PURIFICATION AND CHARACTERIZATION OF ACHETA
DOMESTICUS AND GRYLLODES SIGILLATUS CRICKET CHITIN AND
CHITOSAN FOR BIOACTIVE AND BIODEGRADABLE FOOD
PACKAGING APPLICATIONS

by
Morgan Malm

A Dissertation
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Doctor of Philosophy

S

Department of Food Science
West Lafayette, Indiana
December 2021



THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Andrea Liceaga, Chair
Department of Food Science

Dr. Fernanda San Martin

Department of Food Science

Dr. Owen Jones

Department of Food Science

Dr. Jose M. Garcia Bravo
School of Engineering Technology

Dr. lan Kaplan

Department of Entomology

Approved by:
Dr. Arun Bhunia



ACKNOWLEDGMENTS

Firstly, 1 would like to thank my advisor, Dr. Andrea Liceaga, for giving me a space to
learn and expand my knowledge, and worked patiently with me to set and meet my goals under all
circumstances we were faced with. | would like to also thank my committee members. Dr. San
Martin, Dr. Jones, Dr. Garcia, and Dr. Kaplan graciously helped me design experiments, provide
materials, give meticulous feedback, and provide advice.

| am grateful for all my lab mates and colleagues | have been blessed with, including Hazal,
Jose, Luis, Tahrima, Fifi, Felicia, Uriel, Catalina, Natalie, and Pat. | am thankful to Hazal for her
mentorship when | was an undergraduate scientist, and a friend and colleague in graduate school.
She exposed me to research, supported me through the ups and downs, provided mentorship, and
helped me find my passion. Additionally, | am grateful for the friendships with Hazal and Jose that
kept me going when | wanted to quit. Finally, I am so grateful for the support and friendship
provided by Felica, Uriel, Cata, Natalie, and Pat, after my transfer. I am blessed to have spent a
portion of graduate school alongside Pat Polowsky. He helped me on some of my hardest days of
graduate school and taught me so much. May his impact on the food industry be long lasting and
may he Rest in Peace.

Lastly, I am grateful for my family and husband. I am certain | would not have survived

graduate school without each of them.



TABLE OF CONTENTS

LIST OF TABLES ... oottt sttt bbbt s ettt ne st e 7
LIST OF FIGURES ... ..ottt sttt e et e e sn e e e snb e e e snaeeennaeeenneeean 8
F N S 2 ¥ N SR URPRI 9
CHAPTER 1. INTRODUCTION ....ooiiiiiiciiie ettt sne s 10
1.1 Crickets for human CONSUMPLION .......cociuiiieiiee e 10
022 1 01 1] PSPPSR 12
N R 1 €0 Tox (1] £ PRSP RTPPR PR 12
1.2.2 Extraction and purification from INSECES...........cccceviieiiiii i 12

G T O 01 (0 LY SRS P PP 18
1.3.1  CONVErsion t0 CRITOSAN .....ocvveiiieiieiiesieeie ettt sreeeeenee e 18
1.3.2  Chitosan CharaCterization............cooueiieriiie e 20
1.3.3  Degree of DeaCetYIation .........c.ccueieieiiiiiiiiiiseeie e 20
1.3.4 Molecular WEIGNT ........c.ccoviiiiiiee e 21

1.4 Cricket chitin @nd ChItOSAN..........ccciviiiiiieie e 22
1.5 ChitoSan apPliCAIIONS .......ccuiiiiiiiiieieie et 25
151 ANTIF0DESITY ..o 25
1.5.2  ANtIMICIODIAL ... e 26
1.5.3 Food Packaging mMaterialS...........cccoeiieiiiieii e 28

1.8 ODJECHIVE ...ttt bbbttt bt r et 29
1.7 HYPOTNESIS. ...t b bbbttt bbbt 30
1.8 RETEIBINCES. ...ttt ettt ettt n b e b 30

CHAPTER 2. PHYSICOCHEMICAL PROPERTIES OF CHITOSAN FROM TWO

COMMONLY REARED EDIBLE CRICKET SPECIES, AND ITS APPLICATION AS A

HYPOLIPIDEMIC AND ANTIMICROBIAL AGENT ....ooiiiiie e 41
0 N o 1 - Tod TSR P RSP OPRTRN 41
yZ2 N 111 oo [ Tod o] o RSP UPTROPRRN 42
2.3 Materials and MELNOUS. ..........couiiieii e e e ee s 43

pZ TRt V- 1 =T 4 - 1SS 43
2.3.2  Cricket Chitin EXIFACHION .......c.eoiiiiiiie et 44



2.3.3  Chitin Demineralization and Deproteinization ............cccccveveveeieeiesieese e 44

2.3.4 Chitosan Conversion and Characterization by Fourier Transform Infrared

Spectroscopy (FTIR) and Degree of Deacetylation............cccooeiiiiiiiiiicieiec e 45
2.3.5 Molecular weight determination............coierieiieiieie e 46
2.3.6 Anti-Obesity Effects (Lipid Binding Capacity) of Cricket Chitosan ........................ 46
2.3.7 Determination of Antimicrobial ACHVItY .........ccooveiiiiieii i 47
2.3.8 Bacterial stock cultures and sample preparation ...........cccocoeveeieiene s 47
2.3.9 Antibacterial determination ..........cccooveiiiiiiie i 48
2.3.10  StatiStICAl ANAIYSIS ...c.veiveeieciecieece e 48
2.4 RESUILS ANd DISCUSSION ....eouviiiiiiiiiiiisiieiieie ettt sttt st b sbenneas 48
2.4.1 Cricket Chitin and ChitoSan PrOCESSING ........ccovrverirrieriirerie e 48
2.4.2 Cricket Chitin and Chitosan CharaCterization ...........c.ccoovvereiieiieeienieese e 50
2.4.3 Molecular Weight Determination ............cccccceiieiiiieeieeie e 54
2.4.4  Lipid-Binding CapaCity .........ccccciveiiiiieiieiesie s ste et e e sreeste e see e 54
2.4.5  ANMICIODIAl ACHIVITY ..o 56
p S T O3 Tod 11 5] o] OSSPSR 60
2.8 RETEIBICES......oiiiti ittt bbbt bRttt ettt b b nre s 61

CHAPTER 3. DEVELOPMENT OF CHITOSAN FILMS FROM REARED EDIBLE
CRICKETS AND ITS PERFORMANCE AS A BIO-BASED FOOD PACKAGING MATERIAL

.......................................................................................................................... 67

3L ADSIIACE ...ttt b b reareas 67
KT 1 (oo [0 Tox 1 o] RSSO SRPRPRPRIN 68
3.3 Materials and MEtNOUS.........ccuviieieee e ns 69
K T0C 00 V- 1 =T -SSR 69
3032 IMIBLNOAS ...ttt b e ens 69
3.3.3  CriCKEt CHITOSAN .. .eoviiiieiieeiee ettt ettt e ne e 69
3.3.4  Solution casting fIlMS ........ooiiiii 70
3.3.5 Molecular CharaCterization ............cccooeiiieieeie e 70
3.3.6  Scanning electron MiCroSCOPY (SEM) .....ccuviiiiiiiiiiiccie e 71
3.3.7 Water contact angle analySIS .......coovuiiiieiieiiie et 71
3.3.8  Water vapor Permeability ... 71



3.3.9  MeChaniCal PrOPEITIES........cciiie et 72

3.3.10  COlOr MEASUIEIMENT .....viviiiieiiesieie ettt bbbttt e bbb 72
3.3.11  Light Darrier PrOPertIES. .......coueieieiereiieriesiiei ettt 72
3.3.L2  OPACILY .ttt bbbttt bbb 73
3.3.13  StatiStICal ANAIYSIS ....cuviivieiicie e 73

3.4 RESUILS aN0 DISCUSSION .....iviiiiiiieiieiieie sttt sttt sttt b et bbb sbeeneas 73
3.4.1 Molecular CharaCterization ...........ccccoeiieieiie e 73
3.4.2  Film MICTOSIIUCTUIE ..ottt st ene e 75
3.4.3  MeChaniCal PrOPEITIES.......ccciiie it 78
3.4.4  Water vapor Permeability .........cccoiiiiiiieie e 81
3.4.5 Color and optical PrOPEITIES.........ccveiiriiiirisiieiee e 83
3.4.6  Light DArrier ProPertieS .........cocieiiieiiii et 83
3.4.7  Water CONtACt ANQIES......ccveeiiieie et 85

K TR ©0] 0o [1 5] o] USSR P USRS 86
K o (C3 =T =] 0 01T 87
CHAPTER 4.  CONCLUSIONS..... .ottt sresneenes 93
LY I 1 NSRS PSR 95



LIST OF TABLES

Table 1. Extraction, yield, and composition of chitin obtained from insects ..............cccccvevveenne. 14
Table 2. Insect chitosan conversion process and final Properties..........cccocevvvvevivere e seese e, 19
Table 3. Effect of time and NaOH concentration on Chitosan's degree of deacetylation ............ 24

Table 4. Chitin composition and yield, after proteolysis and purification, with reference to whole
(0000 PSSR 50

Table 5. Yield and degree of deacetylation (DDA) of cricket chitin converted to chitosan......... 53
Table 6. Cricket and shrimp chitosan lipid binding Capacity...........ccccocvriririniinieiene e 55

Table 7. Effect of edible cricket chitosan (0.50 mg/mL) with varying degrees of deacetylation on
bacteria growth inhibition (%) after 24 hours incubation. .............cccccvevii e 58

Table 8. Permeability, surface wettability, color, and opacity properties of cricket chitosan films
....................................................................................................................................................... 82


file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035565

LIST OF FIGURES

Figure 1. Centrifuged A. domesticus crickets after Alcalase hydrolysis of its proteins and
centrifugation producing a). chitin rich pellet, b). fat layer, and c). protein hydrolysate supernatant

....................................................................................................................................................... 11
Figure 2. Chitin structure from Zagar, Asghari et al., 2015...........ccccciieieiiieie e 12
Figure 3. Conversion from Chitin to Chitosan adapted from Zagar, Asghari et al., 2015............ 18
Figure 4. Schematic of chitosan based food packaging and its applications (H. Wang, Qian, &
DT aTo 20 OSSPSR 29
Figure 5. FT-IR spectra of A. domesticus (blue) and G. sigillatus (red) purified chitin............... 51

Figure 6. FT-IR Characterization of A. domesticus (green), and G. sigillatus (purple) chitosan
samples after 10 hours of deacetylation, compared to commercial shrimp chitosan (red)........... 53

Figure 7. Antimicrobial effect of chitosan from edible A. domesticus (empty shapes) and G.
sigillatus (filled shapes) crickets, with varying degrees of deacetylation including 72% (triangles),
76% (circles), and 80% (squares), on the growth of Listeria innocua (left column) and Escherichia
coli (right column) over 24 hours of incubation (37 °C). .....ccccveiieie i 57

Figure 8. FTIR of ~70% deacetylated chitosan films, derived from A. domesticus (dashed lines),
G. sigillatus (dashed circles) and commercial shrimp (Solid 1INe)..........ccccoovviiiiiniiiiiiis 74

Figure 9. SEM analysis of chitosan film surfaces derived from crickets, A. domesticus (a-c) and G.
sigillatus (d-f), shown at 500x magnification. Chitosan films have varying degrees of deacetylation,
including 72% (a and d), 76% (b and €), and 80% (C and ).......cccooeririiiriniieee e 76

Figure 11. Cross-sections of chitosan films derived from crickets, A. domesticus (a-c) and G.
sigillatus (d-f), shown at 20,000x magnification. Chitosan films have varying degrees of
deacetylation, including 72% (a and d), 76% (b and €), and 80% (c and f). .........cccevvevvevrernnnee. 77

Figure 10. Cross-sections of chitosan films derived from crickets, A. domesticus (a-c) and G.
sigillatus (d-f), shown at 2,000x magnification. Chitosan films have varying degrees of
deacetylation, including 72% (a and d), 76% (b and €), and 80% (c and f). .........ccceevvevveviereenen. 77

Figure 12. Commercial shrimp chitosan film surface (a) at 500x, and cross sections at 2,000x (b)
and 20,000 (C) MAGNITICALION. ........oiuiiiiieiiiei ettt bbb 78

Figure 13. Tensile strength (a), and elongation % at break (b) of cricket chitosan films compared
to commercial shrimp chitoSan FIIMS. .........ocooiiiiii s 79

Figure 14. Transmittance (%) of UV/Vis light through chitosan films derived from A. domesticus
crickets (dashed line), G. sigillatus (dotted line), and shrimp (solid [ine)........c.cccccvvviiieiiinnnns 84

Figure 15. Sessile water droplets on the surface of (a) A. domesticus, (b) G. sigillatus, and (c)
commercial shrimp chitosan films (72% DDA). ......oooiiiiiiiese e 85


file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035571
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035571
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035571
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035572
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035573
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035574
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035574
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035575
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035579
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035579
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035579
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035580
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035580
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035580
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035581
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035581
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035581
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035582
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035582
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035583
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035583
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035584
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035584
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035585
file://///nas01.itap.purdue.edu/dcs_intprog/GRAD/GRAD.SHARED/Thesis/Carla%20Working%20file/2021.11.28%20Morgan%20Malm.docx%23_Toc89035585

ABSTRACT

The production of insects for protein is projected to reach a market share of 1.33 billion USD, a
rapid increase from the estimated 144 million USD share of 2019 market. The isolation of insect
protein produces by-products, including chitin. Currently chitin is extracted from aquaculture by-
products, such as shrimp and crab shells, and used to produce chitosan for various applications in
the supplement and food industry. With the insect market expected to continue its growth, the
feasibility of sourcing commercial chitin and chitosan from reared crickets’, and the application
properties of its counterpart, chitosan, was investigated in this dissertation. In the first part of this
dissertation, chitin from two commonly reared crickets in the Unites States, Acheta domesticus
and Gryllodes sigillatus, was successfully extracted, purified, and identified as a commercially
viable option for chitin and chitosan. Extensive crustacean chitin studies served as the foundation
of purification steps, however durations were adjusted to account for intrinsic differences between
insects and crustacean exoskeletons. Furthermore, cricket chitosan was prepared and optimized
with varying degrees of deacetylation. As expected, cricket chitosan had lower molecular but did
not have a detectable effect on the bioactive properties tested. All cricket chitosan produced had
similar lipid binding capacity in vitro. Additionally, the microbial inhibition of cricket chitosan
and commercial chitosan (~70% DDA) were not significantly different when evaluated against L.
innocua and E. coli. High DDA cricket chitosan showed greatest bacterial inhibition as expected.
In the second part of this dissertation, cricket derived chitosan showed similar and improved food
packaging properties, when evaluated against commercial shrimp chitosan. microstructure
analysis provided by scanning electron microscopy showed greater compaction and agglomeration
of cricket chitosan films. The change in microstructure may be attributed to the increased
complexity generally attributed to insect chitosan materials, a result of remaining melanin and
protein in close association with insect exoskeleton chitosan. As a result, cricket films had similar
or increased tensile strengths but decreased elongation percentages when compared to shrimp films.
Water vapor permeability of cricket films was decreased due to tortuosity. Residual melanin likely
played an important role in increasing cricket film surface hydrophobicity and providing enhanced
light barrier properties. Overall, this dissertation successfully shows the potential of crickets as
insect derived chitin and chitosan, and its effectiveness as a lipid binding and antibacterial agent,

as well as its potential use in biobased food packaging.



CHAPTER 1. INTRODUCTION

1.1 Crickets for human consumption

The Food and Agriculture Organization for the United Nations (FAO) estimates that by
2050 the world’s population will reach 9 billion, and as a result food security will amplify as it is
expected that a 70% increase in food production will be necessary. Since it is estimated that animal
protein production cannot be sustained (Odegard & van der VVoet, 2014), one consideration to aid
in food security, while minimizing the effects on the environment, is the production of alternative
protein sources such as insects, in vitro meat, and algae (F. G. Hall, Jones, O'Haire, & Liceaga,
2017). Specifically, farming of crickets as a protein source is an exceptional solution and
alternative as it requires less input of resources for their production like water, and land, and have
less detrimental effects on the environment compared to livestock proteins (Van Huis, 2013).
Although there are many benefits of cricket rearing which have been extensively detailed, there is
an overwhelming psychological aversion to insect consumption in western society outside those
who consume them for their novelty. Specifically, studies report consumers lack willingness to
consume whole insects. However, consumers are more willing to consume and try insect products
when they are incorporated into a product they are already familiar with (Gmuer, Nuessli Guth,
Hartmann, & Siegrist, 2016). When crickets were ground into whole flour and then incorporated
into tortilla chips, consumers were much more accepting to this cricket product compared to the
tortilla chips mixed with whole crickets (Gmuer et al., 2016; Luna, 2019). As crickets have
exceptional, total protein composition (~70% dwb) (Zielinska, Baraniak, Karas, Rybczynska, &
Jakubczyk, 2015), research has extended its focus to the production of cricket protein hydrolysates
and isolates, similar to the whey and pea protein isolate products consumers currently use to
supplement protein in their diet (F. Hall, Johnson, & Liceaga, 2018; F. G. Hall et al., 2017; Luna,
2019; Nongonierma, Lamoureux, & FitzGerald, 2018; Zielinska, Baraniak, & Karas, 2017,
Zielinska, Kara$, & Jakubczyk, 2017).

10



Figure 1. Centrifuged A. domesticus crickets after Alcalase hydrolysis of its proteins
and centrifugation producing a). chitin rich pellet, b). fat layer, and c). protein
hydrolysate supernatant

One benefit cricket protein-rich products have over ground whole cricket powders is the
removal of the cricket’s chitin found in its exoskeleton. Chitin is reported to have negative
gastrointestinal effects likely due to the fact that not all humans produce chitinase, the route which
humans breakdown chitin (Paoletti, Norberto, Damini, & Musumeci, 2007). Total dietary fiber of
cricket powders have been estimated to be about 8.5%, of this fiber 87% is due to insoluble chitin
present (Stull et al., 2018). Gastrointestinal effects of chitin consumption such as nausea, diarrhea,
and constipation have been reported and linked to chitin containing products like cricket-based
biscuits, or whole crickets (Homann, 2015; Jayanegara, Sholikin, Sabila, Suharti, & Astuti, 2017).
As a result, chitin removal during cricket protein isolation is also of interest. Therefore, as cricket
protein hydrolysates are produced, the byproduct and waste stream of the chitin-rich byproduct is
collected with currently no research on its use (highlighted in Figure 1a). As cricket protein
hydrolysate popularity and production increases, the burden of this chitin-rich byproduct will also
increase and require innovation for the creation of value-added products.

11



1.2 Chitin

1.2.1 Structure

Poly (B-(1->4)-N-acetyl-D-glucosamine, also known as chitin, is a linear polysaccharide
native to various living organisms. Chitin provides mechanical strength to the shells and
exoskeletons of arthropods like shrimp, crabs, insects, as well as in the cell walls of fungi
(Merzendorfer & Zimoch, 2003; Sivashankari & Prabaharan, 2017). The most prevalent form of
chitin found in crustacean shells and insects is alpha chitin, which arrange in two antiparallel
molecules that allows for highly organized and efficient packing of chains held together strongly
through hydrogen bonding (Moratti & Cabral, 2017). Chitin is an abundant polysaccharide but its
inability to dissolve in water due to this tight packing structure limits its applicability. As a result,
for commercial applications, chitin is frequently converted to its counterpart chitosan due to its

advanced properties.

CH3 CH3
O:< OH O:<
NH NH

OH O='< OH

Figure 2. Chitin structure from Zagar, Asghari et al., 2015

1.2.2 Extraction and purification from insects

Current commercial manufacturing of chitosan, first extracts chitin from waste streams of
aquaculture production. This includes the wasted shells in the production of shrimp (Aranaz et al.,
2009; Bumgardner et al., 2017). Much research is available on chitin obtained from shrimp and
has expanded to evaluate other crustacean sources of chitin such as that from crab, cuttle fish,
prawn, lobster, squid pen and others (Al Sagheer, Al-Sughayer, Muslim, & Elsabee, 2009; Hajji
et al., 2014; Santos, Seabra, Veleirinho, Delgadillo, & Lopes da Silva, 2006; Shepherd, Reader, &
Falshaw, 1997; Yen, Yang, & Mau, 2008). However, more recently, research has expanded to
evaluate chitin sourced from insects, which can be obtained either from insect farms or collected
from the wild. To date research is available on chitin obtained from bumblebees, grasshoppers,

crickets, hornets, wasps, centipedes, velvet worms and other species of cockroaches and beetles
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(Chae, Shin, & Shin, 2018; Greven et al., 2019; Ibitoye et al., 2018; Murat Kaya et al., 2014; Murat
Kaya, Lelesius, et al., 2015; Murat Kaya et al., 2017; Murat Kaya, Sofi, Sargin, & Mujtaba, 2016;
Majtan et al., 2007; Zelencova, Erdogan, Baran, & Kaya, 2015).

The demineralization process is an important first step to remove the minerals present in
the exoskeleton matrix. Traditionally, crustacean shells have been demineralized with
hydrochloric acid (HCI) solutions, to react with the calcium carbonate intrinsically present at high
concentrations (30-50%) (Kurita, 2006; Percot, Viton, & Domard, 2003; Zargar, Asghari, & Dashti,
2015). In the case of insects, due to their environmental differences, they do not contain a large
amount of minerals in their exoskeletons when compared to crustaceans (Berezina & Hubert,
2019). Table 1 outlines and compares the demineralization methods that have been employed in
different research studies of insect chitin, with shrimp chitin extraction methods as a reference.

Ash composition analysis is used to monitor mineral concentration present in chitin and
evaluate the efficacy of the demineralization step (Table 1), and generally ash contents in the range
of 2-5% are commercially acceptable (Ibitoye et al., 2018; No & Meyers, 1995). Literature shows
insect and crustacean demineralization steps as being similar, with nearly all studies utilizing HCI
as the acid treatment with the exception of two cricket studies (Chae et al., 2018; Ibitoye et al.,
2018). Demineralization of cicada sloughs, silkworms, beetles, and black soldier flies were
performed at 100°C for 20-30 minutes with 1 M HCI and resulted in ash values of 3-5%. Whereas
silkworms, mealworms, and grasshoppers were treated with the same acid concentration at lower
temperatures (25-30°C) for more than 2 hours, and ash contents were reported to be less than 1%.
Overall, insect chitin exposed to longer durations of acid treatment led to increased
demineralization efficacy as shown by decreased ash contents. Insect chitin extractions, with
increased acid treatment duration and lowered temperature, were likely aiming to protect the insect
chitin from hydrolysis.

Due to the decreased mineral content in insects’ exoskeletons, the commercial manufacture
of insect chitin may be advantageous, in comparison to the demineralization of crustacean chitin
(Berezina & Hubert, 2019). Such advantages include decreased processing time and decreased
chemicals (acid) required, which may produce a chitin product free of hydrolysis (Percot et al.,
2003). Furthermore, patents on technology, which do not require an acid treatment step for cricket
chitin have been filed (Berezina & Hubert, 2019; Berezina et al., 2018a, 2018b, 2019). However,

the majority of insect chitin studies reviewed commonly employ the demineralization procedures
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optimized for crustaceans (Berezina & Hubert, 2019). Two studies on grasshoppers (Decticus
verrucivorus) and cockroach wings (Blaberus. giganteus), employed HCI demineralization
parameters that were highly concentrated (2 M), hot (75°C), and prolonged (>2 hours) (Murat
Kaya, Lelesius, et al., 2015; Murat Kaya et al., 2017). Therefore, additional optimization studies
would be beneficial to determine the ideal demineralization processes parameters for insect chitin.
Additionally, precautions should be taken before undergoing intense demineralization processes.

Deproteinization, following the demineralization step, removes proteins found within the
chitin matrix. A thorough optimization study of shrimp chitin extraction was performed and found
deproteinization to be completed after 6 hours of 1 M sodium hydroxide (NaOH) treatment at 70°C
(Percot et al., 2003). For insects, NaOH solutions are applied at varying concentrations, times, and
temperatures similarly following established crustacean treatments (Table 1). Two cricket chitin
studies removed the proteins from the chitinous matrix following the same NaOH concentration
and duration, with increased temperatures of ~95°C (Chae et al., 2018; Ibitoye et al., 2018). Other
insect chitin deproteinization steps however, employed extended durations and increased
temperatures. Cicada sloughs, beetles, and black soldier flies were treated at 80°C for 24 hours or
more with 1 M NaOH (Liu et al., 2012; Purkayastha & Sarkar, 2020; Sajomsang & Gonil, 2010),
while cockroaches and grasshoppers had higher concentrated alkali treatments (4 M NaOH) at
150°C for 20 hours (Murat Kaya & Baran, 2015; Murat Kaya, Lelesius, et al., 2015).

Table 1. Extraction, yield, and composition of chitin obtained from insects

Extraction processing steps and c;?;}('jn Proximate Ref
Source parameters (dwb) composition
Deminerali | Deproteinat Decolor Ash Protein
zation ion (%) (%N)
. 0.25M 0.01%
Shrimp 1 M NaOH . (Percot et al.,
HCI, 15 o N/A 20% (calciu <1%
(shells) min 70°C, 6h m) 2003)
Cricket Oxalic 1M NaOH at hl%ozﬁ?ci;rjirtne 4.39% 104 <6.9 (Ibitoye et
(whole) acid, 3h | 95°foreh | P o 27 0 : al., 2018)
Cricket Oxalic 1M NaOH at | 50% APS, 30 0 (Chae et al.,
(whole) acid, 3h 95°, 6h min 51% | N/A | NIA 2018)
Murat Kaya
Cockroach | 4 M HClat | 4M NaOH at 0 (
(wings) | 75°C,2h | 150°C, 20h N/A 18% 1 NA - NA &Z%i‘ga)”’
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Table 1 continued

1% potassium

Beetle 1 M HCl at .
o 1M NaOH at | permanganate 0 0 (Liuetal.,
(if(ﬂfﬁ aaer)'d 100m(i:r; 30 | "goec, 24n | solution for 15% 2.2% | <6.89 2012)
1h
Cicada 11330%0'2? IMNGOH | &%sodium | oo | o | oo | Saaoml
(sloughs) mir; at 80°C, 36h | hypochlorite ' ' 2010) ‘
Silkworm 1 N NaOH
(pupa | 4\ porar | AL80°C, (MHig:ng’
exuviae) 36hr & . "
100°C, 20 refluxin N/A ~10-15% N/A N/A Sekiguchi, &
Beetle min with g Hirano,
(larva) Na,COs 20h 2000)
2 M NaOH
2 “g;jgl at at 0.5% sodium (M. Kaya et
Pine weevil ! unspecified | hypochlorite, 27.9% N/A N/A - ray
duration al., 2019)
Lo temperature, 1h
unspecified oh
Cicada
~ 28.2% 0.03%
(slough) 1% potassium ’ ’
Silkworm permanganate
1 MofHCI | 1M NaOH . ~319 0 Luoetal.,
(chrysalis) | 7r30°C 2n | at90°G, on | SOlution. 1h& | ~34% | 009% | nya ( 2019)
: ' 2% oxalic o o
Mealworm acid. 2h ~2.5% 0.89%
Grasshopper ~57% 0.95%
Beetle 1 M HCl at 50% | ~2.0% S(M{ifeié 'f'h
Honey bee 25°C, | 1M NaOH, N/A 25% | ~92% | wa | oomerm
duration at 100°C, 8h E?a h
Desert locust ifi 12.2% | ~1.6% wany,
unspecified 2016)
Grasshopper 4 M NaOH 10.03% <6.89 | (Murat Kaya,
(female) 4 M HCl at i
o at 150°C, N/A N/A Lelesius, et
G"’E?;gfe‘;per 75°C, 2h 20h 11.84% <689 | al. 2015)
Wasp Water, 0
(larvae) 1MofHCl | 1M NaoH r;:lethafnol, 2.2% / / (Mufr_at Kalya,
Wasp (pupa o o ' chloroform 6.2% N/A N/A Sofi, et al.,
P (PuPa) | at50°C, 6h | at 60°C, 16h (4:2:1), 40 2016)
Wasp (adult) min 10.3%
Black soldier |, \ ¢y 1% potassium | 9% 33% | <6.89 | (Purkayastha
fly (larvae) 1 M NaOH,
Black soldier at 100°C, at 80°C. 24h permanganate & Sarkar,
30 min ’ solution, 1h 23% 5.6% <6.89 2020)

fly (imagoes)

~ represent values reported by the studies for chitosan, obtained from the insect chitin reported in the table; dwb refers

to composition based on a dry weight basis; and N/A indicates no value was available to be reported.
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Nitrogen content analyses are employed to monitor the effectiveness of this purification
step, as a measure of remaining protein present. Typically, nitrogen content (%N) are obtained
through elemental analysis or using the Kjeldahl method; protein content is calculated using the
6.25 conversion factor (Sajomsang & Gonil, 2010). Due to the chitin’s intrinsic nitrogen present
on the acetyl functional groups, adjustment to the calculations must be made to adequately
determine protein amount. A completely acetylated chitin will have a %N value of 6.89% and thus,
this value would represent chitin with successful deproteinization (Sajomsang & Gonil, 2010).
Whereas, a value higher than 6.89% suggests residual proteins are still present and can be
calculated using the appropriate equation described elsewhere (Sajomsang & Gonil, 2010).
Frequently, %N values are reported below the 6.89% threshold, as shown in Table 1, for crickets,
beetles, cicada sloughs, and black solider flies. Such results imply low residual protein with the
possibility residual inorganic materials may still be present (Ibitoye et al., 2018; Sajomsang &
Gonil, 2010). This seems likely as these cases of insect chitin, shown in Table 1, still have residual
minerals present with ash content roughly between 2-5%.

Although many of the insect chitin studies reported ash contents to demonstrate effective
demineralization, most of these studies did not report protein content (or %N) values to monitor
the effectiveness of deproteinization. As a result, it is difficult to understand the optimal
deproteinization duration required for insect chitin. The insect chitin studies that evaluated the
final protein content, also employed long treatment times. Beetle, cicada slough, grasshopper, and
black soldier fly chitin studies had long deproteinization treatments of 24, 36, 20, and 24 hours,
respectively. Whereas pine weevil, cicada slough, silkworm, mealworm, grasshopper, honeybee,
and desert locust chitin studies used shortened treatment duration (8 hours or less), but the protein
content was not reported. African field crickets were treated for 6 hours and is one of the only
insect chitin studies with a shortened treatment duration that reported protein content (%N) below
6.89 (Chae et al., 2018). Therefore, insect chitin research could potentially choose less excessive
demineralization treatments; however, more research is required to determine with certainty the
optimal treatment duration for insect chitin extraction.

Current insect chitin studies show almost the entirety of research has been performed based
on parameters previously optimized for crustacean sources. Although this is an intuitive approach,
the change of species necessitates consideration for the determined parameters since the chitin

exoskeletons are intrinsically formed differently from crustaceans (Berezina & Hubert, 2019).
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Crustacean chitin studies have shown physicochemical properties, such as molecular weight, to be
altered under improperly optimized demineralization and deproteinization steps. Therefore,
research focused on the optimization of chitin purification steps would increase fundamental
knowledge and understanding for commercial manufacturing of chitin from insects. The results of
such research may elucidate the benefits, such as time efficiency and decreased cost of materials
used for the chitin extraction.

Overall, of the insect chitin studies available, some insects had similar chitin content
compared to chitin from crustacean shells (~20-40%) (Table 1). Particularly, cicada sloughs,
cockroach wings, beetle exuviae, and pine weevils had the highest chitin content yields reported.
These sources in particular, with the exception of the pine weevils, started with the insect
exoskeletons rich in chitin, either by collecting those that had naturally molted (sloughs and
exuviae), or chose to manually remove them from the insect (e.g. cockroach wings). The equation
below shows the general calculation used to determine overall chitin yield after isolation and

extraction steps:

) inal purified chitin weight (dr
chitin content % = final purif ght (dry) 1)

initial & unpurified chitin containing material (dry)

In this context, these specific insect studies reported higher yields, similar to crustacean
sources, due to the chitin-rich starting material. Whereas other insect studies such as those on
crickets, grasshoppers, and honeybees report much lower chitin content. These decreased yields
may be a direct result of using whole insects as the starting material, which includes the mass of
insect tissues that are not rich in chitin. As a result, the chitin content for these insect species
represents the amount of chitin in the whole insect, but consideration must be made when
comparing to crustacean chitin yields, as those yields do not represent the chitin content of the
whole shrimp. For example, the shrimp chitin yield shown in Table 1 was calculated from the
weight of the starting material (shrimp shells) and not the whole shrimp (i.e. body included).
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1.3 Chitosan

1.3.1 Conversion to chitosan

The conversion of purified chitin occurs by deacetylation, with the removal and
replacement of chitin’s acetyl group with an amino group (Sivashankari & Prabaharan, 2017)
(Figure 3). The conversion is commercially performed in the presence of a hot concentrated NaOH
solution for an extended period of time (Bumgardner et al., 2017). Insect chitosan, like crustacean
chitosan, has been produced through the traditional reaction process, with conditions such as
duration, temperature, and NaOH concentration varied (Table 2). These processing conditions are
known to have an effect on the final chitosan physicochemical properties, such as molecular weight
and the degree of deacetylation (DDA), regardless of the starting material (Aranaz et al., 2009;
Baskar & Kumar, 2009).

CHa CHa
o=< OH O—j'/
NH NH
HO O HO "
.---0 o) C’HO 0] d 0 Chitin
NH
OH o=-< OH
/v CHs
' o~
NH
o) o Chitosan
OH

OH
NH,

HO ) Q HO
‘-o\%?\ H’O%O#\
PAL

OH

Figure 3. Conversion from Chitin to
Chitosan adapted from Zagar, Asghari et al.,
2015
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Table 2. Insect chitosan conversion process and final properties

Deacetylation

Chitosan properties

Insect species experimental Degree . of Mo_lecular Crystallinity Reference
conditions Deacetylation | weight Index
(%) (kDa) (%)

Cricket 67% NaOH at 95°C, o 5 (Chae et al.,
(B. himaculatus) 9h 85.0% 0.56-1.28 578 2018)
Cricket 50% NaOH at 105°C, 0 (Kim et al,
(B. bimaculatus) | 3h 95.5% 308 N/A 2017)
Cricket 50% NaOH (1:20 0 (Ibitoye etal.,
(B. portentosus) w/v) at 121°C, 4h 80.5% N/A 86.6 2018)
Pine weevil 60% NaOH at 100°C, 0 (M. Kaya et
(H. abietis) ah 81.3% 7.30 N/A al., 2019)
Colorado beetle 50% NaOH at 100°C, 0 (Murat Kaya
(L. decemlineata) 3h. 1% 2.12 2 etal., 2014)

o (Paulino,
Silkworm 40% . NaOH Simionato,

. (undefined ratio to 3 X
chrysalides chitosan) at 100°C 96.8% 3.29-5.9x10 N/A Garcia, &
(B. mori) for 6h Nozaki,

2006)
Desert locust 69
(S. gregaria) 98%
Honeybee 50% NaOH (1:15 0 (Marei et al.,
(A. melifera) Wiv) at 100°C for gh | 207 N/A 59 2016)
Beetle 0
(C. rugosa) 95% 49
(Khayrova,
Black soldier fly 50% NaOH (1:33 0 Lopatin, &
(H. illucens) WHV) at 100°C for 2h | 0% 15 N/A Varlamov,
2019)
40% NaOH .
House fly larvae (undefined ratio to | 90.3% (Ai, ~ Wang,
. . 426 N/A Yang, Zhu, &
(M. domestica) chitosan) at 70°C for :
8h Lei, 2008)
67% NaOH C. Song, Yu,
Blow fly larvae (undefined ratio to 0 Zhang, Yang,
(C. megacephala) chitosan) at 90°C for 88.2% 501 N/A and Zhang
%h (2013)
Cicada slough 0
(undefined) 84.1% 3.78 64.8
Grasshopper 0
(undefined) 60% NaOH (L:15 | 897% 3.99 501 (Luo et al,
Mealvv_orm w/v) at 100°C for 8h 85.9% 398 519 2019)
(undefined)
Silkworm chrysalis 85.5% 409 329

(undefined)
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Table 2 provides a list of selected studies on chitosan derived from different insect species,
including the deacetylation process conditions used and final chitosan properties. Additional
insect chitosan studies have been performed and may be found elsewhere (Murat Kaya, Akyuz,
etal., 2016; Kim et al., 2016; Ma, Xin, & Tan, 2015; Shin, Kim, & Shin, 2019; Y. S. Song et al.,
2018; Soon, Tee, Tan, Rosnita, & Khalina, 2018; A.-J. Zhang et al., 2011).

1.3.2 Chitosan characterization

1.3.3 Degree of Deacetylation

The degree of deacetylation (DDA) of chitosan is an important physicochemical
characteristic, as it quantifies the amount of chitin’s acetyl groups that have been replaced with
an amino group (Figure 3). Chitosan can have different degrees of deacetylation and generally
can be varied between 50 and 100% depending on the reaction conditions and progress
(Bumgardner et al., 2017). Literature describes increased treatment times, temperature, and
NaOH concentrations produces chitosan polymers with higher DDA% values (Aranaz et al., 2009;
Bumgardner et al., 2017). Since chitosan’s DDA has implications on its functionality and
applications (Aranaz et al., 2009), its characterization is important and consistently reported.
Insect chitin deacetylation procedures are similar to that of crustaceans (Table 2). Overall, the
reviewed insect chitosan research used a minimum of 40% NaOH solutions and were performed
at temperatures between 70°-121°C. The hot and concentrated solutions were typically present at
volumes 15-20 times the insect chitosan weight. Chitin from the Colorado potato beetle
(Leptinotarsa decemlineata) was deacetylated for 3 hours and resulted in chitosan with the lowest
DDA (71%), of all reported insect chitosans (Murat Kaya et al., 2014). Other studies deacetylated
chitin, from desert locust, beetles, and grasshoppers among others, for 8 hours and obtained
chitosan with 85-95% DDA. Whereas the field cricket and pine weevil produced approximately
80% DDA chitosan when deacetylation was performed for 4 hours.

Chae et al. (2018) published one of the few insect chitosan optimization studies reported
in literature. Chitin from the African field cricket was converted to chitosan by varying the NaOH
solution concentration (50-67%) and the reaction time (1-15 hours). At 50% NaOH and an
increase of reaction time from 6 to 9 hours resulted in no subsequent increase of DDA (66%).
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However, at 9 hours, increasing the alkaline concentration to 55% and 67% increased chitosan’s
DDA to 75% and 85%, respectively.

Two studies, each evaluating multiple insects, chose similar processing conditions for the
conversion of chitin to chitosan. However, the chitosan obtained from desert locusts (Schistcerca
gregaria), honeybees (Apis melifera), and beetles had 10% DDA more than that obtained from
cicada sloughs, grasshoppers, mealworms, and silkworms (Luo et al., 2019; Marei et al., 2016).
The differences of DDA may be a result of the species studied; however, it could also be a result
of the method used to determine the DDA. The methods of deacetylation determination have
previously been studied (Czechowska-Biskup, Jarosinska, Rokita, Ulanski, & Rosiak, 2012; Yuan,
Chesnutt, Haggard, & Bumgardner, 2011), and have shown that although FTIR spectroscopy is
commonly used due to its facile measurements, although it is not always the preferred method for
fundamental characterization of chitosan. Other methods, including NMR and titration, may be
just as accessible and provide more accurate results (Czechowska-Biskup et al., 2012). The DDA
reported for chitosan from cicada slough, grasshopper, mealworm, and silkworm was
characterized using FTIR, which could have an effect on the lower deacetylation values reported;
in comparison the study on chitosan from desert locust, honeybee, and beetle that used titration
reported about 10% higher DDA values.

1.3.4 Molecular weight

Similar to chitosan’s deacetylation determination, the molecular weight of chitosan is also
an important physicochemical characteristic. It is reported to have an effect on both the solubility
and bioactivity of chitosan, for example, influencing its antimicrobial mode of action and
antioxidant capacity (Bumgardner et al., 2017; Hosseinnejad & Jafari, 2016; Vinsova &
Vavrikova, 2011; Xing et al., 2005). The molecular weight of crustacean chitin can vary between
50 to 2000 kDa (Raafat & Sahl, 2009; Varun et al., 2017). In contrast, insect derived chitosan has
been reported to be consistently smaller than that derived from crustaceans, ranging from 2.72 to
5.9x10% kDa (Table 2). Accordingly, it is an important to determine the molecular weight of
chitosan as new sources are evaluated. Chitosan from the black soldier fly, blowfly larvae
(Chrysomya megacephala), house fly larvae (Musca domestica), and silkworm chrysalis were
found to have some of the largest molecular weights reported at 15, 501, 425, and 5.9x10° kDa,
respectively. Kim et al. (2017) reported a molecular weight of 308 kDa for the African field
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cricket chitosan; whereas, Chae et al. (2018) determined a molecular weight distribution of 0.56
to 1.28 kDa for the same cricket species. Pine weevil chitosan had a molecular weight of 7.3 kDa,
whereas cicada sloughs, grasshoppers, mealworms, and silkworm chrysalis had chitosan with a
smaller molecular weight at approximately 4 kDa (Luo et al., 2019).

Many of the insect chitosan studies available agree that insect chitosan generally has a
smaller molecular weight than that of crustacean sources. However, the authors of these studies
do not hypothesize why this change in subphylum considerably affects the polymer’s molecular
weight. Others have reported that the chitin matrix may be different due to biological differences
and function of chitin when present in the cuticle of insects, in contrast to chitin in crustaceans’
shells (Berezina & Hubert, 2019). In summary, crustaceans generally have strong exoskeletons
due to their aquatic environment and being exposed to higher pressure in water; as a result, their
exoskeletons organize into a “network of nodules” capable of resisting these higher pressure
conditions (Berezina & Hubert, 2019). Since insects have different living environments that are
not necessarily under water, in addition to requiring aerodynamism for flying and jumping, their
chitin cuticles are arranged differently. Instead, insect chitin is present in the form of fibers within
the exoskeleton, which are reported to have lengths at the microscale (Berezina & Hubert, 2019).
These intrinsic differences in crustacean and insect chitin physical forms may be the cause for the

consistently observed differences of chitosan’s molecular weight.

1.4 Cricket chitin and chitosan

An extensive literature search found only two research groups who have published studies
in scientific journals, which have studied the conditions of extracting chitin from whole crickets
followed by its conversion to chitosan for varying applications. Weon-Sun Shin’s research group
(Hanyang University, Republic of Korea) has two published studies with Kyo-Sung Chae and
Vita Jarolimkova on the field cricket (Gryllus bimaculatus) (Chae et al., 2018; Jarolimkova, 2015).
Jarolimkova performed optimization studies related to the chitin purification processes and
reported a novel decolorization technique that produced nearly colorless chitin; however, they did
not disclose the chemical solution or conditions of the decolorization step other than the duration
of 5 hours and 40 minutes. Later, Chae published a study where decolorization of chitin with 50%
ammonium persulfate solution (APS) was performed for 6 hours and it is assumed this is the

novel colorization Jarolimkova was referring to. Although Jarolimkova studied the properties of
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chitosan produced with 67% NaOH for 3 hours repeated in triplicate for a total of 9 hours, the
author cited low chitosan yields (~0.2%) and as a result chose another deacetylation method
which was not disclosed, but ultimately resulted in a DDA% of 68% and referred to Chae et al.’s
study’s conditions. Based on Chae et al.’s reported deacetylation conditions (Table 2 and 3),
Jarolimkova likely used 50% NaOH solutions between 6 to 9 hours to produce chitosan for the
study’s prepared chitosan films from crickets (Jarolimkova, 2015).

After successful isolation and conversion of chitin to chitosan, Jarolimkova produced
cricket chitosan films for active food packaging applications with control shrimp films for
comparison, with and without added polyphenols from magnolia berry (S. chinesis) which have
antimicrobial properties. Cricket chitosan films, plasticized with glycerol, were comparable in
properties to the commercially available chitosan films and suggested that crickets may be an
adequate alternative to shrimp chitosan. Additionally, the control chitosan cricket films without
S. chinesis showed antimicrobial properties against B. cereus, whereas the commercial control
shrimp chitosan films did not. The author describes this is a result of the improved mobility of
cricket chitosan, from its smaller molecular weight (between 0.56 to 1.28 kDa) compared to the
commercially available crab and shrimp chitosan (50 to 2000 kDa) (Jarolimkova, 2015). The
study did not however evaluate the surface properties of films, such as water contact angles or
surface free energy, or mechanical and permeability properties of the cricket chitosan films to
understand potential changes in functional properties as result of different sources.

In the study published by Chae et al. (2018), the deacetylation processing conditions such
as NaOH solution concentrations (50-67%), and reaction time (1-15 hours) were studied for their
effect on chitosan’s DDA% and are shown in Table 3. It was reported that as the conversion
duration, at 50% NaOH, was increased the DDA% value also increased. Additionally, the increase
in alkaline concentration also caused an increase in chitosan’s DDA% value. These results are in
good alignment with other studies which show that as time, temperature, and concentration of

NaOH are increased, chitosan’s degree of deacetylation also increases (Bumgardner et al., 2017).

23



Table 3. Effect of time and NaOH concentration on
Chitosan's degree of deacetylation

Reaction time (h) NaOH concentration (%)
50 55 67

1 56.47° - -

2 57.72 - -

3 57.92 - -

6 66.94 - -

9 66.54 75.18 84.98
15 - 77.63 -

“Degree of deacetylation (%) value

* (Chae et al., 2018)

After the optimization of the deacetylation of chitin to produce chitosan, Chae et al.
evaluated the fabrication of nanoparticles (NPs) from cricket chitosan and compared its particle
size, zeta potential, and polydisperse index (PDI) to commercial chitosan nanoparticles produced
identically. Cricket chitosan NPs were found to have similar zeta potential to shrimp NPs,
however cricket chitosan led to NPs which were smaller in size with more stable size distributions
an effect thought to be a result of its lower molecular weight (Chae et al., 2018). Although Chae
et al.’s study on cricket chitosan use for nanoparticles is the first of its kind, the authors failed to
publish which preparation conditions for cricket chitosan production (detailed in Table 3) were
used for the nanoparticle fabrication. Therefore, it is unknown the DDA% of the cricket chitosan
utilized and compared to the shrimp chitosan NPs, therefore resulting differences between the
NPs could be a difference in DDA% and treatment conditions rather than the species sourced
from (Mw).

The third study in the literature published by Ibitoye et al. (2018), studied a different
cricket species called the Taiwan giant cricket (Brachytrupes portentosus) reared in Malaysia.
The study characterized and compared the extracted chitin/chitosan to that of commercially
available shrimp chitin/chitosan (Ibitoye et al., 2018). The cricket chitin was purified following
the steps described in Table 1, and its deacetylation was performed with 50% NaOH solution at
121°C for 5 hours. The resulting chitosan had a DDA% of 80% and determined to be pure due to

low ash contents (<1%) and absent of protein as confirmed by FTIR. Total yield of chitosan was
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roughly 2.4-5.8% on a dry weight basis of whole crickets, and the authors attribute this lower
yield to the decreased presence of chitin possibly due to the cricket species’ smaller wings (Ibitoye
et al., 2018). The chitosan was determined to be in alpha form through FTIR and XRD, with a
crystallinity index value of 86%.

Although these two studies researched the purification and conversion of cricket chitin

into chitosan, there has yet to be any studies published in scientific journals on the species Gyrllus

sigillatus or Acheta domesticus, which are the two most commonly reared crickets in the United

States. In addition, the available cricket chitosan studies have yet to explore the known bioactive

properties of chitosan and its polymer film properties characterization for food packaging.

1.5 Chitosan applications

1.5.1 Anti-obesity

One effective and proven option to treat obesity is through minimizing a person’s ability
to absorb lipids, as many studies have shown the correlation between obesity and caloric intake
which is the highest for lipids (Hu, Tao, Wang, Xiao, & Wang, 2016). Lipids are typically
consumed in diets as triglycerides that are later broken by pancreatic juices, of which pancreatic
lipase is responsible for hydrolysis into both glycerol and fatty acids to then be absorbed by
enterocytes. Therefore, one treatment option for obesity is to prevent this metabolism reaction.

Commercial crustacean chitosan, and its water-soluble derivatives, have been researched
for their anti-obesity or hyperlipidemic properties with in vitro and in vivo studies (Chiu, Chan,
Yang, Liu, & Chiang, 2015; Do et al., 2018; Egan, Sweeney, Hayes, & O’Doherty, 2015; Han,
Kimura, & Okuda, 1999; Huang et al., 2015; Pan et al., 2018; Si, Strappe, Blanchard, & Zhou,
2017; Sumiyoshi & Kimura, 2006; Walsh, Sweeney, Bahar, & O’Doherty, 2013; Xia, Liu, Zhang,
& Chen, 2011). Chitosan serves as a reaction inhibitor due to its ability of physically entrapping
and thus reducing substrate access (lipid) to lipase. Specifically, under acidic conditions of the
stomach, chitosan’s positively charged glucosamine binds to negatively charged triglycerides and
fatty acids, which become physically entrapped when chitosan precipitates under duodenum
alkaline conditions (Czechowska-Biskup, Rokita, Ulanski, & Rosiak, 2005; Dimzon, Ebert, &
Knepper, 2013; Panith, Wichaphon, Lertsiri, & Niamsiri, 2016; Xia et al., 2011; Zhou, Xia,
Zhang, & Yu, 2006). To quantity the degree of entrapment of chitosan, or rather its lipid binding
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capacity, lipid-chitosan gels or unbound lipids can be gravimetrically measured after in vitro
digestion (Czechowska-Biskup et al., 2005; Panith et al., 2016; Zhou et al., 2006). Furthermore,
these studies report binding capacities between 20-1200g lipid per g chitosan and disagree on the
effect of chitosan’s molecular weight and DDA have on binding capacities. These results, paired
with the inability to locate any previous evaluation of insect chitosan binding capacity, suggests
new sources of insect chitosan will require evaluation to determine feasibility for use as a lipid

binding agent.

1.5.2 Antimicrobial

Research spanning over the past two decades has revealed a consensus that chitosan, such
as that of crustaceans, exhibits antimicrobial activity against many bacteria and fungi through a
variety of mechanisms (Hosseinnejad & Jafari, 2016; Moratti & Cabral, 2017; Sahariah & Masson,
2017). Antimicrobial mechanisms of chitosan include but are not limited to the charge difference
between chitosan and bacterial cell wall components, penetration and binding of chitosan to
microbial DNA/RNA for nucleic acid synthesis prevention, metal ion binding, as well as the
formation of an impermeable layer around the microbial cell preventing required cell
transportation (Kong, Chen, Xing, & Park, 2010; Moratti & Cabral, 2017). Chitosan especially
has rendered a high amount of interest due to its natural derivation and its low human toxicity.
To date, studies have shown DDA and molecular weight as important factors in contributing to
chitosan’s antimicrobial mechanisms (Kong et al., 2010; Sahariah & Méasson, 2017).

Chitosan from two different grasshopper species, Calliptamus barbarous and Oedaleus
decorus, were found to have antimicrobial activity against a variety of microorganisms (Murat
Kaya, Baran, et al., 2015). Disk diffusion tests showed chitosan to be the most effective against
two Gram-negative organisms Salmonella enteritidis and Vibiro alginolyticus with similar
inhibition zones. The grasshopper derived chitosan was also reported to be more effective against
some of the test microorganisms when compared to traditional antibiotics. For example, the zones
of inhibition of the grasshopper chitosan (19.4 and 17.5 mm) against S. enteritidis was greater
than the standard antibiotics Gentamicin (12.1 mm), Amikacin (15.2 mm), Erythromycin (12.3
mm) and Kanamycin (14.9 mm). Interestingly, the study also found that the minimal bactericidal
concentrations (MBC), as determined by the micro-dilution method, were affected by the

grasshopper species. For example, the MBC of chitosan from C. barbarus against Listeria
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monocytogenes was 0.32 mg/mL, whereas O. decorus had a MBC of 0.63 mg/mL (Murat Kaya,
Baran, et al., 2015). A similar study on cockroach chitosan found that the species also played a
role in activity; the American cockroach (P. americana) exhibited greater antimicrobial activity
than the German cockroach (B. germanica) (Basseri et al., 2019). Another study reported chitosan
obtained from both larvae and adult Colorado potato beetle had good antimicrobial properties
when eight different organisms were examined through disk diffusion tests. For example, the
inhibition zone diameter of beetle chitosan against S. enteritidis was 26.03 mm (larvae) and 23.90
mm (adult), which was greater than the commercial antibiotics Gentamicin (13.79 mm) and
Erythromycin (20.39 mm) (Murat Kaya et al., 2014). Whereas, the antifungal activity of the larvae
and adult beetle chitosan against Candida albicans and Candida glabrata were moderate (~14.18-
15.57 mm) compared to the traditional antifungal agent Fluconazole, which had greater activity
against C. albicans (21.85 mm) and C. glabrata (25.06 mm). Additionally, the larvae and adult
beetle chitosan antimicrobial activity against L. monocytogones were similar in the disk diffusion
tests (~14 mm), whereas the larvae chitosan had much lower MBC values (0.32 mg/mL) than that
of the adults (1.25 mg/mL). In another beetle chitosan study, Komariah, Tatara, and Bustami
(2017) successfully formed chitosan nanoparticles from the Rhinoceros beetle (Xylotrupes
gideon). The chitosan nanoparticles were then utilized in a mouthwash formulation with nano-
calcium, and were found to decrease the number of bacteria colonies in children’s oral cavities.
African field cricket chitosan films, designed for food packaging, were studied and
compared to commercial shrimp chitosan films using a disk diffusion test. It was found that the
cricket chitosan films inhibited growth of Bacillus cereus (280 mm), whereas the commercial
shrimp chitosan films did not (Jarolimkova, 2015). The authors report this to be a result of cricket
chitosan’s low molecular weight, which allowed its diffusion out of the film, whereas the shrimp
chitosan that had a higher molecular weight was unable to diffuse. However, the cricket chitosan
did not inhibit the growth of either Escherichia coli or L. monocytogenes, whereas insect chitosan
from mealworms and beetles did have an antimicrobial effect towards these two bacteria. Another
study evaluated chitosan from the pine weevil in solution against 28 microbial strains and also

reported bactericidal effects against E. coli or L. monocytogenes (M. Kaya et al., 2019).
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1.5.3 Food Packaging materials

In addition to the bioactive and antimicrobial properties of chitosan, chitosan has also
been determined to have excellent film forming properties. Currently synthetic packaging has
excellent mechanical and barrier properties, providing both functionality and convenience to
consumers in various industries. However the load of these plastics on the environment is
approximately 335 million tons per year (Guillard et al., 2018) and their manufacture relies on
fossil fuels.

Extensive research shows chitosan as an alternative polymer that is both biobased and
biodegradable, with potential to replace synthetic polymers (Aider, 2010; H. Wang et al., 2018).
Chitosan is commonly dissolved in slightly acidic solvents (pH<6.2), normally dilute solutions of
acetic acid, due to the protonation and thus dissolution of chitosan into the solvent (Q. Wu,
Therriault, & Heuzey, 2018). Additionally many plasticizers such as glycerol, ethylene glycol,
poly(ethylene glycol), propylene glycol, sorbitol, sucrose, oleic acid, and hydrated salts have been
explored to produce plasticized chitosan films with wvarying mechanical properties
(Arvanitoyannis, Kolokuris, Nakayama, Yamamoto, & Aiba, 1997; Bourtoom, 2008; Butler,
Vergano, Testin, Bunn, & Wiles, 1996; Hirase, Higashiyama, Mori, Takahara, & Yamane, 2010;
Lavorgna, Piscitelli, Mangiacapra, & Buonocore, 2010; Sabbah et al., 2019; Srinivasa, Ramesh,
& Tharanathan, 2007; Suyatma, Tighzert, Copinet, & Coma, 2005; Vlacha et al., 2016). Of these
plasticizers, glycerol is considered to be a good plasticizer for chitosan due to the strong hydrogen
bonding which occurs between the two materials (Domjan, Bajdik, & Pintye-Hodi, 2009).
Following plasticization, the solutions are typically filtered, degassed, and cast onto surfaces to
dry and form a film for a variety of applications such as wound scaffolds and food packaging as
shown in Figure 4 (Ahmed & lkram, 2016; Zargar et al., 2015). Commercial chitosan has been
used to create films for packaging that serves as a physical barrier to food, as well as blended with
other active ingredients such as antimicrobials to create active and biodegradable food packaging
with shelf life extension abilities (Ashrafi, Jokar, & Nafchi, 2018; de Moraes Crizel et al., 2018;
Murat Kaya et al., 2018; Rai, Dutta, & Mehrotra, 2017; Répa et al., 2016; Riaz et al., 2018;
Shahbazi, 2017; Siripatrawan & Vitchayakitti, 2016; H. Wang et al., 2018; Q. Wang et al., 2015;
C.Wuetal., 2016).
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Figure 4. Schematic of chitosan based food packaging
and its applications (H. Wang, Qian, & Ding, 2018)

Although there are many film studies available on chitosan derived from shrimp, crab,
prawn, and other crustacean sources, currently there is limited literature available on the
functionality of chitosan films produced from insects. One study by Jarolimkova (2015)
successfully fabricated chitosan films from the African field crickets; however, only the
antimicrobial and color properties were investigated with no research performed to determine
mechanical and barrier properties for food packaging applications. Another study on pine weevil
chitosan produced solution cast films plasticized with glycerol (M. Kaya et al., 2019). The
mechanical properties were analyzed, and the films were reported to exhibit both antioxidant and
antimicrobial properties. However, the authors did not comment on similarities or differences of
these films to crustacean chitosan films. Heterogenous and homogeneous chitosan from black
soldier fly larvae were obtained and formed into films through solution casting, with glycerol as
a plasticizer (Hahn, Roth, Ji, Schmitt, & Zibek, 2020). The study is the first available on chitosan
films derived from black solider fly larvae, however only the thickness of the films was reported
with qualitative observations of film color and transparency. No functional properties of the films
were quantitatively identified.

Therefore, additional insect chitosan film studies are needed to reasonably assess the
prospective of insect chitosan within the packaging industry. Studies of insect chitosan with
varying degrees of deacetylation and lower molecular weight, would be beneficial to identify

insect chitosan’s potential and feasibility for use as biobased packaging materials.

1.6 Objective

The overall objective of this dissertation is to produce cricket chitin and chitosan, from
protein production waste streams of two cricket species, with competitive functionality when

compared to commercial crustacean chitosan. To achieve this objective, two research studies were
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conducted and are presented in this dissertation. In the first study, the chemical structure of
purified cricket chitin was determined, and chemical modification was optimized for variable
physicochemical properties. Furthermore, the cricket chitosans were evaluated for selected
bioactivities, including their lipid binding and antimicrobial activities. In the second study
presented in this dissertation, the cricket chitosans were formed into bio-based polymer films with

performance determined as it related to food packaging characteristics.

1.7 Hypothesis

The main hypothesis of this dissertation is that cricket chitin-rich byproducts, a result of
cricket protein extraction, can be 1) extracted and purified for chitin and 2) converted to chitosan
with variable degrees of chemical modification. Furthermore, it is hypothesized cricket chitosan
will have similar functional properties to commercial crustacean chitosan, including 1) bioactive
properties and 2) performance as a bio-based packaging material, and serve as an alternative for

future commercial chitosan sourcing as cricket rearing and consumption increases.
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CHAPTER 2. PHYSICOCHEMICAL PROPERTIES OF CHITOSAN
FROM TWO COMMONLY REARED EDIBLE CRICKET SPECIES,
AND ITS APPLICATION AS A HYPOLIPIDEMIC AND
ANTIMICROBIAL AGENT

Reprinted from open access journal, permission not required.

Full citation: Malm, M.; Liceaga, A.M. Physicochemical Properties of Chitosan from Two
Commonly Reared Edible Cricket Species, and Its Application as a Hypolipidemic and
Antimicrobial Agent. Polysaccharides 2021, 2, 339-353.
https://doi.org/10.3390/polysaccharides2020022

2.1 Abstract

Insect-derived chitin and chitosan have gained interest as alternative sources to that derived from
crustaceans; however, little information is available on chitin from the house cricket (Acheta
domesticus) and tropical banded cricket (Gryllodes sigillatus), two cricket species commonly
reared in the United States for human consumption. In this study, chitin was successfully isolated
and purified from these two cricket species; using FTIR, chitins were found to be in alpha-
crystalline form. Cricket chitosan was produced from both species with varying degrees of
deacetylation (DDA) by varying alkaline conversion duration. G. sigillatus chitosan was larger
(524 kDa) than A. domesticus chitosan (344 kDa). Both cricket chitosans showed similar (p >
0.05) lipid-binding capacity to that of shrimp chitosan. Both chitosans were as effective at
inhibiting microbial growth of surrogate foodborne pathogens as the commercial shrimp chitosan.
At a concentration of 0.50 mg/mL cricket chitosan, approximately 100% of Listeria
innocua growth was inhibited, due to a contribution of both chitosan and the solvent-acetic acid.
At the same concentration, growth of Escherichia coli was inhibited 90% by both cricket chitosan
samples with ~80% DDA, where a decrease in the DDA led to decreased antimicrobial activity.
However, varying the DDA had no effect on chitosan’s lipid-binding capacity. As more edible
insects become a normalized protein source in our diet, the use of by-products, such as chitin and
chitosan, derived from insect protein processing, show promising applications for the

pharmaceutical and food industries.
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2.2 Introduction

Chitin is a polysaccharide consisting of N-acetyl-D-glucosamine units that form a polymer
through covalent 5-1,4-linkages; it is commonly converted to its counterpart chitosan through
replacement of its acetyl group with an amino group (Sivashankari & Prabaharan, 2017). Chitin
is naturally occurring in the exoskeletons of arthropods from the largest animal phylum
Arthropoda, which accounts for 80% of the species in the animal kingdom. Crustacean (crab and
shrimp) shells, a by-product of the food industry, are mainly used as commercial sources of chitin
and chitosan (Hamed, Ozogul, & Regenstein, 2016; Kumar, 2000; No & Meyers, 1995; Zargar,
Asghari, & Dashti, 2015).

Another subphylum of Arthropoda is the Hexapoda, which contains the class Insecta with
over 1 million species. To date, research is available on chitin obtained from bumblebees,
grasshoppers, crickets, hornets, wasps, centipedes, velvet worms and other species of cockroaches
and beetles, among others (Chae, Shin, & Shin, 2018; Greven et al., 2019; Ibitoye et al., 2018;
Murat Kaya et al., 2014; Murat Kaya, LeleSius, et al., 2015; Murat Kaya et al., 2017; Murat Kaya,
Sofi, Sargin, & Mujtaba, 2016; Majtan et al., 2007; Zelencova, Erdogan, Baran, & Kaya, 2015).
In this context, edible insects have gained recent attention as emerging protein sources to help
alleviate the demand of food in a growing world population (Liceaga, 2019). In Europe, Canada
and the United States, interest on edible insects has surged due to consumers’ willingness to eat
more sustainable and environmentally friendly proteins, driving insect-focused food product
development (Liceaga, 2019). For example, protein bars, baked goods, and pasta products made
with cricket flour (ground whole crickets) have launched in the western market. In addition to the
consumption and product development of cricket-based products, technology has been developed
for enzymatic hydrolysis of cricket protein (Berezina et al., 2018a, 2018b, 2019; F. Hall, Johnson,
& Liceaga, 2018; F. Hall & Liceaga, 2019; F. G. Hall, Jones, O'Haire, & Liceaga, 2017; Liceaga,
2019). These cricket protein hydrolysates, provide concentrated protein powders rich in essential
amino acids that can be incorporated into low or poor quality protein foods to enhance the overall
protein content/quality. Most importantly, a large by-product of this manufacturing technology is
the chitin-rich exoskeletons of the crickets (Liceaga, 2019). The giant cricket (Brachytrupes
portentosus) and the African field cricket (Gryllus bimaculatus) have been used successfully as
sources of chitin and chitosan (Chae et al., 2018; Ibitoye et al., 2018; Kim et al., 2017). However,

there is currently no information on chitin isolated from edible cricket species commonly farmed
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in the United States, the house cricket (Acheta domesticus) and tropical banded cricket (Gryllodes
sigillatus); as a result, little is known on the physicochemical properties of chitin derived from
these two species.

Evidence suggests that crustacean (shellfish) chitosan may be an alternative treatment for
obesity due to its impressive lipid binding capacity (Jin, Yu, Wang, Li, & Li, 2017), among other
modes of action (Xia, Liu, Zhang, & Chen, 2011). In addition, numerous studies are available
detailing shellfish chitosan’s antimicrobial activity, with potential applications in the food
industry. Research suggests chitosan’s physicochemical properties, such as degree of
deacetylation (DDA) and molecular weight, have significant effects on its bioactivity (Rabea,
Badawy, Stevens, Smagghe, & Steurbaut, 2003). Nevertheless, a research gap remains on the
characteristics and bioactivity of edible insect chitin and chitosan. The aim of this study is to
investigate chitin derived from two edible cricket species commercially reared in the United
States, and its conversion into chitosan with focus on its physicochemical properties. In addition
to its characterization, this research will also explore the bioactive properties of cricket chitosan
related to its entrapment of lipids under in vitro digestion and its ability to inhibit the growth of

two bacteria important to the food industry.

2.3 Materials and Methods

2.3.1 Materials

All materials and chemical reagents were purchased from Fisher Scientific (Waltham,
MA, USA) and Sigma Aldrich (St. Louis, MO, USA), unless specified. The two cricket
species, Acheta domesticus (house cricket) and Gryllodes sigillatus (tropical banded cricket),
were obtained from two edible cricket rearing facilities, Ovipost, Inc. (Labelle, FL, USA) and
Three Cricketeers, LLC (St. Louis Park, MN, USA), respectively. Each cricket species was
shipped frozen and stored in a —20 °C freezer until needed. Commercial chitosan sourced from
shrimp shells and Alcalase® (protease from Bacillus licheniformis) was purchased from Sigma
Aldrich. Escherichia coli ATCC 25922 and Listeria innocua ATCC 33090 were obtained from
the American Type Culture Collection (Manassas, VA, USA).
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2.3.2 Cricket Chitin Extraction

Chitin rich pellets were obtained through enzymatic treatment of each cricket species
Acheta domesticus and Gryllodes sigillatus using the procedure previously described by Hall et
al. (2018) and Luna, Martin-Gonzalez, Mauer, and Liceaga (2021), which was shown to most
effectively separate protein from the chitin matrix. Briefly, frozen crickets (100 g) and 250 mL
of water were homogenized for 2 min in a commercial blender (Waring Commercial, CT),
followed by pasteurization in a 90°C water bath to inactive endogenous enzymes. The slurry’s
pH was adjusted to 8 with 6 M NaOH solution and equilibrated 55°C to produce optimum
conditions for the enzyme. Protein hydrolysis was performed with 3% (w/w) Alcalase®for 80 min
and ended by pasteurizing slurries at 90°C for 15 min. The slurries were then centrifuged at 17,636
x g for 15 min at 4°C (Avanti J-26S Centrifuge, Beckman-Coulter INC., CA) to separate the
chitin-rich pellet from the protein supernatant. Chitin pellets were stored at 5°C prior to

purification

2.3.3 Chitin Demineralization and Deproteinization

Cricket chitin pellets were demineralized in 0.25 mol Lt HCI (1:2 w/v) in a 85 °C shaking
water bath for 15 minutes following procedures previously established (Elshaarawy, Mustafa,
Herbst, Farag, & Janiak, 2016; Percot, Viton, & Domard, 2003). Chitin was filtered (100 mesh)
and washed with distilled water to neutrality. Demineralized cricket chitin was deproteinized with
an alkali treatment of 1 mol L™ NaOH (1:2 w/v) at 70 °C in a water bath for 22 hours as previously
described (Chae et al., 2018; Ibitoye et al., 2018; Percot et al., 2003). The purified chitin samples
were filtered (100 mesh), washed again to neutrality, lyophilized for 4 days, ground in a blender
(Waring Commercial, CT), and stored in a -20 °C freezer until further use.

The efficiency of the purification process was determined through moisture (AOAC 950.46b),
ash (AOAC 920.153), and total N(%) (AOAC methods 984.13 (A-D)) analysis. The % protein

content remaining in the chitin was calculated using Equation 1 (Sajomsang & Gonil, 2010):

Protein (%) = (N (%) —6.9%)x 6.25 (1)
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where N(%) is the chitin’s total nitrogen content determined via composition analysis, 6.9%
represents the nitrogen content of pure and fully acetylated chitin, and 6.25 is the average nitrogen
content in proteins. All proximate composition analyses are reported as percentages on a dry
weight basis.

Chitin yield was determined on a dry weight basis (dwb) for each cricket species using

Equation 2:

. ight of chiti
Chitin content (%) = Weight of chitin (g)

x100  (2)

weight of whole crickets (g)

2.3.4 Chitosan Conversion and Characterization by Fourier Transform Infrared
Spectroscopy (FTIR) and Degree of Deacetylation

Purified, lyophilized cricket chitin was converted to chitosan with 67% w/v NaOH (1:20
wi/v) for 2 ,4, 6, and 10 hours to vary the degree of deacetylation (Chae et al., 2018). Due to
employing the traditional conversion method for chitosan with concentrated alkali solution,
chitosan was first filtered (100 mesh) with water until effluent ran clear. Chitosan was then
washed with a minimum of 5 L of water, until effluent reached neutrality (pH 6.5), to reduce the
presence of residual NaOH. Finally, chitosan was collected, lyophilized, and stored at -20 °C until
needed. Chitosan conversion yield (dwb) for each duration treatment was determined using
Equation 3:

mass chitosan (g)

Chitosan yield (%) = x 100 (3)

mass chitin (g)

The eight cricket chitosan samples were evaluated by FT-IR (ThermoScientific) from
3500 to 800 cm™ with a resolution of 8 cm™ (n=8) to determine the chemical structure and degree
of deacetylation (DDA) (Chae et al., 2018; Ibitoye et al., 2018; Sivashankari & Prabaharan, 2017).
Intensity of FTIR peaks with appropriate baselines at 1650 cm™ (Auies2) and 3350 cm™ (Aszaso)
were used to determine DDA (Equation 4) (Chae et al., 2018; Czechowska-Biskup, Jarosinska,
Rokita, Ulanski, & Rosiak, 2012; Domard & Rinaudo, 1983).

100

A
DDA (%) = 100 — (ﬁ x ) (@)
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Additionally, commercial shrimp chitosan spectra were used as a reference. Cricket
chitosan samples from each species, which were determined to have similar DDA values (~72%,

76%, and 80%), were used in the lipid binding capacity and antibacterial activity experiments.

2.3.5 Molecular weight determination

The average molecular weight of cricket chitosan was determined viscometrically
following the method of Czechowska-Biskup, Wach, Rosiak, and Ulanski (2018) and Roberts
and Domszy (1982). In brief, solutions (1.5-4.5 mg/mL) were prepared from ~80% DDA cricket
chitosan (10 hr samples) in a solvent system consisting of equal parts of 0.1 mol L' CH;COOH
and 0.2 mol Lt NaCl, and stirred overnight. The flow time of each chitosan solution and solvent
system (5 mL) was measured in triplicate using a capillary viscometer (Cannon-Fenske, Size 75)
in a 25 °C water bath. Relative viscosity, specific viscosity, and reduced viscosity were calculated
using measured flow times (Chen & Tsaih, 1998). The linear relationship between reduced
viscosity and concentration for each cricket chitosan was extrapolated to determine its intrinsic
viscosity ([n]). Finally, using the averaged intrinsic viscosity (n=3), the viscosity average

molecular weight (M) for each chitosan was calculated using the Mark-Houwink Equation:

[n] = KMy ()

with previously determined solvent system constants: K =1.81x10° o« =0.93 (Murat Kaya et al.,
2014; Roberts & Domszy, 1982).

2.3.6 Anti-Obesity Effects (Lipid Binding Capacity) of Cricket Chitosan

The in vitro lipid binding capacity of shrimp and cricket (72, 76, and 80% DDA) chitosan
samples was determined in triplicate following established procedures (Panith, Wichaphon,
Lertsiri, & Niamsiri, 2016; Zhou, Xia, Zhang, & Yu, 2006). Each chitosan sample (20 mg) was
dissolved in 1.25 mL 0.6 mol L HCI and incubated for 30 minutes in a 37 °C water bath with
constant shaking. Then, 25 g of olive oil was added to each tube, vortexed, and incubated under
the same conditions for 2 hours. After incubation, 8 mL of phosphate buffer (pH 7.4) was added
and the solution’s pH was adjusted to 6.8 with 1 mol Lt NaOH, and incubated again for 30
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minutes to mimic duodenal conditions. Finally, tubes were centrifuged at 697 x g for 10 min and
the supernatant representing unbound lipids was gravimetrically measured. The lipid binding

capacity of chitosan was calculated using Equation 6:

lipid binding capacity( g oil ) _ (25 g oil—g unbound oil) (6)

g chitosan 0.02 g chitosan

2.3.7 Determination of Antimicrobial Activity

The antimicrobial activity of cricket and shrimp chitosan samples against two bacteria
strains was determined using methods described by Aguilar-Toald, Deering, and Liceaga (2020)
with slight modifications (Murat Kaya, Baran, et al., 2015). Specifically, antibacterial activity
against Escherichia coli ATCC 25922 and Listeria innocua ATCC 33090, as surrogates for
foodborne pathogens Escherichia coli O157:H7 and Listeria monocytogenes, were studied (Hu
& Gurtler, 2017).

2.3.8 Bacterial stock cultures and sample preparation

The lyophilized bacteria were inoculated in Brain Heart Infusion (BHI) and Mueller
Hinton Broth (MHB) for L. innocua and E. coli, respectively, following ATCC guidelines.
Inoculums were used to prepare freezer stocks with a final glycerol concentration of 20% (w/v),
cryovials were stored at -80 °C until needed. Prior to use, 50 uL of each stock was transferred
into 5 mL MHB and BHI, for E. coli and L. innocua, grown to stationary phase. As determined
by plate counts, E. coli inoculums were 1.1 x 108 cfu/mL and L. innocua inoculums were 7.2 x
108 cfu/mL. Fresh cultures were prepared from freezer stocks following the same incubation
procedure and used immediately for each assay.

Shrimp and cricket chitosan (72, 76 and 80% DDA) solutions (8 mg/mL) were prepared
in 1% (v/v) acetic acid, and stirred overnight to ensure homogenous dissolution. Solutions were
then sterilized by autoclaving for 20 min at 121 °C. Additionally, 1% acetic acid was sterilized

under the same conditions.
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2.3.9 Antibacterial determination

The antimicrobial activity of cricket chitosan samples was determined using 96-well
sterile microplates. Chitosan samples, positive and negative control wells were prepared
aseptically with a final volume of 220 pL (n=6). For chitosan wells, 13.75 uL of each chitosan
sample was added with 204.25 pL BHI, resulting in a final chitosan sample concentration of 0.5
mg/mL in each well. Positive control and negative control wells were prepared with 220 pL and
218 pL BHI, respectively. Chitosan sample and negative control wells were inoculated with 2 pL
of bacterial culture (~10° cfu/mL) (n=6). Finally, an additional solvent control was prepared to
deconvolute its effects from chitosan on bacterial growth. Similar to the chitosan wells, 13.75 pL
of 1% CH3COOH was combined with 204.25 puL BHI, and inoculated (2 pL) (n=6).

Following preparation, microplates were incubated for 24 hours at 37°C with optical
density measurements (OD= 620 nm) conducted at 0, 6, 12, and 24 hours. Growth curves of
samples were created by plotting optical density over the duration of the experiment.
Additionally, the percent of bacterial growth inhibition at 24 hours was calculated (n=6) using
Equation 7:

% inhibition = 1 — — el o 100 @)
control,24 hr
2.3.10 Statistical Analysis

All experiments and analyses were conducted in triplicate, unless otherwise indicated.
Statistical analysis of chitosan samples’ degree of deacetylation, chitosan yield, lipid binding
capacities, and percent of bacterial inhibition were performed using a one way ANOVA with 95%
confidence level (Minitab 18® State College, PA, USA).

2.4 Results and Discussion

2.4.1 Cricket Chitin and Chitosan Processing

Cricket chitin and chitosan were successfully extracted, purified, and converted with

similarities to the commercial products. Overall, the extraction and purification processing steps
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produced cricket chitin with low protein and ash compositions, in comparison to their original
compositions (Table 4).

The demineralization process is an important first step to remove the minerals present in
the exoskeleton matrix. Traditionally, crustacean shells are demineralized with hydrochloric acid
solutions, to react with the calcium carbonate intrinsically present at high concentrations (30-50%)
(Kurita, 2006; Percot et al., 2003; Zargar et al., 2015). In the case of insects, due to their
environmental differences, they do not contain a large amount of minerals in their exoskeletons
when compared to crustaceans (Berezina & Hubert, 2019). Yet, the majority of insect chitin
studies commonly employ the demineralization procedures optimized for crustaceans (Berezina
& Hubert, 2019). For example, two studies on grasshoppers (Decticus verrucivorus) and
cockroach wings (Blaberus. giganteus), employed HCI demineralization parameters that were
highly concentrated (2 M), hot (75 °C), and prolonged (>2 hours) (Murat Kaya, Lelesius, et al.,
2015; Murat Kaya et al., 2017). Demineralization of cicada sloughs, silkworms, beetles, and black
soldier flies were performed at 100 °C for 20-30 minutes with 1 mol L™* HCI and resulted in ash
values of 3-5% (Purkayastha & Sarkar, 2020; Sajomsang & Gonil, 2010; Zhang, Haga, Sekiguchi,
& Hirano, 2000). Whereas silkworms, mealworms, and grasshoppers were treated with the same
acid concentration at lower temperatures (25-30 °C) for more than 2 hours, and ash contents were
reported to be less than 1% (Luo et al., 2019). In this study, A. domesticus and G. sigillatus chitin
was demineralized with 0.25 mol L™t HCI for 15 minutes at 85 °C with final chitin ash contents
less than 0.09% (Table 4). The results of this study show that cricket chitin, and likely other insect
derived chitin, do not need extensive demineralization treatment as those used for crustacean

(shellfish) sources.
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Table 4. Chitin composition and yield, after proteolysis and purification, with reference to
whole crickets

Composition analysis (%) A. domesticus G. sigillatus
Whole crickets, ground
Protein 67.4 + 1.5 56.8 + 0.012
Ash 4.0 £ 0.90 18.1 + 0.60?
Chitin® 57+0.10 3.4+0.10
Chitin, extracted & purified
Nitrogen <6.9 7.1
Protein (calculated)* ND 1.4
Ash 0.09 <0.01

Y(Lunaetal., 2021)

2(F. G. Hall et al., 2017)

3Yield of chitin, extracted and purified, following Equation 2

“Corrected protein concentration following Equation 1, where protein content in chitin
with N%<6.9% (due to residual inorganic materials), is determined to be “none detected”
(ND) (Mohan et al., 2020).

A. domesticus chitin had comparable yields (5.68%) to that extracted in other studies for
other insects including other cricket species (5.1%), grasshoppers (5.7%), beetles (5.0%), and
wasp pupa (6.2%) (Chae et al., 2018; Murat Kaya et al., 2016; Luo et al., 2019; Marei, EI-Samie,
Salah, Saad, & Elwahy, 2016). In contrast, the G. sigillatus had lower chitin yields (3.38%);
however, it was still comparable to chitin extracted from silkworm chrysalis (3.1%), mealworms
(2.5%), honeybees (2.5%), and wasp larvae (2.2%) (Murat Kaya et al., 2016; Luo et al., 2019;
Marei et al., 2016). This chitin yield difference between the two cricket species is likely a result
of the larger body size and exoskeleton of the A. domesticus in comparison to G. sigillatus. Other
insect chitin studies reported higher chitin yields (18-37%); however, these studies used molted
exoskeletons or wings, which naturally have higher chitin contents, when compared to the intact
insect (Murat Kaya & Baran, 2015; Luo et al., 2019; Sajomsang & Gonil, 2010).

2.4.2 Cricket Chitin and Chitosan Characterization

FTIR analysis of all cricket chitin and chitosan samples showed strong chemical and
structural similarities to those from shrimp. Chitin from both cricket species (Figure 5) contained
characteristic peaks known to chitin from both crustaceans and other insects (Murat Kaya et al.,
2014; Kumirska et al., 2010). The two cricket chitins did not differ from each other. Chitin has

three crystalline forms, either alpha, beta, or gamma, although chitin is most commonly present
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in its alpha form (Kumirska et al., 2010). The FTIR spectra peak between 1700-1500 cm™, known
as the Amide | band, shows that cricket chitin from both species is in the alpha crystalline form,
due to the two peaks observed at ~1660 and ~1630 cm™. These two peaks represent alpha chitin’s
intra- and inter- molecular hydrogen bonds forming its antiparallel chain arrangement (Kumirska
etal., 2010; Liu et al., 2012). The hydrogen bonds between -C=0 (Amide I) and -NH- (Amide II)
are responsible for the peak at ~1660 cm™, while the second peak occurring at ~1630 cm™ is due
to hydrogen bonding between the -CH-O side chain and -C=0 (Jang, Kong, Jeong, Lee, & Nah,
2004).
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Figure 5. FT-IR spectra of A. domesticus (blue) and G. sigillatus (red) purified chitin.

Spectral peaks related to chitosan’s chemistry have been extensively reported. Following
deacetylation of chitin, chitosan samples produced from both cricket species were in good
alignment with commercially purchased shrimp chitosan (Figure 6). Two spectral peaks, the OH
peak (~3450 cm™t), and the -CO-NH (1650 cm™?) of the Amide | band, were used to calculate the
DDA of the cricket and shrimp chitosans (Chae et al., 2018; Czechowska-Biskup et al., 2012;
Domard & Rinaudo, 1983) (Table 5). Deacetylating both the A. domesticus and G. sigillatus chitin
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for 2 hours resulted in chitosan with a DDA of ~73%; while the commercial shrimp chitosan was
~70%. Colorado potato beetle (Leptinotarsa decemlineata) and larvae chitin processed under
similar conditions for 3 hours produced chitosan with 71% and 64% DDA, respectively (Murat
Kaya et al., 2014). A. domesticus chitin reached 76% DDA after 4 hours, whereas G. sigillatus
chitin required 6 hours to reach a similar DDA. After 10 hours of deacetylation, cricket chitosan
reached a DDA of ~ 80%, similar to that reported by Chae et al. (2018), which produced 84%
DDA chitosan from the African field cricket (Gryllus bimaculatus) chitin after 9 hours of
deacetylation under similar conditions. In Figure 6, as the deacetylation time of cricket chitin
increased, acetyl groups were continuously replaced with amine groups leading to a higher DDA
(Czechowska-Biskup et al., 2012). Shrimp chitosan had a lower DDA (70%) and therefore a
greater peak intensity at ~1650 cm™ compared to the two cricket chitosans deacetylated for 10
hours (~80% DDA.).

The chemical deacetylation of cricket chitin to chitosan had similar yields (Table 5)
comparable to other insects and crustaceans (Mohan et al., 2020). Approximately 70-80% of the
A. domesticus chitin mass was recovered after deacetylation, whereas of G. sigillatus cricket
chitin yielded about 60-65% chitosan. Additionally, deacetylation duration had little effect on the
overall conversion yields. G. sigillatus chitosan conversion yields were not affected by duration
time, and A. domesticus chitosan yield was the highest after 6 hours and the lowest after 10 hours.
However, the 6 and 10 hour deacetylation had chitosan yields that were not significantly different

after 2 and 4 hours of deacetylation.
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Figure 6. FT-IR Characterization of A. domesticus (green), and G. sigillatus (purple) chitosan
samples after 10 hours of deacetylation, compared to commercial shrimp chitosan (red).

Table 5. Yield and degree of deacetylation (DDA) of cricket chitin converted to chitosan.

Conversion

time (hours)  A. domesticus® G. sigillatus®
DDA (%)!
2 725+ 1.02 735+ 1.4°
4 76.3+1.3° 749 +1.3°
6 79.1+1.9° 77.2+1.8°
10 79.4 +1.3° 81.3+1.1°
Chitosan yield (%)?
2 76.0 + 6.7 65.0 +1.6°
4 77.3+19% 63.7 +1.22
6 80.5+2.1° 60.3 + 3.32
10 69.0 + 2.22 62.3 + 0.9
Chitosan molecular
weight* - 344 kDa 524 kDa

DDA (%) for each cricket species, average of triplicate determinations + standard deviation, was

calculated using eq. 4.

2Chitosan yield (%), average of triplicate determinations + standard deviation, was calculated using

eq. 3.

3Values that do not share the same letter (a, b, c) within a column, for DDA% or chitosan yield, are

statistically different (P<0.05).

“Intrinsic viscosity, measured in triplicate, was used to calculate molecular weight average using eq.

5.
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2.4.3 Molecular Weight Determination

The average molecular weight was determined to be 344 kDa for A. domesticus chitosan,
while G. sigillatus chitosan had a larger molecular weight of 524 kDa (Table 5). Although the A.
domesticus cricket is physically larger than G. sigillatus, its molecular weight was determined to
be smaller. This suggests that A. domesticus may have more chitin fibers in its exoskeleton of a
smaller weight, while G. sigillatus cricket’s exoskeleton may have larger, but fewer, chitin fibers
in its exoskeleton. The size of chitosan from these two cricket species is in good agreement with
another cricket chitosan study. Kim et al. (2017) studied the molecular weight of G. bimaculatus
crickets using dynamic light scattering and found its molecular weight to be ~308 kDa. As a
result, A. domesticus and G. bimaculatus crickets have similar molecular weights, but are smaller
than G. sigillatus crickets. Additionally, cricket chitosan is relatively similar in size to other insect
chitosan previously studied, such as that sourced from blowfly (501 kDa) and housefly larvae
(426 kDa) (Ai, Wang, Yang, Zhu, & Lei, 2008; Song, Yu, Zhang, Yang, & Zhang, 2013).
However, compared to other species of insect chitosan, A. domesticus and G. sigillatus cricket
chitosan are much larger in size. Cicada sloughs, grasshoppers, mealworms, silkworm chrysalis,
black soldier flies, and beetles ranged in molecular weights between 2.7-15 kDa (Murat Kaya et
al., 2014; Khayrova, Lopatin, & Varlamov, 2019; Luo et al., 2019). As a result, insect chitosan
has repeatedly been stated to be of low molecular weight compared to crustacean chitin and
chitosan, which can range from 50 to 2000 kDa (D. Raafat & H. G. Sahl, 2009; Varun et al.,
2017). The results of this study, as well as others, confirm that insect chitosan may also be

characterized as high molecular weight.

2.4.4 Lipid-Binding Capacity

Commercial shrimp chitosan, and its water-soluble derivatives, has been reported as an
anti-obesity or hyperlipidemic treatment in a variety of in vitro and in vivo studies (Xia et al.,
2011). Chitosan exhibits both hypocholesteremic and hypolipidemic properties through its ability
to regulate lipid metabolism, achieved by electrostatic interaction with, or physical entrapment
of, targeted molecules (Xia et al., 2011). The focus of this study was to evaluate the lipid binding
capacity of chitosan through interaction and entrapment of dietary lipids in vitro, one of the

reported mechanisms of chitosan to reduce lipid metabolism in a high lipid diet. The consumption
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of lipids in the presence of chitosan, is thought to lead to the glucosamine in chitosan to be
positively charged in the stomach due to its low pH, followed by its binding to negatively charged
lipid molecules such as triglycerides and fatty acids (Czechowska-Biskup, Rokita, Ulanski, &
Rosiak, 2005; Dimzon, Ebert, & Knepper, 2013); this emulsion formation has been demonstrated
previously with fluorescent microscopy (Panith et al., 2016). When the lipid-chitosan emulsion
is transferred from the acidic stomach conditions to the alkaline conditions of the duodenum, the
chitosan precipitates and physically entraps the emulsified lipid droplets through gel formation
(Czechowska-Biskup et al., 2005; Panith et al., 2016; Zhou et al., 2006). Ultimately, this
entrapment prevents lipids to be accessed and digested by the body and results in their excretion

through feces.

Table 6. Cricket and shrimp chitosan lipid binding capacity.

Lipid Binding Capacity (g oil per g chitosan)!

DDA (%) A. domesticus  G. sigillatus ~ Shrimp

~72 210.8+21.1 163.5+17.8 168.5+ 36.8
~ 76 221.8+25.4 159.0+£159 -

~ 80 168.7 + 10.2 180.5+21.6 -

Average of triplicate determinations + standard deviation, calculated with Equation 3.
DDA= degree of deacetylation. Values were not statistical different (P>0.05).

Chitosan from both cricket species showed high lipid binding capacity, between ~160 to
220 g of oil per gram of chitosan (Table 6). To the best of our knowledge, this is the first study
evaluating the lipid binding capacity of chitosan from edible insects. There were no significant
differences on lipid binding capacity between the different samples, therefore no correlation
between physicochemical properties such as molecular weight or DDA can be made from this
study. However, these results suggest that edible cricket chitosan could be as effective as
commercial shrimp chitosan in binding lipids under gastric conditions. Panith et al. (2016)
showed that chitosan from shrimp shells, produced with a low molecular weight (~30 kDa), had
inferior lipid binding capacity compared to medium and high molecular weight chitosan samples
(890 kDa and 8900 kDa). In contrast, low molecular weight chitosan (~25 kDa), from an
unspecified marine species, had superior binding capacity compared to larger molecular weight
chitosan (408 kDa) (Czechowska-Biskup et al., 2005). In this study, the molecular weight of

cricket and shrimp chitosans were determined to be high molecular weight. Therefore, it is
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possible the molecular weights of the samples of this study were too similar to result in significant
changes between their lipid binding capacities. Further research on this topic is required since
many insect chitosan studies report low molecular weights (Murat Kaya et al., 2014; M. Kaya et
al., 2019; Luo et al., 2019), and it is unknown how cricket chitosans’ lipid binding capacities
would compare to other insect-based chitosans due to opposing literature conclusions.

Overall, the lipid binding capacities of edible cricket and shrimp chitosan in this study
were found to be different than those reported for crustacean chitosan. Panith et al. (2016) showed
the highest binding capacity to be at ~28 g oil/g chitosan, which is much lower than the results of
this study. These differences are likely due to the different in vitro methods applied. For example,
our study gravimetrically measured unbound oil, whereas Panith et al. (2016) solvent-extracted
entrapped lipids and then gravimetrically measured bound oil. These differences in methods could
lead to some over-estimation in our study. Additionally, Panith et al. (2016) centrifuged at 4000
x ¢, whereas in this study, our method called for 696 x g to separate bound lipids from unbound
lipids. It is possible the larger centrifugal force used in other studies destabilized the chitosan-
lipid gel, and physically removed chitosan entrapped lipids; this could result in an under-
estimation of lipid binding capacity reported by Panith et al. (2016). In contrast, Zhou et al. (2006)
reported a much larger lipid binding capacity value of ~1200 g of oil bound per gram of chitosan.
However, the methods for determining the binding capacity did not differ, making it difficult to

understand the differences in values reported.

2.4.5 Antimicrobial Activity

The effect of edible cricket chitosan on inhibiting growth of Listeria innocua ATCC
33090 and Escherichia coli ATCC 25922 over 24 hours is shown in Figure 7. For each bacteria
strain, the effect of shrimp chitosan on growth was also evaluated as a reference for current
commercial (shrimp) chitosan. Additionally, the solvent used, 1% acetic acid, is an antimicrobial
agent itself, and thus its effect on measured antibacterial properties was evaluated (Table 7)
(Fraise, Wilkinson, Bradley, Oppenheim, & Moiemen, 2013; Halstead et al., 2015). At a
concentration of 0.50 mg/mL, all chitosan samples were able to effectively inhibit growth of L.
innocua over 24 hours, with ~100% inhibition at hour 24 (Table 7), as shown by no increase in
the optical density of the samples during the duration of the experiment (Figure 7). Acetic acid,

at a final concentration of 0.06%, resulted in L. innocua growth to be inhibited by 38% (Table 7).
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Therefore, L. innocua inhibition by chitosan samples was due to both the presence of chitosan, as

well as acetic acid.
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Figure 7. Antimicrobial effect of chitosan from edible A. domesticus (empty shapes) and G.
sigillatus (filled shapes) crickets, with varying degrees of deacetylation including 72%
(triangles), 76% (circles), and 80% (squares), on the growth of Listeria innocua (left column)
and Escherichia coli (right column) over 24 hours of incubation (37 °C).

One generally accepted mechanism of chitosan’s antibacterial activity is a result of the
positive charged +NHz glucosamines interacting with negatively charged surface components of
bacterial cells, which ultimately interrupts or prevents vital cell functions (D. Raafat & H.-G.
Sahl, 2009). Therefore, it is thought that an increase of DDA, increases the number of positively
charged glucosamines that are able to bind with cell components, leading to an increase in
antimicrobial activity. This was seen when the DDA of G. sigillatus cricket chitosan increased
from 72 to 76 and 80%, which resulted in a sequential increase of growth inhibition of E. coli;
showing approximately 90% growth inhibition at 80% DDA (Table 7). However, DDA did not
have an apparent effect on the inhibition of L. innocua growth at the chitosan concentration

chosen (Figure 7). Decreasing the chitosan sample concentrations sequentially may allow for
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differentiation between chitosan samples with different degrees of deacetylation on the efficacy
of inhibiting L. innocua growth, while minimizing the contribution due to acetic acid. For both
bacteria, growth inhibition achieved by 72% DDA cricket chitosan was similar to that of
commercial shrimp chitosan, suggesting that cricket chitosan can be as effective as current market

options.

Table 7. Effect of edible cricket chitosan (0.50 mg/mL) with varying degrees of deacetylation
on bacteria growth inhibition (%) after 24 hours incubation.

Bacteria Growth Inhibition (%0)!

Degree of Deacetylation (%)

Inhibitors
72 76 80

Escherichia coli ATCC 25922

A. domesticus chitosan - 26.6 +0.72 65.6 £2.5° 89+1.2°

G. sigillatus chitosan - 33.8+ 12 642 +27° 94.2+0.9°

Commercial shrimp chitosan 21.4+2.4 - - -

Acetic acid® 54+0.2 - - -
Listeria innocua ATCC 33090

A. domesticus chitosan - 100? 100 100

G. sigillatus chitosan - 100 100 100

Commercial shrimp chitosan 100 - - -

Acetic acid® 37.7+0.7 - - -

LInhibition (%) values represent mean of six replicates + standard error, determined using eg. 7, where different
letters (a, b, c) indicate significant difference (P<0.05) between degree of deacetylation for each cricket chitosan
(rows).

2100% represents complete inhibition in chitosan samples inoculated with L. innocua, where no change in optical
density at 620 nm was observed (Figure 7, left).

3 Acetic acid (0.06% v/v final concentration) quantifies the contribution of solvent to chitosan’s antimicrobial activity.

The results of this study are similar to other insect chitosan antimicrobial assays, however
direct comparisons are difficult to make due to differing microorganisms, chitosan concentrations
employed, and assaying methods (i.e. MIC, MBC, zone of inhibition, etc.). For example, chitosan
derived from larvae and adult Colorado potato beetles were found to have minimal bactericidal
concentrations (MBC) of 0.32 and 1.25 mg/mL against L. monocytogenes, where MBC values
represent the lowest concentration of an antimicrobial agent required to kill bacteria in an

inoculated sample. Chitosan derived from two different grasshopper species were found to have
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a MBC of 0.32 and 0.63 mg/mL against L. monocytogenes. Another study quantified the effect
of mealworm (Tenbrio molitor) and crustacean derived chitosan on cell counts of foodborne
pathogens E. coli O157:H7, L. monocytogenes, and Salmonella enterica serovar Typhimurium,
over 48 hours (Ibafiez-Peinado, Ubeda-Manzanaro, Martinez, & Rodrigo, 2020). The study found
in general that crustacean and insect chitosan antibacterial activity at 1.5 mg/mL led to unchanged
or reduced following 24 hours after inoculation for all three bacteria, with recovery of bacterial
counts detected between 24 — 48 hours (when inoculated with 10° cfu/mL, pH 6.2). At 24 hours,
the antibacterial activity of crustacean chitosan was slightly greater for E. coli and S.
Typhimurium, whereas mealworm chitosan was more effective against L. monocytogenes.
However, the study did not characterize or report the specifications of the chitosan samples, such
as molecular weight or % deacetylation, so it is difficult to understand the basis of these
differences. Another study evaluated the antimicrobial efficacy of two different grasshopper
species against a variety of organisms, including that of L. monocytogenes. The MBC of one
grasshopper chitosan (Calliptamus barbarous) was 0.32 mg/mL, whereas the MBC of chitosan
from the other grasshopper species (Oedaleus decorus) was 0.63 mg/mL (Murat Kaya, Baran, et
al., 2015). The chitosan from the two species were reported to have a DDA between 70-75%,
although the specific DDA of each chitosan was not reported. It is possible the differences in
MBC are due to slight differences in DDA. As shown in this current study (Figure 7), a 4% change
in the cricket chitosan DDA (i.e., from 72 to 76 and 80%) significantly improved E. coli inhibition
(Table 7). No difference in chitosan antimicrobial efficacy was seen between the two cricket
species, likely a result of standardizing DDA prior to antimicrobial testing.

The results of this study in conjunction with others, elucidate the importance to evaluate
each newly derived chitosan against specific bacterial strains to determine its anticipated
antimicrobial activity. Overall, cricket chitosan derived from A. domesticus and G. sigillatus were
as effective at inhibiting microbial growth of surrogate foodborne pathogens, as the traditional
and commercial crustacean (shrimp) chitosan. A concentration of 0.50 mg/mL was an effective
concentration for all chitosan samples against L. innocua, however higher concentrations of the
lower DDA chitosan samples may be required to enhance the antimicrobial effect against E. coli.
Further studies on the effect of edible cricket chitosan on bacterial cell wall material are required

to understand the mechanisms of inhibition by these chitosan samples.
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2.5 Conclusions

Chitin from two edible cricket species commonly reared in the United States were
successfully collected as a by-product of cricket protein hydrolysis, and adequately isolated
through demineralization and deproteinization processing steps. A. domesticus crickets were
found to yield slightly higher amounts of purified chitin, compared to G. sigillatus crickets. FTIR
results confirmed that cricket chitin was in its alpha-crystalline form, similar to that isolated from
most crustacean and insect species. Cricket chitin was successfully converted to chitosan with
approximately 72%, 76%, and 80% degree of deacetylation, achieved by varying deacetylation
times using concentrated alkaline treatments. Structural analysis of cricket chitosan samples was
chemically similar to that of commercial shrimp chitosan. Finally, the average molecular weight
of chitosan derived from A. domesticus crickets was determined to be 344 kDa, while that from
G. sigillatus had a larger molecular weight of 524 kDa. In contrast to the findings of other insect
derived chitosan studies, the results of this study suggest that cricket chitosan can be recognized
as a high molecular weight polymer, similar to commercially available chitosan with potential
bioactive properties.

Lipid binding capacity of all chitosan samples were determined to be between 160 g and
220 g oil per 1 g chitosan, although physicochemical properties did not have any significant effect
on lipid binding. Additionally, the edible cricket chitosan samples effectively inhibited E. coli
and L. innocua. The degree of deacetylation did not have an effect on the antibacterial properties
of cricket chitosan against L. innocua. Whereas, the antimicrobial activity of A. domesticus and
G. sigillatus chitosan was more effective against E. coli at higher DDA values, compared to
shrimp chitosan. Thus, edible cricket chitosan has the potential to inhibit the growth of foodborne
pathogens, as a natural derived antimicrobial agent.

As the consumption of insects and insect-containing food products is rapidly growing, an
increase of insect protein production and thereof chitin by-products will become more available.
This study concludes that chitosan derived from U.S. reared edible crickets have similar
physicochemical and bioactive properties as commercial crustacean (e.g. shrimp) chitosan. As a
result, there is potential for the mass production of cricket-based chitosan as the consumer

acceptability for arthropods widens outside the traditional source (crustaceans).
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CHAPTER 3. DEVELOPMENT OF CHITOSAN FILMS FROM
REARED EDIBLE CRICKETS AND ITS PERFORMANCE AS A BIO-
BASED FOOD PACKAGING MATERIAL

Reprinted from open access journal, permission not required.

Full citation: Malm, M.; Liceaga, A.M.; San Martin-Gonzalez, F.; Jones, O.G.; Garcia-Bravo,
J.M.; Kaplan, I. Development of Chitosan Films from Edible Crickets and Their Performance as
a Bio-Based Food Packaging Material. Polysaccharides 2021, 2, 744-758.
https://doi.org/10.3390/polysaccharides2040045

3.1 Abstract

Edible insects have gained attention due to their impressive nutritional composition, as well as
their efficient use of natural resources. However, a research gap remains on the applications of
insect chitosan, especially as it relates to their potential use as food packaging material. Chitosan
from two reared cricket species (Acheta domesticus and Gryllodes sigillatus) was evaluated for
use as food packaging material. Cricket chitosan films (CCF) were structurally similar to
commercial shrimp chitosan films (SCF) at controlled glycerol levels, as seen by shared spectral
peaks in FT-IR analyses. Mechanical properties of CCF showed they had equal or greater tensile
strength when compared to commercial SCF, although flexibility was lower. Scanning electron
microscopy showed increased roughness of microstructure, likely increasing the tortuosity. As a
result, CCF had improved water vapor permeability compared to commercial SCF. Melanin
complexes present in cricket chitin and chitosan increased hydrophobicity and decreased light
transmittance. This study also revealed that intrinsic species differences, which occur during insect
and crustacean exoskeleton development, could have effects on the functionality of chitosan
packaging materials. Overall, CCF were found to be as effective as commercial SCF, while
providing additional advantages. CCF derived from reared crickets have good mechanical and
barrier properties, and improved water resistance and light barrier characteristics. Edible cricket
chitosan has the potential to be used as bio-based packaging material for food and pharmaceutical

applications.
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3.2 Introduction

Currently used in the food industry, petroleum-based food packaging has excellent
mechanical and barrier properties to extend food quality and shelf life while providing safe food
and convenience to consumers. However, these non-renewable plastics also significantly
contribute to the accumulation of waste. This waste has a detrimental effect on the environment
by generating a high amount of waste that is destined for landfills or enters ecological systems.
Currently, the load of these petroleum-based polymers on the environment is approximately 335
million tons of plastic per year (Guillard et al., 2018). Therefore, research and production of bio-
based packaging materials to replace traditional packaging materials remains a major focus of
many studies. Government programs, such as BioPreferred® in the U.S., support and increase the
use of bio-based products, including bio-based packaging materials, from renewable sources.
Simultaneously, the world is challenged with providing sustainable and resource efficient solutions
to reduce food waste and spoilage, which is expected to account for 200 million tons by the year
2050 (Guillard et al., 2018). The ability to utilize process waste streams for the production of
biobased and biodegradable packaging materials is also of great interest since it supports both
renewable bio-based packaging while simultaneously reducing waste otherwise destined for
landfills (Babu, O'Connor, & Seeram, 2013). Scientific literature on chitosan biobased polymers
shows extensive research performed on the preparation, characterization, and applications of
chitosan-based polymer films over the past three decades. This research supports all of these
resolutions for decreased food waste and potential substitution of synthetic food packaging.

Chitosan films have been shown to have excellent performance as food packaging
materials allowing for shelf-life extension of foods, including antimicrobial, barrier, and sensing
films (H. Wang, Qian, & Ding, 2018). Commercial chitin and chitosan, sourced from crustacean
(e.g., shrimp) food-waste streams, have been used to create food packaging that serves as a
physical barrier to food, as well as blended with other active ingredients such as antimicrobials to
create active and biodegradable food packaging with shelf-life extension abilities (Ashrafi, Jokar,
& Nafchi, 2018; de Moraes Crizel et al., 2018; Kaya et al., 2018; Rai, Dutta, & Mehrotra, 2017;
Répa et al., 2016; Riaz et al., 2018; Shahbazi, 2017; Siripatrawan & Vitchayakitti, 2016; H. Wang
et al., 2018; Q. Wang et al., 2015; Wu et al., 2016). As consumers are beginning to shift to more
sustainable protein sources, such as edible insects, new waste streams are becoming available. Like

crustaceans, insects are arthropods and have similar chitin rich exoskeletons. As a result, a focus
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of recent chitosan research sourced from insects was recently reviewed (Mohan et al., 2020; Zainol
Abidin, Kormin, Zainol Abidin, Mohamed Anuar, & Abu Bakar, 2020). The reviews highlight
extraction and purification of insect chitin, and characterize the physicochemical properties of
chitin and its modification to chitosan.

Although there is now a foundation of insect chitin and chitosan literature available
showing feasibility of alternative sourcing, there is little information on the application and
feasibility of insect chitosan for use as food packaging materials. Therefore, this research study
focuses on the manufacture of chitosan films sourced from two edible cricket species commonly
reared in the United States and their application as food packaging materials. Important properties
of food packaging polymers, including mechanical, vapor permeability, optical, light barrier, and
hydrophobicity/hydrophilicity properties, were studied on cricket chitosan films (CCF). Shrimp
chitosan films (SCF) served as the commercial reference material, to determine if alternative

sourcing would improve or worsen the desirable functional properties.

3.3 Materials and Methods

3.3.1 Materials

All materials and chemical reagents were purchased from Fisher Scientific (Waltham, MA,
USA) and Sigma Aldrich (St. Louis, MO, USA), unless specified. The two cricket species, Acheta
domesticus (house cricket) and Gryllodes sigillatus (tropical banded cricket), were obtained from
two edible cricket rearing facilities, Ovipost, Inc. (Labelle, FL, USA) and Three Cricketeers, LLC
(St. Louis Park, MN, USA), respectively. Commercial shrimp chitosan (~70% deacetylated) was
purchased from Sigma Aldrich (St. Louis, MO, USA).

3.3.2 Methods

3.3.3 Cricket Chitosan

Cricket chitin was extracted from a chitin-rich by-product produced during the enzymatic
proteolysis of cricket proteins for food formulation (Hall, Jones, O'Haire, & Liceaga, 2017; Luna,
Martin-Gonzalez, Mauer, & Liceaga, 2021). In our previous study, cricket chitin from each species

was effectively demineralized and deproteinized with acidic and alkali treatments (M. Malm &
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Liceaga, 2021). Furthermore, cricket chitosan was deacetylated with concentrated and hot alkali
treatment for varying durations. As previously optimized, cricket chitosans were produced with
various DDA values as determined by FTIR, and within each cricket species the DDAs produced
were found to be significantly different (M. Malm & Liceaga, 2021). Deacetylation parameters for
each cricket species were then chosen to produce a similar range of DDA values: 72, 76, and 80%.
For more specific details on the extraction, deacetylation, optimization process, and molecular

weight determination of these samples, the reader is referred to M. Malm and Liceaga (2021).

3.3.4 Solution casting films

For each cricket species, Acheta domesticus and Gryllodes sigillatus, chitosan films were
prepared with varying degrees of deacetylation: 72, 76, and 80%. Chitosan solutions (1% w/v)
were prepared by dissolving cricket chitosan in 1% acetic acid (v/v) solution and stirred for 60 min
on a hotplate (100 °C). Evaporation of solutions were minimized by placing a foil lid across the
beaker openings, which were then secured with parafilm around the circumference of the beaker.
The plasticizing agent, glycerol, was added at 37.5% (w/w chitosan), covered, and mixed without
heat for an additional 10 min. Plasticized solutions were sonicated for 5 min (Model CL- 334,
QSONICA Sonicators, Newtown, USA) at 30% amplitude followed by centrifugation (Avanti J-
26S, Beckman-Coulter, Brea, USA) for 15 min at 17,636% g to degas and remove undissolved
particles. For mechanical and water contact analyses, 40 g of supernatant was dispensed in 100 x
15 mm polystyrene dishes and dried for 36 h at 50 °C. For the remaining analyses, 15 g of film
solutions were dispensed in 60 x 15 mm polystyrene dishes and dried for 24 h at 50 °C. Afterwards,
all films were placed in desiccators until needed. These processes were repeated using commercial

shrimp chitosan (~70% deacetylated) and served as the chitosan film reference.

3.3.5 Molecular characterization

The molecular characterization of all chitosan films was analyzed as previously described
(M. Malm & Liceaga, 2021) using Fourier Transform Infrared spectroscopy (FT-IR) (Thermo
Scientific, Waltham, USA) from 3500 to 800 cm™* with a resolution of 8 cm™ (n = 4). Spectra
were obtained via film transmission using ATR with a diamond prism, and automatically baselined
and averaged using OMNIC software (ThermoFisher, Waltham, MA, USA).
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3.3.6 Scanning electron microscopy (SEM)

Scanning electron microscopy of film surfaces and cross-sections were evaluated for CCF
and SCF. For cross-sections, specimens were cryo-fractured prior to analysis. All specimens were
sputter coated with platinum for 60 s, and then analyzed (FEI NOVA nanoSEM Field Emission
SEM (FEI Company, Hillsboro, USA) with an accelerating voltage of 5 kV and under high vacuum.
Film surface images are reported at 500x magnification, and film cross-sections are reported at
2000x% and 20,000% magnification.

3.3.7 Water contact angle analysis

The surface hydrophobicity/hydrophilicity of all CCF and SCF was evaluated by water
contact angle analysis (Theta Lite Tensiometer, Biolin Scientific, Gothenburg, SE) (M. J. Malm,
Narsimhan, & Kokini, 2019). Duplicate film strips, approximately 5 cm2, were secured onto
microscope glass slides with double sided tape. Deionized water (2 puL) was manually placed onto
each film surface. Contact angles were recorded by the instrument’s camera, manually baselined

during analysis using the OneAttension software (Biolin Scientific) and averaged (n > 7).

3.3.8  Water vapor permeability

The water vapor permeability of CCF was measured and compared to the SCF using the
procedure established by ASTM standard E96, as previously described (Urbizo-Reyes, San
Martin-Gonzélez, Garcia-Bravo, & Liceaga, 2020). Desiccant (CaCl2), previously dried, was
placed in the bottom of the permeability cups. Cups’ openings were sealed with chitosan films and
secured by metal clamps. Initial weight of each cup was immediately documented and placed in a
75% RH chamber (saturated NaCl solution) at 25 °C. Weight measurements were recorded twice
a day for ~4 days for each permeability cup, resulting in six measurements per cup. Water vapor
transmission rate (WVTR) was calculated by dividing the slope of the linear regression of weight
measurements (A m/A t) by the permeation area of the cup (m?2). Water vapor permeability of films

was determined as follows:

WVTR x d
Ap

WVP (107°g/s-m - Pa) = (1)
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Where d represents the thickness of chitosan films (m), and Ap is the partial pressure difference
previously determined to be 1753.55 (Pa) (Garcia, Pinotti, Martino, & Zaritzky, 2004; Urbizo-
Reyes et al., 2020).

3.3.9 Mechanical properties

Tensile strength and elongation percentage at break measurements were performed on CCF
and SCF following ASTM D882 standards with modifications (Kalaycioglu, Torlak, Akin-Eving(r,
Ozen, & Erim, 2017; Urbizo-Reyes et al., 2020). Chitosan films were conditioned at least 48 h in
50% RH desiccators (saturated MgNOs solution) at 25 °C, and then cut into strips (6 cm x 1 cm).
Thickness of each strip was determined in triplicate prior to analysis. A texture analyzer (TA.XT,
Stable Microsystems, Surrey, UK) equipped with rubber faced tensile grips was calibrated and
experiments were performed using a grip separation of 30 mm with a rate of separation of 0.80
mm/s (n = 8). Analysis of data was performed (Exponent Software), and TS and E% were

calculated for each replicate.

3.3.10 Color measurement

Chitosan films were evaluated for color using a Hunterlab ColorFlex (HunterLab, Reston,
USA) (n = 4) following the previously described protocol (Urbizo-Reyes et al., 2020). Using
CIELAB scale, color measurements were reported as lightness, L*, and chromaticity parameters
a* and b*. Lightness values were reported between 0 (black) and 100 (white). Chromaticity
parameter a* indicates green colors when negative, while positive values represent red colors.
Finally, positive chromaticity b* values correspond to blue colors, while negative values
correspond to yellow colors. Four films were evaluated for each type of chitosan film, measured
against a white tile (L*= 92.22, a*= —0.99, and b*=0.92).

3.3.11 Light barrier properties

To evaluate the light barrier protective properties of chitosan films for food packaging
applications, transmittance (%) of each film was scanned from 200 to 800 nm using a

spectrophotometer (DU®720, Beckman-Coulter, CA, USA), as previously described (Kalaycioglu
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et al., 2017). Chitosan films were physically attached to sample holders, where air served as the

reference. Scans were repeated on four films for each film formulation.

3.3.12 Opacity

Utilizing the transmittance data obtained from the light barrier property experiments, the

opacity of the chitosan films was calculated using the following equation:

Absorbancegg nm

Opacity (mm™1) = 1)

thickness (mm)

where were Absorbancesoonm = 2- 1og (T %eoonm) (Souza et al., 2017).

3.3.13 Statistical analysis

All experimental data were replicated at least three times, unless otherwise indicated. Data
are reported as average + standard deviation. Where applicable, statistical analysis of observed
differences among means was performed using analysis of variance (ANOVA), followed by
Tukey’s pairwise comparison of means at a 5% significance level with the statistical software
Minitab 18® (State College, PA, USA).

3.4 Results and Discussion

3.4.1 Molecular characterization

Molecular characterization of CCF (Figure 7) aligned well with spectra reported in
previous chitosan-glycerol plasticized films characterized by FT-IR (Cerqueira, Souza, Teixeira,
& Vicente, 2012; Debandi, Bernal, & Francois, 2016; M. Malm & Liceaga, 2021). Additionally,
CCF were not structurally different that SCF, as shown by the absence of spectral differences
between all spectra. Peaks between 3500 and 3000 cm™* represent N-H and O-H chemistries of
both chitosan and glycerol, as well as the hydrogen bonding between the two functional groups
due to plasticization (Chen et al., 2021). Furthermore, increased intensities of aliphatic stretching
moieties (2970 cm™* to 2750 cm™?), and C-O, C-O-C asymmetrical, and C-O-C symmetrical
groups (1120 to 800 cm™2), are also a result of the glycerol’s intrinsic chemistry (Cerqueira et al.,
2012). Comparison of pristine chitosan powder, previously published (M. Malm & Liceaga, 2021),
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and the corresponding plasticized chitosan films, highlighted the increased intensity of two spectral
peaks. Specifically, the broad 3500-3000 cm™ peak mentioned above and the amide Il band
centered ca. ~1530 cm L. The increase of these peaks may be associated with the chitosan-glycerol
plasticization mechanism. As shown previously by NMR, glycerol’s —OH functional group
participates in hydrogen bonding with the acetoamide group of chitosan (Domjan, Bajdik, &
Pintye-Hodi, 2009). Ultimately, these hydrogen bonds allow plasticization of films and may be the
cause for the increased 3500-3000 cm™ peak intensity. Additionally, glycerol interrupts
intramolecular hydrogen bonds (N-H functional groups) on chitosan’s polymer structure (Domjan
et al., 2009; Rodriguez-Nufiez, Madera-Santana, Sanchez-Machado, Lopez-Cervantes, & Valdez,
2014). Therefore, it is possible the disruption of these intramolecular bonds increases their
availability and stretching of N—H functional groups. Ultimately, this could lead to an increase of
the amide Il band of plasticized chitosan films, as the chemical structure of glycerol does not
directly contribute to this peak. Additional future experiments with pristine unplasticized chitosan
films would be useful to further deconvolute the roles of solution casting and plasticization on

these two functional groups of chitosan.
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Figure 8. FTIR of ~70% deacetylated chitosan films, derived from A. domesticus (dashed lines),
G. sigillatus (dashed circles) and commercial shrimp (solid line).
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Finally, one difference between CCF and SCF may be a result of the intrinsic differences
between the molecular conformation of insect and crustacean exoskeletons. In insects, hardening
of the exoskeleton is achieved through a process noted as sclerotization. The exact mechanisms of
sclerotization of different insects is yet to be discovered; however, research to date generally
accepts that insect exoskeletons are formed through chitin and protein matrices that are crosslinked
by catechols to stabilize the cuticle (Schaefer et al., 1987). During sclerotization, catechols undergo
a tanning process leading to brown and black pigments, complexed with chitin in the exoskeleton
structure (Cepreit Anexcanaposud Jlomarun, 2020). As shown visually in the films’ optical
properties, some pigments are still bound to chitin/chitosan structure. The pigmentation is
documented in most insect chitin/chitosan studies; however, pigmentation has not been detectable
by FT-IR. For example, in one study, chitosan films derived from yellow mealworms (Tenebrio
molitor) also showed similar pigmentation as our CCF, but characteristic peaks of such pigments
could not be distinguished from the FT-IR spectral peaks of chitosan films plasticized with
glycerol (Saenz-Mendoza et al., 2020). The authors attributed these results to overlapping

chemistry with chitosan and glycerol, as well as the fact it is present in low quantities.

3.4.2 Film microstructure

Surfaces and cross-sections of CCF imaged using scanning electron microscopy are shown
in Figures 9 though 11 and compared to SCF (Figure 12). Overall, images of all CCF surfaces
(Figure 9) and cross-sections (Figure 10 and 11) of films showed good homogeneity, were smooth,

and free of cracks and pores.
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Figure 9. SEM analysis of chitosan film surfaces derived
from crickets, A. domesticus (a-c) and G. sigillatus (d-f),
shown at 500x magnification. Chitosan films have
varying degrees of deacetylation, including 72% (a and
d), 76% (b and e), and 80% (c and f).

These results are in alignment with previously studied chitosan films plasticized with
glycerol and sorbitol (Flores, San-Martin, Beldarrain-lznaga, Leiva-Vega, & Villalobos-Carvajal,
2021; M. Liu, Zhou, Zhang, Yu, & Cao, 2013). Imaging of cross-sections at 20,000x (Figure 11)
elucidated differences in the microstructures of CCF compared to the commercial SCF (Figure
12). Generally, CCF had larger chitosan particles, whereas SCF had smaller and smoother-looking
particles. The SEM cross-sections of CCF are visually similar to chitosan-gelatin crosslinked films
(Z. Liu et al.,, 2012). The authors described the crosslinked film cross-sections to be more
aggregated and irregular compared to the SCF control. The aggregation of the micrographs were
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attributed to crosslinks formed between chitosan and gelatin in the film’s 3D network (Z. Liu et
al., 2012).

Figure 11. Cross-sections of chitosan films Figure 10. Cross-sections of chitosan films
derived from crickets, A. domesticus (a-c) and derived from crickets, A. domesticus (a-c) and
G. sigillatus (d-f), shown at 2,000x G. sigillatus (d-f), shown at 20,000x
magnification. Chitosan films have varying magnification. Chitosan films have varying
degrees of deacetylation, including 72% (a and degrees of deacetylation, including 72% (a

d), 76% (b and €), and 80% (c and f). and d), 76% (b and e), and 80% (c and f).

Considering the chitosan—gelatin crosslinking study, the CCF reported here are believed to
be complexed with residual melanin, intrinsic to cricket exoskeletons, that could also be more
aggregated when compared to the SCF (Figure 12). Furthermore, the differences in structure may
also be due to cricket chitosan’s lower molecular weight (344 and 524 kDa) (M. Malm & Liceaga,
2021). Y. Liu et al. (2020) reported that higher molecular weight chitosan (110 kDa) promoted a

more compact glycerol-chitosan film structure, seen by their scanning electron microscopy images
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of smoother cross-sections. Additionally, as the degree of deacetylation of cricket chitosan
increased, the cross-section of films became smoother and less aggregated (Figures 11c and f).
Previous reports indicate that as the degree of deacetylation of chitosan increases, its polymer
chains can pack more closely due to the decreased presence of bulky acetyl groups (Bumgardner
et al., 2017). Therefore, increasing the degree of deacetylation of CCF may allow greater packing

of chitosan polymer chains leading to the compact chitosan film structure at higher deacetylation.

Figure 12. Commercial shrimp chitosan film surface (a) at 500x, and cross sections at 2,000x (b)
and 20,000x (c) magnification.

3.4.3 Mechanical properties

In this study, glycerol was used as a plasticizing agent at a constant concentration to
compare the mechanical effects (TS and E%) of the different sources of the chitosan polymer, as
well as identify any effects caused by the chitosan’s molecular weight and the degree of
deacetylation. In all cases, CCF had similar, or greater, tensile strengths (TS) when compared to
SCF (Figure 13a). These results suggest good intramolecular bonding between cricket chitosan, as
previously described by microstructure analysis. Additionally, the degree of deacetylation of
cricket chitosan had no clear effect on the corresponding film’s TS. Although all CCF had TS
values that were similar, or greater than SCF, there were significant differences in elongation
percentages (E%) (Figure 13b). All CCF, with the exception of 72% deacetylated G. sigillatus
chitosan films, had significantly lower E% values (P< 0.05). The mechanical results of this study
were comparable to other commercial chitosan films prepared similarly (Leceta, Guerrero, & de
la Caba, 2013; Souza et al., 2017; Suyatma, Tighzert, Copinet, & Coma, 2005). For example,
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commercial chitosan plasticized films (30% glycerol w/v), with varying molecular weights, had
TS values between 24-32 MPa and E% values of 30-37% (Leceta et al., 2013). Furthermore, CCF
in this study had improved properties compared to chia seed mucilage films we have previously
studied, which were plasticized with sorbitol and glycerol and had TS values of 0.38-2.7 MPa and
21-68% E% (Urbizo-Reyes et al., 2020). The molecular weight of chitosan is also thought to play
an important role in the mechanical properties of films. Specifically, an increase in molecular
weight typically results in an increased TS and E% due to the increased entanglements of the
polymer network (Rong Huei & Hwa, 1996; Ryan, Bardosova, & Pemble, 2017). As previously
reported, A. domesticus and G. sigillatus chitosan have molecular weights of 344 and 524 kDa (M.
Malm & Liceaga, 2021). However, even though their molecular weights are smaller than
commercial shrimp chitosan, the CCF showed excellent mechanical properties as seen by equal or
improved TS compared to SCF (Figure 13a).
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Figure 13. Tensile strength (a), and elongation % at break (b) of cricket
chitosan films compared to commercial shrimp chitosan films.

Those in a graph which do not share a letter are considered significantly different.

79



Currently, only two studies on insect chitosan films that characterize mechanical properties
can be found in literature. The first study, chitosan films from mealworms (Tenebrio molitor) (812
kDa) and grasshoppers (Brachystola magna) (696 kDa) were found to have statistically similar TS
and E%, when compared to the study’s low (759 kDa) and medium (870 kDa) molecular weight
reference chitosan films (Saenz-Mendoza et al., 2020). In another study, grasshopper (B. magna)
chitosan (322 kDa) films were compared to high, medium, and low molecular weight crustacean
chitosan films (Tirado-Gallegos et al., 2021). They showed that grasshopper films had significantly
lower TS values than high and medium molecular weight commercial chitosan, but films were
statistically similar to low molecular weight crustacean chitosan. Additionally, the authors found
that grasshopper chitosan films had lower E% than low and medium molecular weight crustacean
chitosan.

One explanation for varied results on mechanical properties of insect chitosan films,
compared to crustaceans, may originate from the intrinsic properties of insect exoskeletons.
Although not completely understood, it is thought that the matrices of insect cuticles are comprised
of proteins and chitin, as well as other components such as melanin. The sclerotization process,
responsible for the hardening of insect exoskeleton cuticles, is often associated with the “tanning”
of the exoskeleton (Andersen, 2010). Another process, melanogenesis, which occurs during insect
cuticle formation, is responsible for the formation of melanin (Sugumaran & Barek, 2016).
Although these two processes are separate, they are believed to be closely related and occur
simultaneously, with melanin likely to be a product of both processes (Andersen, 2010; Sugumaran
& Barek, 2016). Research to understand the interactions among of all these components in the
exoskeleton of arthropods is currently ongoing; however, studies on chitin extraction from these
sources suggest that melanin could covalently bind to chitin (Khayrova, Lopatin, & Varlamov,
2020; Khayrova, Lopatin, & Varlamov, 2021; Oh & Hwang, 2013). These assumptions are based
on the inability to chemically remove all pigments, presumably melanin, from insect-extracted
chitin (Khayrova, Lopatin, & Varlamov, 2019; Khayrova et al., 2021). One research group recently
filed a patent, where extractable chitin from the black soldier fly, was chemically converted into
chitosan with melanin still covalently bound (Khayrova et al., 2020; Cepreii AnexcanapoBud
Jlonatun, 2020). In our results, similar pigmentation of chitin, chitosan, and corresponding

chitosan films can be observed, suggesting that crickets could also have melanin covalently bonded
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to its chitin, making it unable to be removed during the purification and conversion processing
steps (M. Malm & Liceaga, 2021).

When considering the structural complexity of insect chitin/chitosan, residual melanin may
also be a contributing factor to its final properties, including its mechanical characteristics. In an
in vitro biomimetic study of insect cuticles, chitosan was found to be covalently crosslinked to
melanin, leading to corresponding films (unplasticized) to be stronger and stiffer than commercial
crustacean chitosan films (Oh & Hwang, 2013). In another study, chitin-melanin complexes were
extracted from dung beetles (Catharsius molossus, (Linnaeus)), converted to chitosan-melanin
complexes, and formed into unplasticized films (Ma, Xin, & Tan, 2015). Authors attribute the
increased TS of the beetle chitosan films, compared to commercial shrimp chitosan, as a result of
the intramolecular interaction between chitosan and melanin. Therefore, the increased TS of CCF
may too be a result of the covalent melanin crosslinks, and increased intramolecular bonding that
is not present in SCF. Additionally, these chitin-melanin interactions, paired with their lower
molecular weights, may explain the decreased elongation of CCF.

Overall, taking into consideration the research available on both insect and crustacean
chitosan films plasticized with glycerol, CCF have similar mechanical properties to crustacean
films. These findings suggest that CCF may produce packaging materials that are as strong as SCF,
but may not be as flexible. However, if high flexibility is required, SCF could be further
manipulated to meet performance expectations. For example, additional plasticizing agents could
be used and/or their concentrations optimized. As research progresses on insect exoskeleton
sclerotization, insect chitin/chitosan and their complexes, greater mechanistic understanding of

insect chitosan films is expected.

3.4.4 Water vapor permeability

The water vapor permeability is an important parameter when evaluating food packaging
materials. Food quality, and safety in some circumstances, require the maintenance of water
activity. Therefore, the ability of a food packaging polymer to decrease water vapor migration is
an important property to understand and characterize. In this study, the water vapor permeability
of chitosan films from crickets was determined and compared to commercial SCF (Table 8). All
films derived from cricket chitosan had decreased WVP values compared to SCF. Furthermore,

chitosan films from A. domesticus were slightly less water permeable than G. sigillatus films. It is
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reported that the WVP of chitosan films is directly affected by glycerol, where glycerol allows the
permeation of water through the chitosan-glycerol matrix (Rivero, Damonte, Garcia, & Pinotti,
2016).

Table 8. Permeability, surface wettability, color, and opacity properties of cricket chitosan films

Water vapor
DDA pe?;%?ﬁ)bg';'ty \c/gﬁzgzt Instrumental Color and Opacity Properties
(%) m-s-Pa) angle (°)

Opacity

A. domesticus chitosan (mm™?) L* a* b*
72 2.14 +0.07% 101.18 + 4 1.6+0.10> 71.79+1.04a 0.8+0.42°  26.49 +3.02"
76 2.29 + 0.06% 97.21+£2.4%  16+0.04° 7471+043> -0.02+0.18" 24.64+1.39°
80 2.09 +0.082 10299+54° 15+014> 70.6+0.60° 1.44+0.17% 30.16+0.56"
G. sigillatus chitosan
72 2.34 +0.06%® 10258 £4.1°  1.6+0.04> 72.23+1.85% 1.23+02%¢ 2541 +475°
76 2.40+0.13° 95.48+4.9%  17+007° 69.9+142% 1.86+0.14° 26.4+3.63°
80 243+0.17° 101.06 £5.2° 1.7 +0.04> 71.96+1%® 1.56 +0.19% 23.65+0.91°
Shrimp chitosan

2.91+0.16° 93.02 +2.3% 0.5+001° 87.97+044° -2.38+0.23% 8.09+0.4°

Little research is available on the water vapor permeability on insect chitosan films, making
it difficult to understand the molecular differences responsible for the decreased film WVP. In one
study, the WVP of glycerol-chitosan films from grasshoppers was evaluated and compared to low,
medium, and high molecular weight commercial chitosan (Tirado-Gallegos et al., 2021). The
authors reported grasshopper chitosan films had the lowest WVP (1 x 10° g/m-s-Pa) compared to
all shrimp chitosan films (1.6 to 6.43 x 10"*° g/ m-s-Pa). The authors attribute the improved WVP
of the grasshopper films to be a result of its greater compacted matrix; however, they did not
support these conclusions with SEM microstructure analysis. In our study, considering SEM
microstructure analysis, CCF film microstructures appear to be more rough and aggregated,
leading to an increased tortuous path length for water vapor to diffuse across the membrane (Qin
etal., 2015; Rhim, Hong, Park, & Ng, 2006). Ultimately, this would lead to decreased water vapor
permeability of CCF, compared to the smoother and more compact microstructure of chitosan
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films which would have a decreased path length for water vapor to travel. Further research on
insect chitosan biopolymers, and their microstructures, is needed to make comprehensive

conclusions on functional differences between insect and crustacean films.

3.4.5 Color and optical properties

Color measurements showed CCF were light brown, compared to the slight yellow color
of the SCF. The color of all films was compared gquantitatively using L*, a*, and b* values (Table
8). Cricket films were darker than shrimp films, as shown by their lower L* values, but overall,
the cricket films from the different species had very similar lightness values. CCF also had positive
a* and larger b* chromaticity parameter values, indicating that films were less green and more
yellow in comparison to the commercial shrimp films. Melanin, as already discussed, results in a
tan pigment and therefore a likely contributor to the increased darkness and yellowness of the CCF.
The appearance and color of CCF films are very similar to crustacean chitosan films with melanin
nanoparticles, although the study did not quantitatively study the appearance of the films (Roy,
Van Hai, Kim, Zhai, & Kim, 2020). The absence of brown/yellowing pigments in shrimp
chitin/chitosan is a result of the differing mechanisms crustaceans utilize during the production of

their exoskeletons.

3.4.6 Light barrier properties

As stated previously, a primary function of food packaging is the protection of food
materials concealed inside. This can include physical protection, as well as chemical deterioration
prevention. Specifically, UV/Vis light that is transmitted through packaging into foods is known
to initiate various deleterious chemical reactions, such as increase the rate of lipid oxidation,
amongst others. Therefore, one mode of packaging protection is to prevent such reactions by

decreasing the light transmitted through packaging.
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Figure 14. Transmittance (%) of UV/Vis light through chitosan films derived
from A. domesticus crickets (dashed line), G. sigillatus (dotted line), and
shrimp (solid line).

In this study, transmittance of light (%), from 200 to 800 nm, through chitosan films was
evaluated (Figure 14). The percent of light transmitted through CCF was much less than
commercial shrimp films, due to the intrinsic properties and functionality of cricket’s chitin rich
exoskeletons. Insect exoskeletons serve as a protectant agent from light, such as solar radiation, as
well as other oxidative stresses, which is achieved through its incorporation of melanin (Cao et al.,
2021; Sugumaran & Barek, 2016). Recent research studies have incorporated synthetic or naturally
extracted melanin in different types of films, as an approach to mimic and achieve UV/Vis
protecting materials for food packaging. This has been previously and extensively reviewed by
Roy and Rhim (2021). Overall, the outcomes of these studies have shown great improvements in
light barrier of packaging due to incorporation of melanin. The decreased transmission of light
observed in our study is likely due to the remaining melanin present in CCF as previously
hypothesized. The properties of the derivation material, crickets, may lead to chitosan films, which
have greater light shielding properties than crustacean chitosan films with a slight increase in

opacity, while maintaining a transparency expected of a packaging material.
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3.4.7 Water contact angles

Overall, CCF derived from both species were more hydrophobic than SCF (Table 8, Figure
15). The degree of deacetylation had no effect on the water contact angle values, although 76%
deacetylated CCF were most similar to SCF water contact angles. To the best of our knowledge,
this current study is the first to characterize film surface hydrophobicity/hydrophilicity of insect

chitosan films.

Figure 15. Sessile water droplets
on the surface of (a) A.
domesticus, (b) G. sigillatus, and
(c) commercial shrimp chitosan
films (72% DDA).

One study analyzed the functional properties of high and low molecular weight commercial
chitosan films, presumably crustacean derived, plasticized with varying concentrations of glycerol
(Leceta et al., 2013). The authors reported that an initial increase from 0 to 15% glycerol did not
affect the water contact angle of films (~105°). However, a further increase to 30% glycerol
significantly increased the wettability of the surface as seen by a decrease in water contact angle
(~98°), which was attributed to the intrinsic hydrophilicity of glycerol. Furthermore, it was found

that the molecular weight of chitosan did not play a significant role in the wettability of
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unplasticized and plasticized films. Considering the study’s results, commercial SCF produced in
the present study had a water contact angle of 93°, which aligned well with the previous reported
results at a similar glycerol plasticization percentage.

Overall, CCF were more hydrophobic than commercial chitosan films, which we believe
could be a result of residual melanin present. In one recent review on insect chitin, chitosan, and
their melanin complexes, the authors highlight increased hydrophobicity of melanin-chitosan
complexes due to the hydrophobic nature of melanin (Khayrova et al., 2021). Additionally, a
biomimetic chitosan film study attributed increased water contact angles due to the presence of
melanin (Oh & Hwang, 2013). The increased water contact angles of CCF are likely a result of the
presumable presence of melanin (hydrophobic), among possible other residual components.
Therefore, if melanin crosslinks are present in CCF, intramolecular interactions would increase
and lead to decreased ability of the film’s surface to interact with water. In addition, the presence
of hydrophobic melanin would lead to the CCF surfaces to have increased water contact angles.
Ultimately the increased complexity of cricket chitosan may be an advantage for chitosan biobased

food packaging, compared to traditional crustacean chitosan products.

3.5 Conclusions

In this study, chitosan derived from two cricket species showed excellent film forming
properties, comparable to films from commercial shrimp chitosan. Cricket chitosan may be more
complex in nature due to the differing intrinsic properties of insects; however, in some cases, this
may prove an advantage for biobased food packaging. Increased water resistance, as well as light
and vapor barrier properties, were achieved through chitosan films derived from crickets,
compared to the shrimp chitosan film.

As edible insect rearing and consumption continues to grow, by-products from this
emerging industry may provide advantageous materials for use as biobased food packaging
materials. As research is currently being performed at a rapid pace, new insights on insect-based
chitin/chitosan and their applications are constantly being revealed. Future research on the insect
derived chitosan complexes, such as further investigation and characterization, may provide
further insight on the mechanisms responsible for their differing, or similar, functionalities in

comparison to that derived from commercial (crustaceans) resources. Based on the promising
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results of this study, future research can be applied to evaluate insect chitosan films’ effect on

shelf-life and quality of food.
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CHAPTER 4. CONCLUSIONS

In this dissertation, cricket derived chitin and chitosan were evaluated as a potential source
for commercial chitosan and impacts of species change on applications were studied. Chitin-rich
pellets served as the starting material, a waste stream obtained during protein isolation from two
cricket species (Acheta domesticus and Gryllodes sigillatus). Extraction and purification methods
used in this study produced demineralized and deproteinized chitin, which then was chemically
modified to chitosan using methods commonly used in the production of shrimp chitosan. The
degree of modification, specifically the degree of deacetylation, was optimized to 72, 76, and 80%
DDA. Cricket chitosan was structurally similar to commercial shrimp chitosan, as confirmed with
signature FT-IR spectra peaks. As expected, the molecular weight of chitosan from crickets was
similar to that previously reported for other insect species, and smaller than the molecular weight
of crustacean chitosan. The molecular weight, species origination, and deacetylation of cricket
chitosan had no significant effect on the in vitro lipid binding capacity, with shrimp chitosan
serving as the reference material. Chitosan’s antimicrobial activity at the concentration chosen,
showed good inhibition against two surrogate food pathogens. For L. innocua, 100% inhibition
was achieved with all cricket and commercial chitosan samples for up to 24 hours. This suggests
that molecular weight, cricket species, and deacetylation did not play a significant role against L.
innocua, or such effects were not detectable due to the confounding effects of acetic acid present.
At the same concentration, E. coli inhibition was directly affected by cricket chitosan’s degree of
deacetylation, where 90% of growth was inhibited by 80% DDA cricket chitosan after 24 hours.

After successful extraction and purification of chitin, optimization of cricket chitosan, and
evaluation of cricket chitosan bioactivity, cricket chitosan samples were functionalized into bio-
based polymers. The results of this second study showed cricket chitosan films had similar or
improved properties when compared to commercial shrimp chitosan films. The close association
of residual melanin and protein, likely facilitated the greater compaction and aggregation of cricket
chitosan films’ microstructures. As a result, cricket chitosan films had improved water vapor
permeability, surface hydrophobicity, and light barrier properties in comparison to shrimp chitosan
films. Mechanical properties of all chitosan films showed similarities, although shrimp chitosan

films were more flexible.
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Overall, this dissertation research elucidates foundational differences between cricket
chitin/chitosan and shrimp chitin/chitosan, and highlights the feasibility for using cricket chitosan
as an alternative resource to commercial crustacean chitosan. Although some physicochemical
properties of cricket chitosan were found to be different than crustaceans, the studies presented in
this dissertation show that applications of chitosan would be unaffected, and even improved in
some cases. The research presented in this dissertation also provides preliminary support for
successful utilization of insect by-products in different applications, waste streams that will likely
have greater impact in the near future as the use of insects for sustainable human and animal
nutrition is rapidly growing. Future research on cricket chitosan films with different food products

will elucidate further a targeted food packaging application.
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