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Abstract

N,N’-diacetylchitobiose (GIcNACc») is known to be highly functional, soluble in water and
offers a wide range of applications, especially as an antimicrobial agent. In this study, we
aim to explore the use of thermal pre-treatment on chitin, prior hydrolysis to produce
GIcNAc,. The compound has been assessed for its antimicrobial activity against food
pathogenic strains, as well as its effectiveness as an antimicrobial coating on ready-to-eat

(RTE) cooked shrimp.

A thermal pre-treatment process using an autoclave, has been employed to facilitate
subsequent enzymatic hydrolysis of chitin with chitinase from Streptomyces griseus. Pre-
treatment of chitin with 0.05 M sodium acetate buffer (pH=6.0) at 121 °C for 60 min,
followed by enzymatic hydrolysis involving 24 h incubation, were found to be the best
conditions for producing GIcNAc2. The GIcNAc: obtained was tested for its antimicrobial
activity against Gram-negative and Gram-positive strains and showed minimum
inhibitory concentrations (MIC) at 5 and 10% wi/v against Escherichia coli K-12 and
Listeria monocytogenes 10403S, respectively. The inhibitory effect of 1% (w/v) GICNAC>
used as antimicrobial coating on RTE cooked shrimp was studied at 4 °C for 16 days. In
addition, the quality of the shrimp meat was also determined. The results indicated that
the GIcNAcC, coating retarded the changes in texture properties, TBARS values and
moisture content of the RTE shrimp during storage. The incorporation of GIcNAc:
coating did not significantly change the shrimp colour in comparison with the control.
However, the growth of L. monocytogenes inoculated on the GIcNAcz-coated RTE
shrimp was slower than control sample, and the highest log reduction observed was 0.5
log CFU/mL. This study shows that autoclaving of chitin facilitates subsequent enzymatic

hydrolysis to form a mixture dominating in GIcNAc., which possesses antimicrobial
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activity that is able to inhibit food pathogenic strains and maintain the quality of ready-

to-eat shrimp during refrigerated storage.
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Chapter 1 : Introduction

1. Introduction

Chitin, a naturally abundant biopolymer, found in crustacean shells like shrimp and crab,
has been attracting a great deal of attention due to its excellent properties such as
biocompatibility, biodegradability, non-toxicity and adsorption properties, which make it
a highly functional material.>? Chitin structure consists of N-acetylglucosamine linkages
and is highly insoluble in normal solvents or water. In order to fully explore the potential
of this biopolymer, it is necessary to convert it into chitosan or oligomers, which
substantially improves its solubility. Chitosan, a deacetylated formed of chitin, is able to
dissolve in solvents such as acetic acid, whereas the chitin oligomers, a shorter chain
chitin consisting mainly of two to ten N-acetylglucosamine linkages, are highly soluble

in water.

The method of producing chitin oligomers by hydrolysis, either enzymatically or by using
acids, has been extensively discussed (Abidin et al.%). As acidic hydrolysis requires strong
inorganic acids, e.g. hydrochloric acid, an alternative and chemically less aggressive
method such as enzymatic hydrolysis using chitinases has been explored in order to
reduce the environmental impact. However, the enzymatic hydrolysis is significantly
slower than acidic hydrolysis and economically not viable due to the difficulties in
obtaining commercial chitinase. In order to improve and intensify enzymatic hydrolysis,
a number of adjunct treatments have been proposed, prior to or during hydrolysis, which
include physical and chemical methods that improve solubility and decrystallisation of
the chitin.® These treatments have been reported to increase the yield of oligomers whilst
accelerating the rates of the enzymatic reaction.*®
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As a water-soluble and lower molecular weight conversion product of chitin, the
oligomers possess antimicrobial activity which can potentially be applied on food contact
surfaces. The antimicrobial activity of chitin oligomer mix (dimer to heptamer, as well as
some monomer) inhibits Gram-negative as well as Gram-positive strains.*°° Despite its
high functionality and relative ease of preparation, chitin oligomers have not been as
extensively studied in literature as chitosan. Unlike chitin oligomers, a solvent is required
for solubilising chitosan and turning it into a functional material. The net antimicrobial
effect is due to a combination of chitosan and acetic acid. It has been reported that a 0.5%

solution of acetic acid (pH 4.33) is capable of inhibiting pathogenic bacteria on its own.*

In practical terms, antimicrobial agents can be made to take effect by coating on
packaging or on food surfaces. Coating involves the application of the antimicrobial
solution directly on the surface, followed by draining and drying until a thin layer of film
is formed on the surface.'? Recently, the effects of employing chitosan as an antimicrobial
coating on ready-to-eat (RTE) food products such as meats, seafood, fruits and vegetables
have been reported.’*1® The RTE food products are becoming more popular these days
because of their convenience and fresh appearance.!’ One possible way of enhancing the
keeping quality of RTE foods is by using active packaging, for instance packaging that
contains an antimicrobial coating. Published literature is replete with information on the
production of chitosan and assessing its functionality. But there is relatively little
information on chitin oligomer production and applications. This thesis primarily focuses
on the production aspects of chitin oligomers and investigates their antimicrobial potency.
As a practical application, this thesis also investigates the possible extension of shelf life

of RTE shrimps (cooked), by coating shrimp surfaces with chitin oligomers.
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2. Objectives

The specific objectives of this research are:

To critically assess the chitin pre-treatments methods reported in literature, in

order to improve subsequent conversion into oligomers.

To explore the use of thermal autoclaving as a pre-treatment method for chitin, in

order to improve the yield and functionality of chitin oligomers formed.

To determine the antimicrobial activity of chitin oligomers against Gram-negative

(Escherichia coli) and Gram-positive (Listeria monocytogenes) strains.

To explore the effect of coating the oligomer solution on the quality of RTE

cooked shrimps.

To observe the inhibitory effect of the oligomer coating against L. monocytogenes

inoculated on the RTE shrimp.

This thesis has been written in the format of a series of published (and to be published)

papers, and it consists of five main chapters. The assessment of chitin pre-treatment

methods is included in the literature review presented in Chapter 2. This is followed by

a detailed experimental study exploring thermal autoclaving of chitin as a pre-treatment

prior to enzymatic hydrolysis in Chapter 3. This chapter also concludes that the oligomer

is predominantly a dimer GIcNAc> and assesses its antimicrobial effects against model

Gram-negative and Gram-positive strains. The studies on the application of GIcNAc: as
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a coating on RTE shrimp and its inhibition against L. monocytogenes inoculated on
shrimp meat is reported in Chapter 4. Finally, Chapter 5 presents the overall conclusions

of the research and makes recommendations for related future work.

Chapter 2 and Chapter 3 have already been published and Chapter 4 will shortly be

submitted for publication:

Abidin MZ, Junqueira-Gongalves MP, Khutoryanskiy VV, Niranjan K, Intensifying
chitin hydrolysis by adjunct treatments — an overview. J Chem Technol Biotechnol 92:

2787-2798 (2017).

Abidin MZ, Kourmentza C, Karatzas K, Niranjan K, Enzymatic hydrolysis of thermally
pre-treated chitin and antimicrobial activity of N,N’-diacetylchitobiose. J Chem Technol

Biotechnol 94: 2529-2536 (2019).

Abidin MZ, Kourmentza C, Karatzas K, Niranjan K, The effectiveness of N,N’-
diacetylchitobiose (GIcNAc:2) as antimicrobial coating against Listeria monocytogenes on

ready-to-eat shrimp. (To be submitted for publication)
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Chapter 2 : Literature Reviews

(Published as “Abidin MZ, Junqueira-Gongalves MP, Khutoryanskiy VV, Niranjan K,
Intensifying chitin hydrolysis by adjunct treatments — an overview. J Chem Technol

Biotechnol 92: 2787-2798 (2017)”)

1. Introduction

Chitin - a B-(1—4)-linked polymer composed predominantly of N-acetyl-D-glucosamine
(GIcNAC) units — is, after cellulose, the most abundant organic natural polysaccharide on
earth, offering a broad range of structural and protection functions, like cellulose in plants.
The structure of chitin differs from that of cellulose in that the C-2 hydroxyl residues (-
OH) are replaced by acetamide groups (CH3CONH-) (Figure 2-1). Chitin comprises three
polymorphs: a-chitin is the most abundant and - and y-chitin are very rare, which can be
distinguished by their molecular chain arrangement and hydrogen bonding systems. a-
and B-Chitins have an antiparallel and a parallel chain arrangement, respectively, whereas
y-chitin consists of both parallel and antiparallel chains.>? The antiparallel chain in o-
chitin are arranged in bonded piles or sheets linked together by the hydrogen and
acetamide groups running in opposite directions as compared to the B-chitin.?2 The
intermolecular and hydrogen bonds present in a-chitin make it difficult to melt and
dissolve in common solvents at normal temperatures, which makes this material

inconvenient for further processing.!

Chitin is synthesized as a dominant component in the exoskeletons of crustaceans and
insects, as well as in the cell wall of fungi, yeast and algae. Nowadays, chitin extracted

from crustacean shells, such as crab, shrimp, prawn, krill and lobster, are readily available
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in large quantities from shellfish processing industries in comparison with other sources.
In the processing of seafood for human consumption, between 40 and 50% of the total
raw material mass is wasted.® This quantity of waste has been reported to be between 10%°
and 10! tons per year, which poses a significant problem for the environment due to its

slow degradation.®®

CH:OH CH2 OH

OH o \J OH 0

O—0O—=2
o

I
&

(a) (b)

Figure 2-1. Chemical structures of: (a) Chitin and (b) Cellulose

Crustacean shells are composed of proteins, chitin, minerals, and carotenoids, which are
the major components based on the dry mass.® In order to extract chitin from the
crustacean shells, the following main steps must be employed: demineralization,
deproteinization and decolouration.” The demineralization of shells can be achieved by
extraction with dilute acid (hydrochloric acid, formic acid, acetic acid, sulfuric acid or
EDTA - ethylenediamine-tetra-acetic acid) at room temperature. Deproteinization can be
effected by treating the demineralized waste with aqueous alkali solution (sodium or
potassium hydroxide) at the temperatures between 65 and 100 °C. In this step, the most
significant parameters to be considered for an efficient deproteinization are the
concentration of alkali solution, processing time and temperature, and solid to solvent

ratio. Benhabiles et al.® reported that the conditions for 96% protein removal were:

17



processing time of 120 mins at a temperature of 45 °C and the use of solid to solvent ratio
of 1:2 (w/v) with the solvent (NaOH solution) concentration being 2 M. Finally, the
decolouration was carried out by a bleaching with activated charcoal, or by using strong
oxidizing agents such as sodium hypochlorite (NaClO) or hydrogen peroxide (H.O>)
solutions.® Chitin separated from minerals, colourants and proteins is commercially
available for industrial uses, although, it may require further purification in order to obtain

regenerated chitin, which can be effectively used for producing chitosan and oligomers.%-

12

Chitosan - a -(1—4)-linked polymer composed predominantly of D-glucosamine (GIcN)
units - is an N-deacetylated derivative of chitin formed by deacetylation under alkaline
conditions at elevated temperature, which sodium hydroxide is a common alkaline
media.**3% Chitosan is a semi-crystalline polymer which is insoluble in aqueous
solutions above a pH value of 6.5, but fully soluble in diluted acids below pH of 5.6
The difference between chitin and chitosan can be defined in terms of the ratio of 2-
acetamido-2-deoxy-D-glucopyranose to 2-amino-2-deoxy-D-glucopyranose units, which
is commonly known as degree of N-acetylation (DA). The DA of chitosan is typically
less than 0.35, whereas that of chitin is normally above 0.90.% Higher and lower
molecular weight chitosans may also possess excellent properties for specific
applications. Numerous studies have reported that chitosan with higher molecular weight
possess superior mechanical properties, such as higher tensile strength and better
elongation of chitosan film,'3!° higher antifungal activity,?>?* and enhances nasal
absorption of peptide drugs®?. Lower molecular weight chitosans have a stronger
superoxide scavenging activity,? greater antimicrobial activity,?* and higher permeability

of film.18
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Chitin oligomers are derived from chitin by depolymerization in the presence of acid or
enzymes.*'314 Chitin oligomers are composed of GIcNAc units with approximately ten
residues or less, and can be produced by depolymerization of chitin.* The
depolymerization is commonly achieved by acid and enzymatic hydrolysis, employing
hydrochloric acid (HCI) and chitinases, respectively. The chitin polymer chain is cleaved
by this reaction to become oligomeric. Both these hydrolysis methods have been
extensively reviewed by Jeon et al., Prashanth and Tharanathan and Ahmed et al.#?>?
Efforts to find uses for chitin oligomers have intensified since these chemicals are highly
functional and offer a wide range of applications. Chitin oligomers have received
increased research and commercial attention because these molecules are not only water
soluble, nontoxic and biocompatible, but also exhibit numerous biological properties,
such as antibacterial, antifungal, antitumor, and antioxidant activities.2*° According to
the literature, antimicrobial action is one of the most important property of chitin
oligomers due to its water solubility, and potent activity against bacteria and moulds. It
has been reported that the oligomer possess low minimal inhibitory concentrations (MIC)
values for gram-positive strain (S. aureus, B. subtilis, L. monocytogenes and B. cereus)
and gram-negative strains (E. coli, V. cholera, Shigella disenteriae, B. fragilis, P.
aeruginosa, and P. melaninogenica) compared to chitin and chitosan.?’3! In another
research, the chitin oligomers were found to possess antifungal activity against
Aspergillus niger.?® Besides antimicrobial activity, some works also reported that the
chitin oligomers, with molecular weight of 1-5 kDa, possess the ability to inhibit

membrane protein oxidation and act as potent antioxidant in live cells.3-3

As a consequence of growing interest for converting chitin into its oligomers, some

adjunct treatments, either chemical or physical in nature, have been employed to assist
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acid and enzymatic hydrolysis, as well as enhance the yield of oligomers. Gamma
irradiation, ultrasonication, microwave irradiation, steam explosion, supercritical water,
grinding and depressurization are physical methods that have been employed previously
to facilitate chitin hydrolysis.>*3® Aqueous solutions such as phosphoric acid,
hydrochloric acid, alkaline solution and methanol modify chitin structures prior to
hydrolysis. These chemical treatments have been reported to decrystallise chitin, increase

its solubility, and accelerate subsequent enzyme hydrolysis. 11239

2. Preparation of chitin oligomers

This section reviews the different hydrolysis methods employed and adjunct treatments

proposed to assist depolymerization of chitin.

2.1 Methods based on acidic hydrolysis

Chitin oligomers are generally manufactured by acid hydrolysis of chitin employing
strong acids such as concentrated hydrochloric acid (HCI) to effect the cleavage of the
chitin polymeric chain.?30:3440-42 The concentration of HCI, incubation time and
temperature are the key parameters in the process. HCI concentrations ranging from 3 to
12 N have been used to hydrolyse chitin at temperatures ranging between 20 and 90 °C
for time durations ranging between 5 min and 7 h.27:30.3240-424445 The processing steps
employed by earlier researchers for hydrolysing chitin are summarized in Figure 2-2. In
general, a given amount of chitin powder is added to HCI solution and the mixture is
constantly stirred under reflux in a water bath maintained at the desired temperature. 324042
After incubating this for the desired time period, the hydrolysis is stopped by cooling the

reaction mixture in an ice bath or on dry ice,**** following which, the chitin oligomers
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are isolated by: 1) freeze-drying the solution under vacuum, 2) redissolving the dried
product in deionised water, and 3) neutralising the solution with NaOH followed by
filtration to remove impurities from the oligomers. The freeze-drying and redissolving
steps have been repeated twice by some researchers to remove any residual HCI left.*2
Some researchers have also proposed neutralisation with 25% sodium hydroxide (NaOH)
to stop the hydrolysis.®32 The neutralised solution is centrifuged to separate the
supernatant, and the unhydrolysed chitin and the supernatant are desalted and purified

prior to spray-drying in order to obtain the chitin oligomers as a light yellow powder.

Recently, Kazami et al.*® developed an acetone precipitation method as a replacement to
NaOH neutralisation to claim a simpler procedure for isolating the chitin oligomers.
Acetone-insoluble material can be recovered by the following steps: 1) adding acetone to
stop the hydrolysis and stirring at a low temperature for a day; 2) centrifuging the mixture
of acetone and chitin; 3) repeatedly washing the acetone-precipitate with acetone to
remove HCI (until the pH of supernatant reaches 4-5); and 4) suspending the acetone-

precipitate in cold diethyl ether, centrifuging and drying to constant weight.

The dried acetone-precipitate (acetone-insoluble material) is then mixed with water in
order to extract the water-soluble chitin oligomers as follows: 1) mixing the dried acetone-
precipitate with water, stirring overnight, and centrifuging in order to separate the
supernatant and water-precipitate; 2) repeating step (1) for the water-precipitate; 3)
combining supernatant recovered from steps (1) and (2) as water-soluble chitin
oligomers; and 4) suspending the water-precipitate in cold diethyl ether, centrifuging and
drying to constant weight. Generally, the supernatant containing the chitin oligomers
obtained appear brown or yellow in colour. Therefore, activated charcoal treatment is

applied to yield a clear solution prior to the final drying process.3#4?
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Chitosan can also be potentially converted into chitin oligomers by employing a two-step
process involving: 1) depolymerization of chitosan by hydrolysis in HCI to form chitosan
oligomers; and 2) partial N-acetylation of chitosan oligomer in hydro-alcoholic solution
of acetic anhydride in order to produce the oligomers.*? This approach generally requires
numerous steps and produces HCI and acetic anhydride residues, which are undesirable

products and have a significant impact on the environment.

Figure 2-3 shows a possible mechanism of chitin hydrolysis by concentrated HCI that has
been reported previously by Kazami et al.* The chitin before hydrolysis is assumed to
consist of alternating crystalline and amorphous regions, and composed a number of
polymeric chains. Initially, the amorphous regions are rapidly cleaved within 5 min of
hydrolysis to produce regular-sized segments with a central crystalline region attached to
amorphous tails at both ends. The amorphous tails are then gradually degraded, leading
to the accumulation of chitin oligomers, as well as a crystalline chitin core consisting of
multiple chitin chains. Single chitin chains may then be slowly separated from the chitin
core, and once separated, be rapidly hydrolysed to yield chitin oligomers within 30 to 60

min.

Although the hydrolysis process described above is effective, some disadvantages have
been reported such as the occurrence of deacetylation (that produces chitosan oligomers
instead of chitin oligomers), production of acidic waste streams, high cost, lower yield of
high degree of polymerization (DP) oligomers, and requiring skilled labour force for
purification.*'%% The lower yield and shorter chain length of the oligomers formed,
particularly dimers, adversely influence bioactivity.*® In addition, the process costs and
the environmental impact of the process are also high mainly due to the use of strong
acids during hydrolysis.®
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Figure 2-3. Possible mechanism of chitin hydrolysis in concentrated HCI. Reprinted
with permission from Kazami et al.*® Copyright 2015 Elsevier.

2.2 Methods based on enzymatic hydrolysis

In contrast to acidic hydrolysis, higher DP chitin oligomers can be produced under milder
reaction conditions by employing enzymatic hydrolysis. Enzymes, mainly chitinases,
which have higher chitinolytic activity, are used for this purpose, and are commonly

produced from microorganisms, plants, and insects. Some researchers have used
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bacterium Serratia proteamaculans 568,*" Serratia marcescens 2170,® Rhizobium sp.
GRH2,*° Bacillus cereus TKUO027,% to produce chitinases, while others have used
hevamine,®® a plant enzyme, having both chitinase and lysozyme activities. Chitinases
can also be successfully extracted from fungi such as Lecanicillium lecanii and
Lecanicillium fungicola, while Trichoderma reesei fungi is reported to have hydrolases
(cellulases and B-glucanases).'*%% The enzymes produced from various sources have to
be purified before being used for hydrolysis. Additionally, non-chitinase commercially
available enzymes, like cellulase, hemicellulase, pepsin, papain, lysozyme, and pectinase

have also been reported to hydrolyse chitin.*23!!

A flow diagram for the enzymatic hydrolysis of chitin is showed in Figure 2-4. Prior to
hydrolysis, the substrate or chitin suspension is prepared by adding chitin powder to a
phosphate or acetate buffer solution, so that its concentration is between 0.5 and 2.0%
wiv.5:12334851 Byffers strength in the range of 0.01 to 0.05 M and pH 5.0 to 5.5, are
reported to provide optimum condition for the substrate preparation.®2313651 The
enzyme is subsequently mixed with the substrate at an appropriate amount, so that its
chitinolytic activity in the system is under the standard assay condition. In the hydrolysis,
one unit of enzyme activity (1 U) is defined as the amount of enzyme releasing 1 pmol
GIcNAC per minute.>? After mixing, the mixture is incubated at various temperature-time
combinations, depending on the enzyme action. Hydrolysis by chitinases, lysozyme,
pectinase, and pepsin have been reported to require incubation at temperatures between
37 and 44 °C 5123647485051 T stop the reaction, the hydrolysis mixture is heated to 90 °C
or boiled for 10 min, and subsequently centrifuged and filtered to separate the supernatant

which contains the oligomers, and unhydrolysed chitin, 11313651
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Figure 2-4. Flow diagram for the enzymatic hydrolysis on chitin with or without adjunct
treatment. A and B represent treatment of chitin powder and chitin substrate, respectively,
and C represents no treatment prior to hydrolysis.31:33:35.36-38
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Earlier studies have reported that the yield of high DP chitin oligomer resulting from
enzymatic hydrolysis is greater compared to acidic hydrolysis.* This may be due to the
enzyme acting selectively on the crystalline and otherwise inaccessible parts of chitin.
During chitin hydrolysis, the enzymes which degrade the polysaccharide chain can be
either endo-acting or exo-acting. Figure 2-5 shows the mechanism of endo-acting
enzymes which randomly cleave glycosidic linkages of chitin, generate free ends and
chitin oligomers, while exo-acting enzymes release dimers (two units of GICNAc) from

the reducing (C1) or non-reducing (C4) ends.*’

Of course, the use of enzymes also has its fair share of disadvantages: specific enzymes
such as chitinase and chitosanases are not readily available commercially and, even if
available, tend to be very expensive.” Furthermore, the presence of protein residues after
hydrolysis potentially limit biomedical application due to possible allergen and
pyrogenicity effects,?> which will warrant significant further purification that will make
the whole process economically unviable. However, this method has a key advantage

because minimum chemical wastes are produced during hydrolysis.®

2.3 Use of chemical and physical adjunct treatments to intensify chitin hydrolysis

Irradiation of chitin has recently been used to assist acid or enzymatic hydrolysis.
Ultrasonic irradiation or ultrasonication has been reported to be advantageous for
depolymerisation, because it preserves the chemical nature of the polysaccharide by
simply splitting the most susceptible chemical bonds and lowering its molecular weight.®
Takahashi et al.>* and Ajavakom et al.3* determined the effectiveness of ultrasonication
during acid hydrolysis. In these investigations, the mixture of chitin and HCI was
sonicated at various wavelengths for different durations. It has been found that the chitin
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powder completely dissolved within 30 min in the HCI solution during sonication at 50
or 60 Hz (275 W).3* Takahashi et al.>* noted that the amount of oligomers up to DP 7
(seven units of GIcNACc in each chain) increased after 120 min of ultrasonication, which
was 2 to 4 times greater than oligomers produced without ultrasonication. On the other
hand, the chitin could be degraded during demineralisation in an ultrasound-assisted
extraction process. The depolymerisation occurring may be due to the application of high
intensity irradiation, which results in breaking covalent bonds in the polymeric chain.®
Ultrasonication has also been applied to the chitin suspension prior to enzymatic
hydrolysis. In this process, the treated chitin depolymerized to a lesser extent, which was
detected by the lower amount of reducing sugars measured.®® All these studies agreed that
ultrasonication facilitated acidic and enzymatic hydrolysis without drastically changing
the degree of acetylation (DA) of the chitin. However, if high intensity ultrasonication
was applied, the covalent bond in the polymeric chains of chitin could break due to

cavitation by temporarily dispersing aggregates.®®

cé
CH; OH CH, OH CH, OH CH, OH CH, OH
0 0 cs/ o 0
0 o
c1 ca cly o o
OH OH OH SN\ on OH
C3 Y C2
NH NH NH NH
c=—o c=—o c=—o c=—o
CH3 CHs CHs CHs
n<2 2<n<10

— —'n
Exo-acting enzymes

\ J \

Y Y

Endo-acting enzymes

Figure 2-5. Structure of chitin polymer, and mechanisms of endo-acting and exo-acting
enzymes on the chitin during hydrolysis.
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Some researchers have measured ultrasonic intensity directly, while others have not.
When the intensity is not measured, it is calculated by measuring the transient rise in

temperatures during ultrasonication, and after it is switched off, as follows:

= 1), - (), @

where: | is the ultrasonic intensity, (dT/dt)a is the slope of the initial rise in temperature,
(dT/dt)y is the slope of heat loss after the ultrasonic processor was turned off, m is the

sample mass, ¢, is the heat capacity of the solvent, and r is the radius of ultrasonic probe.>®

Microwave irradiation has been established as a patented technique for producing chitin
oligomers. Chitin is added to HCI and subjected to a conventional microwave device at
700 to 2100 W for up to 24 h.>® This technique has been repeated by other researchers
with a slight modification, where 38% HCI was initially pre-warmed at 850 W by
conventional microwave oven for a shorter time and the pre-warmed HCI was quickly
added to chitin powder for further irradiation at various reaction times.3* Microwave
irradiation has also been applied prior to the enzymatic hydrolysis of chitin. Roy et al.*
used a microwave with built-in magnetic stirrer and non-contact infrared continuous
feedback temperature system for chitin pre-treatment. In this study, the chitin suspended
in acetate or phosphate buffer was irradiated with the microwave at optimum temperature
and time reported to be 57.5 °C and 38 min, respectively; this was followed by hydrolysis
with chitinase. This study found that the polar molecules in the chitin suspension align
with the magnetic field generated by microwave, and have a tendency to accelerate the
hydrolytic reaction rate. The microwave pre-treatment is comparable to ultrasonication,

when the treated chitin is insignificantly deacetylated after irradiation.®
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Improvement on the hydrolysis rate and chitin properties could be accomplished by
gamma irradiation, which is one of the physical methods requiring no chemical additive
and no temperature control during reaction.>’*® Gamma irradiation, applied at different
doses ranging from 15 to 210 kGy, to the solid form of chitin, prior to hydrolysis with
chitinases, has been investigated.®” Previously, this method was effectively applied as the
adjunct treatment in the production of chitosan oligomer, using irradiation doses ranging
between 2 and 500 kGy.5"° These authors suggested that the application of gamma
irradiation at various doses may reduce the molecular weight of oligomers due to the

breaking of glycoside bond.

The adjunct treatments discussed above are physical methods which influence the
reaction through non-thermal effects. However, thermal treatments, such as steam
explosion (SE), has also been investigated to influence the enzymatic hydrolysis of chitin.
Steam explosion treatment consists in heating of chitin with saturated steam, followed by
a sudden decompression of the pressurized system to produce insoluble solid fraction and
a liquid fraction of soluble sugars.®®®* Villa-Lerma et al.*® applied steam explosion to the
mixture of chitin powder and deionized water at 180 °C and 1 MPa for various reaction
times. The treated chitin mixture was then added to phosphate buffer and this combination
acted as substrate for hydrolysis with chitinase. It has been reported that steam explosion
can significantly reduce chitin crystallinity without significant depolymerisation

occurring during treatment.

Another physical treatment that has been proposed to enhance and increase the oligomers
yield is a combination of the use of supercritical water and mechano-chemical grinding
with a ball mill.%® Supercritical water is water at temperatures near or above 374 °C,

meanwhile, the mechano-chemical grinding is a term used for the chemical reaction that
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occurs during mechanical treatment of the sample, typically grinding by ball mill.52%4
After being treated with supercritical water, the chitin undergoes mechano-chemical
grinding. This pre-treatment results in chitin flakes which are fragile and easy to grind,
and form an effective substrate for hydrolysis with reduced particle size and molecular

weight.®

In addition, chitin structures can also be pre-treated chemically by using agueous solution,
such as phosphoric acid, HCI, alkaline solution (mixture of sodium hydroxide and sodium
dodecylsulfate), and methanol. These pre-treatments have reportedly decrystallised
chitin, increased its solubility, and accelerated subsequent enzyme hydrolysis,1123°
Ramirez-Coutifio et al.® deacetylated o and B-chitin by deacetylation with alkali solution,
thereby partially transforming chitin into chitosan (degree of deacetylation 55 and 50%,
respectively) prior to hydrolysis. Reduction in hydrogen bonds caused by the elimination
of acetyl group increases the solubility of partially deacetylated chitin in aqueous

media.5°6°

3. Characteristics and characterization of chitin and its oligomers

This section summarizes the various methods used in literature to characterize chitin
oligomers produced by chitin hydrolysis with and without the use of adjunct processes.
Chemical structure and composition, degree of N-acetylation (DA), degree of
polymerization (DP), molecular weight, and crystallinity are important properties
characterizing chitin oligomers. The methods employed to determine these characteristics

are discussed below.
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3.1 Chemical structure and composition

Fourier transform infrared (FT-IR) and proton nuclear magnetic resonance *H NMR
spectroscopies can be reliably used to record the composition and chemical structure of
the oligomers,3032:34.36.37.3941-4355 Thase methods require simpler procedures to prepare
samples, and provide information on the chemical structure faster than conventional

methods.®’

3.1.1 Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectroscopy is a very attractive technique suitable for both soluble and insoluble
samples.®® The technique is based on the vibrations of the atoms of a sample molecule.
Infrared spectrum is obtained by passing infrared radiation through the sample and
determining the fraction of the incident radiation absorbed at a particular energy. The
energy at any peak in an absorption spectrum corresponds to the frequency of a vibration

of a part of the sample.®®

The infrared spectrum can be divided into three main frequencies which is far-infrared (<
400 cm?), mid-infrared (4000 - 400 cm™) and near-infrared (13000 — 4000 cm™?). To
obtain the FT-IR spectrum of the chitin and its oligomers, mid-infrared frequency is used
as explained by Lambert-Beer Law.?"30365570 The Jaw states that the absorbance values
at a given frequency of 4000 to 400 cm™ are proportional to the concentrations of the
sample. Measurements are initiated by preparing KBr (potassium bromide) pellet, which
is a small amount of chitin sample well mixed with the KBr (approximately 0.1 to 1.0%
(w/w)) and pressed into a pellet-forming die. The measurement is taken by scattering the

infrared light onto the KBr pellet using FT-IR system.?®7%"* This is the most common
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method used, which utilizes the property of KBr as alkali halide that becomes plastic

when subjected to pressure and forms a transparent sheet in the infrared region.

In a chitin molecule, the acetamido group at the position C2 (Figure 2-5), intramolecular
hydrogen bonds (C6-OH:*O=C) and intermolecular hydrogen bonds (NH:-C=0)
provide polymer stability.”® In a form, the absorption bands of carbonyl group (amide I)
stretching are split at 1660 cm™ and 1620 cm™, which are attributed to intermolecular and
intramolecular hydrogen bonds respectively.”>’* Unlike a crystalline form, a single
absorption band of amide I B-chitin is observed at 1560 cm™ which is attributed to the
stretching of carbonyl group hydrogen bonded to amide group of the intra-sheet chain.”
In previous research, a-chitin extracted from Daphnia magna resting egg (zooplankton
genus in aquatic ecosystems) exhibited absorption bands at 1652 cm™ and 1622 cm™ for
amide 1.”% Recently, the chitin extracted from six different aquatic invertebrates presented
the spectrum of amide | at 1652-1656 cm™ and 1619-1620 cm™?, thus allowing them to be
characterized as a crystalline form.” These two strong absorption bands were also
observed in ultrasonication and steam explosion treated chitin. However, an additional
shoulder was present at 1633 cm™ in ultrasonication treated chitin which might be due to
a reduction in amino-based hydrogen bonding.®® In chitin oligomers structure, the
spectrum generated by FT-IR exhibits intense absorption bands at 3358 cm™ (OH stretch),
2917 cm (C-H stretch), 1651 cm™ (C=0 stretch, amide 1), 1548 cm™ (N-H bend, amide
1), 1313 cm™ (C-N stretch, amide I11), and 1150-1000 cm™ (pyranose).*® All the reported
FT-IR spectra indicate that the crystalline structure formation of intact chitin, treated

chitin and its oligomers are not affected by the type of process.
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3.1.2 Proton nuclear magnetic resonance (*H NMR) spectroscopy

'H NMR spectroscopy is a powerful and reliable technique for polymer structural analysis
by exploiting the magnetic properties of certain atomic nuclei. The spectra of chitin and
its oligomers can be obtained by cross-polarization or magic-angle-spinning method

using deuterated oxide (D20) as solvent.3!

In chitin, the chemical composition obtained by *H NMR resonated between 3.6 and 4.4
ppm, which are assigned to H-2 to H-6 protons, while acetyl protons are found at 2.6
ppm.74,43 The anomeric region of a- and B-anomer (H-1) generated peaks at 5.43 and
5.05 ppm, respectively.*® As observed in chitin oligomers, the spectra present two singlets
at 2.06/2.08 ppm assigned to the N-acetyl protons, and a broad signal at 5.20 ppm assigned
to H-1 protons of the reducing end o anomer residues.*? The chitin oligomers produced
by enzymatic hydrolysis of chitin using commercial enzymes possessed obvious
resonance peak at 1.9 ppm assigned to the acetyl group, 3.4 ppm detected for H-2 and 3.5
to 3.8 ppm corresponding to H-3, H-4, H-5 and H-6 protons, meanwhile the H-1 (B) and
H-1 (o) protons generated peaks at around 4.6 to 4.7 ppm and 5.2 ppm, respectively.®!
Ngo et al.*® reported the resonance of chitin oligomers hydrolysed by acid (HCI) at 1.97
ppm is assigned to acetyl group, 3.34 ppm is corresponded to H-2 , 3.37 to 3.77 ppm are
detected for H-3, 4,5, 6, 4.5t0 4.6 ppm is assigned to H-1 (B) and 5.0 ppm is corresponded
to H-1 (a). All spectra of chitin are essentially identical to the oligomers, regardless of
the type of hydrolysis. It is caused by the occurrence of glyosidic linkages breakdown

during the hydrolysis without the interference of deacetylation.**
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3.2 Degree of N-acetylation

The degree of N-acetylation (DA) represents the molar fraction of N-acetylated units in
the chitin polymer chain.”® The DA is an important parameter influencing physico-
chemical, electrostatic and biological properties of chitin.”” Generally, the DA can be
determined by the calculation of the absorbance and intensities generated by FT-IR and
NMR, respectively. The absorbance values (A) obtained by FT-IR can be used to measure

DA by using the following equation:

% N-acetylation = (A1es5/A3450)(100/1.33) (2

where, Asgss and Aasso are the absorbances at 1655 cm™ of the amide-1 band and 3450
cm* of the hydroxyl band, respectively; and the factor of 1.33 is the ratio of A1655/A3450
for fully N-acetylated chitin.>® However, Chang et al.*® determined the percentage of DA

by using the following equation, originally proposed by Baxter et al.™:

% N-acetylation = (A1ess5/Asas0)(115) 3)

The values of 100/1.33 (i.e. 75.2) and 115 are reciprocal values of the slope of the linear
section of the plot of absorption ratio (Aiess/Assso) against DA, which depend on the
baselines used.®” "9 Eq (3) is more reliable in comparison with Eq (2), since Eq (2) tended

to overestimate values for DA > 20.57

The DA can also be quantitatively analysed by carbon nuclear resonance magnetic (C-

NMR), where the relative intensities determined for the resonance of the ring carbon (lc1,
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Ic2, lIcs, lcs, Ics, Ics) and methyl carbon (Icha) is used in the following equation proposed

by Ottey et al.”

1
% N — acetylation = CH3 %100 4
° Y (IeyH a3+ cat s+ ce)/6 )

Eq (4) has been applied in earlier work on chitin.®870.80

Fully acetylated chitin provides DA of 100% while 0% corresponds to completely
deacetylated chitin (chitosan).®” In previous work, the DA of chitin decreased from 98 to
93, 88 and 73% after exposure to ultrasonication, steam explosion and depressurization,
respectively.®®38 The lower DA values after adjunct treatment indicate deacetylation and
modification of chitin structure. However, the lowest DA of depressurized chitin gave
higher yield of the oligomers. It has been reported that the DA values of chitin between
45 and 55% provide excellent solubility in aqueous media.*® Some authors have reported
that the DA between 40 and 60% possessed suitable characteristics for enzymatic
hydrolysis, where the chitin solubility reached was greater than 60%.%°#! It caused the
polarity and electrostatic repulsion of the amino groups increased, thus increasing the

accessibility of chitin to enzymatic attack.>®

3.3 Degree of polymerization

Degree of polymerization (DP) is a significant parameter to identify the number of
monomeric units in the oligomers. MALDI-TOF mass spectrometry is a powerful
technique, which has been extensively applied to determine the DP of chitin and chitosan
oligomers.5-3642:8283 Eigyre 2-6 shows the MALDI-TOF spectra which consists of high

intensity of a number of peaks assigned to a certain DP. The DP of the oligomers can be
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determined by the peak-to-peak mass difference of 203, which is the GIcNAc repeating
unit (CgH13NOs). The end-groups of H and OH are deduced from monoisotopic mass.

Each DP can be calculated from a peak with particular mass unit (m/z) as follows:

DP = (mass unit of a peak — H— OH — Na) / CBH13NO5 (5)

where DP is the degree of polymerization. The molecular mass of CgH13NOs is 203 (i.e.
mass unit of chitin oligomers); the atomic mass of H is 1 (hydrogen); and those of the OH

group and Na are 17 and 22.99, respectively.*?

The DP can also be determined by using high performance liquid chromatography
(HPLC), where the concentration of each DP present can be calculated from the peak
areas in the HPLC profile using the standard curve obtained from pure chitin monomer,
dimer, trimer, tetramer, pentamer, and hexamer standard solution.®11124057 Moreover, the
DP can be quantitatively analysed by integrating the signals of the anomeric protons (H-

1 (o) and H-1 (B)) obtained by *H NMR using the following equation:

DPn = [[H-1 (o) + [H-1 (B) + [H-1¢c] / [[H-1 (o)) + [H-1 (B)] (6)

where [H-1 (o) and [H-1 () refer to the integral of the H1 protons of the chitin oligomers
at terminal reducing end having a and B configuration, respectively, and [H-1c is the sum

of integrals of the H1 protons of all the central units.3

As reported by Chang et al.“%, the chitin hydrolysed in acid (HCI) produced oligomers
with DP in the range of 2 to 6. Moreover, the oligomers with DP 4-6 were simply isolated

from acetone-precipitation method.*® In another study, the chitin oligomers produced by
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acetylation of chitosan oligomers with various DA up to 90% using acetic anhydride
solution and isolated in HCI resulted in a value of DP ranging from 3 to 7.2 As an
alternative to acid hydrolysis, enzymatic hydrolysis has been extensively used to obtain
oligomers with higher DP. As observed by Wang et al.® and Purushotham et al.#’, the
oligomers obtained by hydrolysis with chitinases possessed DP in the range between 2
and 9. In theory, the hydrolysis must ultimately lead to the formation of chitobiose (DP
2). However, products with DP 4 and higher show better functional properties as
compared to DP 2. Chitinase and lysozyme from hevamine were reported to degrade
chitin polymer to form pentamers (DP 5).”° Commercial enzymes such as hemicellulase
and pectinase have also successfully depolymerized chitin to DP 6.%! Based on the above
studies, it can be concluded that both acid and enzymatic hydrolysis result in higher DP
of chitin oligomers. However, the enzymatic hydrolysis condition is milder than acid

hydrolysis.

DP 4
853.4 DP 5
6503 1056.4
811.4 1014 4
608.3 DP 6
1217.5
12595
1420.6

537.0 mﬂﬁ‘k’“
b LU mi 1 YWY W I I

660 1020 Mass I.'ml;z} 1380

Figure 2-6. MALDI-TOF spectrum of the chitin oligomers with DA 90%. Reprinted with
permission from Trombotto et al.*> Copyright 2008 American Chemical Society.
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3.4 Crystallinity

Chitin has a highly ordered crystalline structure, and degrading into oligomers may
reduce its crystallinity. Generally, the crystallinity of chitin and its oligomer can be
evaluated using X-ray diffraction measurements. The peak intensity of chitin is recorded
over the scattering range of 4.5° to 50° with scan steps of 0.02° at a speed of 4.0° min°
13645 The crystallinity index (Icr) is generally measured by a method, which uses a
maximum intensity of 110 (li10) and the intensity of amorphous halo contribution

(lam), 36455585 as follows:

Icr = ((l110 - lam)/ l110) % 100 (7)

The crystallinity index provides an idea on the crystalline fraction in chitin and its
derivatives. The chitin exposed to adjunct treatment may be susceptible to
depolymerization with crystalline fractions reduced. The crystallinity of steam explosion
and depressurization treated chitin were reduced from 88 to 73%. These treated chitin
samples were hydrolyzed with chitinases, and produced higher amount of oligomers
compared to untreated chitin.®® The chitin that has been treated with a combination of
supercritical water and mechano-chemical grinding exhibited higher reduction of Icr
from 91 to 26%.%° llankovan et al.}? reported that chitin chemically treated with
phosphoric acid, sodium hydroxide and methanol showed more amorphous nature with
lower intensities of the 110 reflection. The adjunct treatment seems to result in chitin with
lower crystallinity, which is more amenable to enzyme action in order to produce

oligomers.
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3.5 Molecular weight

Molecular weight (M) of chitin oligomers can be expressed in various ways, such as
weight-average (Mw), number-average (Mn), and viscosity-average (Mv) molecular
weights. Mn and Mw represent the total weight of the oligomers molecules, i.e GICNAc
and GIcN, divided by the total number of its constituting molecules and a sum of the
weight fraction of each type of molecules multiplied by its molecular weight,

respectively.®® Mv can be determined from Mark-Houwink equation:

[n] =k(Mv)a (8)

where [n] (cm®g™?) is the intrinsic viscosity of chitin measured by viscometer, k is 0.24

cm® gtand ois 0.69, where, both k and a are constant parameters of chitin.?"#

Measurement of the molecular weight of chitin and its oligomers commonly can be done
by gel permeation chromatography (GPC) or size exclusion chromatography (SEC),
which is generally equipped with refractive index detector, a GPC (gel permeation
chromatography) column, and a guard column.**#"-8 The relative mean molecular weight
of the chitin is estimated by the Pullulan standard curve.® Prior to measurement, samples

for GPC require microfiltration (with 0.45 um filters) .13%

The molecular weight is a significant parameter for effective hydrolysis of chitin. Kurita
et al.®! reported that the chitin molecular weight of 300 kDa was effective for enzymatic
hydrolysis. It has already been mentioned that the adjunct treatments applied may reduce
the molecular weight of chitin prior to hydrolysis. Dziril et al.®” reported that the

molecular weight of gamma-radiated chitin decreased to 60% when irradiated with 50
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kGy, and it further decreased to 90% when the applied dose was 210 kGy. The application
of supercritical water treatment combined with mechano-chemical grinding reduced the
molecular weight of chitin from 800 kDa to 10 kDa.® Ramirez-Coutifio et al.* obtained
the molecular weight of 343.5 kDa for a-chitin with 90% of solubility after treating it
with alkali. This molecular weight decrease is mainly due to the glycoside bond breaking

caused by the treatment of chitin.*’

On the other hand, the molecular weight of chitin oligomers produced by hydrolysis is
lower than native chitin. Kazami et al.*® reported that the number-average molecular
weight of both a- and B-chitin rapidly decreased to 13 kDa and 10 kDa from 241 kDa and
90 kDa, respectively, after 15 min of hydrolysis in HCI. At the same time, the weight-
average molecular weight of a- and B-chitin also reduced to approximately 16 kDa from
330 kDa and 250 kDa, respectively. Previous study reported that the chitin oligomers with
molecular weight of 1 to 3 kDa was more effective as antioxidant agents those with
molecular weight of 1 kDa and lower.3? Thus, the biological effect of chitin oligomers is

significantly dependent on the molecular weight.%

3.6 Oligomers yield

Yield of the oligomers after hydrolysis is a significant parameter because it determines
the economic viability of the process. The yield can be expressed simply as the percentage

of the chitin hydrolysed as follows:

W1-Wo

% Yield = Y12 « 100 )
Wi
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where, W1 and W2 are the initial weight and weight of chitin after hydrolysis,
respectively.314° The yields reported earlier for acidic hydrolysis of chitin lie between 10
and 21%.4°4° These values are comparable with enzymatic hydrolysis. Ilankovan et al.'?
and Hongkulsup®! reported the yield of chitin oligomers hydrolysed by commercial
enzymes were in a range of 10 to 13%. Although this is a low yield, it can be increased
by modifying chitin structure prior to hydrolysis by employing some of the adjunct

methods discussed in this paper.

High performance liquid chromatography (HPLC) is an efficient technique for
quantification of the oligomers according to each DP.%'*! The amount of each DP
(GIcNACch) can be estimated with the calibration curve, as shown in the following

equation:

Cl=C2 x (Al/A2) (10)

where, C1 is the sample concentration (mg/mL), C2 is the standard concentration
(mg/mL), Al is the peak area of sample and A2 is the peak area of standard.® Wang et
al.® found the yield of the GIctNAc2, GIctNAcs, GIcNAc: and GIctNAcs were 0.44 mg/mL,
0.08 mg/mL, 0.09 mg/mL and 0.43 mg/mL, respectively, after chitin depolymerizing
under fermentation condition for two days. The results obtained show that the
concentrations of GIcNAc2 and GIcNAcs are significantly higher than GIcNAcs and
GIcNAcs. Unlike fermentation, the hydrolysis of chitin by commercial enzymes like
hemicellulase and pectinase produce higher amounts of GIcNAc3, GIcNAcs and GIcNACcs
as reported by Hongkulsup®l. In acid hydrolysis, higher acid concentration and
temperature can influence the amount of chitin oligomers formed. The amount of
GIcNAc,, GIcNAcs and GIcNAcs apparently increased when the acid concentration
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increased from 4 N to 7 N during hydrolysis at 70 °C.*° The amount of GIcNAc: produced

can be 30 times greater when the hydrolysis temperature is raised to 90 °C.%

4. Antimicrobial properties of chitin derivatives and their oligomers

Chitin, chitosan and their derivatives, such as oligomers, have recently attracted great
interest because of their potential application to inhibit microbial growth. With respect to
antimicrobial activity, it is generally believed that chitosan is superior to chitin because it
possesses a humber of polycationic amines which interact with the negatively charged
macromolecules present in the cell surface of bacteria.?” However, chitin and chitosan
oligomers, which are soluble in water, can also have effective antimicrobial properties

compared to their native compounds.?’

There have been some studies reporting that the antimicrobial activity of chitin and
chitosan oligomers against Gram-negative and Gram-positive bacteria depend on their
molecular weight. No et al.%! observed that chitosan oligomers with molecular weight 1
kDa or greater, more effectively inhibited E. coli and L. monocytogenes when compared
with the 22 kDa oligomers. Laokuldiluk et al.*® have also noted that chitosan oligomers
with lower molecular weight (5 kDa) show a greater inhibition towards E. coli and S.
typhimurium than the higher molecular weight (14 and 41 kDa). Benhabiles et al.?’ also
reported that chitin and chitosan oligomers with lower molecular weight than chitin and
chitosan exhibited significant bactericidal effect against all the Gram-negative and Gram-
positive strains tested. These authors speculated that such oligomers are able to pass

through the bacterial cell wall and reach the plasma membrane.?’
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In other studies, chitosan oligomers composed of a mixture of dimer, trimer, tetramer,
pentamer and hexamer showed better inhibitory effect towards B. cereus and E. coli than
the individual oligomers.®® In fact, the growth inhibition of the tested strains treated with
chitosan hexamer was higher than dimer, which shows that the inhibitory effect is not
exclusively dependent on molecular weight, but also other factors such as the degree of
polymerisation.®® Moreover, the inhibition towards E. coli progressively increased with

concentration, and from dimer to heptamer.

In addition, chitin and chitosan monomers have also been extensively studied as
antimicrobial agents due to their wider application in the biomedical industry.®® Raut et
al.*® reported that the growth of E. coli and S. aureus were completely inhibited within 5
h after treatment with 0.1 % GIcNAc. In contrast, no-growth activity was found on E.
coli and B. cereus when 100 pg of GIcNAc was applied, while, chitosan monomer (GIcN)
showed a marginally better inhibition by 5 to 10 %.% The antimicrobial activity of the
GIcN has been reported to be caused by the binding of free -NH3+ groups with the
negatives charges on the bacterial cell surface.®® These authors also conclude that the
monomers possessed greater antimicrobial activity against Gram-negative and Gram-

positive compared to the water insoluble native chitin and chitosan, %%

In general, chitosan has been widely employed as antimicrobial coating on the food
surface due to its availability and solubility in common solvents. Coating the food contact
surface of packaging with antimicrobial agents allows a unique film to be formed, which
can release the antimicrobial to inhibit pathogenic growth.®” This enables chitosan coating
to have a preserving effect on food and improve its shelf life of food.®” Chitosan coating,
either on its own or after incorporation with other antimicrobial agent, on the surface of

fruits and vegetables, raw meat and seafood as well as ready-to-eat (RTE) food products
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have been reported to inhibit inoculated pathogenic bacteria such as E. coli, L.
monocytogenes and Salmonella.®®1% Contamination of fruits and vegetables by E. coli
can occur through soil, irrigation water, wildlife and compost, whereas RTE food can be
contaminated by L. monocytogenes either due to insufficient thermal processing, or due
to post-processing handling methods employed, e.g. sharing the same area and utensils as

the raw material or storage temperature abuse,01106:107

According to Guo et al.’®! and Jovanovi¢ et al.2%1% 19 (w/v) chitosan solution exhibited
an inhibitory effect against L. monocytogenes inoculated on black radish and shredded
cabbage as well as E. coli and Salmonella inoculated on the strawberries. These authors
reported that the inoculated L. monocytogenes ATCC 19115 on black radish and shredded
cabbage was completely inhibited by 1% chitosan in acetic acid solution after 24 h and
120 h of storage at 4 °C, respectively.?%®1% In fact, the inhibitory effect of chitosan
increased with the addition of acetic acid, which, on its own, is considered to be the most
effective antimicrobial agent against L. monocytogenes.'% Other studies also reported that
2% acetic acid used as a solvent enhanced the antimicrobial effects of chitosan against L.
monocytogenes inoculated on the RTE shrimp, which caused a 5.38-log CFU/g count
reduction after 16 days of storage.’® In another related study, the inhibitory effect of
water-soluble chitosan, also known as oligomers, coated on raw shrimp against L.
innocua increased as the concentration increased.®® In this case, the oligomers alone,
without any added organic acid, was able to inhibit bacterial growth inoculated on the
food surface. In conclusion, the antimicrobial properties of the chitosan and chitin
oligomers can be exploited for developing antimicrobial coating on food and food-contact

surfaces.
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Chapter 3 : Enzymatic hydrolysis of thermally pre-treated chitin and

antimicrobial activity of V,N’-diacetylchitobiose

(Published as “Abidin MZ, Kourmentza C, Karatzas K, Niranjan K, Enzymatic hydrolysis
of thermally pre-treated chitin and antimicrobial activity of N,N’-diacetylchitobiose. J

Chem Technol Biotechnol 94: 2529-2536 (2019)”)

Abstract

N,N’-diacetylchitobiose (GICNAC;) is known to be highly functional and offers a wide
range of applications, especially as an antimicrobial agent. In this study, a thermal pre-
treatment process using steam under pressure in an autoclave, has been employed to
facilitate subsequent enzymatic hydrolysis of chitin with chitinase from Streptomyces
griseus. Pre-treatment of chitin with 0.05 M sodium acetate buffer (pH=6.0) at 121 °C for
60 min, followed by enzymatic hydrolysis involving 24 h incubation, was found to be the
best condition for producing the GIcNAc2. The GIcNAc. obtained was tested regarding
its antimicrobial activity against Gram-negative and Gram-positive strains and showed
minimum inhibitory concentrations (MIC) at 5 and 10% w/v against Escherichia coli K-
12 and Listeria monocytogenes 10403S, respectively. The extent of swelling and
crystallite size of chitin increased with the pre-treatment residence time, and enhanced

the rate of subsequent hydrolysis using chitinase.

1. Introduction

Chitin is a polymer consisting of N-acetyl-D-glucosamine (GICNAc) monomeric units

that form covalent B-(1—4)-linkages and is the second most abundant polysaccharide in
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nature after cellulose. It is a dominant component of the cell walls in most fungi,
crustaceans and insect exoskeletons, and offers a wide range of structural and protection
functionality.! N,N’-diacetylchitobiose (GIcNAc,) is an oligomer composed of two
GIcNAc units, which can be produced by the acidic or enzymatic hydrolysis of chitin.
The oligomers, that are composed of approximately ten or less GIcNAc residues, have
received considerable attention because they offer excellent solubility in water,
nontoxicity, biocompatiblity and numerous biological properties such as antimicrobial
and antitumor activities.? It has also been reported previously that the oligomers inhibit
the growth of Gram-positive (B. cereus, L. monocytogenes and S. aureus) and Gram-
negative bacteria (B. fragilis, E. coli, P. aeruginosa, P. melaninogenica, Shigella

disenteriae and V. cholera) more effectively than chitin and chitosan.®-

Hydrolysis of chitin, using either acid or enzyme, is normally restricted due to its highly
crystalline structure caused by the strong dipole-dipole interactions between
polysaccharide chains.® Several chitin pre-treatment methods, such as gamma irradiation,
grinding, microwave irradiation, steam explosion, supercritical water and ultrasonication,
have been proposed to assist the hydrolysis.! These pre-treatment methods have been
reported to reduce the chitin crystallinity, particle size and molecular weight, as well as
increase the crystallite size and extent of deacetylation. In addition to such physical pre-
treatment, the use of ionic liquid as solvent has been studied in polysaccharides for
removing their native recalcitrant such as cellulose and lignocellulose.” lonic liquids
have also been used for chitin pre-treatment, which is reported to have induced greater
enzyme accessibility to the substrate during hydrolysis with chitinases.?® It is interesting
to note that the pre-treatments reported so far are fairly complex and difficult to scale up.

To date, the effectiveness of simple autoclaving as a pre-treatment process has not been
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explored. Therefore, the aim of this study was to investigate the effectiveness of thermal
pre-treatment of chitin under autoclaving conditions (121 °C, 204.7 kPa) in order to assist
the production of GICNAc2 by enzymatic hydrolysis, and assess the antimicrobial activity

of the product against Gram-negative and Gram-positive organisms.

2. Materials and methods

Commercial chitin from shrimp shells (practical grade powder) and chitinase from
Streptomyces griseus were obtained from Sigma Aldrich, UK. Gram-negative bacterium
Escherichia coli K-12 and Gram-positive bacterium Listeria monocytogenes 10403S
were cultivated in-house (Department of Food and Nutritional Sciences, University of
Reading, UK). The chitin was sieved through a 125 um sieve to produce particles in the
narrow size range of less than 125 um and was stored in opaque plastic bottles at ambient
temperature until further use. All other reagents used in this study were of analytical grade

and commercially available.

2.1 Pre-treatment of chitin

One percent w/v chitin in 0.05 M sodium acetate buffer at pH 6.0 was thermally pre-
treated in an autoclave (Priorclave, UK) at 121 °C (204.7 kPa) for time durations ranging
between 15 and 60 min. Immediately after pre-treatment, the sample was rapidly cooled
under running tap water, and separated into an aqueous solution and a non-soluble solid
fraction by centrifugation (Centaur 2, MSE Sussex, UK) at 5000 rpm for 15 min.*® The
solid fraction was thoroughly washed with distilled water and then left to dry at 60 °C for

10 h. The aqueous solution was stored at 4 °C prior to analysis.**
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2.2 Characterization of chitin

2.2.1 Reducing sugars

The amount of reducing sugars produced during pre-treatment in the aqueous solution
were determined by the dinitrosalicylic acid (DNS) method. The DNS reagent was
prepared by mixing 10 g of DNS powder with 300 g of sodium potassium tartrate
(Rochelle salt) and 2 N NaOH in 800 mL of distilled water. The mixture was gently heated
to dissolve the solids, and the volume was made up to 1 L with distilled water. This
method was proposed by Sagib and Whitney!? but the concentrations of NaOH solutions
used in this work were different. Prior to the analysis, the sample was prepared by mixing
the aqueous solution with distilled water and DNS reagent at a ratio of 1:1:3 and boiled
in a water bath for 10 min.** After boiling, the sample was allowed to cool under running
tap water. Colour formation was determined by measuring absorbance against blank at a
wavelength of 530 nm through UV-Vis spectrophotometer (Cecil CE 7400, Cambridge,
UK). The defined absorbance value of the sample was converted to the amount of

reducing sugars produced during the reaction using a GIcNAc standard curve.

2.2.2 Crystallinity index (Icr) and crystallite size (nm)

Crystallinity of the dried pre-treated chitin was determined by X-ray powder diffraction
(Bruker D8 Advance, Karlsruhe, Germany) with an incident radiation CuKa and A =
1.5418 A in the range of 20 = 4.5-50 with steps of 0.02° (CAF, University of Reading,

UK). The method described was identical to the one reported by Villa-Lerma et al.!3
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Crystallinity index (Icr) is a quantitative indicator of the crystalline fraction in the chitin
material.1*** Icr of the samples was determined using intensities of the peaks at [1 1 O]
around 20 = 20° (corresponding to the maximal intensity, l110) and at 20 = 16° (amorphous

diffraction, lam).2
Iiio—Iam
Ieg (%) = (“‘I’m )x 100 (1)

Crystallite size (nm) of the chitin at [1 1 0] lattice was calculated using the Scherrer

equation.

092
- (H cos 0)

(2)

where L is the crystallite size perpendicular to the plane; H is the full-width at half-

maximum of the deflection peak; and 0 is the Bragg’s angle.

2.2.3 CP/MAS ¥C-NMR spectroscopy

Structure of the pre-treated solid chitin was determined using carbon nuclear magnetic
resonance (**C-NMR) spectroscopy with an AV500 two-channel NMR instrument
(Bruker Advance 111 500 MHz, Germany) operating at Larmor frequency of 125.77 MHz
with the use of 4 mm MAS probe spun at 10 kHz rate (CAF, University of Reading, UK).
The spectra were obtained over 1024 number of scans with 10 s relaxation delays at
ambient temperature. The CP contact time was 2.0 ms, and the 90° pulse width was 3.7

us at a power level of 38 W. All spectra were referenced to external adamantane signal
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as a secondary reference (frequency peak at 38.5 ppm with respect to tetramethylsilane

(TMS)).

2.3 Enzymatic hydrolysis of pre-treated chitin

Enzymatic hydrolysis was conducted by mixing the pre-treated chitin solution, i.e. 1.0%
(w/v) chitin in 0.05 M sodium acetate buffer at pH 6.0, with 0.1% (w/v) of enzyme
chitinase from Streptomyces griseus (Sigma Aldrich, UK). The reaction mixture was
incubated in a shaker water bath at 40 °C for different time intervals. The reaction was
stopped by boiling for 10 min to denature the chitinase and centrifuged (Centaur 2, MSE
Sussex, UK) for 15 min at 5000 rpm. The supernatant was collected and filtered with 0.22
um pore size of PVDF membrane syringe filter and stored at 4 °C for HPLC analysis.?

The filtrate was lyophilized (Virtis, UK) and stored at -20 °C until further use.

2.4 GIcNAc2 composition

The GIcNAc. composition was determined using high pressure liquid chromatography
by an Agilent 1100 Series HPLC System (Agilent Technologies, Italy) equipped with a
UV detector, at a wavelength 205 nm. The product was identified through a Nucleosil®
NH2 HPLC column, with 5 um particle size (L x I.D. 25 cm x 4.6 mm), using 70%
acetonitrile and 30% ultra-pure water as the mobile phase, at a flow rate of 1.0 mL/min
at 50 °C. A calibration curve was constructed by measuring the peak area of standard
GIcNAc; (Sigma Aldrich, UK). The concentration of the GIcNAc: in the enzymatic
reaction mixture was estimated by comparison with the calibration standard, and the yield

was calculated by the following equation.?*
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Weight of GleNAc, produced »

. 0/ \—
Product yleld ( /o ) Weight of chitin used

100 (3)

Mass spectrum of the GIcNAc. was obtained by liquid chromatography-mass
spectrometry (LC-MS) using a Thermo Scientific Accela HPLC system coupled with a
Thermo Scientific LTQ Orbitrap XL mass spectrometer. The mass spectrum (m/z) of

GIcNAc, was theoretically calculated by the following equation:*’

Mass spectrum (m/z) = ([DP x CgH130s5N] + H20) + adduct ions 4)

where DP is the degree of polymerisation, CgH130sN is the chitin molecular weight, H.O
is the water molecule attached to the GIcNAc: after hydrolysis and Na* or H* the
cationised adduct ions transferred from the solvent (0.1% formic acid in 30% water and

70% acetonitrile).

2.5 Antimicrobial activity determination

The antimicrobial activity of GICNAc, was evaluated following the broth microdilution
methodology as described previously.'® Antibacterial susceptibility tests were performed
against the Gram-negative bacterium E. coli K-12 and Gram-positive bacteria L.
monocytogenes 10403S. The minimum inhibitory concentration (MIC) was defined as
the lowest concentration of GIcNACz, in which bacteria where not able to grow after 24

h of incubation.*®

E. coli and L. monocytogenes were grown on Tryptic Soy (TS) and Brain Heart Infusion
(BHI) agar respectively, at 37 °C for 24 h. Agar plates were then stored at 4 °C for up to

3 weeks prior to use. For the bacterial suspension preparation, 2-3 colonies were picked
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from each agar plate using a sterile plastic loop. Colonies of E. coli and L. monocytogenes
were transferred to sterile Mueller Hinton (MH) and Tryptic Soy (TS) broth respectively
and incubated at 37 °C for 16-18 h. The optical density (OD) of the suspension was then
adjusted to 0.5 McFarland using a UV-Vis spectrophotometer (Orion AquaMate 8000,
Thermo Scientific, UK) at 620 nm, which corresponds to approximately 1.5 x 108
CFU/mL. Then, the suspensions were diluted to give a final colony count of 1.5 x 10°
CFU/mL and used as inoculum for the determination of the MIC determination in the

presence of GICNACo.

GIcNACc; was dissolved in the respective growth medium (MHB or TSB), and the
maximum concentration tested was 10% w/v. Two-fold dilutions were performed and 100
uL of each dilution were placed in each column of a flat bottomed 96-well plate (Cellstar,
Greiner bio-one Ltd., UK). Column 11 of the 96-well plate contained only the growth
medium and, upon inoculation, served as a growth control while column 12 contained
200 pL of the GIcNAC; tested at its maximum concentration (10% w/v) and served as a
sterility control. In all columns, apart from column 12, 100 uL of each bacterial
suspension were added and 96-well plates were incubated at 37 °C for 24 h. The optical
density of the cultures was assessed at 620 nm (ODs20nm) after 24 hours using a FLUOstar
Omega multi-detection microplate reader (BMG Labtech, UK) in order to detect the MIC

for each case. All experiments were performed in triplicate.

2.6 Statistical analysis

Minitab® 18 (USA) statistical software was used for analysis of the difference in means
by Tukey’s multiple range test. The results were determined by one-way analysis of

variance (ANOVA) at a significance level of 0.05 (P<0.05). The pre-treatment was
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undertaken in duplicate and each replication was run for analysis of crystallite size,
crystallinity index, reducing sugar contents and GIcNAc: yield. The experiments on
antimicrobial activity were run in triplicate regardless of pre-treatment replication due to

the lyophilisation of GICNAc: from the hydrolysate that accumulated after hydrolysis.

3. Results and discussions

3.1 Effect of thermal pre-treatment on chitin

The crystallite size is referred to as the size of individual crystal of lattice [1 1 0] inside a
chitin particle. The changes in crystallite size of the chitin after pre-treatment is shown in
Figure 3-1. It is evident that the crystallite size did not significantly change when the
chitin was exposed to the pre-treatment between 15 and 45 min. The crystallite size of the
control, and that after 60 min of pre-treatment, were not significantly different from the
chitin that underwent pre-treatment for 15 to 45 min. However, after 60 min of exposure
to the pre-treatment, the crystallite size changed significantly (P<0.05) from 7 nm (control
sample) to 9 nm. This increase may be attributed to swelling of the chitin during
autoclaving. This observation is consistent with an earlier study which showed that
crystallite size increased by almost 30 to 40% when chitin was pre-treated between 300
and 400 °C for times up to 5 min.2?° These authors reported that the crystallite size
increased with autoclaving time initially, but then went through a turning point. They also
noted that chitin swelling occurred due to increased spacing of the [1 1 0] planes of the

individual cell lattice.?

The crystallinity index (Icr) was used to quantify the relative amount of crystalline

material in chitin.?* The Icr of chitin, reported in Table 3-1, shows no significant
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differences between control and various pre-treated samples. The absence of
decrystallisation suggests that the chitin structure survives 60 min of autoclaving. In a
previous study, by Osada et al.?, it has been reported that the decrystallisation of the
crystalline region did not occur even at higher temperature between 180 and 400 °C unless
the chitin was subjected to mechanical grinding and the Icr was reduced to 27%. Nishino
et al.? also reported that the molecular chain of a-chitin was mechanically stable against

heating at 150 °C.
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Figure 3-1. Crystallite size (nm) of chitin in sodium acetate buffer (pH 6.0) after
autoclaving at 121 °C for time durations between 15 and 60 min. Control represents non-
autoclaved chitin in the same solution. Different letters above each bar indicate significant
differences (P<0.05) between pre-treatment conditions.

Table 3-1. Effect of autoclaving chitin at 121 °C (204.7 kPa) for various times on the
reducing sugar content and crystallinity index (Icr).

Sample  Time (min)  Reducing sugars (mg/mL) ICR (%)

Control - ND* 74534 a
PC-15 15 0.005 b** 75.394 a
PC-30 30 0.003 b 73.933 a
PC-45 45 0.006 b 74.182 a
PC-60 60 0.010 a 74.894 a

*ND, not detected
** Different letters in each column indicate significant differences (P<0.05) among pre-
treatment conditions

63



The reducing sugar content of chitin aqueous solution seems to increase very marginally
after pre-treatment at 121 °C between 15 and 60 min as shown in Table 3-1. No reducing
sugar was detected in the starting sample. This suggests that the pre-treated aqueous
solution may contain some partially degraded chitin polymers. The oligomers (GIcNAC:-
10) were not detected in the aqueous solution by HPLC (data not shown), indicating that
the chitin degraded to some extent due to the action of free aldehyde group at reducing
end (carbon C1) accepting hydrogen atoms from the water molecule during pre-
treatment.?>?* Villa-Lerma et al.'® observed that the highest reducing sugar contents of
chitin in the water was detected after 1 h exposure to the steam explosion at 240 °C. In
addition to steam explosion, there are a few studies on chitin pre-treatment that employed
high temperatures between 180 and 400 °C and have concluded that these methods could

lead to partial hydrolysis of chitin.?!32025

Solid state *3CP/MAS NMR shown in Figure 3-2 was performed in order to observe the
changes occurring in chitin structure during pre-treatment. There are eight signals for
eight carbon atoms of N-acetyl-D-glucosamine residue observed between 20 and 110 ppm
which correspond to C1-C6, C=0 and CHs. The spectra shows that the samples possess
high structural homogeneity as the peaks C1 (104 ppm), C2 (55.1 ppm), C3 (73.4 ppm),
C4 (83.2 ppm), C5 (75.6 ppm) and C6 (60.8 ppm), which remain unchanged with
autoclaving. On the other hand, the C=0 and CHz peaks at 173.6 and 22.6 ppm
respectively, were less pronounced above 15 min of autoclaving, which shows enhanced
deacetylation while transforming to chitosan. It has been reported previously that, the
higher the deacetylation, the lower the intensity of C=0 and CH3 peaks due to removal
of the acetyl group.?®?’ Kasai?’ reported that the peaks of carbonyl and methyl groups of

the chitin obtained by *CP/MAS NMR became less pronounced as the degree of
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acetylation (DA) decreased from 1.0 to 0.58. According to Villa-Lerma et al.?®, pre-
treatment with steam explosion at 180 °C for 8 min was sufficient to decrease the degree
of acetylation of the chitin from 98 to 92%. Furthermore, it has been reported that the use
of elevated temperature and pressure also enhanced deacetylation as these conditions

promote acidic hydrolysis by the formation of acetic acid from acetyl groups.**?

In this present study, the pre-treatment time employed has been limited to 60 min in order
to avoid significant formation of chitosan by deacetylation, which can potentially lower

the yield of GIcNAc: after hydrolysis.
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Figure 3-2. 3 CP/MAS NMR spectra of control and thermal pre-treated chitin in sodium
acetate buffer with pH 6.0 at 121 °C between 15 and 60 min.
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3.2 Enzymatic hydrolysis of chitin

Enzymatic hydrolysis of chitin, with chitinase from Streptomyces griseus, mainly
produced GIcNAc:. and a relatively small amount of GIcNAc which is shown in Figure
3-5. Given the relatively small concentrations of the monomer, further discussion and
indeed figures will only focus on the GIcNAc: levels as this compound is the dominant
product of hydrolysis. As shown in Figure 3-3, the HPLC chromatogram of the standard
GIcNAc, was comparable with the hydrolysate sample obtained by 24 h hydrolysis at 40
°C of the chitin autoclaved for 60 mins (i.e. PC-60 referred earlier). The retention time of
the standard GICNAC>, as well as the sample obtained in this work, corresponded to the
peak visible after 4.2 min. The chromatogram of the chitin hydrolysate detected by HPLC
was also confirmed by the LC/MS mass spectra shown in Figure 3-4. The GIcNAc:
spectrum detected at m/z 425.17 and 447.15 corresponds to the chitin dimer cationised
by proton (H) and sodium (Na), respectively. Moreover, the spectrum shows that the
GIcNACc (222.09 m/z) and GIcNAc2 were the only compounds detected in the hydrolysate
of the chitin pre-treatment PC-60, and the absence of the higher oligomers. These results
are consistent with an earlier study by Osada et al.2, who employed a similar chitinase,
i.e from Streptomyces griseus, to hydrolyse chitin into monomer and dimer of GIcNAc.
Thus, the present, and indeed previous studies, suggest that the hydrolysis occurred by
the following steps: (1) random cleaving to form the intermediate oligomers, i.e trimer
(GIcNACcs) and tetramer (GIcNAcs) and (b) breaking down of the intermediate oligomers

into GIcNAc and GIcNAc, %
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Figure 3-3. HPLC chromatography of (a) standard GIcNAcz and (b) sample GIcNAc>
obtained in this study (i.e. hydrolysate obtained by reacting pre-treated chitin sample, i.e.
PC-60, with chitinase from Streptomyces griseus at 40 °C for 24 h).
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Figure 3-4. Mass spectra obtained by LC/MS of the hydrolysate formed from PC-60 after
hydrolysis at 40 °C for 24 h by chitinase obtained from Streptomyces griseus.
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The concentration of GIcNAc and GIcNAc; obtained by the hydrolysis of the control and
PC-60 pre-treated chitins were monitored between 12 and 48 h by HPLC. Figure 3-5
shows that the concentration of GICNAC: in the hydrolysate obtained from PC-60 reached
a maximum value after 24 h, whereas the concentration in the hydrolysate obtained from
the control sample reached similar values after 36 h. The higher hydrolysis rate observed
in the case of the pre-treated chitin may be attributed to the partial degradation and
swelling of the chitin caused during pre-treatment, which also accelerates enzyme
reaction. Osada et al.? also reported swelling of chitin pre-treated at 400 °C for 1 min
which resulted in a significantly higher formation of GICNAc: after hydrolysis. Thus,
thermal pre-treatment involving autoclaving in steam at a pressure of 204.7 kPa at 121 °C

for 60 min, accelerated chitin hydrolysis with its crystalline structure preserved.
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Figure 3-5. Time course of enzymatic hydrolysis of pre-treated (PC-60) and untreated
(control) chitin with chitinase from Streptomyces griseus at 40 °C. Different small and
capital letters indicate significant differences (P<0.05) between incubation time (h) and
pre-treatment conditions, respectively.
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3.3 Effect of GIcNAc. on antimicrobial properties

Growth of E. coli and L. monocytogenes were significantly inhibited by the presence of
GIcNAc: as shown in Figure 3-6 and Figure 3-7, respectively. The growth of these
bacteria was found to be completely inhibited with the addition of 5% and 10% w/v of

GIcNAC: respectively, which represent their respective MIC.

The inhibitory effect on Gram-negative and Gram-positive bacteria seems to increase
with the concentration of GICNAC>. It has to be noted here that there has been only one
study that reported the antimicrobial activity of the chitin dimer GICNAc2, compared to
studies performed on the mixture of chitin and chitosan oligomers.®® For example,
molecules composed of dimer to hexamer (GIcNAc—GIcN)26, which have molecular
weights greater than monomer and dimer, are more likely to exert antimicrobial
activity.>3%-32 Benhabiles et al.> and Raut et al.* found that E. coli was completely
inhibited when treated with 0.1% (w/v) chitin and chitosan oligomers as well as chitin
monomer. Low molecular weight chitosan oligomers have also been reported to
effectively inhibit the bacteria.®®* No et al.>® observed that 1.0% (w/v) of 1 kDa chitosan
oligomers were more effective in inhibiting Gram-negative bacteria, including E. coli,
compared to higher molecular weight oligomers. Benhabiles et al.® also reported that the
chitin and chitosan oligomers possess higher antibacterial activity with the MIC values
being much lower than their native compounds. However, it has been argued by Kittur et
al.® that the chitosan monomer, GIcN, has lower antimicrobial activity than its hexamer,
GlcNs. This indicates that the antimicrobial activity of the oligomers is dependent on their
molecular weight. The higher the molecular weight of the oligomers, the greater its

antimicrobial activity in the case of Gram-negative bacteria.
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Figure 3-6. Effect of GIcNAc. on the growth of E.coli at 37 °C for 24 h.

Studies on the inhibitory effect of the chitin against L. monocytogenes are very limited
because of its functionality on the chitinolytic system. This bacteria possesses two
chitinases, ChiA and ChiB, which can convert the chitin oligomers into monomers.343°
Chitosan has been reported to be more active than its oligomers in inhibiting L.
monocytogenes Scott A, having an MIC at 0.1% (w/v) in the presence of acetic acid after
24 h of incubation.® In that study, 1% acetic acid had been used as the chitosan solvent
and was proven effective in inhibiting the growth of several Gram-negative and Gram-
positive bacteria, apart from lactic acid bacteria that were more effectively suppressed
when 1% lactic or formic acid was used. Chitin and chitosan are insoluble in water,
therefore, strong inorganic and organic acids respectively, are required to dissolve these
compounds.®*3* According to Bjarnsholt et al.*®, 0.5% acetic acid in AB minimal

medium resulted in a pH equal to 4.33 that led to complete killing Pseudomonas
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aeruginosa PAOL. It was also revealed that the pH had a significant influence on the

effectiveness of acetic acid as an antimicrobial agent.

In the present study, the mechanism of bacterial inactivation may be attributable either to
(2) its ability to bind to and weaken the barrier function of the cell wall, followed by the
destruction of the cell membrane; or to (2) the deposition of the GIcNAc2 on the cell wall
thereby blocking the flow of nutrients into the cell.>3”38 In addition, the MIC of the
GIcNAC; against both Gram-negative and Gram-positive bacteria obtained in the present
study cannot be directly compared to previously reported studies, in terms of the
antibacterial activity of chitin and its derivatives, due to the variations between the degree

of polymerisation, degree of acetylation and the presence of other functional group.3?
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Figure 3-7. Effect of GICNACc2 on the growth of L.monocytogenes at 37 °C for 24 h.
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4. Conclusion

In this study, the accessibility limitation of the B-glycosidic bonds in the crystalline chitin
for enzymatic reactions was overcome by employing thermal pre-treatment in an
autoclave prior to hydrolysis with chitinase from Streptomyces griseus. Pre-treatment of
chitin at 121 °C for 60 min was found to be effective for substrate modification prior to
enzymatic hydrolysis. The crystallite size of chitin increased and deacetylation occurred
as the pre-treatment residence time increased. The hydrolysis of pre-treated chitin with
chitinase was completed within 24 h, showing that the proposed condition for pre-
treatment accelerated the enzymatic reaction. The dominant GIcNAc. produced has
advantages regarding its application as an antimicrobial agent since it is more readily
soluble in water. The GIcNAc2 produced in this study exhibited strong antimicrobial
activity against E. coli and L. monocytogenes, showing MIC values of 5 and 10% wl/v,

respectively.
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Chapter 4 : The effectiveness of V,N’-diacetylchitobiose (GIcNAc;) as

antimicrobial coating against Listeria monocytogenes on ready-to-eat shrimp

Preface to Chapter 4

In this chapter, GIcNAc2 which has been shown to possess antimicrobial activity against
food pathogenic strains (as reported in Chapter 3) has been assessed for its effectiveness
as an antimicrobial coating on a real food system. Ready-to-eat shrimps were coated with
1% (w/v) GlcNac,, and the growth of L. monocytogenes as well as changes in the

physicochemical properties of the shrimps during storage were monitored.

Abstract

N,N’-diacetylchitobiose, also known as GIcNAc, is reported to possess antimicrobial
activity against pathogenic bacteria. In this study, 1% (w/v) GIcNAc: solution was
applied on ready-to-eat (RTE) shrimp as an antimicrobial coating against Listeria
monocytogenes during storage at 4 °C for 16 days. Texture properties, colour, TBARS
values, moisture content and bacterial counts were monitored every four days and
analysed. The results indicated that the GICNAc> coating retarded the changes in texture
properties, TBARS values and moisture content of the RTE shrimp during storage. The
presence of GICNAc, showed no significant changes on the RTE shrimp colour in
comparison with the control. However, the growth of L. monocytogenes inoculated on the
GIcNAc2-coated RTE shrimp was slower than the control sample with the highest log
reduction observed being 0.5 log CFU/mL. This study shows that the GIcNAc2 used as
an antimicrobial coating is able to reduce the bacterial counts and maintain the quality of

the RTE shrimp during refrigerated storage.
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1. Introduction

Ready-to-eat (RTE) shrimp (cooked) is a street food, and is retailed either in chilled or
frozen form, more often than not, unpackaged in tropical countries.>* Consumer demand
for this product has steadily grown over the years.! RTE shrimp requires minimum
thermal processing (normally heated for 2 to 5 min, to temperatures above 63 °C at the
centre of the shrimp meat) prior to consumption, which generally inactivates vegetative
cells of bacteria that are pathogenic to humans.®* However, the chances of contamination
by pathogenic bacteria, such as Listeria monocytogenes, cannot be ruled out, either due
to insufficient thermal processing, or due to post-processing contamination, caused by
sharing the same area and utensils as the raw shrimp, or due to temperature abuse during
storage.® In order to ensure safety and extend the shelf life and keeping quality of RTE
shrimp, it is essential to introduce post-processing intervention to inhibit the growth of L.

monocytogenes in the product.

Various methods have been proposed to control post-process contamination of RTE
products by L. monocytogenes. The growth of L. monocytogenes on the RTE shrimp has
been successfully inhibited by employing antimicrobial coatings such as spice and herb
extracts and using films made from chitosan.>®” The pathogenic growth has also been
inhibited by employing thermal and non-thermal treatment and storing the product within
modified atmosphere packaging at appropriate temperature.®'* Some earlier studies
reported a significant growth of L. monocytogenes inoculated on the RTE shrimp stored
at 4 °C. However, pathogenic growth was significantly inhibited by introducing an
antimicrobial coating, e.g. a solution of chitosan coating 1-2% (w/v), which reduced their
counts by approximately 2 log CFU/g compared to non-coated samples.®’ Chitosan

incorporated with spice and herb extracts as well as organic acids was reported more
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effective in inhibiting L. monocytogenes and aerobic mesophilic bacteria (total viable

count) than the chitosan coating alone.® "2

Chitin, chitosan and their oligomers are known to possess excellent biological properties,
especially antimicrobial activity.'>'* The use of chitosan as an edible coating on ready-
to-eat food for inhibiting L. monocytogenes seems to be getting more attention recently
than chitin.®"*® This is due to the significantly higher solubility of chitosan in organic
acids, than crystalline chitin.’® The poor solubility of chitin in any solvent limits its
potential application as an antimicrobial agent. More recently, water-soluble chitin
oligomers (GIcNAci1-10), composed of one to ten N-acetyl-D-glucosamine covalent f3-
(1—4)-linkages, obtained either by acidic or enzymatic hydrolysis have been seen as

simpler alternatives to the use of chitosan.'+1"-21

In this study, we aim to determine the effectiveness of the water-soluble chitin oligomer,
N,N’-diacetylchitobiose (GIcNAc2), as an antimicrobial coating on RTE shrimp. In
addition to monitoring the inhibition of GIcNAc: against L. monocytogenes, this paper
also reports on changes in physicochemical properties occurring during storage at 4 °C

for 16 days.

2. Materials and methods

GIcNAc, was prepared as described by Abidin et al.?2. Gram-positive bacterium L.
monocytogenes 10403S was cultivated in-house (Department of Food and Nutritional
Sciences, University of Reading, UK). All other reagents used in this study were of

analytical grade and commercially available.
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2.1 Ready-to-eat (RTE) shrimp preparation

Frozen headless and shell-less shrimps (Litopenaeus Vannamei) were purchased from a
local retailer (Diamond Foods, UK). The shrimps were transported to the Pilot Plant
(University of Reading, UK) immediately after purchased and stored at -18 °C. A day
prior to the experiments, the shrimps were thawed overnight at 4 °C and cooked in boiling
water for 2 min with a thermocouple inserted into the meat ensuring that the meat
temperature must exceeded, 63 °C as recommended by U.S FDA for seafood. In fact, the
actual cooking temperature of the shrimp meat was 92 °C at the end of the cooking
process. After cooking, it was drained and cooled to dry.” The samples were packed
temporarily in the sterile bags prior to inoculation and coating with GIcCNAc2 on the same

day the shrimps were cooked.

2.2 Inoculum and inoculation

L. monocytogenes 10403S was grown on Brain Heart Infusion agar (BHI) (Sigma
Aldrich, UK) at 37 °C for 24 h. Agar plates were then stored at 4 °C for up to 3 weeks
prior inoculum preparation. For the bacterial suspension preparation, 2-3 colonies were
picked from the agar plate using a sterile plastic loop and transferred to sterile Tryptic
Soy broth (TSB) under aseptic condition. The suspension was incubated at 37 °C for 16-
18 h with continuous agitation.?? The suspension was then centrifuged at 7000 rpm for 15
min to separate the supernatant and cell pellet. The supernatant was discarded and the cell
pellet was washed and resuspended in sterile 0.85% saline twice.! The optical density
(OD) of the resuspension was then adjusted to 0.5 McFarland using a UV-Vis
spectrophotometer (Orion AguaMate 8000, Thermo Scientific, UK) at 620 nm, which
corresponds to approximately 1.5 x 108 CFU/mL. Then, the resuspension was diluted
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with sterile 0.85% saline to give a final colony count of 1.5 x 10° CFU/mL and used as

inoculum.

The RTE shrimp samples were inoculated by immersing them into the 1.5 x 10° CFU/mL
L. monocytogenes inoculum at 20 °C for 5 min, with continuous agitation for bacterial
attachment. After immersion, the samples were aseptically removed and allowed to drain

on a sterile basket at 20 °C for 15 min.*

2.3 Coating with GIcNAc>

Coating solution of 1% (w/v) GIcNAc2 was prepared by dissolving the compound in
sterile deionised water. In this study, 1% (w/v) GIcNAc2 concentration was chosen even
though its MIC value was 10% (w/v) in order to prove the concept that it was effective.
The inoculated and non-inoculated RTE shrimp samples were dipped in the treatment
solution for 5 min. The coated samples were drained on the sterile basket and aseptically
transferred into sterile Whirl-Pack® sample bags (Nasco, Fort Atkinson, WI), sealed and
stored at 4 °C for 16 days. The control for this experiment included sets of inoculated and
non-inoculated RTE shrimps that were dipped in separate sterile deionised water for the
same dipping time as in the case of GICNAc.. The coating solutions were separate for the
inoculated and non-inoculated RTE shrimp samples in order to avoid contamination with

the bacteria strain.

The non-inoculated samples were analysed for texture, colour, lipid oxidation and
moisture content, whereas the microbial analysis was conducted on the inoculated

samples after 0, 4, 8, 12 and 16 days of storage at 4 °C.
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2.4 Physicochemical analysis

2.4.1 Texture profile analysis (TPA)

The texture (hardness, cohesiveness, springiness and chewiness) of RTE shrimp samples
was determined by texture profile analysis (TPA) with Texture Analyser CT3 Version
1.2 (Brookfield Engineering Laboratories, Middleboro, MA, USA) as described by
Noordin et al.?® and Yi et al.’°. TPA was measured using a compression test with the
texture analyser fitted with a cylindrical probe (6 mm in diameter) and 25-kg load cell
moving at 1 mm/s test speed until the deformation was 70% of the original height.? Two
measurements were taken at the second to third segment of the shrimp abdomen for each
sample.?® The texture of three shrimp samples were recorded, and these measurements

were replicated thrice for each treatment.

2.4.2 Colour

Colour of the RTE shrimp was determined using a colour spectrophotometer (Minolta
CR-400 chroma meter, Konica Minolta Sensing, Inc., Japan). L* represented the
brightness on a scale 0 (dark) to 100 (white), whereas a* and b* are negative to positive
scale ranges between greenness to redness and blueness to yellowness, respectively.?
The measurements of surface colour were taken on both sides of the shrimp abdomen at
the second and third segment and three shrimp samples were measured for each treatment.

The colourimeter was calibrated with white tile, prior measurement.
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2.4.3 Moisture content

The moisture content was determined according to the protocols recommended by AOAC
(1990) by drying each sample in the oven at 105 °C until the sample weight became

constant. The final moisture content was expressed on a wet weight basis.

2.4.4 Lipid peroxidation

The thiobarbituric-acid-reacting substances (TBARS) in the RTE shrimp samples were
determined as described by Yi et al.® with some modifications. The shrimp meat (1 g)
was mixed with 9 mL of 0.25 N HCI containing 0.375% thiobarbituric acid (TBA) and
15% trichloroacetic acid (TCA). The mixture was heated in a boiling water bath for 10
min, giving a pink colour to the mixture, and followed by cooling with running water.
The mixture was centrifuged (Centaur 2, MSE Sussex, UK) at 4000 rpm for 10 min and
the supernatant was collected for measurement of absorbance at 532 nm using UV-Vis
spectrophotometer (Cecil CE 7400, Cambridge, UK). The TBARS content were
calculated from the standard curve of malonaldehyde (0 to 2 ppm) and expressed as mg

malonaldehyde/kg shrimp meat.

2.5 Microbial analysis

Microbial analysis was done using the method described by Weerakkody et al.! with some
modifications. The shrimp meat (10 g) was blended with 100 mL of 0.85% sterile saline
solution in a Stomacher® strainer bag (Seward, Worthing, West Sussex, UK) and
homogenised at normal speed for 2 min. Serial decimal dilutions of bacterial suspension

were prepared with 0.85% sterile saline solution and 0.1 mL of each dilution was spread
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onto PALCAM Listeria Selective Agar plate (Sigma Aldrich, UK) with PALCAM
Listeria Selective Supplement (Sigma Aldrich, UK). The plate was incubated at 37 °C for
48 h, prior to enumeration. The results were expressed as the log CFU/g sample. Aerobic
plate counts of the non-inoculated shrimp were analysed additionally to evaluate the
effects of GICNAcz on natural background microflora. Aerobic bacteria was enumerated
by plating 0.1 mL on plate count agar (Sigma Aldrich, UK), which was incubated at 37

°C for 48 h.

2.6 Statistical analysis

Minitab® 18 (USA) statistical software was used for analysis of the difference in means
by Tukey’s multiple range test. The results were determined by one-way analysis of
variance (ANOVA) at a significance level of 0.05 (P<0.05). Three replicates were
conducted for each physichochemical analysis, whereas the microbial analysis was run in

duplicate for each treatment.

3. Results and discussions

3.1 Effect of GIcNAc: coating on the physicochemical properties of RTE shrimp

Texture profile analysis (TPA) is an instrumentally double compression test to measure
textural properties of food.?* Texture properties are the main quality attributes that assess
the acceptability of the RTE shrimp. TPA was carried out to determine hardness,
cohesiveness, springiness and chewiness indicating firmness, elasticity, stickiness and
tenderness of the RTE shrimp meats, respectively.!® Based on TPA shown in Figure 4-1,

the hardness and chewiness of the control sample increased significantly (P<0.05) with
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storage time (16 days), whereas no significant changes occurred in the case of GIcNAcC:-
coated sample. In addition, the cohesiveness and springiness in all samples were
maintained throughout the storage period lasting 16 days. The results obtained here were
comparable with an earlier publication, which reported that the RTE shrimp meat,
thermally processed at 85 °C for 30 min, became firmer and tender over 10 days of
storage.® The shrimp meat exposed to heat treatment above 70 °C developed hardening
caused by proteins denaturation and shrinkage of collagen.?>2® The thermal shrinkage
experienced in the early storage period, i.e in the first 10 days, resulted in a tightening

and stiffening of the meat structure.®

Based on the results obtained, it was clarified that the cooking process employed
enhanced the firmness and chewiness of the shrimp meat. In contrast, the presence of
GIcNAC: coating prevented structure deformation. This finding is agreement with Wang
et al.?” and Yuan et al.?® that the chitosan coating was reported effectively retarding the
changes of texture parameters in shrimp during storage. The bonds between chitosan and
myofibrillar proteins could be associated with the improvement of texture in shrimp
muscle, with the final structure formed by both covalent and noncovalent interactions.?’
It is noteworthy that the texture of the RTE shrimp was maintained firmer without notable

deterioration, regardless of treatment, throughout the storage period.
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Figure 4-1. Changes in the TPA of control (e) and GlcNAcz-coated (X) RTE shrimp
occurring during 16 days of storage at 4 °C. Small and capital letters indicate significant
differences (P<0.05) of control and GIcNAcz-coated samples during storage,
respectively.

Colour is one of the main quality attributes of RTE products which critically influences
consumer perception and purchasing decision. Brightness (L*), redness (a*) and
yellowness (b*) were recorded for the GIcNAc2-coated and control samples (Table 4-1)
showing significant changes occurring over 16 days of storage (P<0.05). The values of
L* and b* of the control and GIcNAc-coated samples increased (P<0.05) from 47 and
46 to 60 and 57 and from -2 and -0.3 to 5.8 and 7.0, respectively. In contrast, the redness

of the samples significantly decreased (P<0.05) with storage. However, GIcNAc-coated

sample did not show any significant change compared to the control sample.
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Increase in the L* and b* of cooked shrimp has been previously discussed by Zhang et
al.®, who attributed the increase to protein denaturation induced during sample heating.
They reported that the brightness of cooked shrimp increases due to protein coagulation,
thereby changing the shrimp surface properties, increasing light reflection and creating a
whitened colour of the meat.'® As protein denaturation occurs, astaxanthin releases from
carotenoproteins changing the colour from orange to red after heating.?® However,
degradation of astaxanthin continued when the redness values of RTE shrimp decreased

throughout storage.

TBARS test uses the concentration of malonaldehyde as a marker of oxidative rancidity
and is widely used for measuring lipid oxidation in meat, which can lead to the production
of off-flavours and odours.®*3! The TBARS values shown in Figure 4-2 indicate lipid
oxidation of the RTE shrimp occurring during storage. The TBARS value of GICNAC:-
coated RTE shrimp was higher than control, whereas the TBARS value of the control
sample increased sharply from 0.4 to 0.7 mg malonaldehyde/kg shrimp after 4 days
storage and decreased significantly to 0.6 mg malonaldehyde/kg shrimp at day 8 and
maintained this value until day 16. In general, the development of lipid oxidation in the
RTE shrimp meat is influenced by several factors such as packaging, storage and other
processing conditions.®? Thermal cooking is known to accelerate lipid peroxidation.®? The
presence of oxygen during storage is also likely accelerate oxidative deterioration.® In
addition, chitosan is also reported to be a good barrier to oxygen permeation when it is
applied on the surface of pink salmon.®®* From the findings here, it is clear that the
GIcNAC: coating is also able to maintain lipid oxidation in the RTE shrimp meat, i.e no
significant changes in the TBARS values were observed during storage, probably by a

similar mechanism.
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According to Cadun et al.**, TBARS value for high quality food product must be less
than 3 mg malonaldehyde/kg. Based on this criteria, all the RTE shrimp samples studied
here, regardless of the presence of GICNAC2, could be considered to be “high-quality
product” as the TBARS values of the samples were less than 3 mg malonaldehyde/kg

even after 16 days of storage.

Table 4-1. Changes in surface colour of control and GIcNAc»-coated samples during 16
days of storage at 4 °C.

Treatments Day 0 Day 4 Day 8 Day 12 Day 16

Brightness, L*

Control 47.38+6.46 b** 46.81+5.15b 48.66%£5.11b 47.7845.37b 60.18+8.38 a
GIcNAc2-coated 46.21+3.24c 5257+1.64b 55.12+351ab 57.01+3.75a 57.11+3.12a

Redness, a*

Control 3.63+1.16a 3.01+1.82a 2.87+1.78 a 2.93+1.95a -1.79t1.72b
GIcNAc2-coated 2.85+1.35a -1.88+0.66 ¢ 0.72+0.86 b -2.34+0.78 ¢  -2.55+0.83 c

Yellowness, b*

Control -2.02+3.00 b -1.81+3.04b  -1.98+3.31b -3.16+4.16 b 5.83+4.46a
GIcNAc2-coated -0.25+1.25d 4.47+2.02b 1.90+2.15¢ 6.66+2.32 a 7.05+2.00 a

** Different letters in each row indicate significant differences (P<0.05) during storage.
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Figure 4-2 . TBARS values for control and GIcNAc2-coated RTE shrimp during 16 days
of storage at 4 °C. Small and capital letters indicate significant differences (P<0.05) of
control and GIcNAc-coated samples during storage, respectively.
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Figure 4-3. Moisture content changes in control and GIcNAc2-coated RTE shrimp during
16 days of storage at 4 °C. Small and capital letters indicate significant differences
(P<0.05) of control and GIcNAc.-coated samples during storage, respectively.
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Moisture has been reported to be the most important property of RTE shrimp affecting
quality, stability and safety during storage.'® The moisture content of the control sample
shown in Figure 4-3 increased sharply (P<0.05) from 78% at the start of storage to 86%
on day 4 due to moisture absorption capability of the sample. The moisture contents of
the control sample then remained constant at approximately 86%, until end of the storage
period. Employing GIcNAc2, on the other hand, retained moisture and the moisture
content remained constant at 84% throughout storage. The stability of moisture content
of the RTE shrimp may be due to the GIcNAc: layer acting as a protective barrier against
moisture escape. Previously, Butler et al.*® also reported that chitosan coating acted as a

protective barrier against moisture loss.

3.2 Effect of GIcNAc: coating on the RTE shrimp inoculated by L. monocytogenes

In this study, aerobic bacteria did not grow on the samples during storage (data not
shown). L. monocytogenes counts on the inoculated shrimp were initially 2 log CFU/mL.
The growth showed no significant differences between samples until day 8 of storage.
However, a significant lower growth (P<0.05) of L. monocytogenes in GIcNAcz-coated
samples was detected on day 12, with the highest log reduction of 0.5 log CFU/mL being
observed, as shown in Figure 4-4. On day 16, the growth on the GIcNAc.-coated sample

approached similar colony counts as the control.

The application of chitin and its oligomers as antimicrobial coating for RTE foods is not
widespread due to low solubility and availability, respectively. Therefore, chitosan, a
chitin derivative, is used against L. monocytogenes. Based on earlier research, chitosan
either acid-soluble or water-soluble oligomers has been used successfully against the
growth of listeria in inoculated samples of raw and RTE shrimp.®"32 According to Alfaro
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et al.®?, the increase in concentration of water-soluble chitosan from 0.5 to 5%
significantly (P<0.05) increased the antimicrobial activity by lowering counts by 7.43 log
CFU/g. In another related study, the count of L. innocua inoculated on the RTE shrimp
was reduced by 2.29 log CFU/g after treating with 2% chitosan in combination with 2%
organic acid.® In a similar work reported by Li et al.”, 1% chitosan incorporation in 2%
organic acid was the most effective treatment against L. monocytogenes inoculated on the
RTE shrimp, which caused a 5.38-log CFU/g bacterial reduction. It is most likely that the
mechanism of action of GIcNAc: is not very different from chitosan and a precipitate on
the microbial cell surface forms an impervious layer around the cell thereby blocking the
channels to transport essential solutes crucial for cell survival.®® The impervious layer can

also destabilise the cell wall beyond repair.®
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Figure 4-4. Growth of L. monocytogenes in control and GIcNAc,-coated RTE shrimp
during 16 days of storage at 4 °C. Small and capital letters indicate significant differences
(P<0.05) of control and GIcNAc2-coated samples during storage, respectively. Asterisk
(*) indicates significant differences (P<0.05) between samples over storage time.
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4. Conclusion

The results demonstrated that 1% (w/v) GIcNAc: coating retarded the changes in texture
properties, TBARS values and moisture content of the RTE shrimp during 16-day storage
at 4 °C. GIcNAc: coating showed an inhibition against L. monocytogenes only up to day
12 of storage, with a net log reduction of 0.5 log CFU/mL. Furthermore, the absence or

presence of GIcNAc: did not influence colour changes in shrimp meat.
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Chapter 5 : Concluding remarks and recommendations for future work

1. Key conclusions

The thermal pre-treatment of chitin in an autoclave was found to be an effective method
for structure modification, and the best operating conditions involved heating at 121 °C
for 60 min, prior to hydrolysis. Autoclaving modified the chitin structure by swelling and
partial degradation. The crystallinity of the chitin was maintained after autoclaving,
whereas some deacetylation occurred. In this study, the deacetylation was kept to a
minimum by restricting autoclaving times to a maximum of 60 min; this time also gave
an adequate yield of oligomers, mainly dimer (GIcNAc2) and a very small amount of
monomer, after hydrolysis with chitinase from Streptomyces griseus. It has been
suggested that the hydrolysis occurred by the following steps: (1) random cleaving to
form the intermediate oligomers, i.e trimer (GIcNAc3) and tetramer (GIcNAc4) and (b)
breaking down of the intermediate oligomers into GIcNAc and GIcNAc: as final product.
The yield of GIcNAc: obtained after hydrolysis of autoclaved chitin reached maximum
after 24 h, whereas an extra 12 h, i.e. a total of 36 h, was required for completing the
hydrolysis of the control sample, showing that the proposed condition for pre-treatment
(at 121 °C for 60 min) accelerated the enzymatic reaction. The GIcNAc. produced
exhibited strong antimicrobial activity against E. coli and L. monocytogenes, showing

MIC values of 5 and 10% (w/v), respectively, using media as the solvent.

In a further study, GIcNAc. was used as an antimicrobial coating on ready-to-eat (RTE)
shrimp (cooked) for observing microbial inhibition and changes occurring in its quality.
Due to the higher cost of commercial chitinase, which limits the production of GIcNAC,

the MIC of 10% (w/v) obtained in the previous chapter has been scaled down to 1% (w/v).
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The 1% (w/v) GIcNAc: solution developed a protective layer on the surface of the RTE
shrimp and retarded changes in textural properties, TBARS values and moisture content
over 16-day storage at 4 °C. The GIcNAc: coating exhibited inhibitory effects against L.
monocytogenes when the growth of the inoculated RTE shrimp was lower than control
on day 12 of storage with the highest log reduction of 0.5 log CFU/mL being noted.
However, no significant differences was observed between the GIcNAc, coated and

uncoated samples.

Overall, the thermal pre-treatment of chitin in an autoclave, which is a method that has
never been reported earlier, was able to modify the chitin structure, and accelerate the
enzymatic hydrolysis to produce GIcNAcz2. The reported MIC values of the GIcNAc:
indicates that the compound possesses effective antimicrobial activity against E. coli and
L. monocytogenes. The inhibitory effects of GIcNAc2 was also noted in a real food system
(RTE shrimp) where it inhibited the growth of inoculated L. monocytogenes. In addition,
GIcNAC: also showed a similar inhibitory effect as compared to other antimicrobial agent
isolated from natural sources, such as essential oils from plant, peptides including nisin
isolated from lactic acid bacteria and lipids. The mechanism of action of these
antimicrobial agents has been shown to occur mainly by the disruption of bacterial cell

wall or membrane.
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2. Recommendations for future work

1. Thermal pre-treatment of the chitin by using an autoclave effectively modified the
substrate structure and accelerated subsequent enzymatic reaction. However, the yield of
GIcNACc: obtained from the pre-treated substrate was similar to the untreated sample. It
would be worth combining autoclaving with other mechanical treatments such as grinding
with a ball mill in order to decrease the particle size and increase the breakage of chitin
crystal structure. This approach is likely to increase the yield of the GIcNAc2 during

hydrolysis.

2. GIcNAC; was the main compound produced by the hydrolysis of thermally pre-
treated chitin with chitinase from Streptomyces griseus. It would be worth employing
chitinase from other sources, such as fungus Lecanicillium lecanii and bacterial strain
Bacillus cereus TKUOQ27, which may produce higher oligomers GIcNAC2-9, which may
result in superior inhibitory effect against Gram-negative and Gram-positive strains. This

approach is worth exploring further.

3. In this study, a high concentration of GIcNAc. was required to achieve MIC.
Combination of GIcNAc. with organic acids, such as acetic acid, can synergise the

antimicrobial activity and is worth trying.

4. The application of 1% (w/v) GIcNAc: as coating solution showed low log
reduction of L. monocytogenes inoculated on the RTE shrimp. It would be worth
incorporating GIcNAc: coating with other natural antimicrobial agents, for instance,

potent plant extracts to achieve better inhibition.
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Appendices

Appendix 1. Part of the literature review (Chapter 2) in this thesis has been published as
“Abidin MZ, Junqueira-Gongalves MP, Khutoryanskiy VV, Niranjan K, Intensifying
chitin hydrolysis by adjunct treatments — an overview. J Chem Technol Biotechnol 92:
2787-2798 (2017).”
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Appendix 2. Chapter 3 of this thesis has been published as “Abidin MZ, Kourmentza C,
Karatzas K, Niranjan K, Enzymatic hydrolysis of thermally pre-treated chitin and
antimicrobial activity of N,N'-diacetylchitobiose. J Chem Technol Biotechnol 94: 2529-
2536 (2019).”
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