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ARTICLE INFO ABSTRACT

Keywords:

The extraction of nanochitin from marine waste has attracted great industrial interest due to its unique prop-
erties, namely biodegradability, biocompatibility and as a functional reinforcing agent. Conventional acid hy-
drolysis isolation of nanochitin requires high temperatures and acid concentration, time and energy. Herein, for
the first time, microwave irradiation method was used as an eco-friendly approach to isolate nanochitin from
different sources. The isolation conditions were optimized through an experimental Box-Behnken design using
surface response methodology. The data showed optimal conditions of 1 M HCI, 10.00 min and 124.75 W to
obtain lobster nanocrystals; 1 M HCl, 14.34 min and 50.21 W to obtain shrimp nanocrystals; and 1 M HCI, 29.08
min and 54.08 W to obtain squid pen nanofibres, reducing time and HCl concentration. The obtained isolation
yields where of 85.30, 79.92 and 80.59 % for lobster, shrimp and squid, respectively. The morphology of the
nanochitins was dependent of the chitin origin, and the lengths of the nanochitins were of 314.74, 386.12 and >
900 nm for lobster, shrimp and squid pen, respectively. The thermal stability of the ensuing nanochitins was
maintained after treatment. The results showed that nanochitin could be obtained by using an eco-friendly

Microwave irradiation
Alpha-chitin nanocrystals
Beta-chitin nanofibres

approach like microwave irradiation.

1. Introduction

In recent years, the production of fishery by-products has consider-
ably risen causing serious environmental problems due to its high
chemical oxygen demand and presence of fats, pathogens, and others
[1]. Nonetheless, because of the high content in proteins, minerals and
polysaccharides present in these by-products, it has been observed an
increasing interest in their valorisation [1,2]. Among the marine-derived
polysaccharides, chitin (CH, poly p-(1-4)-N-acetyl-D-glucosamine), ob-
tained mainly from seafood wastes like shrimp, crab, lobster and squid
pen is renewable and abundant, and, in a near future, chitin will become
one of the most important organic raw materials [3-5].

Being a supporting material in living organisms, chitin presents a
highly-organized micro- and nanofibril structure, which contains crys-
talline and amorphous domains [4,6-8]. Depending on its origin and
under controlled extraction conditions, it is possible to isolate chitin
microfibrils in the form of nanocrystals (6-60 nm in width and 100-800

* Corresponding authors.

nm in length) and nanofibres (10-100 nm in width and many micro-
metres in length) in the alpha form (o), which is the most common,
contains alternate antiparallel chains or beta form () that is formed by
parallel chains [6,8,9]. Several studies have demonstrated the advan-
tages of their unique properties such as small size, low density, high
surface area, good chemical reactivity, biocompatibility, biodegrad-
ability, low toxicity, antimicrobial and antioxidant activity, and excel-
lent mechanical performance [10,11]. These qualities generate a high
interest in different industrial sectors (e.g. cosmetics, medical and food
industries) as functional and reinforcing agents in nanotechnology and
materials science [9,12].

For the isolation of nanochitin, from the extracted macroscopic
chitin, the ‘top-down’ strategy is the most common and refers to the
isolation of nanostructured crystals or fibrils via chemical or physical
methods. For instance, the most popular of conventional methods to
isolate chitin nanocrystals is strong acid hydrolysis. On the other hand,
chitin nanofibres have been obtained by mechanical approach or by

E-mail addresses: jalel.labidi@ehu.es (J. Labidi), susana.fernandes@univ-pau.fr (S.C.M. Fernandes).

https://doi.org/10.1016/j.ijbiomac.2021.07.048

Received 14 January 2021; Received in revised form 5 July 2021; Accepted 6 July 2021

Available online 9 July 2021
0141-8130/© 2021 The Authors.

(http://creativecommons.org/licenses/by-ne-nd/4.0/).

Published by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license


mailto:jalel.labidi@ehu.es
mailto:susana.fernandes@univ-pau.fr
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2021.07.048
https://doi.org/10.1016/j.ijbiomac.2021.07.048
https://doi.org/10.1016/j.ijbiomac.2021.07.048
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2021.07.048&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

R. Fernandez-Marin et al.

ultrasonic technique [6,7,13]. Nonetheless, these treatments require
high temperature and long reaction times, which implicates high-energy
consumption [13-15]. There is an evident need of new eco-friendly and
sustainable alternatives for the extraction of nanochitin.

An alternative methodology could be the microwave-assisted
extraction (MAE) irradiation that presents low energy consumption,
fast reaction and high production yield. The MAE consists of applying an
electromagnetic field to a sample with polar solvents. The electromag-
netic waves cause the dipoles of the molecules to try to align themselves
with the field and produce frictions and collisions that raise the tem-
perature [16,17]. Some researchers reported the extraction of chitin or
chitosan with microwave irradiation technique. For instance, in a study
realised by [18], the extraction time of a- and B-CH and chitosan
decreased from 6-10 h to 10-15 min by using microwaves approach.
Similarly, [3] achieved a-chitin and chitosan from shrimp, reducing the
extraction time to 24 min by microwave. Also, [19] showed an experi-
mental design where the demineralization step was optimized to obtain
a-chitin from lobster employing 23 min under microwave irradiation.
However, to the best of our knowledge, no literature was found related
with the isolation of nanochitin by using microwave methodology.

In this context, in the present study, we propose to optimize the
isolation conditions of a-chitin nanocrystals from shrimp and yellow
lobster and f-chitin nanofibres from squid pen by using the microwaves
irradiation methodology through an experimental Box-Behnken design
using surface response methodology. The chemical structure, crysta-
linity, thermostability and morphology of the nanochitin were also
assessed.

2. Materials and methods
2.1. Raw materials and chemicals

Powder a-chitin from shrimp shells (a-CHg) and powder B-chitin
from squid pens ($-CHgp) were kindly supplied by Mahtani Chitosan PVT
Ltd., India. Powder a-chitin from yellow lobster (Cervimunida johni)
shells (a-CHp) was extracted in-house based on our previous Works
[20,21]. Antarctic Seafood S.A. (Chile) kindly provided the yellow
lobster shell wastes. Hydrochloric acid (HCl, 37%, ACS reagent) was
purchased from Sigma-Aldrich.

2.2. Experimental design of microwave-assisted isolation of nanochitin

2.2.1. General experimental procedure

Each chitin sample (1 g) was hydrolysed under vigorous stirring by
microwave irradiation technique (Discover system, CEM, USA). The
reaction conditions were adapted from the previously reported protocol
[20] by using variable concentration of hydrochloric acid from 1 to 3 M
(Tables 1 & 2) and a fixed chitin:HCI ratio (CH:HCI) of 1:30 w/v. After
MAE, each reaction mixture was stopped by diluting it with ice-bath and
washed twice by filtration. The reaction mixtures were finally dialyzed
against distillate water (Regenerated Cellulose dialysis tubing: MWCO
12-14 kDa) until the pH of the surrounding bath remained stable (pH 5).

Table 1
List of the experimental variables involved in the microwave-assisted isolation of
nanochitin.

Variable Nomenclature ~ Units  Value or
range
Fixed CH:HCl Ratio g/ 1:30
mL
Independent  HCI concentration HCl M 1-3
Reaction time t min 10-30
Microwave power P w 50-200
Dependents Nanochitin isolation Y. % -
yield Ys
Ysq
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The samples were then stored in refrigerator at 4 °C until analysed.
Three different nanochitin samples - (i) a-nanochitin from lobster
(a-NCHy), (ii) a-nanochitin from shrimp (a«-NCHg), and (iii) p-nanochitin
from squid pen (B-NCHgp) - were obtained.

2.2.2. Experimental design and determination of the optimal isolation
conditions

Response surface methodology (RSM) was used to analyse the effect
of HCI concentration (HCI, M), reaction time (t, min) and microwave
power (P, W) on the isolation yield of nanochitin: a-NCH;, a-NCHg and
f-NCHgp. A Box-Behnken Design (BBD), which consists of 15 experi-
ments of which 3 corresponds to the replicates in the central point, was
selected for the experimental design and optimization. The experimental
design was created and the optimum conditions were predicted with the
desirability function of Statgraphics Centurion version XV software
(StatPoint Technologies INC., Warrento, VA, USA). Regression analysis
function of Microsoft Excel Add-In, USA was employed to fit the
experimental data obtained in the experimental design.

In order to adjust the experimental data a second-order polynomial
equation was employed as described in Eq. (1):

k k
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pa p

k
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|
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where K represents the number of factors (3), Y represents the depen-
dent variables: Yy, (%, Yield of a-NCHy), Y (%, Yield of a-NCHs) and Ysq
(%, Yield of B-NCHsp). Bo, Bi, Pii and fj; represent the regression coeffi-
cient calculated from the experimental results employing the least-
squares method, X; and X are the dimensionless and normalized inde-
pendent variables, which present variation ranges from —1 to 1 and ¢ is
the experimental error. The model was validated by evaluating the lack
of fit, the coefficient of determination (RZ), significance of the regression
coefficients, the F-test value acquired from the analysis of variance
(ANOVA).

The experimental variables implicated in the study are outlined in
Table 1, which includes the fixed and independent variables and their
values or range. The dependent variables that correspond to the nano-
chitin yields obtained from lobster (Y1), shrimp (Ys) and squid pen (Ysq)
are also listed.

The isolation yields of nanochitins were determined according to the
method of [22] with slight modifications (Eq. (S1), Supplementary
material).

2.3. Characterization of the raw materials and isolated nanochitin

2.3.1. Attenuated total reflection-Fourier transform infrared radiation
(ATR-FTIR)

The ATR-FTIR spectra of shrimp, lobster and squid pen powder chitin
and of the obtained nanochitin were collected to analyse their chemical
structure by using a Perkin Elmer Spectrum FT-IR spectrometer (Wal-
tham, MA, USA). A total of 64 scans were accumulated in transmission
mode with a resolution of 4 cm™. The spectra were recorded from a
range of 600-4000 cm ™! using ATR mode of operation following the
method of [23].

2.3.2. BC-Nuclear magnetic resonance spectroscopy ( 3¢ NMR)
Solid-state '3C nuclear magnetic resonance spectroscopy (:*C NMR)
was recorded using a Bruker Advance III 400WBplus (MHZ) (Bruker,
USA) spectrometer to obtain the lobster, shrimp and squid pen chitin
and nanochitin at the optimal isolation conditions spectra following
[25] method. The degree of N-acetylation (DA %) was estimated ac-
cording to the [24] method (Eq. (S2), Supplementary material).

2.3.3. The X-ray diffraction (XRD)
The samples were analysed by XRD spectra using a Philip X’pert Pro
automatic diffractometer (Phillips N.V., Amsterdam, Netherlands)
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Table 2
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Box-Behnken experimental design with operational conditions expressed in terms of dimensional and dimensionless independent variables HCl (HCI concentration, M)
(X1); t (time, min) (X2); P (power, W) (X3) and experimental responses obtained for dependent variables (nanochitin yield: Y;, Ys and Ysg).

Experiments Independent variables Normalized variables Dependent variables
HCl (M) t (min) P (W) Xy Xo X3 Y. Ys Ysq

1 3 20 50 1 0 -1 83.71 75.03 68.57
2 2 20 125 0 0 85.47 71.03 73.30
3 1 20 50 -1 0 -1 88.42 77.85 76.60
4 2 10 50 0 -1 -1 87.73 78.61 71.91
5 1 30 125 -1 1 0 89.33 68.62 74.72
6 1 10 125 -1 -1 0 90.56 76.55 76.35
7 3 10 125 1 -1 0 88.25 49.71 70.98
8 2 30 50 0 1 -1 84.84 61.80 70.86
9 3 30 125 1 1 0 83.33 56.09 47.77
10 2 20 125 0 0 0 85.86 70.55 70.49
11 1 20 200 -1 0 1 89.20 76.53 74.10
12 2 10 200 0 -1 1 86.76 74.56 72.32
13 3 20 200 1 0 1 82.98 64.50 51.27
14 2 30 200 0 1 1 85.04 57.60 54.35
15 2 20 125 0 0 0 86.22 72.47 70.58

following the [25] method. The data was scanned in the 26 angles from 5
to 70° using Cu-Ka radiation at 40 mA and 40 kV. The crystallinity index
(C.I. %) was determinate according to the the [18] method (Eq. (S3),
Supplementary material).

2.3.4. Thermogravimetric analysis (TGA)

The thermal properties of the native chitin and nanochitin samples
were carried out in a TGA/SDT 851 Mettler Toledo instrument (Mettler
Toledo, New Castle, USA) following [23]. For the analysis, 6 mg of each
sample were used and were heated from room temperature to 800 °C at a
constant rate of 10 °C min~ ! under a nitrogen atmosphere with the flow

rate of 20 mL min~".

2.3.5. Atomic force microscopy (AFM)

This technique was used to assess the morphology and size distri-
bution of the obtained nanochitins. AFM pictures were collect using a
Dimension 3100 NanoScope IV (Veeco, USA) following [25]. The images
were scanned at room temperature using tapping mode with silicon
nitride cantilever and 10 nm tip nominal radius at a frequency of 1 kHz.
Ten measurements in random locations of each sample were done and
the average length and width values were then calculated with Nano-
Scope Analysis 1.9 software.

3. Results and discussion
3.1. Optimization of the isolation conditions for obtaining nanochitin

Conventional nanochitin isolation involves long and hard hydrolysis
conditions, namely, the use of high concentration of HCl and time. These
parameters affect the final nanochitin yields and properties, as well as
the cost and environmental impact. Thus, it is crucial to find novel
sustainable approaches to isolate nanochitin from chitin and optimize its
isolation. Herein, the combination of response surface methodology and
Box-Behnken design was used in order to optimize the isolation condi-
tions, taking into account the most influential variables in the process
(HCI concentration, reaction time and microwave power) to obtain the
most interesting nanochitin yields of 3 different chitin origins, using an
eco-friendly approach: microwave-assisted irradiation. Microwave
irradiation was chosen because of lower energy consumption, shorter
reaction times and higher yields. Table 1 lists the experimental plan
including the fixed variable (CH:HCl ratio), the independent variable
(concentration of HCI; t and P) and the dependent variables (nanochitin
yields: Y1, Ys and Ysg). A summary of the set of experiments that were
designated by the Statgraphics software, as well as the experimental
results obtained for the dependent variables is shown in Table 2.

The determination coefficient R? indicates the validity of the design
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by explaining the total variations of the model [26,27]. Thus, as can be
seen in Table S1 (Supplementary material), the determination co-
efficients R? obtained for nanochitin from lobster (a-NCHp) and from
squid pen (B-NCHgp) were 0.9802 and 0.9905 respectively, indicating
that only 0.0198% and 0.0095% of the total variations remain unex-
plained with the selected model. These values indicate that the selected
model is adequate to represent the relationships between the selected
variables. In addition, Fisher’s F-test evaluates the model’s predictive
goodness. The samples from o-NCHy and p-NCHs, showed F-experi-
mental (27.5041 and 58.0143, respectively) higher than the F-critical
values for 9 degrees of freedom. This confirms that the model is statis-
tically relevant. On the other hand, in the case of nanochitin from
shrimp a-NCHs, although R? and F values (0.8122 and 2.4024, respec-
tively) were significantly lower, can be considered suitable to validate
the model.

It was shown that the isolation yields are dependent of the source of
chitin (Table 2). Therefore, the yield ranged from 82.98% (exp. 13) to
90.56% (exp. 6) for a-NCHp, from 49.71% (exp. 7) to 78.61% (exp. 4) for
a-NCHjg, and from 47.77% (exp. 9) to 76.6% (exp. 3) for f-NCHsp,. Also,
the regression coefficients summarized in Table S1 (Supplementary
material) showed different behaviour depending on the feedstock. For
instance, in the case of p-NCHg), the independent variables that showed
more influence in the isolation yield were the HCl concentration (X;)
and the time (X5) as well as the interaction between both and their
quadratic effect. The quadratic effect of power (x3) also demonstrated
influence with a 95% confidence interval. In the case of a-NCHg, only
two variables were significantly relevant (>90%), the linear effect of
temperature and the quadratic effect of time An explanation for this
could be the low adjustment showed by the design (R?> = 82.64%).
Finally, for a-NCHg, all independent variables, as well as the interaction
between them and their quadratic effects influenced the isolation yield.

3.2. Isolation yield

The interaction between the independent variables and their influ-
ence on the a-NCH, a-NCHs and p-NCHjg,, isolation yields are shown in
Fig. 1.

Fig. 1-1 displays the influence of the independent variables time (X3)
and power (X3) on the samples yield when the HCI concentration was set
to the midpoint value (X; = 0). This figure shows that time had a sig-
nificant influence on the obtained nanochitin yield, the latter increase
with the decrease of the reaction time. Nonetheless, due to the different
contributions of the quadratic coefficients of time in the regression
equation (see Table S1, Supplementary material), two different behav-
iours are differentiated between the samples: (1) in o-NCH;, sample
(Fig. 1-1a) a slight decrease in yield is observed as the time reduces to a
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Fig. 1. Isolation yield as a function of: 1) time (t) and power (P) at a fixed HCI concentration (HCI) (X; = 0); 2) HCI concentration (HCl) and power (P) as a fixed time
(X2 = 0); 3) time (t) and HCI concentration (HCI) at a fixed power (P) (X3) for: a) a-NCHy, b) a-NCHg and c) f-NCHsp.

minimum, after which a decrease in reaction time leads to an increase in
yield, this is explained by the positive contribution of the quadratic
coefficient of time; and (2) in a-NCHs (Fig. 1-1b) and p-NCHsp, (Fig. 1-1c)
samples, the opposite effect is observed due to the negative contribution
of this coefficient meaning that the yield increased to a maximum as the
reaction time decreased, after which a diminution in time decreased the
yield. This behaviour was most pronounced for chitin shrimp feedstock
(Fig. 1-1b). Interestingly, the data indicated that power (P, W) does not
show a major influence on the isolation yield of a-NCHj, and a-NCHg
samples; however, for the 8-NCHs;, sample the results indicated that an
increase in power dramatically decrease the yield. Only in this case the
independent variable power shows influence on the model (Table S1).
The independent variable X3 exhibit the same behaviour in Fig. 1-2,
in which the influence of the HCI concentration and power when the
time value was fixed at a middle point value (X; = 0) is displayed. In this
case, it should be noted that a reduction on the HCI concentration
increased the obtained isolation yield in all samples. In addition, the
lowest yield in all three cases was obtained when the HCI concentration
and the microwave power were at their maximum levels. However,
while in the case of a-NCHy, (Fig. 1-2a) at high HCl concentration a drop
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in the power does not have a relevant influence in the obtained nano-
chitin yield, in the case of a-NCHg (Fig. 1-2b) and p-NCHg), (Fig. 1-2c) the
yield was increased substantially by decreasing the power.

Finally, the relationship between the independent variables that
most influence the model, time and HCI concentration, by keeping the
power at the midpoint (X3 = 0) is represented in Fig. 1-3. This figure
showed that a decrease in the HCl concentration together with low re-
action times have a positive effect on obtaining nanoforms. Nonetheless,
slight differences can be noticed among the three samples. On the one
hand, in the case of a-NCHy, (Fig. 1-3a) the yield decreases when the
reaction time is reduced, but due to the positive contribution of the
quadratic coefficient of time the trend changes and the yield increases,
obtaining the maximum yield with minimum HCl concentration and
reaction time. Nevertheless, for a-NCHs and p-NCHgy, Fig. 1-3b and -3c,
respectively, in which the contribution of the quadratic coefficient of
time is negative, the tendency is just the opposite. This means that the
yield first rises as the time goes down to a maximum and afterwards it
decreases.
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3.3. Optimization of isolation conditions and validation of the model

The aim of the optimisation was to determine the optimal conditions
for maximising the isolation yield of nanochitin from different chitin
sources used in this study. Therefore, the dimensionless and dimensional
values of the independent variables obtained through Statgraphics
Centurion XV software are summarized in Table 3.

A triplicate of the experiments was performed to validate the model
under optimal conditions. A comparison was made between the ob-
tained results and the theoretical ones (Table 3). The experimental re-
sults are in agreement with those predicted by the software, which
validates the selected design (Box-Behnken).

Authors such as Yuan et al., who studied the isolation of nanocrystals
from crab shells, obtained similar yields. In this study, different isolation
yields between 78 and 87.5 % were obtained by ultrasonic treatment
among 1 and 3 h [28]. Other authors such as [29] showed lower isola-
tion yields (55-60%) when acid hydrolysis with 3 M HCI at 100 °C was
performed during 3 h for the isolation of crab nanocrystals. Other au-
thors showed that the isolation yield of nanochitin is usually in the range
of 40 to 86 % and for the CHNF is between 75 and 84 % depending on
the reaction time and the source of chitin [30-32]. These results
demonstrated that similar yields to traditional methods could be ob-
tained by reducing the reaction time using the microwave technique.

3.4. Characterization of the ensuing Nanochitin

3.4.1. Chemical structure and crystallinity
The chemical structure of the samples was assessed by ATR-FTIR and
by 13C NMR (Fig. 2).

3.4.1.1. ATR-FTIR. As shown in Fig. 2-a, there were no changes in the
ATR-FTIR spectra when the raw chitin samples and the isolated nano-
chitin samples were compared.

a-CH bands from lobster and shrimp and their corresponding
o-NCH;, a-NCHg showed similar bands around at 3438 cm™! and 3260
em ™! corresponding to the O—H and N—H stretching vibrations. The
amide I and amide III were observed around 1554 cm ™' and 1309 cm ™ ?,
respectively [33,34].

Regarding the FTIR spectra of p-CH and B-NCHgp, they displayed
similar absorption bands. For both, it was observed the band at 3278
em ! and 2875 ecm ™! corresponding to the O—H and C—H stretching
vibration; the peaks at around 1549 cm ™! corresponding to amide II; the
bands at 1374 cm ™! and 1308 cm ™! assigned to the stretching band of
C—H of methyl groups; and the peak at 1027 cm™ corresponding to
C—O stretching [35,36].

Interestingly, it was observed a difference between the «- and
B-structures in the amide I band. In the a-chitin structure spectrum, two
disticted bands were observed around 1654 cm ™! and 1621 cm™! that
have been assigned to the single H-bonded and double H-bonded,
respectively; whereas for the p-structure a unique single band was
observed at around 1631 cm ™! [33,35].

3.4.1.2. 13C NMR. Fig. 2-b shows the 13C NMR spectra of a-NCH;, and

Table 3

International Journal of Biological Macromolecules 186 (2021) 218-226

a-NCHjg, B-NCHsy. In all samples, the methyl group (CH3) was observed
around 23 ppm and carbonyl group (C=0) at 173 ppm. The signals
between 58 and 100 ppm were attributed to the carbon atoms of p-
glucopyranosyl ring, where the peaks located at 104, 82, 61 and 55 ppm
were assigned to C1, C4, C6 and C2, respectively, for all samples. The
chemical shifts of C5 and C3 of a-NCH}, and a-NCHg appeared as a
doublet at 75 and 73 ppm because of the different configurations;
nonetheless, the peaks of C3 and C5 (C5/C3) of p-NCHg, sample merged
into single resonance at 75 ppm, which is typical of beta-chitin struc-
tures [4,37]. Interestingly, in the present solid-state 13C NMR spectra,
there are no protein peaks (C-O: 180 ppm; C-N: 55 ppm).

The values determined by Eq. (S2), (Supplementary material) [24]
showed that a-NCH}, and a-NCHg have a DA equal to 90 and 91 %,
respectively, and 88 % for f-NCHgp,. These results are in accordance with
previous works about nanochitin isolated from different sources
[25,38-41].

3.4.1.3. XRD. The XRD patterns of a-CH and a-NCH from lobster and
shrimp and p-CH and p-NCHs, were employed for study their crystal
structure (Fig. 3-a).

All the XRD patterns of shrimp and lobster were very similar. The
diffractograms exhibited the typical diffraction pattern of both a-NCH
(lobster and shrimp) in which 5 crystalline reflection were observed
between the ranges 5-40 in 20. a-NCH|, and a-NCHg demonstrated two
narrow and strong crystalline peaks at 9.5 and 19.5° in the 20 angles
indexed as (020) and (110) planes. A smaller crystalline peak corre-
sponding to the amorphous domains was observed at around 13° (021).
Its low value was due to the amorphous part of the chitin has been
removed under acid hydrolysis when obtaining the nanocrystals [8].
The other two peaks that were observed were 20.9° (120) and 23.4°
(101) with a similar result as the one reported by [20].

On the other hand, the §-CH and p-NCHjg,, diffraction patterns were
similar and exhibited two peaks wider than in «-CH and o -CHNC
samples. These peaks appeared around 9.30° and 19.30° which corre-
sponding with (010) and (1-10) planes [36,41].

The crystallinity index (C.I. %) of each samples was calculated by
[18] (Eq. (S3), Supplementary material) and is shown in Fig. 3-a. The
higher C.I. % values of the chitin nanocrystals and nanofibres compared
with their respective chitin is related to the amorphous part that was
removed.

The C.I. % of a-NCHL, (93.5 %) and a-NCHg (85.2 %) showed very
similar results compared to the ones obtained by different studies such
as Salaberria et al. (chitin nanocrystals from lobster 90 %) and Goodrich
et al. (chitin nanocrystals from shrimp 84.0 %), which were carried out
using acid hydrolysis treatment [20,42].

Regarding the C.I. % results for 8-CH and $-NCHg;, values of 84.1 %
and 84.5 % were obtained, respectively. A similar behaviour was re-
ported by [43] using mechanical approaches.

The difference between the peak’s shapes in diffraction patterns and
the C.I. % values demonstrates that the alpha structure is more crys-
talline polymorph since its antiparallel chains are more compacted [18].

3.4.2. Thermostability
The chitins and the nanochitins thermograms profiles

Dimensionless and dimensional values of the optimal point of the system and predicted and experimental values at optimum conditions of the nanochitin isolation. The
yields experimental values were average + standard deviation from three replications (n = 3).

Optimal point
Dimensionless Dimensional Yield %
X1 Xy X3 HClL t P Predict value Experimental value
o) (min) w)
o«-NCH, -1 -1 —0.0034 1 10.00 124.75 90.69 85.30 + 0.37
o-NCHs -1 —0.5660 —0.9972 1 14.34 50.21 82.72 79.92 + 0.24
p-NCHs;, -1 0.9082 —0.9456 1 29.08 54.08 78.27 80.59 + 0.11
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Fig. 3. a) XRD patterns and crystallinity index (C. L. %, [18]) and b) TGA and dTGA curves of a-CHy, a-NCHy, a-CHg, a-NCHg, -CHs, and $-NCHgp,

(thermogravimetric analysis (TGA) and derivate (dTGA) are displayed
in Fig. 3-b.

The first mass loss observed in both TGA and dTGA profiles of all
samples at about 100 °C was assigned to the water evaporation and
corresponds to a weight loss of 5-8 wt% for the a- chitin and around 10
wt% for the B-chitin [34]. The second mass loss, also observed in all
samples, was attributed to the degradation of the chitin biopolymer
corresponding to the degradation and dehydration of the polysaccharide
structure and decomposition of the acetylated and deacetylated units of
chitin polymer [34,38,44]. The dTGA profile (Fig. 3-b) showed the
maximum degradation temperature around 350 °C and mass losses be-
tween 70 and 80 wt% for all samples with a-structure [38,45]. In
contrast, lower maximum temperatures were observed for the samples
of B-CH (329 °C) and B-NCHsp, (281 °C) with mass losses of 60 and 70 wt
%, respectively [46]. This difference between the two chitins poly-
morphs is due to the fact that p-structure contains slightly packed chains
that require less heat for degradation [18,44].

Finally, TGA profiles demonstrated that the trend of nanocrystals and
nanofibres samples were less thermostable than their respective native
chitins. The same remark was done by [35], regarding the isolation of
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chitin nanocrystals from crab shells by the acid hydrolysis employing
HCI during 3 h.

3.4.3. Morphology of the obtained nanochitin

The morphology and dimensions of nanochitin samples were ana-
lysed by AFM (Fig. 4). As expected, the a-NCHy, and a-NCHg showed
characteristic rod-like morphology. Interestingly, a-NCHj, exhibited
shorter lengths and widths (average of 314.74 + 62.50 nm in lengths
and 41.62 + 10.92 nm in width) than a-NCHg (average of 386.12 +
47.49 nm and 42.16 + 4.62 nm in width). Similar results were reported
by [32] that obtained shrimp nanocrystals with lengths of 200-560 nm
and diameters of 18-40 nm and [20], that get lobster nanocrystals with
lengths of 300 nm and diameters of 60 nm after acid hydrolysis. The
aspect ratio (L/d) of a-NCHy, and a-NCHg was of 7 and 9, respectively.
Similar results were reported by [28] that obtained chitin nanocrystals
with eutectic acid solvents (choline chloride and organic acids, such as
citric, malonic, and lactic acid) with aspect ratios between 5 and 8.

On the other hand, the p-NCHg, samples exhibited long and fibrillar
morphology with length superior to 900 nm and average diameter of
19.82 + 1.16 nm. [47] demonstrated the same morphology and size for
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Fig. 4. Atomic Force Microscopy images in height (top) and phase (down) of a) a-NCHy, b) a-NCHg and c) p-NCHsy,

nanofibers isolated from squid pen using mechanical treatment. As ex-
pected, the aspect ratio for the f-NCHs, was much higher, with a value
greater than 45.

4. Conclusions

The isolation of a-NCHj, a-NCHg and p-NCHg, was investigated for
the first time and optimized by microwave-assisted extraction technique
using the Box-Behnken design. The optimal isolation conditions were for
a-NCHp, of 1 M HCI concentration, 10 min and 124.75 W; for a-NCHg 1
M, 14.34 min and 50.21 W and for 8-NCHsj, 1 M, 29.08 min and 54.08 W.
The predicted values of the optimal yield isolation values were in
accordance with the experimental results, being 85.30, 79.92 and 80.59
% for a-NCHj, o-NCHg and p-NCHs), respectively. The characterization
of the samples demonstrated that chitin nanocrystals and nanofibers
were successfully isolated. Moreover, the samples showed high C.I. %
values and morphology similar to those obtained by conventional
methods, such as acid hydrolysis, TEMPO-mediated oxidation or me-
chanical treatments. In addition, the reaction time was considerable
reduced, with microwave-assisted extraction. Depending of the chitin
source, the time can be reduced from 90 to 180 min using conventional
chemical acid hydrolysis to 10-30 min and the HCI concentration can be
decresed from 3 M to 1 M using microwave-assisted extraction.

Overall, the obtained data showed that nanocrystals and nanofibres
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could be obtained from different chitin sources by using an eco-friendly
alternative like microwave irradiation technique. Such nanochitin
samples could be used in different nanotechnologies and nanomaterials
namely hydrogels, foams, porous scaffolds and polymeric
nanocomposites.
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Appendix A. Supplementary data

The Supplementary data includes the calculation of the isolation

yields, DA %, C.I. % and Table S1 with the regression coefficients and
statistical parameters.
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