of the insect farming industry have a great potential for utilization as an alternative

chitin source, and (2) both LC-ECD and LC-MS/MS are reliable for the quantitative

determination of glucosamine in insect chitin.

Keywords: exuviae, insect farming, chitin extraction, glucosamine, LC-ECD, LC-MS/MS

INTRODUCTION

Chitin is a naturally occurring polysaccharide composed of N-acetyl-D-glucosamine units linked
by β-(1-4) glycosidic bonds and is the second most abundant polymer on Earth after cellulose
(Roberts, 1992). It is a major structural component providing rigidity of the cell wall of filamentous
fungi and yeasts, as well as of the exoskeleton of arthropods such as insects and crustaceans (Cohen,
1993). Chitin and its derivatives possess many functional properties that make them useful in a
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broad range of applications, namely as an adsorbent in
wastewater treatment (Hubert Ribeiro and dos Santos, 2019),
scaffold in bioactive tissue engineering (Yang, 2011), and as a
soil amendment to suppress soil-borne diseases (Andreo-Jimenez
et al., 2021). Despite its widespread occurrence, so far, the
primary source of commercial chitin has been the waste of the
seafood processing industry.

With the increasing chitin demand on the global market
(Jardine and Sayed, 2018; Silva et al., 2020), studies in the
past decade have indicated the need for additional sources. In
particular, the chitin component of residual streams of the insect
farming industry has become increasingly important. Insects
can recover valuable nutrients from agro-industrial waste and
efficiently convert them into protein-rich biomass. Insect-based
bioconversion offers practical solutions to waste management
while at the same time presenting an opportunity to produce
protein in a sustainable manner (Dossey et al., 2016; van
Huis, 2021). This sector has recently witnessed rapid growth
worldwide, with an expected volume of 730.000 metric tons
by 2030 (Anon, 2019). Therefore, the residual streams of the
insect farming industry, namely the excrements (frass) and the
molting skins (exuviae), are expected to become more readily
available. The latter is most interesting as a source for chitin
purification because exuviae contain a considerable amount of
chitin, especially in the innermost layer (procuticle) (Kramer
et al., 1995; Roer et al., 2015).

Given the potential of insect exuviae as a viable chitin
source, knowledge of the chitin content in this biological source
is essential. The determination of chitin content has been
performed for many insect species (Hahn et al., 2020b; Mohan
et al., 2020; Zainol Abidin et al., 2020), most frequently by
adapting a chemical extraction method for crustacean chitin.
As is the case with crustacean chitin, insect chitin is tightly
embedded in cuticular protein, forming a protective structure
with other components such as calcium carbonate, catechol, and
pigments (Muzzarelli, 2011). Chitin extraction usually involves
the total elimination of these compounds using acidic and
alkaline solutions, leaving behind an insoluble residue that is
subsequently weighed to determine chitin content (Liu et al.,
2012; Kaya et al., 2015; Purkayastha and Sarkar, 2020; Wang
et al., 2020). However, because the extraction procedure is not
specific to chitin, other insoluble compounds may still be present
in the extracted chitin, thus affecting the determination accuracy
(Smets and van der Borght, 2021). Hence, a further step to
assess the purity of extracted chitin is needed to determine chitin
content accurately.

Chitin can be hydrolyzed into glucosamine, an amino sugar
building block that can be used to estimate the chitin content in
the analyzed material. High-performance liquid chromatography
(HPLC) is a powerful instrument for glucosamine measurement,
but the detection of glucosamine can be limited due to its poor
UV absorbance and lack of fluorescent properties (Harvey, 2011).
In order to enhance the detectability, many analytical approaches
rely on the prior formation of derivatives aided by reagents such
as 9-fluorenylmethoxycarbonyl (Fmoc) (Zhou et al., 2005; Zhu
et al., 2005; Han and Heinonen, 2021) and 6-aminoquinolyl-
N-hydroxysuccinimidyl carbamate (AQC) (Wang et al., 2008).

However, the derivatization procedure is labor-intensive and
time-consuming. This step can be avoided when HPLC with
electrochemical (ECD) or mass spectrometry (MS) detection
is used since both methods allow for the quantitative analysis
of carbohydrates in their native, underivatized form. ECD is
a conventional method that detects carbohydrate analytes via
anion-exchangemechanism, which takes advantage of the weakly
acidic nature of carbohydrates (Masuda et al., 2002). This method
has been widely used for direct glucosamine determination in
biological samples, such as human plasma (Pashkova et al., 2009).
Recently, a tandem mass spectrometry (MS/MS) method was
established to determine glucosamine in insect chitin samples
(D’Hondt et al., 2020). MS/MS is highly selective and suitable
for analyzing complex sample matrices (Olofsson and Bylund,
2016), but it has higher investment costs and skill requirements
to operate (Brandhorst et al., 2012; Adaway et al., 2015).

The present study aims to compare the ECD with an
established MS/MS method and discuss the applicability of the
methods to determine chitin content in insect sources. Chitin
was chemically extracted from raw exuvial waste of the insect
farming industry. The purity of extracted chitin was evaluated
by performing acidic hydrolysis of chitin into its monomers
(glucosamine, N-acetylglucosamine, acetic acid) followed by
their quantification. The determination was performed on
the exuviae of yellow mealworm (Tenebrio molitor), black
soldier fly (Hermetia illucens), and house cricket (Acheta
domesticus). The insects were mass-reared in the Netherlands
to produce protein for food and feed and belong to the
seven insect species approved for use as aquaculture feed
(EU, 2017). Yellow mealworm was also recently approved for
human consumption by the European Food Safety Authority
(EFSA Panel on Nutrition et al., 2021).

MATERIALS AND METHODS

Materials
D-(+)-Glucosamine hydrochloride, N-acetylglucosamine,
and acetic acid, used as reference standards, were purchased
from Sigma Aldrich (St Louis, MO, USA). Theophylline,
an internal standard to correct for possible ion suppression
in the MS source, was purchased from Sigma Aldrich
(St Louis, MO, USA). HPLC-grade water was prepared
using a Milli-Q water purification system (Millipore Corp.,
Bedford, MA, USA). Analytical grade chemicals used for
chitin extraction, such as hydrochloric acid (HCl) and
sodium hydroxide (NaOH), were obtained from Merck
(Darmstadt, Germany). Commercially available purified
shrimp shell chitin (Sigma, St. Louis, MO, USA) was used as
a reference substrate for the acid hydrolysis process without
further purification.

Raw Materials and Pretreatments
Exuviae used for chitin extraction were obtained from three
commercially reared insects: yellow mealworm (Tenebrio
molitor), black soldier fly (Hermetia illucens), and house
cricket (Acheta domesticus) (Table 1). Samples of each insect
species were kindly provided by Nijenkamp (Hellendoorn,
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TABLE 1 | Insect materials used for chitin extraction.

Insect species Body part/life stage

Mealworm Larval exuviae

Black soldier fly Larval exuviae

Puparium

Adult flies (whole/intact)

House cricket Exuviae from various instar stages

NL), Bestico (Berkel en Rodenrijs, NL), and Fair Insects
(Dongen, NL), respectively, where the insects were reared
on various types of agro-industrial waste. Collected exuvial
samples were rinsed repeatedly with distilled water to
eliminate soluble impurities that may adhere to the external
surface. Cleaned samples were oven-dried at 60◦C for
24–48 h until a constant weight was obtained. Samples
were pulverized into a fine powder using a TissueLyser II
stainless steel ball mill (QIAGEN, CA, USA) to increase the
accessibility for chemical solvents into the particle. Powdered
samples were stored in an airtight container in a desiccator
until extraction.

Chitin Extraction
Defatting and Demineralization
As a preliminary step, exuvial samples were defatted according
to a previously described method (Choi et al., 2017) to remove
lipid fractions which may cause hydrophobic repulsion that
prevents the interaction of exuviae with chemical reagents. First,
10 g of each powdered sample was weighed on a precision
scale in triplicate. The samples were treated with n-hexane in
shaking flasks at room temperature for 48 h, and the solvent was
replaced every 12 h. Defatted samples were separated from the
liquid fraction by vacuum filtration (VWR cellulose filter paper
413, particle retention 5–13µm) and dried overnight under a
fume hood.

Chitin in analyzed material (%) = 100∗

[

glucosamine
(mg
ml

)]

+
[

acetate
(mg
mL

)]

+
[

N − acetylglucosamine
(mg
ml

)]

loaded sample
(mg
ml

) (1)

Chitin content in insect exuviae (%) =
[

Chitin content in analyzed material %
]

∗

[

DW after extraction
]

[

DW of starting material
] (2)

Next, demineralization was conducted to eliminate minerals
(mainly calcium carbonate) deposited in insect cuticles. This was
done by treating the exuviae with acid, based on a procedure
previously tested on various insect species (Marei et al., 2016).
The defatted samples were treated with 1MHCl [solid-to-solvent
ratio of 1:20 (w/v)] in shaking flasks at room temperature for
1 h. The acid treatment resulted in slightly discolored biomass.
The insoluble precipitate was separated from the salts by vacuum
filtration (VWR cellulose filter paper 413, particle retention 5–
13µm), washed thoroughly with distilled water until neutral, and
dried overnight at 60◦C.

Deproteinization
The removal of proteins was carried out based on a previously
suggested method (Sagheer et al., 2009; Marei et al., 2016).
Samples were treated with 1M NaOH in shaking flasks [solid-
to-solvent ratio of 1:20 (w/v)] at 80◦C for 1 h. The alkali
treatment was done several times (9–13 times) with intermediate
filtration (VWR cellulose filter paper 413, particle retention 5–
13µm) until the filtered NaOH solution was colorless to ensure
that all proteins were solubilized. Light brown-colored chitin
precipitate was obtained by the end of the successive treatments
(Supplementary Figure 1). Chitin was washed thoroughly with
distilled water until neutral, dried overnight at 60◦C, and
weighed. The end product was stored in a desiccator at room
temperature until further analysis.

Acid Hydrolysis
Each biological chitin sample (20.0mg) was precisely weighed
and transferred into heat-resistant glass vials containing 10mL
6M HCl. The reaction mixture was briefly homogenized by
vortex and sonicated for 15min to improve the digestibility of
the chitin sample. Acid hydrolysis was carried out by incubating
the reaction mixture in a high-temperature thermostat at
110◦C for 4 h (HT200S, Hach-Lange, Dusseldorf, Germany).
After the reaction, the vials were immediately cooled down
to room temperature under a fume hood. The resulting
hydrolysate was diluted with Milli-Q, filtered through 0.2µm
PTFE membrane filters (VWR International, Atlanta, GA), and
used for subsequent chromatographic analysis.

Chromatographic Analysis
After the acid hydrolysis step, the resulting hydrolysate was
analyzed for its constituents: glucosamine, N-acetylglucosamine,
and acetic acid. Glucosamine and N-acetylglucosamine were
analyzed with ECD and MS/MS, and acetic acid was analyzed
with LC-UV. The amount of hydrolyzed chitin from biological
samples was calculated according to the formulation described by
D’Hondt et al. (2020) by taking into account the concentration of

chitin constituents and the weight of the extracted insect chitin
from each biological source (Equation 1 and 2).

LC-ECD
The concentrations of glucosamine and N-acetylglucosamine
were determined using HPLC BioInert 1260 Infinity
Agilent (Agilent Technologies Inc., California, USA) with
electrochemical detection (ECD, Decade elite Antec). The
filtered hydrolysate was diluted (50-fold) in ultrapure water.
The chromatographic separation was achieved with a DionexTM

Guard column CarboPac PA1 2 × 50mm, main column
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CarboPac PA1 2 × 250 (Thermo Fisher Scientific) at 20◦C,
employing an isocratic mobile phase consisting of 100% NaOH
0.1M at a 0.25 ml/min flow rate. A carry-over test was performed
by alternately measuring the samples with blanks (MilliQ) to test
for substances in the preceding sample that may interfere with
the measurement of the subsequent sample. The retention time
was 4.2 and 4.5min for glucosamine and N-acetylglucosamine,
respectively. The calibration curves were determined using
different concentrations of glucosamine (0.5, 1, 2.5, 5, 7.5 and
10 mg/L) in triplicate. The following validation parameters were
determined: linearity (expressed as coefficient of determination,
R2), intraday and interday precisions (expressed as coefficient
of variation, CV%), limit of detection (LOD), and limit of
quantification (LOQ). The interday precisions were studied
by measuring three levels of glucosamine in triplicate on
three separate days. LOD and LOQ were calculated using a
signal-to-noise criterion of 3 and 10, respectively.

LC-MS/MS
Determination of glucosamine andN-acetylglucosamine was also
performed onMS/MS system, based on themethod adapted from
D’Hondt et al. (2020). The filtered hydrolysate was dried with
N2 to eliminate HCl, which may influence the retention and pH
of the mobile phase, and re-dissolved in 1:1 (v/v) acetonitrile +
0.1% formic acid and MilliQ + 0.1% formic acid. Each sample
was diluted (50-fold) in ultrapure water and injected on Agilent
1290 Infinity II UPLC-MS/MS systems (Agilent Technologies
Inc., California, USA) equipped with Cogent Diamond Hydride
100 Å column (150mm x 2.1, 4µm) and triple quadrupole
mass spectrometer (6460C, Agilent Technologies Inc., California,
USA). The standard concentration range was 1–10 mg/L. The
mobile phase gradient consisted of solvent A (20% MilliQ +

0.1% formic acid) and solvent B (80% acetonitrile + 0.1%
formic acid) supplied at a flow rate of 0.5 mL/min. The column
temperature was 30◦C. The gradient settings were 20–70% A
(0–5min), 70% A (5–7min), 70–20% A (7–8min), 20% A (8–
15min). Quantification was performed on protonated ions using
Multiple Reaction Monitoring (MRM) mode. After electron
spray ionization, the following transitions were monitored: m/z
180 → 162 and 180 → 72 for glucosamine, 181→ 124
for internal standard theophylline, and m/z 222→ 138 for
N-acetylglucosamine in positive ion mode. The presence of
carry-over substances was checked. The retention time was
3.9 and 1.4min for glucosamine and N-acetylglucosamine,
respectively. Validation parameters such as linearity, precisions,
LOD, and LOQ were evaluated and compared with those
obtained with LC-ECD.

LC-UV
The acetic acid concentration was determined by injecting
filtered, undiluted hydrolysate into HPLC Dionex Ultimate 3000
systems (Thermo Fisher, Agawam, USA) equipped with 340U
UV-VIS Detector (UVD) (Thermo Scientific). Separation was
achieved by the Hi-Plex H column (300 x 7.7mm, 8µm) at 50◦C.
Isocratic elution was used to separate the target analysis using
100% sulfuric acid 0.01M. The flow rate was maintained at 0.6
mL/min, and the UV detector was set at 210 nm. The retention

time was 15.5min. The standard concentration range was 0.25–
10 mg/L. The presence of carry-over substances was checked.

Data Analysis
Chromatographic data were measured in triplicate and expressed
as the mean ± standard deviation. Normality and homogeneity
of the variances were verified using the Shapiro–Wilk and
Levene’s tests, respectively. The student’s t-test assessed the
statistical differences between two groups. Pearson’s correlation
(r) was used to measure the degree of a linear relationship
between the concentrations of glucosamine measured by ECD
and MS/MS. Bland-Altman plot was analyzed to evaluate the
difference (bias) between the mean difference and the agreement
interval (95%) between ECD and MS/MS in determining
glucosamine. Statistical analysis was performed using GraphPad
Prism 9.1 (GraphPad Prism software, La Jolla, CA, USA).

RESULTS AND DISCUSSION

In the present study, we performed acid-base extraction to purify
chitin from the exuviae of different insect species. Next, the
purity of extracted chitin was evaluated by hydrolyzing the
chitin into its constituents (glucosamine, N-acetylglucosamine,
and acetic acid), followed by quantifying the latter with liquid
chromatography methods. To our knowledge, this was the first
time that the LC-ECD method was adapted for glucosamine
and N-acetylglucosamine determination in hydrolyzed insect
chitin. The results were compared with a recently established

TABLE 2 | Linearity (expressed as coefficient of determinations, R2 ), limit of

detection (signal-to-noise ratio of 3) and limit of quantification (signal-to-noise ratio

of 10) of glucosamine and N-acetylglucosamine as assessed by LC-ECD and

LC-MS/MS.

Method Compound R2 (N = 15) LOD (mg/L) LOQ (mg/L)

LC-ECD Glucosamine 0.995 0.02 0.09

N-acetylglucosamine 0.994 0.04 0.11

LC-MS/MS Glucosamine 0.991 0.02 0.08

N-acetylglucosamine 0.999 0.03 0.10

The linearity range was 0.5–10 mg/L.

TABLE 3 | Intra- and interday precisions (expressed as coefficient of variation,

CV%) for quantifying glucosamine reference solution measured by LC-ECD and

LC-MS/MS.

Glucosamine

concentration (mg/L)

Precision (CV%)

Intraday

(LC-ECD)

Interday

(LC-ECD)

Intraday

(LC-MS/MS)

Interday

(LC-MS/MS)

1 0.8 3.0 1.7 4.1

5 0.8 1.0 1.1 2.4

10 0.1 0.6 0.2 1.6

Intraday precision was obtained from six determinations, while interday precision was

obtained from three determinations on three separate days.

Frontiers in Sustainable Food Systems | www.frontiersin.org 4 December 2021 | Volume 5 | Article 795694

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Nurfikari and de Boer Chitin Determination in Insect Exuviae

TABLE 4 | Concentrations (mg/L) of glucosamine and N-acetylglucosamine in

hydrolyzed commercial chitin and chitin extracts of different insect exuviae as

measured by LC-ECD and LC-MS/MS.

Sample Glucosamine (mg/L) N-acetylglucosamine (mg/L)*

LC-ECD LC-MS/MS LC-ECD LC-MS/MS

Commercial chitin 6.3 ± 0.1 6.3 ± 0.1 n.d. n.d.

BSF puparium 5.8 ± 0.2 5.6 ± 0.1 n.d. <LOQ

BSF larval exuviae 4.8 ± 0.1 4.6 ± 0.1 n.d. <LOQ

BSF adults 5.6 ± 0.1 5.5 ± 0.2 n.d. <LOQ

Cricket exuviae 4.7 ± 0.1 4.7 ± 0.1 n.d. <LOQ

Mealworm exuviae 3.8 ± 0.1 3.8 ± 0.2 n.d. n.d.

Determination was performed on 50x diluted samples. The paired t-test showed that the

glucosamine measurements obtained by the two methods were not significantly different

(p = 0.6).

*nd, not detected.

LC-MS/MS method, which has been proven successful in
determining chitin content in pure and impure insect chitin
samples (D’Hondt et al., 2020).

Comparison of LC-ECD and LC-MS/MS
Methods
The chromatograms obtained from HPLC analysis with MS/MS
and ECD methods showed distinct separation of glucosamine
and N-acetylglucosamine peaks (Supplementary Figures 2A,B,
3). No interfering peaks with similar retention times were
observed. A blank check performed on all instruments showed
that none of the tested chitin samples contained carry-over
substances. All calibration curves presented good linearity with
determination coefficients (R2) of 0.991–0.999 (Table 2). After
every 10–15 samples in the analytical sequences, the standards
were analyzed to check for possible drifts; no drifts were observed
throughout the study period. Both analyses require very low
sample volumes (5 µL of the 50-fold diluted sample). For both
methods, the LOQs (< 0.1 mg/L) were lower than the lowest
standard concentration (0.5 mg/L) (Table 2).

Evaluations of intra- and interday precisions for glucosamine
determination, expressed as coefficient of variation (CV%), are
shown in Table 3. The interday precision, obtained by measuring
three levels of glucosamine in triplicate on three separate days,
was within the range of 0.6–3% and 1.6–4% for ECD and
MS/MS, respectively. With respect to intraday precision, lower
CV values of 0.1–0.8% and 0.2–1.7% were obtained for ECD
and MS/MS, respectively, indicating good repeatability of both
methods for glucosamine determination. For both methods, the
overall time needed for setting up and running the samples is
generally similar. However, ECD allows faster preparation since
the samples can be immediately analyzed without any additional
step. In comparison, preparing samples for MS/MS analysis
requires extra time to dry out the HCl that may interfere with
the analysis and resuspend the dried sample in a suitable solvent.

The result of glucosamine and N-acetylglucosamine
determination in hydrolyzed commercial chitin and chitin
extracts of different insect exuviae is summarized in Table 4.

FIGURE 1 | Positive relationship of glucosamine concentrations in hydrolyzed

commercial chitin and chitin extracts of different insect exuviae measured by

LC-ECD and LC-MS/MS (Pearson’s correlation, r = 0.994, p < 0.0001,

N = 27). The samples were diluted 50x in both measurements.

FIGURE 2 | Bland-Altman plot of glucosamine concentrations in hydrolyzed

commercial chitin and chitin extracts of different insect exuviae measured by

LC-ECD and LC-MS/MS (N = 27). The x-axis shows the mean of the results,

and the y-axis shows the absolute glucosamine difference in mg/L between

LC-ECD and LC-MS/MS measurement. The mean bias was −0.01 ± 0.09,

and the 95% limits of agreement were −0.17 to 0.19.

As depicted in the correlation plot (Figure 1), a strong positive
relationship was observed between glucosamine concentrations
measured by ECD and MS/MS (r = 0.994, y = 0.996x+ 0.0151).
The paired t-test showed that the glucosamine measurements
obtained by the two methods were not significantly different (p
= 0.6). The Bland-Altman plot showed a mean bias of −0.01
± 0.09, and the 95% limits of agreement were −0.17 to 0.19
(Figure 2). The scattered distribution of the sample points
indicated no systematic trend in variation, and the variation was
not dependent on the use of different detection principles.

It was assumed that chitin could be effectively depolymerized
by treating with concentrated acid at high temperatures. During
the initial phase of acid hydrolysis, the glycosidic linkage of chitin
is cleaved, leading to the release of smaller polymeric units and -
N-acetylglucosamine (Hackman, 1962; Einbu and Vårum, 2008).
Next, the N-acetylglucosamine is deacetylated into glucosamine
and acetic acid (Hackman, 1962; Einbu and Vårum, 2008).
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TABLE 5 | Chitin content of the extracted samples (%) and the estimated chitin content of the raw materials (%) based on the obtained LC data.

Sample LC-ECD + LC-UV LC-MS/MS + LC-UV

Chitin content of extracted

sample (%)

Chitin content of raw material

(%)

Chitin content of extracted

sample (%)

Chitin content of raw material

(%)

Commercial chitin 89.1 ± 0.1 – 88.6 ± 0.1 –

BSF puparium 81.7 ± 1.1 18.5 ± 0.4 80.8 ± 0.3 18.5 ± 0.3

BSF larval exuviae 68.1 ± 0.7 10.9 ± 0.1 68.6 ± 1.3 11.1 ± 0.4

BSF adults 79.4 ± 0.5 9.6 ± 0.2 75.5 ± 1.5 9.2 ± 0.3

Cricket exuviae 66.7 ± 0.3 9.6 ± 0.2 68.6 ± 0.9 9.9 ± 0.2

Mealworm exuviae 54.1 ± 1.2 7.9 ± 0.1 56.9 ± 2.2 8.6 ± 0.1

LC-MS/MS and LC-ECD were used to quantify glucosamine and N-acetylglucosamine. LC-UV was used to quantify acetic acid.

According to the results obtained with the ECD method, N-
acetylglucosamine was not detected in any of the samples.
However, with the highly sensitive MS/MS detection, trace
amounts of N-acetylglucosamine (below LOQ) were detected
in several insect chitin samples, but not in mealworm exuviae
chitin and commercial chitin. This indicates that, while the
hydrolysis condition was optimum for commercial chitin, the
condition was not completely optimal for most insect chitin
samples, since not all of the N-acetylglucosamine monomers
were deacetylated after undergoing the hydrolysis procedure.
Temperature, duration, and concentration of HCl solution are
important factors affecting the optimum hydrolysis of chitin
(Crespo et al., 2006; Einbu and Vårum, 2008; D’Hondt et al.,
2020). Inadequate acid treatment may result in incomplete
chitin hydrolysis, whereas excessive treatments may lead to
monomer degradation and lower recovery. Even though the
N-acetyglucosamine concentrations detected in this study were
below the quantification limit, further study could be conducted
to optimize the acid hydrolysis conditions for chitin obtained
from different insect materials.

Application in Determining Chitin Content
in Insect Residual Streams
Based on the hydrolysis condition and determination methods
used in our study, the chitin content measured in pure
commercial chitin was 88–89% (Table 5), indicating that the
commercial shrimp chitin might contain impurities. This finding
is in agreement with the observation of a previous liquid
chromatography-based study, in which the chitin standard was
shown to contain 82–87% chitin (Crespo et al., 2006; Smets
and van der Borght, 2021). The exoskeleton of hexapods and
decapods are heavily cross-linked with compounds such as amino
acids, catechols, and pigments (Suderman et al., 2006; Andersen,
2010; Roer et al., 2015), and it is possible that some residues
remained after chitin purification (Smets and van der Borght,
2021). Further evaluations should be performed to verify the
presence of residues in pure commercial chitin.

Chitin extraction on insect exuviae was performed using a
method adapted for crustacean chitin, which was achieved by
treating the samples with acid and base to remove minerals and
proteins. Insect exuviae are known to contain considerably lower
calcium carbonate deposits than crustacean shells (Tolaimate

et al., 2003; Roer et al., 2015). Thus, demineralization of this
material can be accomplished under mild conditions, and in
some cases, this step is excluded from the procedure (D’Hondt
et al., 2020; Jantzen da Silva Lucas et al., 2021). In contrast,
deproteinization is crucial since chitin is compactly bound
with cuticular protein in the chitin-protein matrix. This step
is challenging since strong conditions are necessary to break
the hydrogen bonds between chitin and protein, but prolonged
exposure to such a harsh environment also poses a risk of
degrading the chitin (Tan et al., 2021). In addition, insect
exuviae are diverse, varying in thickness, strength, and elasticity
(Andersen, 2010), and so far, there is no standardized extraction
method for all types of exuviae. Therefore, the chitin extraction
procedure should be tuned accordingly for different insect
materials. Depending on insect species, life stage and body parts,
deproteinization is typically carried out by treating the specimens
with 0.5 M−2M NaOH, at a temperature of 80–100◦C, and
incubation time of 16–20 h (Hahn et al., 2020b; Mohan et al.,
2020).

In the present study, deproteinization of different exuviae
was tuned by adjusting the number of repetitions needed to
obtain a “clean” chitin precipitate. As described in section
Deproteinization, deproteinization was performed by treating
the samples with 1M NaOH at 80◦C for 1 h, and this step was
repeated multiple times until the alkali solutions were clear to
ensure that all proteins were eliminated. During the study, it
was observed that fewer deproteinization cycles were needed to
obtain clean chitin precipitate from BSF puparium (nine cycles),
whereas more cycles were required for mealworm and cricket
exuviae (13 cycles). This observation was comparable to previous
studies employing a similar extraction method, in which 12–13
cycles of deproteinization were required to purify chitin fromBSF
source (D’Hondt et al., 2020; Soetemans et al., 2020).

The chitin purity of each biological sample, as based on
glucosamine and acetic acid concentrations, was taken into
account to correct for the amount of chitin obtained following the
gravimetric extraction procedure, thus avoiding overestimation
of chitin content. The purity of extracted chitin is presented in
Table 5. All insect chitin contained a certain degree of impurities,
even though the samples had been meticulously cleaned via
successive purification steps. The highest purity was observed
for chitin derived from BSF puparium (80–81%). Lower purity
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was observed for the chitin obtained from mealworm exuviae
(54–56%) and cricket exuviae (66–68%), suggesting that chitin
purification from these samples were challenging. A similar result
was also observed by D’Hondt et al. (2020), where purified BSF
chitin was shown to contain 64–71% chitin based on a liquid
chromatography evaluation.

We assume that the less successful chitin purification from
mealworm and cricket exuviae was due to their high lipid
content since hydrophobic repulsion was observed throughout
the study, thus reducing the accessibility of the acid and alkali
solutions to solubilize minerals and proteins (Tan et al., 2021).
The outer region of insect exuviae, especially that of mealworm
larvae, contains a considerable amount of lipid (Pasquier et al.,
2021), which serves as a barrier to protect the insect from
abrasion and infection (Roer et al., 2015). Removal of the lipid
fraction was attempted by pre-treating the exuviae with n-hexane
according to a previously described method (Choi et al., 2017),
but this additional step did not yield sufficient improvement in
reducing the hydrophobic repulsion. Higher purity of extracted
chitin can be achieved, for example, by applying the design of
experiments that optimize all of the factors influencing extraction
efficiency (e.g., different temperature, reagent, incubation time)
as demonstrated by Hahn et al. (2020a), since an optimized
deproteinization can also simultaneously eliminate soluble lipids
(Hahn et al., 2020b). However, this complex design was not
feasible due to the large assortment of tested insect exuviae in
our study.

Based on the estimated chitin content in insect samples
(Table 5), BSF puparium had a higher chitin content (18.5%)
than the exuviae shed during the larval stage (10.9–11.1%) and
the intact BSF at the adult stage (9.2–9.6%). This finding agrees
with previous studies (Brigode et al., 2020; Wang et al., 2020),
where the chitin content in the BSF pupariumwas found to be the
highest compared to other development stages. During puparium
formation, it is likely that the insect cuticle is sclerotized, and
higher production of chitin occurs to increase protection before
the pupal stage begins (Andersen, 2010; Soetemans et al., 2020).
The lowest chitin content in tested BSF samples was observed
in BSF adult flies, most likely due to the presence of other
components that make up the intact biomass, such as protein
and lipids (Brigode et al., 2020). Chitin in the exuviae of house
cricket at various instar stages was 9.6–9.9%, slightly lower than
the reported chitin content (10.9%) in the adult exoskeleton of
different cricket species (Gryllus bimaculatus) (Kim et al., 2017).
The estimated chitin content in mealworm exuviae was 7.9–
8.6%, lower than the value of 11% and 18% obtained in previous
studies (Song et al., 2018; Pasquier et al., 2021). Discrepancies
in chitin yield between studies could be attributed to differences
in species, life stages, body parts, and the extraction procedure
itself. Furthermore, in this study, the purification degree (%)
was used as a factor to correct for the presence of impurities in
the extracted chitin. Consequently, this may contribute to lower
chitin amount compared to other studies where the purity of
extracted chitin was not evaluated.

The insect chitin extracts retained a light brown or
grayish appearance (Supplementary Figure 1). This indicates the
presence of pigment (e.g., melanin), which may comprise up to

2.5mg in a BSF individual at the pupal stage (Ushakova et al.,
2017).When a non-pigmented product is preferred, an additional
decolorization step can be introduced, namely by treating the
chitin with potassium permanganate (Liu et al., 2012; Waśko
et al., 2016), sodium hypochlorite (Poerio et al., 2020), glacial
acetone (Soon et al., 2018) and water-methanol-chloroform
solution (Mol et al., 2018).

In highly automated rearing systems, frass and exuviae can be
easily separated using a vacuum separator, taking advantage of
their difference in settling velocity and density (Kröncke et al.,
2020). Separation of exuviae and frass can also be done by
sieving based on particle size (Wynants et al., 2018). In rearing
facilities, casted-off exuviae are continuously exposed to frass.
Thus, in systems where separation is not optimal, there is a
risk of measuring chitin from fungi, which grow well on highly
decomposable material like frass (Poveda et al., 2019). Exuviae
may also contain fungal spores, but due to the hydrophobic and
antifungal properties of cuticular lipid (Gołebiowski et al., 2014),
the expected abundance is low. An additionalmeasurement could
be conducted to quantify fungal biomass in frass (e.g., qPCR or
ergosterol analysis) to evaluate whether the presence of frass-
derived fungi in collected exuviae significantly influences the
determination of chitin content.

The extraction method used in this study used concentrated
acid and base solutions and may lead to a considerable amount
of waste when applied on a larger scale. Recently, several
studies have initiated the development of environmentally
friendly extraction methods where less or no conventional
organic solvents were used. For example, the use of alcalase,
an endoproteinase enzyme from Bacillus licheniformis, was
considered a promising option to solubilize proteins from
mealworm exuviae (Jantzen da Silva Lucas et al., 2021).
Liquid fermentation by lactic acid-producing Lactobacillus
plantarum, protease-producing B. subtilis, and lipase-producing
Pseudomonas fluorescens was used to obtain chitin from BSF
exuviae (Tan et al., 2021). The possibility of using deep
eutectic solvents was also evaluated to remove minerals and
proteins from BSF prepupae (Zhou et al., 2019). Another
alternative chitin extraction method was superheated water
hydrolysis (treating exuviae with 150◦C water for 20 h),
which reportedly could weaken and disrupt hydrogen bonds,
leading to the liberation of chitin molecules from the chitin-
protein matrix (Bhavsar et al., 2021). Further research should
focus on optimizing these green extraction methods to
minimize the environmental impacts of harsh chemicals,
especially for industrial purposes where maximum chitin yield
is desired.

CONCLUSION

Emerging studies have shown great interest in the potential
application of the chitin component in the residual streams
of insect farming. Thus, knowledge of the chitin content in
this novel source is becoming increasingly important. For the
first time, liquid chromatography with electrochemical detection
(ECD) was successfully applied for quantitative analysis of
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glucosamine to evaluate the purity and estimate chitin content in
insect exuviae. The determination results were accurate, precise,
and in good agreement with those obtained by an established
tandem mass spectrometry (MS/MS) method. Even though ECD
is generally less sensitive than MS/MS, namely in detecting trace
amounts of N-acetylglucosamine, the method also presented
practical advantages, such as less preparation time and lower
instrument cost than MS/MS. The HPLC analysis revealed the
presence of impurities in the extracted chitin, but this factor
was weighed in the calculation to avoid chitin overestimation.
Further research is warranted to optimize the acid hydrolysis
conditions of the chitin, as this could significantly influence
the final results. With the high chitin content (7.9–18.5%) and
the forecasted growth of the insect farming industry, insect
exuviae serve good prospects as a valuable alternative source
of chitin.
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