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ARTICLE INFO ABSTRACT

Chitin nanocrystals (ChNCs) and chitin nanofibers (ChNFs) are nanomaterials with great innovative potential for
sustainable applications in academic and industrial fields. The research related to their isolation and production,
characterization, and utilization is still new. The aim of this study is to investigate the effects of the production
process on the morphology and properties of ChNFs and ChNCs produced from the same source of chitin. ChNCs
were prepared by acid hydrolysis of commercial shrimp shell a-chitin, and ChNFs were prepared by mechanical
defibrillation using closed loop supermass colloidal grinding. Differences in their shape, size, and crystallinity
were observed. ChNFs were observed to have higher aspect ratio, higher viscosity, and better thermal stability
than ChNCs. Although the ChNC casting film had a higher degree of transparency, it had lower mechanical
properties than ChNF film. In addition, the capacities of each nanomaterial for producing Pickering emulsions
were comparatively investigated. ChNFs showed better oil-in-water emulsion stabilization ability than ChNCs at
the same concentrations. In vitro cytotoxicity assays using two epithelial-like cell lines and two fibroblast-like
cell lines demonstrated that both nanomaterials were non-toxic. Finally, we evaluated the economics of pro-
duction using process engineering simulation to assess the energy and chemical consumption for each process of
production of these nanomaterials.
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most abundant of the three forms, composed of alternating antiparallel
chains), B (composed of parallel chains), and y (the least common,
composed of two parallel chains alternating with one anti-parallel
chain) (Pereira, Muniz, & Hsieh, 2014).

1. Introduction

Among the variety of renewable polymers, chitin is considered as
one of the most abundant natural polymer on earth. The annual amount

of chitin produced by biosynthesis—estimated between 10'® and 10"!
tons—makes it the second most abundant biopolymer after cellulose
(Gopalan Nair & Dufresne, 2003). Chitin, which is structurally similar
to cellulose (Zhang, Chen et al., 2015; Zhang, Liu et al., 2015) is a linear
polysaccharide that contains repeating units of B-(1 — 4)-N-acetyl-p-
glucosamine, described for the first time in 1811 by Henri Braconnot
(Muzzarelli et al., 2012). Chitin shares with cellulose the same fibrillar
structure, which comprises both crystalline and amorphous compo-
nents. In nature, three different polymorphic forms exist, differing in
the orientation and arrangement of the macromolecular chains: a (the
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Chitin is mainly produced by numerous living organisms through
biosynthetic pathways. Generally, this polymer is a characteristic
component of the exoskeletons of arthropods and the cell walls of fungi,
and it is mostly associated with other compounds such as proteins,
minerals, lipids, and pigments. Therefore, the most common industrial
source for the production of chitin is mainly crab and shrimp shells
from industrial seafood residues (Ding, Huang, Pang, Duan, & Zhang,
2018; Goodrich & Winter, 2007; Rinaudo, 2006).

In the current context, despite its enormous annual production and
environmentally friendly aspects, such as biodegradability,
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biocompatibility, renewability, and sustainability (Ifuku & Saimoto,
2012; Lu et al., 2013), this biopolymer is still relatively underutilized.
This is not only owing to its intractable bulk structure but also to its
poor solubility in most solvents as a consequence of its micellar struc-
ture resulting from hydrogen bonds involving the aceto-amido groups
(Garcia et al., 2015; Muzzarelli, 1983). This limits its potential appli-
cations compared to the other polysaccharides. Thus, developing new
and efficient methods for better utilization of this natural resource is an
active area of research.

In recent years, simultaneously with the exponential growth in the
number of research projects on nanoscaled cellulose, the isolation and
extraction of nanosized crystalline chitin, also called nanocrystals or
whiskers, have attracted great interest. Moreover, recent developments
have enabled the conversion of chitin into individual nanofibers as new
flexible nanomaterials with high aspect ratios. The production of these
nanomaterials is now the most efficient approach for exploring the
potential of this biopolymer, giving rise to new applications. A wide
variety of chitin nanocrystals (ChNCs) (Fan, Saito, & Isogai, 2008a,
2010; Gopalan Nair & Dufresne, 2003; Kadokawa, Takegawa, Mine, &
Prasad, 2011; Li, Revol, & Marchessault, 1996; Paillet & Dufresne,
2001; Pereira et al., 2014; Revol & Marchessault, 1993) and chitin
nanofibers (ChNFs) (Aklog et al., 2016; Fan, Saito, & Isogai, 2008b;
Ifuku et al., 2009, 2011; Mushi, Butchosa, Salajkova, Zhou, & Berglund,
2014; Noh et al., 2006; Pang et al., 2017; Salaberria, Fernandes, Diaz, &
Labidi, 2015; Wang, Yan, Chang, Ren, & Zhou, 2018) have been pro-
duced from different sources of chitin. The most conventional method
for producing ChNCs is hydrolysis in a diluted acid solution of HCl
under stirring at a high temperature (Paillet & Dufresne, 2001),
whereas mechanical disintegration of chitin by simple wet grinding in
the presence of minor amounts of acetic acid was more recently pro-
posed (Ifuku et al., 2009), resulting in ChNFs.

Applications of such chitin nanomaterials in food, packaging, bio-
logical and biomedical fields are increasing owing to their renewable
and biodegradable characteristics, nanoscale dimensions, low density,
chemical stability, biological activity, and non-cytotoxicity (Salaberria,
Fernandes, Diaz, & Labidi, 2015). Chitin nanomaterials have been used
for interesting applications such as reinforcing nanofillers for various
types of polymers (Butchosa et al., 2013; Deng, Li, Yang, & Li, 2014; Ji,
Wolfe, Rodriguez, & Bowlin, 2012; Ma et al., 2016; Salaberria, Labidi, &
Fernandes, 2014; Shankar, Reddy, Rhim, & Kim, 2015; Wu, Lin, &
Meredith, 2016).They have also been utilized in electrospinning (Liu,
Liu et al., 2016; Liu, Zheng et al., 2016; Zhu, Liang, & Ji, 2015), for
preparation of water purification membranes (Ma, Burger, Hsiao, &
Chu, 2011), and as alternative nanopaper membranes for biomedical
and packaging applications (Ezekiel Mushi, Butchosa, Zhou, &
Berglund, 2014). Other studies reported their application in tissue en-
gineering, regenerative medicine, and wound dressing (Ito et al., 2014;
Liu, Liu et al., 2016; Liu, Zheng et al., 2016; Muzzarelli et al., 2007;
Pangon, Saesoo, Saengkrit, Ruktanonchai, & Intasanta, 2016).

Despite the growing scientific interest regarding other nanopoly-
saccharides, like nanocellulose, the literature on nanochitin is still
limited. Indeed, over the last two decades, approximately 7070 docu-
ments (e.g., patents and scientific reports) on cellulose nanomaterials
(between nanofibers and nanocrystals) were published, whereas only
664 documents on chitin nanomaterials were published during the
same period from SciFinder database in 2017. This shows that chitin
nanomaterials are still poorly utilized and that additional detailed
analyses and investigations are needed to address its potential appli-
cations. In this context, this work intends to further characterize ChNCs
and ChNFs produced from exactly the same source of chitin. The main
idea is to understand how preparation conditions influence the struc-
ture and how the structure influences their properties. To our knowl-
edge, Fan, Fukuzumi, Saito, & Isogai (2012) produced the only report
prior to this one that compares the properties of these two chitin na-
nomaterials in the same work; they compared the properties of dis-
persions of nanochitin prepared by different methods and from
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different sources. We note that in their study, the comparison was be-
tween nanocrystals from crab shell a-chitin and nanofibers from squid-
pen B-chitin. In contrast, we compared the properties of these two na-
nomaterials from the same source—shrimp shell a-chitin, the most
abundant and stable form of chitin (Chen, Shen, & Liu, 2010; Kumirska
et al., 2010). Furthermore, the ability to produce Pickering emulsions
with these two nanomaterials, which has never been the subject of
comparative investigation, was explored. Additionally, the possible in
vitro cytotoxicity of these nanomaterials was tested against two epi-
thelial-like cell lines and two fibroblast-like cell lines. Moreover, the
mechanical fibrillation of chitin using a closed loop grinding process
was analyzed by process engineering simulation to quantify the energy
necessary for fibrillation and to compare it with the process energy for
ChNC isolation. This aspect has not been investigated before; therefore,
this work provides basic data for more detailed studies on this topic.

2. Material and methods
2.1. Materials

Coarse flakes of a-chitin from shrimp shells with a degree of acet-
ylation DA = 95%, hydrochloric acid (concentrated 37% v/v), sodium
acetate, glacial acetic acid, potassium hydroxide, sodium chlorite, and
sodium chloride were purchased from Sigma Aldrich (France).
Sunflower oil was obtained from a local supermarket and used without
further purification. All chemicals were used as received.

2.2. Preparation of chitin nanomaterials

2.2.1. Purification step of chitin

The isolation processes of the nanosized materials are illustrated in
Fig. 1. Before their isolation, chitin was subjected to a purification step
in order to eliminate proteins. A 40-g sample of chitin was initially
heated for 6 h in 5% KOH solution at 100 °C (900 mL). Subsequently, it
was mechanically agitated overnight at room temperature; the fol-
lowing day, it was washed and vacuum-filtered several times with
distilled water. Bleaching was performed in two cycles of 2 h, each one
at 80 °C in a solution of 17 g of NaOCl, in 1L of 0.3 M sodium acetate
buffer, pH 4. The material was then placed again in a solution of 5%
KOH for 48h to remove any protein residues still present in the ma-
terial, followed by another cycle of vacuum filtration and washing with
distillated water. This purified chitin—henceforth referred to as p-
Chitin—was used as the raw material for the rest of study.

2.2.2. ChNC preparation

ChNCs were prepared following a previously used method (Gopalan
Nair & Dufresne, 2003). The p-Chitin was hydrolyzed in 3M HCI for
90 min at 90 °C to digest the disordered regions—the ratio of 3M HCl
solution to chitin was 30 mL/g. Afterwards, the material was diluted
with distilled water and collected for centrifugation at 10000 rpm for
15min at 4°C. This process was performed three times. Then, the
material was dialyzed in membranes (MWCO 6000-8000 Da) and kept
in distilled water for five days to reach a pH of 5-6. The suspension was
subjected to ultrasonic treatment for further dispersion of the ChNCs,
and the product was finally stored at a temperature near 4°C after
adding 3 drops of chloroform to avoid bacterial growth. The ChNC
dispersion was determined gravimetrically by drying aliquots of the
sample at 105 °C until a constant weight was obtained; the total solid
content of the stock dispersion was approximately 3.4 wt%.

2.2.3. ChNF preparation

ChNFs were prepared from never-dried p-Chitin under acidic con-
ditions according to the procedure of Ifuku et al. (2009). The p-Chitin
was suspended in distilled water at a concentration of 1%. The sus-
pension was acidified by addition of acetic acid to adjust the pH to 3 for
cationization of amino groups on the fiber surface to enhance
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Dry state

Wet state, pH 3

|

Acid hydrolysis

Mechanical defibrillation using
closed loop grinding

Fig. 1. Simplified experimental procedure for production of ChNCs and ChNFs from shrimp shell chitin.

nanofibrillation by exerting an electrostatic repulsive force. It was then
blended with a high-speed kitchen blender for 10 min. The slurry was
then passed through an ultrafine friction grinder (Supermasscolloider,
model MKZA6-2, disk model MKG-C 80, Masuko Sangyo Co., Ltd.,
Japan) at 2500 rpm under continuous fibrillation for 3h. Grinder
treatment was performed with a clearance gauge of —1.5 (corre-
sponding to a 0.15 mm shift) from the zero position and a recirculation
loop device. The obtained ChNF dispersion was concentrated by cen-
trifugation to eliminate as much water as possible, yielding a 2.6 wt%
stock dispersion, which was stored at 4 °C.

2.3. Film preparations of ChNCs and ChNFs

Preparation of films was performed using a casting process. Fixed
amounts of 1wt% ChNC and ChNF suspensions were poured onto
Teflon plates and dried under ambient conditions for 7 days until the
films formed; afterwards, they were conserved in a conditioned room,
under controlled temperature (23 °C) and relative humidity (50%).

2.4. Emulsion preparation

Oil-in-water emulsions were prepared by mixing appropriate
quantities of ChNC or ChNF stock dispersions with sunflower oil. The
aqueous dispersions were previously adjusted to pH 3.0 before mixing
with the emulsion. The oil-water mixture was then emulsified using an
ultra-turrax homogenizer for 5min at 10000rpm and 1min at
15000 rpm. The sunflower oil concentration was maintained at 20 wt%
of the total weight of emulsions, while the ChNC and ChNF con-
centrations were varied from 0.1 to 1.4wt%. The emulsions were
placed in small transparent vials for several days to observe their evo-
lution.

2.5. Techno-economic evaluation of chitin nanomaterial production
processes

To roughly analyze the economic issues of the ChNC and ChNF
production processes, a preliminary evaluation of mass and energy
balances was performed. All the steps described in Sections 2.1-2.2



F. Larbi et al.

were considered for this objective. The economic assessment was
evaluated using the process simulation tool Aspen Plus (AspenTech,
Virginia), following similar methodology to that described previously
(Novo, Bras, Garcia, Belgacem, & Curvelo, 2015). Traditional chemical
components (i.e., water, potassium hydroxide, sodium acetate, sodium
chlorite, hydrochloric acid, acetic acid) were defined using the avail-
able Aspen properties database. Regarding chitin definition, its basic
physicochemical properties and thermodynamic behavior were as-
sumed from data available for cellulose in the same database, as these
two polysaccharides have similar main structure and properties.

The operation basis was established for 1 kg of initial chitin that was
first purified. The chemicals requirements and yield of the different
designed pretreatments were considered from the aforementioned ex-
perimental procedure and from the gravimetric product changes re-
gistered throughout chitin nanomaterial production. Energy consump-
tion during purification was assumed to be due to (1) pretreatment
heating (determined from designed simulation) and (2) mechanical
treatments (estimated from experimental or literature data). The energy
consumption for the chitin nanofibrillation process in the ultrafine
grinder was calculated as the product of experimentally consumed
power P (kW) and the process duration t (h). A detailed description of
the simulation process is given in Supplementary Data.

2.6. Measurement and characterization

2.6.1. Atomic force microscopy (AFM) measurements

AFM images of nanodispersions and the surface of their films casting
were obtained using a Multimodal AFM (DI, Veeco, Instrumentation
Group) operating in the tapping mode. Approximately 0.01 wt% sus-
pensions were drop-deposited on a mica substrate and allowed to air
dry before image acquisition. At least 50 images from three micro-
graphs were used to perform dimension calculation. For AFM images of
the film surfaces, 0.5 cm? of each film was stuck on the mica substrate.

2.6.2. Scanning electron microscopy (SEM)

SEM images of the fractured surface of casting films of ChNCs and
ChNFs were obtained by cooling each sample in liquid nitrogen and
fracturing them. The surface morphology of the films was also char-
acterized by this technique. The micrographs were recorded with a
QUANTA 200 instrument operating at an accelerating voltage of 10 kV.
A minimum of 10 images by samples were collected. The SEM images
selected for the figures are the most representative of the samples.

2.6.3. Field emission gun (FEG)-SEM

Chitin nanodispersions were also observed by FEG-SEM which was
performed using a ZEISS Ultra 55 microscope, equipped with an In-Lens
secondary electron detector. An accelerating voltage of 3kV was used.
Preparation of the samples was the same as for AFM measurements. The
FEG-SEM images selected for figures are the most representative of the
samples.

2.6.4. X-ray diffraction (XRD) analysis

The crystallinity (referred to as the crystallinity index) of Chitin, p-
Chitin as well as dry ChNC and ChNF powders was determined from
wide-angle XRD spectra. XRD patterns of the chitin samples were re-
corded in a range of 20 from 6° to 55° with the reflection mode in a
classical Bragg-Brentano geometry at room temperature using a
PANalytical X’Pert Pro MPD diffractometer equipped with an
X’celerator detector and operated with CuKa radiation with a wave-
length of 1.5419 A Analysis of the XRD data was performed with the
PeakFit v4 software (Jandel Scientific Software). Thus, the diffraction
data were deconvoluted and fitted with Gaussian-Lorentzian line shapes
to identify the crystalline and amorphous contributions. The accepted
models had a correlation coefficient > 0.98.
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2.6.5. Thermogravimetric analyses (TGA)

The thermal stability of the stock chitin nanomaterials was also
studied. Measurement was performed on a PerkinElmer Simultaneous
Thermal Analyzer (STA 6000). The samples were tested with a heating
rate of 10 °C/min from ambient temperature to 700 °C under 50 mL/
min flow of nitrogen atmosphere. The reproducibility was confirmed by
performing duplicate measurements. The samples' weights were ap-
proximately between 5 and 10 mg.

2.6.6. Mechanical properties

Tensile tests were conducted at a speed of 0.001 mm/s using an
RSA3 (TA Instruments, USA). The elongation, stress at break, and the
Young’s modulus were determined. The samples were previously con-
ditioned for at least 72h under controlled temperature (23 °C) and re-
lative humidity (50%), before being tested. These measurements were
performed at least in triplicate, and the reported values are the
averages.

2.6.7. Rheological properties

For the rheological measurements, two different concentrations of
each nanochitin dispersion were prepared by diluting the concentrated
dispersions with distilled water until reaching 1wt% and 2wt%.
Rheological measurements of the suspensions were made using a
Modulating Compact Rheometer ANTON PAAR with measuring cone
geometry CP50-1 (cone angle, 1°; diameter, 50 mm) at 25 °C. For each
sample, an “up-down” shear-rate cycle was conducted from 10s~* to
1000 s~ with considering stable value in each case. Only the “down”
parts of the curves are presented in this work. The ChNF suspensions
were dispersed in advance for 2min by the ultra-turrax, whereas the
ChNC suspensions were dispersed in advance for 2 min by sonication.
Duplicate measurements were performed to confirm reproducibility.

2.6.8. Visual inspection of emulsion stability

We monitored the evolution of the sunflower oil volume fraction in
the vials by photographing them at different time intervals over
42 days. Digital photos were taken using a Panasonic digital camera at
different intervals of time against a dark background. The objective was
observing the gravitational separation in the emulsions. In general, it is
possible to visually detect two layers after creaming has occurred: a
lower serum optically transparent layer and an upper opaque cream
layer. The extent of creaming was characterized by a creaming factor
(CI), defined as (Mwangi, Ho, Tey, & Chan, 2016):

Cl% = (Hg/Hg) X 100, @

Where Hg is the height of lower serum layer and Hg, is the total height of
the emulsion in the vial. At least two samples of each emulsion were
prepared to confirm results.

2.6.9. Cytotoxicity assay

The cytotoxicity assay was performed by evaluating ChNC and
ChNF extracts using two epithelial-like cell lines (Madin Darby canine
kidney, MDCK cells; and Madin Darby canine kidney-sialic acid over
expression, MDCK-SIAT cells) and two fibroblast-like cell lines
(Cercopithecus aethiops kidney, Cos-1 and Cos-7 cells). For ChNFs, we
prepared the suspension in advance by acid removal via dialysis in
distilled water until reaching neutrality.

The extracts were prepared by suspending 1 g of ChNCs or ChNFs in
10 mL of Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 100 U/mL penicillin, 100 pg/mL streptomycin, and 10%-v/v fetal
bovine serum. The suspensions were homogenized in 15mL Falcon
tubes using a vortex mixer and then incubated in culture conditions for
24 h at 37 °C and 5% CO, in air. Then, the extracts were sterilized by
filtration using a membrane with a pore size of 0.22 pm; this operation
was performed in a laminar flow cabinet.

Cells for the assay were seeded into 96-well culture plates at a



F. Larbi et al.

density of 10* cells/well and the plates were maintained in culture
conditions to allow adhesion and monolayer formation. After 24 h, the
media were aspirated and the cells were exposed to different con-
centrations of the ChNC and ChNF extracts; in all cases, the medium/
extract volume was 100 pL per well, and the plates were maintained in
culture for 24 h. Each concentration of the extracts and the zero-con-
centration (control) were assayed in triplicate. Finally, the cell mor-
phology was evaluated by optical microscopy to evaluate possible cy-
topathic effects, and cytotoxicity was quantified by the MTT assay. For
this assay, the media were aspirated and the cells were washed three
times in PBS and then incubated with 100 uL of MTT reagent (5 mg/mL
MTT was dissolved in fresh medium) for 3 h to allow the formation of
formazan crystals in the viable cells. Their quantification was per-
formed by solubilizing them in a DMSO/methanol/water mixture (20/
70/10, %-v), and the absorbance at 570 nm was determined using a
microplate reader (Biochrom, UK).

2.6.10. Statistical analysis

Data are expressed as mean * SD, and statistically tested for sig-
nificance with one-way ANOVA followed by a Tukey test using
OriginPro v10 software (Origin Microcal, USA), and p < 0.05 was
considered statically significant.

+

3. Results and discussions
3.1. Difference in chitin nanomaterial structures and morphology

The distributions of the widths and lengths of the ChNC and ChNF
samples were obtained by analysis of the AFM and FEG-SEM height
images (Fig. 2). Length-frequency figures were obtained from the
combined AFM and FEG-SEM observations using ImageJ while width-
frequency figures resulted from AFM observation using Nanoscope
Analysis (Plainview, New York, USA). ChNCs and ChNFs had similar
geometric forms with different size dimensions. ChNCs and ChNFs
presented rod-like morphology and were well individualized with some
aggregates or nanofibrillar structures bounded together. In some cases,
the aggregation of these materials has been explained by the presence
of protein residues on the surface of the chitin (Paillet & Dufresne,
2001). For ChNCs, ultrasound treatment can also be performed to en-
sure complete individualization of the ChNCs, which is enhanced by
electrostatic repulsion between some ChNCs improved by the presence
of positive charges (NH3*) on their surfaces. However, the resulting
ChNC dispersion obtained after dialysis treatment had a pH of ap-
proximately 6; at this pH, the amount of protonated amino groups is not
sufficient to bring about electrostatic repulsion between ChNCs, which
can lead to the formation of agglomeration even after ultrasonication.
According to some reports, it is recommended to first adjust the pH of
the dialyzed chitin suspension at 3 or below to ensure complete pro-
tonation of the accessible surface amino groups followed by ultrasound
treatment (Li, Revol, Naranjo, & Marchessault, 1996).

The length dimensions of ChNCs ranged from 229 nm to 258 nm,
with an average value of (243.5 = 55.1) nm, whereas the width mostly
ranged from 9 nm to 10 nm, with an average value of (9.7 * 3.2) nm.
These values are in the intervals found in previous studies performed on
different origins of chitin based on the same procedure of preparation;
the obtained ChNCs had lengths ranging from 150 nm to 2200 nm and
widths ranging from 10 to 50nm (Zuber, Zia, & Barikani, 2013).
However, it is important to note that reaction conditions can generate
various size distributions of ChNCs even from the same source of chitin
(Table 1).

contrast, the ChNFs prepared using mechanical treatment had
widths ranging from 8nm to 9nm with an average value of
(8.7 £ 3.2)nm, and they were longer than the ChNCs, with a length
mainly distributed between 604 nm and 744 nm and an average value
of (673.9 + 263.3) nm. This evinces the fact that the aspect ratio—-
defined as the length to width ratio—of ChNFs is higher than that of
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ChNCs. We note that there are no prior reports on the preparation of
ChNFs from shrimp shells using the same mechanical procedure. This
difference in the morphological appearance and size between the re-
sulting chitin nanomaterials will allow us to accurately evaluate how
the treatment process would influence the other properties.

The crystalline structure of chitin samples was investigated using
XRD. As shown in Fig. 3(a), the native chitin exhibited diffraction peaks
at 9.3°, 12.8°, 19.4°, 20.7°, 23.4°, and 26.5°, which are typical crystal-
line patterns of a-chitin, corresponding to the (020), (021), (110),
(120), (130) and (013) planes, respectively (Goodrich & Winter, 2007;
Ifuku, Suzuki, Izawa, Morimoto, & Saimoto, 2014). The observed pat-
terns show that the chemical treatment of purification and the sub-
sequent acid hydrolysis or mechanical process during the formation of
ChNCs or ChNFs, respectively, did not alter the crystalline arrangement
of a-chitin. Moreover, by comparing the X-ray diffraction patterns, the
intensity of the major crystalline diffraction peak at 19.4° clearly in-
creased after the indicated treatments, which is due to the increase in
crystallinity after removing the amorphous parts.

The Crystallinity Index (Crl) of the chitin samples was calculated as
the ratio of the areas of all crystalline reflections to the total area.
Therefore XRD data were deconvoluted as shown in Fig. 3(a). A total of
12 individual crystalline peaks were extracted by a curve-fitting process
from the X-ray diffraction profiles over the range of measurements. Two
amorphous halos were approximately estimated using two broad
maxima. The first maximum observed at lower diffraction angles (at
20-21.5°) resulting from the intermolecular scattering and the second
one observed at higher angles (at 26-41.5°) resulting from in-
tramolecular scattering (Stawski, Rabiej, Herczynska, & Draczynski,
2008). The obtained Crls of the Chitin, p-Chitin, ChNFs, and ChNCs
were 69.9%, 70.7%, 76.1% and 80.8%, respectively. ChNCs have the
higher degree of crystallinity owing to the acidic hydrolysis process,
which was more effective than mechanical treatment at substantially
eliminating the entire amorphous remaining after purification. This
result was expected. Overall, the high crystallinity index of both ChNCs
and ChNFs indicates the conservation of the crystalline integrity of
ChNFs and ChNCs even after mechanical and acid hydrolysis treat-
ments, respectively.

TGA is used to measure the weight loss of a material as a function of
temperature for a given heating rate. Fig. 3(b) shows the thermal sta-
bility of native a-chitin before and after purification with as-prepared
ChNFs and ChNCs. All the samples showed initial light weight loss in
temperatures ranging from 0 °C to 110 °C, which can be linked to water
loss due to evaporation. The second and most significant weight loss
occurred at 250 °C to 450 °C for all samples, which could be attributed
to degradation of the chitin chain resulting from degradation of the
saccharide structure of the molecule, dehydration of saccharide rings
and the decomposition of acetylated and deacetylated chitin units
(Shankar et al., 2015). The total weight loss in those ranges was ap-
proximately 80%, 83%, 83.5%, and 69% for Chitin, p-Chitin, ChNFs,
and ChNGs, respectively. At higher temperatures (> 450 °C) the weight
loss was attributed to the decomposition of remaining materials, which
were more thermally stable structures, and char. Comparing ChNFs and
ChNCs, we note that the thermal degradation of ChNCs started earlier
at approximately 250 °C with a higher char value than that of ChNFs,
which started decomposing at approximately 270 °C, indicating that
ChNFs were more thermally stable than ChNCs. It is reported that this
difference is related to the difference in their particle size; in fact,
ChNCs have a smaller particle size with a high specific surface area,
which implies the presence of a higher number of free end chains on the
surface, promoting decomposition at lower temperatures (Zeinali,
Haddadi-Asl, & Roghani-Mamaqani, 2014). The final residues of chitin,
p-chitin, ChNFs, and ChNCs at 600 °C were 16.6%, 14.4%, 13.4%, and
25.9%, respectively. The highest residual mass of ChNC sample can be
explained by the presence of some mineral traces due to the introduc-
tion of inorganic ions of Cl~ into crystalline chitin during acid hydro-
lysis that can act as a flame retardant. Furthermore, the decomposition
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Table 1
Sizes of ChNCs prepared from shrimp shell chitin with acid hydrolysis in 3 M HCL
Length (nm) Width (nm) Hydrolysis conditions Reference
W 200-560 18-40 3hat 105°C Phongying, Aiba, and Chirachanchai (2007)
W 307.7 27.1 6h at 104°C Ang-atikarnkul, Watthanaphanit, and Rujiravanit (2014)
W 150-800 5-70 1.5h x 3 at 104 °C and sonication Sriupayo, Supaphol, Blackwell, and Rujiravanit (2005)
W 100-500 5-80 1.5h x 3 at boiling temperature and sonication Gopi, Pius, and Thomas (2016)
W 182 + 91 9 +3 2h at 105 °C and sonication Butchosa et al. (2013)
W 200-500 10-15 1.5h x 3 at 90 °C and homogenization Goodrich and Winter (2007)
W 160 = 77 16 = 5 1.5h at boiling temperature and sonication Perrin, Bizot, Cathala, and Capron (2014)

W 229-258 (243.5 = 55.1) 9-10 (9.7 = 3.2)

1.5h x 3 at 90 °C and sonication

This study
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Fig. 3. (a) X-ray diffraction patterns (black dotted lines) of chitin samples;
Deconvoluted amorphous halos (red dached lines) and crystalline peaks (blue
lines) are indicated together with the corresponding simulated profile (red
line). (b) TGA curves of Chitin, p-Chitin, ChNCs and ChNFs. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

of the free end chains of ChNCs, resulting from acid hydrolysis, at lower
temperature can consequently cause an increase in the final residues of
these nanomaterials (Julien, Chornet, & Overend, 1993; Rahimi,
Brown, Tsuzuki, & Rainey, 2016). Another argument can be related to
the crystallinity; in fact, since the crystalline phase in ChNC sample is
the highest compared to the other samples and considering that the
material with higher crystallinity is more stable and more resistant to
decomposition at high temperature than an amorphous material,
therefore the weight loss of the residual part of ChNCs will be less
important than those of the other samples whose initial weight contains
more amorphous part which is more sensitive to decomposition under
pyrolysis at high temperature.

3.2. Influence of treatment process on chitin nanomaterial film properties

To obtain more information about the morphology of the studied
nanomaterials, cast films prepared by air-drying the suspensions in
Teflon molds were analyzed using microscopy techniques. The surface
morphologies of ChNF and ChNC films were observed by AFM using the
tapping mode. As shown in Fig. 4, there are clear differences between
the two films. The ChNF film shows ChNFs randomly distributed and
forming aggregates (Fig. 4(a)). In contrast, in the ChNC film, in-
dividualized and well-dispersed ChNCs are seen forming aligned do-
mains (Fig. 4(b)). This result is in excellent agreement with that of Fan
et al. (2012).

Li et al. (2016) reported that in general, ChNCs are randomly dis-
tributed in the isotropic region and are almost completely organized in
the anisotropic region. The photographs in the insets of Fig. 4 show that
the two prepared films had different appearances even by visual in-
spection. The aqueous ChNC dispersion yielding a transparent and
smooth surface film was obtained by casting (Fig. 4(b), inset); in
comparison, the ChNF film appeared opaque with a rough surface
(Fig. 4(a), inset).

The microstructure of the ChNC and ChNF films was further ob-
served from the surface and fracture morphology by SEM. As shown in
Fig. 4, the surface morphology of the films is in good agreement with
those observed from AFM images. A rough surface with a clear com-
position of disordered ChNFs was observed in the ChNF film (Fig. 4(c)).
In contrast, the ChNC film showed a smooth surface because of the
order and bi-dimensional distribution of the ChNCs (Fig. 4(d)). Cross-
section micrograph of the ChNC film (Fig. 4(f)) shows that it is more
tightly packed together than the ChNF film (Fig. 4(e)). In contrast, the
ChNF film showed numerous cavities that may be explained by the
network formed by the over-lapped ChNFs. Indeed, contrary to the
ChNCs, the ChNFs are flexible and can become entangled with each
other.

The mechanical properties (Young’s modulus, strength, and elon-
gation at break) of such nanochitin films were also investigated at room
temperature. The results are shown in Fig. 5. The ChNF film had higher
tensile strength and elongation at break than the ChNC film; such re-
sults support the notion that the high aspect ratio and entanglement of
ChNFs, which were much higher than those of ChNCs, had an important
effect on the mechanical characteristics of the nanochitin films. It has



F. Larbi et al. Carbohydrate Polymers 196 (2018) 385-397

Fig. 4. AFM images of self-standing film surfaces of (a) ChNFs and (b) ChNCs. SEM images of nanochitin films of (c,d) surface and (e,f) fracture section in (c,e) ChNF
film and (d,f) ChNC film.

been reported that large aspect ratios are beneficial for the formation of simultaneously avoiding the premature rupture of some polymers (Li
a strong and entangled network, leading to the superior reinforcement et al., 2016). The large difference between the elongations at break of
capacity of nanofillers in different polymer matrices while the two films is mainly related to the entanglement, nanoporosity, and
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Fig. 5. Mechanical properties of nanochitin films.
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ferent concentrations.

close interaction between the nanomaterials, which occurs during the
formation of each film. In contrast, there was no significant difference
between the Young’s moduli of the two films. The Young’s modulus of
ChNFs found in the current study ~1.31 GPa was very close to a pre-
vious result (Ifuku et al., 2012), which was 1.80 GPa, whereas the
tensile strength of the ChNF film of this study ~67.7 MPa was much
greater than that reported by Ifuku et al. (30 MPa). This result is
probably due to the different conditions of mechanical tests—measured
at 0.06 mm min ! in the current study and 1.0 mm min~? in the cited
study. Additionally, the origin of chitin and the preparation of ChNF
film used by Ifuku et al. were completely different from that of ours.
Ifuku et al. prepared their ChNF films from crab shell chitin using a
filtration process under reduced pressure, whereas we prepared our
films from shrimp shell chitin using a solvent casting process. However,
there are few reported studies about the mechanical properties of ChNC
films. In this study, the Young’s modulus and tensile strength were
smaller than those reported earlier (Fan et al., 2012); whose Young’s
modulus and tensile strength of the ChNC film prepared from crab shell
a-chitin were (5.7 = 1.6) GPa and (49 * 4.6) MPa, respectively.

3.3. Rheological properties of nanochitin suspensions

The viscosity is another important parameter that can be affected by
the morphology of chitin nanomaterials. Fig. 6 shows the plots of
viscosity versus shear rate for ChNF and ChNC suspensions at two dif-
ferent concentrations: 1 wt% and 2 wt%. The ChNF and ChNC suspen-
sions had the same rheothinning tendency: the viscosities of the sus-
pensions decrease with the increase of shear rate and with the decrease
of concentration for the two nanodispersions; however, this fact was
more visible for the ChNF suspension. In addition, the viscosity differ-
ence between the two different concentrations of ChNFs was higher
than the difference observed for ChNCs.

Moreover, a large difference was observed between the viscosities of
ChNF and ChNC suspensions. Indeed, the viscosity of the ChNF sus-
pension was remarkably higher than that of the ChNC suspension at the
same concentration throughout the range of the shear rates studied.
This link to the higher flexibility and aspect ratio resulted in more in-
tense percolation at similar concentrations. Zhang, Chen et al. (2015)
and Zhang, Liu et al., (2015) also reported that such result is explained
by the difference between the aspect ratios of the two nanomaterials,
which has an important impact on the viscosity. In addition, Li, Revol,
Marchessault et al. (1996) mentioned that the rheological properties of
a suspension are also influenced by the inter-particle dispersion forces
and electrostatic repulsive forces. Thus, these results demonstrate that
viscosities of chitin nanodispersions are strongly dependent of the
morphology and size of the nanomaterial.
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3.4. Pickering emulsions

Emulsions are of considerable practical interest because of their
extensive applications in many medical and pharmaceutical prepara-
tions, food, cosmetics, petroleum products, road construction and
maintenance techniques, and agriculture (Chappat, 1994; Tzoumaki,
Moschakis, Kiosseoglou, & Biliaderis, 2011). Emulsions are systems
consisting of dispersed droplets of one liquid in another in which it is
not soluble or miscible (Cunha, Mougel, Cathala, Berglund, & Capron,
2014; McClements, 2007). One of the most important properties of an
emulsion that has direct impact on its application in many industrial
products is its stability, which is defined as its ability to resist changes
in its physicochemical properties overtime (McClements, 2007). Re-
cently, it was shown that cellulose nanocrystals are good candidates for
Pickering emulsions, emulsions where a solid phase exists at the in-
terface between water and oil (Kalashnikova, Bizot, Bertoncini, Cathala,
& Capron, 2012; Laitinen, Ojala, Sirvio, & Liimatainen, 2017; Wang
et al., 2016).

In this study, we investigated the preparation and characterization
of sunflower oil-in-water emulsions stabilized by ChNCs and ChNFs,
referred to as Pickering emulsions. The emulsion characterization was
performed by visual observation. The objective was to have a pre-
liminary idea about the influence of ChNCs and ChNFs—with their
different shape and morphology—on the stability of emulsions for-
mulated with them and to simultaneously try to perform a comparative
study between the two Pickering emulsions. As stated previously, the
ChNC and ChNF concentrations were varied from 0.1 to 1.4 wt% of the
total weight of the emulsions. Fig. 7 shows the CI plotted as a function
of aging time over 42 days for all emulsions. It is clear that the CI de-
pends on the time at which the measurement is made. The CI of ChNF
and ChNC emulsions increased quickly to reach a plateau only a few
days after preparation (Fig. 7(a) and (b), respectively). The increasing
concentration of chitin nanomaterials reduced the CI, meaning a better
stabilization of the emulsions was induced. The ChNF emulsions de-
monstrated better ability at emulsion stabilization than ChNC emul-
sions at the same concentrations, especially for ChNF concentrations
greater than 0.8 wt% (Fig. 7(c)). Similar improvement to creaming
stability for Pickering emulsions with increasing chitin nanoparticle
concentrations has been observed (Tzoumaki et al., 2011). Moreover,
the effect of concentration on the CI of ChNCs in Pickering emulsions
was not as significant as the effect of ChNF concentrations. For ex-
ample, the CIs of emulsions stabilized by ChNC concentrations of 0.1 wt
% and 0.8 wt% after 42 days were 76.6% and 69.3%, respectively,
whereas those of emulsions stabilized by ChNFs at the same con-
centrations were 61.28% and 11.6%, respectively.

Images of freshly prepared emulsions and those after a storage time
of 42 days are shown in Fig. 7(d). We observed that creaming occurred
in all ChNC emulsions, which suggested that the overall density of
emulsion droplets was lower than that of water (Zhang, Chen et al.,
2015; Zhang, Liu et al., 2015). In contrast, a thin oil layer was observed
on the top of emulsions prepared with ChNC concentrations from 0.1 wt
% to 0.4wt%; this phenomenon is referred to as “oiling off”
(McClements, 2007). This behavior is related to coalescence that may
take place at low concentrations of chitin nanoparticles. It has been
reported that particle concentrations affect the extent of coalescence
during emulsification of solid-stabilized emulsions; in fact, the coales-
cence can be reduced by increasing the number of chitin nanoparticles
in emulsions, which allows for the formation of networks of aggregated
particles in the continuous phase, reducing the number of emulsion
droplet collisions by providing a physical barrier against coalescence
(Binks & Whitby, 2004; Mwangi et al., 2016; Tzoumaki et al., 2011).
However, creaming of emulsions stabilized by ChNFs occurred for
emulsions prepared with concentrations below 1 wt%. The emulsions
stabilized by 1wt% ChNFs showed slight creaming after 23 of days
storage, whereas that stabilized by 1.4 wt% ChNFs exhibited no distinct
creaming throughout the storage time.
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3.5. Cytotoxicity of chitin nanomaterials

The studied chitin nanomaterials seem promising for some appli-
cations such as rheology modifiers or emulsion preparation. It was
therefore appropriate to check if they present any cytotoxicity. To our
knowledge, this is the first time that such characterization has been
proposed. Extracts prepared from ChNCs and ChNFs did not indicate in
vitro cytotoxicity to fibroblast-like and epithelial-like cells. The viabi-
lity of the MDCK and MDCK-SIAT epithelial-like cells (Fig. 8(a) and (b),
respectively), and the viability of Cos-1 and Cos-7 fibroblast-like cells
(Fig. 8(c) and (d), respectively) that grew in the presence of different
concentrations of ChNC and ChNF extracts (in the range of 0.15-10%
w/v) were similar (p > 0.05) to the percent viability of their respective
controls or cells grown in the presence of medium alone, corresponding
to the 0% dose.

These results are clearly indicated in the morphological analysis of
the cells exposed to extracts of ChNCs and ChNFs in Fig. 9, which shows
the morphology of MDCK and Cos-7 cells as representatives of epithe-
lial-like and fibroblast-like cells, respectively. In the case of epithelial-
like MDCK cells, their characteristic polarization showed the formation
of a monolayer with intimately connected cells (Fig. 9(a)-(c)); it is
evident that the extracts of ChNCs and ChNFs did not have toxic
components that could alter the integrity of cells grown in the mono-
layer. Similarly, the growth of Cos-7 cells of the fibroblast-like type in
the presence of extracts of ChNCs and ChNFs (Fig. 9(e) and (f), re-
spectively) occurred in similar way as the control (Fig. 9(d)). These
fibroblast-like cells had growth in clusters and the cells were bound by
cytoplasmic extensions such as lamellipodia and filopodia. Thus, the
morphological and quantitative evidence of the growth of fibroblast-
like and epithelial-like cells showed that both the ChNCs and the ChNFs
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prepared in this study did not show any cytotoxic effect for in vitro-
cultured cells.

3.6. Process and energy comparison

The studied nanopolysaccharides possess interesting properties de-
pending on their preparation procedure, and they are not cytotoxic.
This is encouraging but not entirely sufficient for further utilization.
Indeed, recent studies have mainly focused on the preparation and
applications of ChNFs and ChNCs, but there are no published data from
a process engineering and economic standpoint on the cost of produc-
tion of such nanomaterials. Here, we provide information about the
production cost of each nanomaterial using process engineering simu-
lation. In Fig. 10, water, chemical, and energy requirements and asso-
ciated costs are shown (see also Table S1 in Supplementary Data). The
simulation of the purification process (Fig. 10(a)) revealed that huge
amounts of chemicals and energy were consumed per kilogram of chitin
(3.628 kg and 17.64 kW, respectively). Because of long pretreatment
times (up to 6 h) at moderate temperature (80-100 °C) and use of ex-
pensive reactants, new chitin purification techniques should be devel-
oped for future industrial up-scaling. The ChNF preparation process
(Fig. 10(b)) had a low water and chemical burden (0.066 m® and
0.112kg, respectively), and the cost incurred by mechanical defi-
brillation would be admissible at the evaluated production scale (0.045
€/kg chitin). For high—production-capacity mills, this issue could be
considered determinant regarding economic suitability/viability stu-
dies (Fan et al., 2012; Qing et al., 2013). Considering the ChNC pro-
duction process (Fig. 10(c)), water requirements comprised 34% of the
related total process cost (5.457 €/kg of initial chitin). As in the con-
ventional nanocrystal production process (Goodrich & Winter, 2007;
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Fig. 8. In vitro cell growth in presence of different concentrations of ChNC and ChNF extracts. (a) MDCK, (b) MDCK-SIAT, (c) Cos-1, and (d) Cos-7 cells. The control is

the 0% concentration.

Novo et al., 2015), energy consumption was moderate (9.741 kW/kg of
initial chitin), but large amounts of acid (8.610kg HCl/kg of initial
chitin) and water for washing (2.096 m®/kg chitin) were required.
Thus, considering the simulation results, an economic estimation can be
performed for ChNC and ChNF production, respectively, yielding
11.893 € and 6.688 € per kilogram of initial chitin. These values may
appear high, but they become reasonable if we consider that there is
still room for optimization and that price of nanopolysaccharides, like
nanocellulose, is in the same range or even higher. Large-scale

production of ChNFs seems to be the most promising strategy for fur-
ther developments.

4. Conclusion

ChNCs and ChNFs were successfully extracted from similar com-
mercial shrimp shell a-chitin. The properties of nanodispersions and
their cast films were characterized. The average widths and lengths of
ChNFs were (8.7 + 3.2)nm and (673.9 * 263.3) nm, respectively,

Fig. 9. Optical microscopy images showing the morphology of in vitro cell growth: (a)-(c) epithelial-like MDCK cells and (d)—(f) fibroblast-like Cos-7 cells.

395



F. Larbi et al.

Chitin

Carbohydrate Polymers 196 (2018) 385-397

ChNF preparation

"

255 00 rpm

b) i—
seon)

10min

AN

65.9kg Water (0.06 €)
0.1kg Chemicals (0.19 €)
0.8kWh Energy (0.04 €)

a)
water water
o °c
100°C Purified
319.0kg Water (027 €) e chitin
3.8kg Chemicals (5.18€) :
16.6kWh Energy (0.97 €) v
5% KOH overnight waste waste
1:22.5S/L 17 g/L NaClO, 5%KOH
- g s 03MNaOAc | 1:225S/L
Purification 1:22.5S/L
water Wﬂtﬂ' wm

ChNC preparation ¢)

‘_> .y

20 °C
90 min

3MHCI
1:30 S/L

2158.7kg Water (1.83€)
8.6kg Chemicals (3.06 €)
9.7kWh Energy (0.57 €)

Fig. 10. Schematic diagram displaying the processes (i.e., main considered steps, conditions, and streams) and the required amounts and costs of water, chemicals,
and energy per kg of initial chitin for (a) purification, (b) ChNF production, and (c) ChNC production.

whereas  those for ChNCs were (9.7 = 3.2)nm  and
(243.5 = 55.1)nm, respectively. The casting film obtained from
ChNCs exhibited high transparency but lower mechanical properties
than ChNF film; thus, ChNFs offer superior nanomaterial reinforcing
performance to ChNCs. The studies on rheological and emulsion
properties indicated clear correlations to the aspect ratios and sizes of
nanomaterials. In fact, ChNFs, which were longer and more flexible
than ChNCs, displayed better Pickering emulsion stabilization ability
and higher viscosity than ChNCs. The cytotoxicity data generated in
this study showed for the first time that chitin nanomaterials had no
toxic effect on epithelial and fibroblast cells, which suggests the pos-
sibility of their use in biological, medical, and food applications. A
process engineering simulation was used to evaluate the energy and
chemical consumption for each process of production, which demon-
strated the lower cost, energy consumption, and simpler manufacturing
facility for ChNFs compared to ChNCs. Overall, aside from the trans-
parency of ChNC films, ChNFs had superior performance in all con-
sidered aspects.
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