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Abstract

This work describes the production/characterization of low molar mass chitosan nanoparticles derived from waste shrimp shells
(SSC), as well as from a commercial chitosan (CC). The production of low molar mass nanochitosan employed thermal shock,
alternating between 100 °C and ambient temperature, followed by grinding the dry material (SSC and CC) in a ball mill,
producing around 500 g of nanochitosan per batch. A highlight of the methodology employed is that it enables nanochitosan
to be obtained even from a low quality commercial raw material. All particles had diameters smaller than 223 nm, with an average
diameter below 25 nm (determined by DLS), while reductions of molar mass were between 8.4-fold and 13.5-fold. The
depolymerization process resulted in a reduction in crystallinity of 38.1 to 25.4% and 55.6 to 25.9% in the CC and SSC samples,
respectively. The production of nanochitosans was also confirmed by TEM through the observation of crystalline domains with
diameters between 5 and 10 nm. This work perfectly reproduces the results on bench scale from previous research. The simple
and inexpensive processes enable easy scale-up, representing an important advance in the production chain of biopolymers.
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Introduction

Chitosan nanoparticles have been studied, produced, and
employed in different areas, taking advantage of the useful
characteristics of this biopolymer. Chitosan has been extensive-
ly characterized and is used in biomedicine, drug delivery, gene
therapy, tissue engineering, and as biomarker for bioimaging
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(Egladir et al. 2015; Muanprasat and Chatsudthipong 2017;
Mitall et al. 2018). It is used in food to reduce cholesterol
(Panit et al. 2016; van der Gronde et al. 2016), as well as for
environmental (Wang et al. 2009; Gupta et al. 2017) and agri-
cultural (Wu and Liu 2008; Perez et al. 2018) applications,
among others. This is due to its favorable features such as
biodegradability, biocompatibility, nontoxicity, microbial ac-
tivity, and capacity for cross-linking and hydrogel formation
(Perez and Francois 2016; Bakshi et al. 2018).

The properties of chitosan, such as its hydrophobicity, sol-
ubility, and viscosity, are influenced by variations of its main
characteristics, especially the degree of deacetylation (usually
between 70 and 95%) and the molar mass (which varies from
10 to 10° kDa) (Arantes et al. 2014). The polymer obtained in
the form of nanoparticles is of particular interest, due to as-
pects such as increased specific area of the particles, the avail-
ability of reactive groups, the surface energy, homogeneous
particle size, and other morphological features (Nagpal et al.
2013; Mitall et al. 2018), in addition to high solubility and low
viscosity of the solutions.

Many studies have investigated the production of chitosan
nanoparticles, involving the development of new
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methodologies and the improvement of existing techniques.
Various methods can be used to form chitosan nanoparticles,
such as electrospray, emulsification, solvent diffusion, and
micro-emulsion procedures. Of particular interest is the ionic
gelation technique, which employs an anionic cross-linking
agent, usually tripolyphosphate (TPP), where the NH;*
groups of the acidified chitosan form cross-links with the
TPP anions, leading to three-dimensional arrangements that
compose chitosan nanoparticles (Carvalho et al. 2019; Ye
et al. 2018; Pant and Negi 2018; Soares et al. 2016).

The ionic gelation method is relatively simple, compared
with many other techniques. However, it has some limitations,
such as the influence of the molar mass of the chitosan, since
longer chains hinder the interaction between chitosan and the
TPP groups, leading to formation of large particles, which has
also been observed for degrees of deacetylation exceeding 85%
(Tang et al. 2007). Another frequently reported problem is
related to dispersivity of chitosan-TPP nanoparticles, associat-
ed with the occurrence of larger particles, which provide effec-
tive encapsulation (of drugs, for example), but present low
delivery efficiency. Fan et al. (2012) reported that it was nec-
essary to use low molar mass chitosan and high ionic strength
TPP solution to overcome this problem. In order to avoid the
formation of large particles and their aggregation, an additional
process step can be employed, with formation of an intermedi-
ate complex between the TPP and a cross-linking agent, so that
only nanoparticles are formed Pant and Negi 2018). Rigid and
resistant nanoparticles can be obtained by ionic gelation, al-
though this requires a high TPP/chitosan mass ratio in the range
from 0.09 to 0.18 (Carvalho et al. 2019).

Considering these issues, the methodology presented here
for obtaining chitosan nanoparticles offers some important
advantages, since the process enables a high degree of depo-
lymerization of chitosan, with a substantial reduction of molar
mass, together with formation of particles with nanometric
dimensions (nanoparticles). Purely physical methods (drying
and grinding), which already comprise part of the chitosan
production route, are used to achieve these two goals. In work
reported in the literature, these effects are obtained using sep-
arate processes: (i) production of chitosan, (ii) depolymeriza-
tion, and (iii) production of chitosan nanoparticles.
Furthermore, the depolymerization requires sophisticated
techniques and/or inputs that can hinder scale-up, in addition
to leading to prohibitive costs (Alves et al. 2018).

Despite promising results, studies describing the character-
istics of the nanopolymers obtained are extremely scarce, es-
pecially concerning nanochitosan derived from different
sources of raw material. Therefore, the aim of the present
work was to characterize chitosan nanoparticles produced at
a pilot scale (500 g per batch) from two sources: chitin from
freshwater shrimp shells and commercial chitosan. Evaluation
was made of the efficiency of a sequence of physical processes
for the production of low molar mass chitosan nanoparticles,
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followed by characterization of the most important properties
of the nanopolymer using a range of robust analytical
techniques.

Methodology
Origins and characteristics of the chitosans
Commercial chitosan

The commercial chitosan used in this work was manufactured
and marketed by a Brazilian company and had a minimum
85% degree of deacetylation and ash content < 1.5% (data
provided by the supplier). No molar mass information was
provided. The chitosan presented a yellowish color, with a
lack of homogeneity among batches, and was difficult to fully
solubilize in acetic acid (1.0% w/v). Due to the likelihood of
impurities present in the material and the lack of information
about the molar mass, characterizations were performed using
SEM/EDS and viscometry (as described in“‘Characterization
of the chitosan samples before and after the physical treat-
ments”), respectively, in order to elucidate these aspects.

Chitosan obtained from freshwater shrimp shells

The cephalothoraxes of the shrimps were cleaned, washed,
and dried, followed by grinding in a hammer mill and sieving
until the particles passed easily through a mesh with 63-um
openings. Batches of 500 g of material were prepared, and the
ground shells were washed twice with 0.55 mol L™' HCI, for
demineralization. The material was then washed twice with
0.3 M NaOH, at 80 °C, for deproteinization. Next,
deacetylation was performed by refluxing the material at 110
°C for 10 h in 60% (w/v) NaOH solution, using a chitin pro-
portion of 2.5% (w/v). The methodology adopted for produc-
tion of the shrimp shell chitosan was adapted from the proce-
dure described by Alves et al. (2018).

Production of nanochitosan

The methodology adopted for production of nanochitosan was
based on thermal shock followed by grinding of the dry mate-
rial, as described previously by Alves et al. (2018), with some
modifications. The experiments were designed to enable the
pilot-scale production of about 500 g of chitosan nanoparticles
per batch, using appropriately sized tanks and equipment.

Pretreatment of the chitosan prior to application of thermal
shock

The shrimp shell (SSC) was solubilized at a proportion of 2%
(w/v) in 15% (w/v) acetic acid solution, under mechanical
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stirring for 17 h, at ambient temperature. It was then precipi-
tated using 2 M NaOH in a proportion of 1:1 (v/v), obtaining a
chitosan gel that was washed with distilled water until
reaching pH 7, followed by filtering.

The commercial chitosan (CC) received a similar pretreat-
ment, with the exception of the solubilization step. This ma-
terial was solubilized in HCI at a concentration of 0.55 mol
L', due to the possible presence of minerals that could limit
its solubility in 1% (w/v) acetic acid.

Thermal shock treatment

After the precipitation step, the material was spread in a thin
layer on a non-stick surface and subjected to thermal shock
(alternating between 100 °C and ambient temperature) for 3 h,
using cycles of 10 min in an oven and 5 min at room temper-
ature outside the oven.

Milling

After drying, the material was ground in a ball mill (Model
SL-34, Solab) consisting of an AISI 1020 steel vessel (14 cm
diameter and 20 cm height) and an induction motor operated
at a fixed speed of 300 rpm. Ceramic balls (20 mm spheres)
were used in a proportion of 4 kg of balls to 86 g of chitosan.
The milling was continued for 4.5 h to obtain particles smaller
than 1 mm, which were then passed through a sieve with mesh
openings of 106 um (Alves et al. 2018). The material that did
not pass through the sieve during the stipulated time was
resubmitted to the grinding process until the required particle
size was reached.

Characterization of the chitosan samples before and
after the physical treatments

Physicochemical characterization

The ash contents of the samples, representing the inorganic
material present, were determined by first drying the materials
at 110 °C until constant mass, followed by incineration at 800
°C in an electric muffle furnace for sufficient time to obtain a
constant mass of ash. The ash content was then calculated as
the ratio between the final mass of the incinerated sample and
the initial dry mass.

For determination of the protein content, the chitosan sam-
ples were treated by the alkaline deproteinization technique
(using 0.3 M NaOH at 80 °C), with measurement of the pro-
tein content in the supernatant using an adaptation of the stan-
dard Biuret protein assay (Neves et al. 2017; Rao and Stevens
2006).

The mean viscometric molar mass of the chitosan samples
was determined from the intrinsic viscosity of diluted chitosan
solutions, using the relationship between the intrinsic

viscosity and the mean viscometric molar mass of the poly-
mer, according to the Mark-Houwink-Sakurada equation
(Kasaai 2007). An Ubbelohde dilution viscometer with a
0.44-mm capillary (Cannon Instrument Co., USA) was used
to obtain the intrinsic viscosity of solutions of chitosan at
concentrations between 0.31 and 0.73 mg mL™" in 0.3 M
HACc/0.2 M NaOAc (Alves et al. 2018).

The degree of deacetylation (DD) of the chitosan samples
was determined by conductometric titration of acid solutions
of chitosan with NaOH solution, as described by Santos et al.
(2009).

Hydrodynamic diameter determination by dynamic light
scattering

For the DLS analyses, the chitosan samples were diluted in
2% (v/v) acetic acid solution, agitated for 48 h at 125 rpm and
ultrasonicated for 15 min to improve dispersion of the
particles.

The hydrodynamic size distribution of the particles was
determined using a Bettersize Nanoptic 90 instrument, at a
wavelength of 635 nm, dispersion angle of 90°, and tempera-
ture of 31 °C.

X-ray diffraction

XRD analyses were performed using a Bruker D2 PHASER
diffractometer operated using Cu K radiation (1.5418 A), at
30 kV, 10 mA, with continuous scanning at 0.01°, time scale
of 1 s, and readings acquired in the 26 range 5-60°.
DIFFRAC.EVA software was used to interpret the results
and evaluate the crystallinity of the material.

Scanning electron microscopy

SEM analyses were performed using a Quanta 440 micro-
scope FEI coupled to an energy-dispersive spectroscopy
(EDS) system to enable semiquantitative determination of
the chemical compositions of the samples. Prior to analysis,
the powdered materials were dispersed onto double-sided car-
bon tape, followed by sputter-coating with a fine layer of gold.

Transmission electron microscopy

Transmission electron microscopy analyses of the
nanochitosan samples were performed with a TECNAI G?
F20 instrument FEI operated at 200 kV, with a STEM spot
size of 8. The powdered sample was previously dispersed in
isopropyl alcohol, under ultrasonication for 30 min, followed
by transfer of an aliquot to a copper grid coated with a thin
carbon film and drying at ambient temperature. Analyses in
high-resolution mode (HRTEM) were performed under cryo-
genic conditions, at liquid N, temperature (— 178 °C), because
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in the absence of cooling, heating by the electron beam could
cause decomposition of the biopolymer.

Results and discussion

Table 1 shows the results obtained for the ash content, protein
concentration, degree of deacetylation (DD), and viscometric
molar mass (MMv) of the chitosans. The properties of the two
chitosans were quite similar, both before and after the thermal
shock depolymerization step. The DD values could not be
considered high, since they did not exceed 75% (Tsai et al.
2002; Arantes et al. 2014), but their similarity was of interest
from the perspective of comparing the properties of the two
materials. Since the depolymerization method used in this
work involved only physical processes, the DD values
remained unchanged. It should be noted that the DD value
of 73% for the CC sample before depolymerization was lower
than the value of 85% indicated by the manufacturer. For a
sample to be considered as chitosan, the DD should exceed
50% (Gonil and Sajomsang 2012), making it soluble in an
acid medium (Rinaudo 2006).

The protein concentrations obtained for the chitosans were
extremely low and below the detection limits of the analytical
method used. A low protein concentration is a desirable fea-
ture for a good quality chitosan.

The processing treatment applied to the chitosans resulted
in MMVv reductions of 13.5-fold for the SSC (from 243 to 18
kDa) and 8.4-fold for the CC (from 177 to 21 kDa). The final
MMy values were approximately 7% and 12% of the original
values for the SSC and CC, respectively.

The ash content of the CC chitosan increased considerably
after the depolymerization process, from 1.38 to 2.57%, which
could be explained by the use of hydrochloric acid (HCI)
during the thermal shock step. The supply of chloride ions
enabled the formation of NaCl, since the subsequent precipi-
tation step involved pouring the solution into a tank contain-
ing sodium hydroxide (NaOH), in order to precipitate the
nanochitosan, so the NaCl consequently contributed to the
ash content.

Table 1 Characterization of the chitosans before and after
depolymerization

Test SSC CC

Before dep. After dep. Before dep. After dep.

Ashes (%) 1.43 1.54 1.38 2.57
Protein (mg mL™) 0.025 - 0.040 -
DD (%) 75 - 73 -
MMy (kDa) 243 18 177 21

@ Springer

High percentages of ash usually result in a higher concen-
tration of particulate matter when the material is solubilized in
weak acidic solutions. The incomplete solubilization of the
material limits its use in certain applications that require great-
er purity of the material, as is the case in the pharmaceutical
and medical sectors. Therefore, the method used for depoly-
merization of the CC was highly efficient from the point of
view of reducing the molar mass of the biopolymer but could
have compromised the quality of the material in terms of its
solubility.

The EDS analysis revealed the presence of substantial
amounts of Fe, Ca, Si, and Na in the ash of the CC chitosan
prior to the depolymerization process (Table 2), while the ash
of CCD (the commercial chitosan after depolymerization) had
an even higher Na content, in addition to the presence of CL
This provided further evidence that the increase in the ash
content of the samples was associated with the formation of
NaCl during the stage of precipitation of the CC, among other
factors. The presence of Fe and Cr indicated the existence of
impurities in the CC sample, with these metals in solution
being able to interact with the biopolymer, forming complex
ions (Wang et al. 2005; Zimmermann et al. 2010) and affect-
ing the color of the product, as well as other properties such as
viscosity.

Dynamic light scattering

DLS analysis was used to obtain the relative number distribu-
tions of particles of different diameters present in the sample
solution (Alves et al. 2018). Substantial differences were ob-
served in the particle diameter distribution profiles before/
after depolymerization (Fig. 1). The results obtained to parti-
cle volume (Fig. 1a) showed that the chitosan samples before
depolymerization (CC and SSC) had higher concentration of
particle diameters between 900 and 1300 nm. In the case of
the low molar mass CCD and SSCD samples, which had been
subjected to thermal shock, all of the particles presented di-
ameters below 223 nm. There were high concentrations of
particles in the size range between 60 and 90 nm, as well as
particles with smaller diameters of up to 15 nm, so these ma-
terials could be considered as nanochitosans. Similar trends
were observed for the DLS results presented in terms of the
particle number distributions (Fig. 1b), with samples CC and
SSC showing particle size distributions covering a larger di-
ameter range, while the diameters of the CCD and SSCD
chitosans presented maxima of 160 nm after depolymeriza-
tion. The mean particle diameter (Dsy) of the SSCD
nanochitosan was smaller than that of CCD material, with
values of 62.1 and 87 nm, respectively.

The results confirmed that the methodologies employed for
processing of the SSC chitosan and depolymerization of the
CC were suitable strategies for obtaining nanochitosan. The
reduction of the molar mass of the biopolymer by thermal
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Table 2  EDS analyses of the ash of samples CC and CCD

Chemical element Sample CC C (0] Na Mg Al Si Cl P Ca Cr Fe Total
Average content (%) 247 48.57 8.00 0.72 0.17 13.65 - 0.83 24.87 0.15 1.07 100
Chemical element Sample CCD  C (0] Na Mg Al Si Cl P Ca Cr Fe Total
Average content (%) - 4935  13.72 019 - 16.43 1.08 - 1459 283 1.80 100

shock led to a substantial reduction of particle diameter,
reaching the nanometric scale. It should be noted that the
DLS technique considers the hydrodynamic diameter of the
analyzed particles (without considering the surrounding water
molecules) (Ruseva et al. 2018). The results also demonstrated
that it was possible to produce nanochitosan from a commer-
cial chitosan that had fairly low purity.

It can be seen from the graph combining the results obtain-
ed by DLS (size distributions according to particle number
and volume) and viscometry (Fig. 2) that there was good
correlation between the molar mass values and the average
particle sizes, with small particle size (< 100 nm) being asso-
ciated with low molar mass (< 25 kDa).

Scanning electron microscopy analyses

The SEM micrographs showed that the depolymerization of
the chitosan significantly reduced the size of the particles/ag-
glomerates, making them more uniform, as evidenced by
comparing the micrographs for CC and CCD and for SSC
and SSCD (Figs. 3 and 4).

The particles/agglomerates of CC sample were consider-
ably larger (sizes up to 600 pm) than those of the SSC (sizes
up to 200 um), showing that the chitosan obtained from the
freshwater shrimp shells was much finer than the CC.
Similarly, nanochitosan samples presented different particle
sizes, with the SSCD consisting of much smaller particles than
the CCD, since the precursor material (SSC) also consisted of
finer particles, before depolymerization. These results were in

Fig 1 Dynamic light scattering a

agreement with those obtained by DLS (“Dynamic light scat-
tering”; Figs. 1 and 2).

Therefore, in addition to significantly reducing the size of
the chitosan particles/agglomerates, the depolymerization pro-
cess made them more homogeneous, with regular shapes,
while the increased specific surface areas of the materials fa-
cilitated their solubilization.

X-ray diffraction analyses

The diffractograms of the chitosan samples (Fig. 4) showed
amorphous haloes attributed to semicrystalline structure typical
of natural biopolymers. The SSC and CC samples presented
well-defined crystalline peaks at 26 of around 10° and 20°, with
the peak at 10° assigned to the reflections of the (010) crystal-
line planes of the orthorhombic crystals of the x-chitin struc-
ture, while the asymmetric peak at 20° was due to the (110) and
(020) planes (Alves et al. 2017). However, the crystallinity
(determined by the EVA software) of SSC (55.6%) was greater
than that of CC (38.1%), as confirmed by the better definition
and higher intensity of the SSC crystalline peaks, which could
be explained by the different techniques used to produce the
materials. The diffractograms obtained for the SSCD and CCD
nanochitosans showed that the depolymerization process sig-
nificantly reduced the crystallinities of the materials, with
values of 25.4% for CCD and 25.9% for SSCD. This reduction
in crystallinity after formation of the chitosan nanoparticles was
mainly due to the destruction of the (010) planes by the thermal
shock treatment, with the consequent disappearance of the
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Fig. 2 Dynamic light scattering
(particle size distributions by
volume and number) and
viscometric molar mass results for
the commercial and shrimp shell
chitosans before (CC and SSC)
and after depolymerization (CCD
and SSCD). *S1, S2, S3, and S4:
other chitosans produced by the
same research group; S4D:
chitosan S1 after
depolymerization

Fig. 3 SEM micrographs of CC
before (a) and after (b)
depolymerization, SSC before (c)
and after (d) depolymerization
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Fig. 4 X-ray diffractograms of a 0 b -
the chitosan samples CC and ——cCC ——SSC
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crystalline peak at 10°. The lower crystallinities of the
nanochitosans could also be attributed to partial destruction of
the (110) and (020) planes during depolymerization, which
contributed to broadening of the peak at 20°.

The diffractograms of the SSCD and CCD nanochitosans
were generally very similar, so the crystallinity values were
close, in agreement with the similar properties of the two
samples, especially in terms of DD and MMv (Table 1).

Fig. 5 HRTEM micrographs of
samples CC (a, b) and SSC (¢, d),
acquired under cryogenic
conditions

Therefore, the reduction of crystallinity was associated
with a decrease in the size of crystalline domains in the semi-
crystalline structure of the chitosan, caused by the depolymer-
ization process. It is possible that the stresses created during
cooling in the thermal shock treatment were attenuated in the
final powder grinding stage, which was associated with the
breaking of bonds and consequent decreased size of the crys-
tallites. It should be noted that since there were increases of the
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cryogenic conditions, at different magnifications: a highlighting
crystalline regions of the nanoparticles (clear areas revealed by the

amorphous characteristics for the SSCD and CCD samples,
there would be a very large error in determination of the crys-
tallite size using the Scherrer equation (Alves et al. 2017). For
this reason, transmission electron microscopy (TEM) was
employed as an auxiliary technique (“Transmission electron
microscopy”).

Transmission electron microscopy

The HRTEM micrographs of CC and SSC samples (Fig. 5)
clearly revealed crystalline domains with different orienta-
tions and sizes, including a predominance of large crystalline
regions that even exceeded the areas covered by the images,
immersed in an amorphous matrix. These features were typi-
cal of semicrystalline materials, such as the chitosans investi-
gated here. The use of TEM analyses performed at cryogenic
temperature (employing liquid nitrogen in a holder con-
taining the sample) enabled the acquisition of high qual-
ity micrographs of polymeric materials, at high resolu-
tion, without risk of decomposition of the sample due to
contact with the electron beam of the microscope. Such
analyses at cryogenic temperatures have rarely been
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EVAtool); b showing nanoparticles; ¢, d HRTEM images highlighting
the crystalline domains; e crystalline domains evidenced using selected
area electron diffraction (SAED)

reported in the literature concerning the characterization
of chitosans.

The micrographs of the CCD and SSCD nanoparticles
(Figs. 6a, b and 7a, b, respectively) showed that most of the
particles were circular in shape, with diameters between 5 and
90 nm. The micrographs shown in Figs. 6a and 7a were ob-
tained using a TEM tool that selectively highlighted particles
with crystalline domains (light areas), which confirmed the
presence of many small nanoparticles (< 50 nm) and predom-
inance of crystalline domains in both samples. When the high-
resolution (HRTEM) mode was used, the micrographs evi-
denced various regions of crystalline domains associated
with chitosan nanoparticles (Figs. 6¢, d and 7c, d). In
most of the regions identified, these crystalline domains
had circular shapes and diameters ranging from 5 to 10
nm. The acquisition of micrographs using selected arca
electron diffraction (SAED), shown in Figs. 6e and 7e
for samples CCD and SSCD, respectively, confirmed
the presence of crystalline domains in the regions
highlighted in Figs. 6d and 7d.

The interplanar distance (d,.,) values were determined
from the stacking of planes observed in the crystalline
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}———————— 200 Nm

Fig. 7 TEM micrographs of the SSCD nanochitosan obtained under
cryogenic conditions, at different magnifications: a highlighting
crystalline regions of the nanoparticles (clear areas revealed by the

domains of the nanochitosans (Figs. 6d and 7d), with
average values of 2.22 and 2.25 A obtained for the
CCD and SSCD nanochitosans, respectively. The dcq
values were associated with the distances between the
(110) planes, corresponding to the most intense crystalline
haloes observed in the sample diffractograms (Fig. 8).

a

EVAtool); b showing nanoparticles; ¢, d HRTEM images highlighting
the crystalline domains; e crystalline domains evidenced using selected
area electron diffraction (SAED)

TEM analyses showed that the nanoparticles of the CCD
and SSCD samples had very similar characteristics, corrobo-
rating the features found in the DLS analyses. These results
confirmed the efficiency of the methods used to obtain
nanochitosan from freshwater shrimp shells, as well as from
commercial chitosan.

Fig. 8 Representative graphs for stacking of the crystallographic planes
in the crystalline domains identified in Figs. 6d and 7d for the CCD (a, b)
and SSCD (e, d) nanochitosans, respectively. The peaks represent the

interaction of the electron beam with the atoms of the crystalline planes.
The real interplanar distance (d,.,) was determined as the average of the
distances between the peaks
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Conclusions

The findings of this work demonstrated that physical grinding
procedures, under controlled conditions, followed by thermal
shock treatment, were highly effective for production of
nanochitosan from a high purity raw material, as well as for
depolymerization of a commercial chitosan that was of low
quality in terms of homogeneity and the presence of
impurities.

DLS analyses revealed that all particles had diameters
smaller than 223 nm with an average diameter below 25 nm,
finding out reductions in molar mass of up to 13.5-fold after
depolymerization. The obtaining of nanochitosan was also
confirmed by TEM through the observation of crystalline do-
mains with a diameter between 5 and 10 nm throughout the
sample.

Low molar mass nanochitosan was obtained using low-
cost methods applied to raw materials that did not need to
meet strict quality standards, consequently adding value in
biopolymer production chain, which should encourage new
studies aimed at expanding the possible applications of these
materials.

The results obtained in this research on a pilot scale
satisfactorily reproduced those previously found on the
bench scale. This demonstrates that the scale increase
occurred appropriately generating a significant advance
in the maturity of the technology involved in obtaining
the nanochitosan, which encourages future research for
a further expansion of the production scale.
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