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Abstract

The many applications of the chitosan biopolymers in the areas of nanotechnology and nanomaterials have led to the need to
develop novel techniques suitable for the production of nanochitosan. At present these typically involve the use of chemical
agents to form chitosan nanoparticles. Physical, chemical, and enzymatic methods have been described for the depolym-
erizatiton of chitosan. In this work, evaluation was made of the efficiency of a combination of physical methods, including
milling of the raw material and drying of the final chitosan, in order to obtain nanochitosan with low molar mass. The results
revealed the effectiveness of the combination of milling the raw material under controlled conditions for 4.5 h and drying
of the chitosan by thermal shock, which provided depolymerization of up to 10X and resulted in chitosan with M, less than

21 kDa and hydrodynamic diameter below 30 nm.
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Introduction

Chitosan, a polysaccharide usually produced by the deacety-
lation of chitin, has a molar mass that generally lies between
10 and 10° kDa, depending on the source from which it is
extracted and the physical and chemical processes used in
the processing of chitin to form chitosan. These processes
include preparation of the raw material, the extraction and
deacetylation of chitin, and the drying stage [1, 2]. There
have been many studies concerning techniques employed
to obtain chitosan, as well as its uses, considering various
aspects of this material, including its biological activity,
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biodegradability, toxicity, and antimicrobial activity [2—4].
It possesses valuable properties for uses in the areas of nano-
technology and nanomaterials [5—7], and can be chemically
modified to produce various functionalities [8, 9].

Chitosan nanomaterials have important uses in the areas
of nanomedicine, pharmaceuticals, nutraceuticals, food,
and the environment. In different size ranges, nanochitosan
has applications in medicine (200-500 nm), microbiol-
ogy (70-400 nm), the production of modified nanoparti-
cles (NPs) such as chitosan NPs-carboxymethyl cellulose
(8-110 nm) [5], the removal of Cr™" (100-400 nm) [10]
and Cadmium (34.6 nm) [11] and as flocculants agents for
harvesting microalga (13.7 nm) [12], among others. Vari-
ous techniques have been described for the production of
chitosan NPs, including use of a multifunctional crosslink-
ing agent in a chitosan emulsion, coacervation/precipitation
using alkaline or organic solutions, emulsion-droplet coa-
lescence, and ionotropic gelation with cross-linking using
sodium tripolyphosphate (TPP) [13]. The last method has
been used to obtain nanochitosan with sizes 100-400 nm
[10], 130-196 nm [14], and <500 nm [15].

Many applications require nanochitosan with low molar
mass, which can be obtained using depolymerization tech-
niques. Methods for the controlled depolymerization of
chitosan include milling of the raw materials [16], the use
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of ultrasound during chitin deacetylation [17] or applied to
chitosan solutions [18], degradation induced by an electron
beam plasma [19], autoclaving of chitosan solutions [20,
21], gamma irradiation [22], and drying procedures [1].
Enzymatic and chemical methods include the use of non-
specific enzymes [23, 24], chitinase [25], strong acid [26] or
hydrogen peroxide [27]. In the case of the enzymatic meth-
ods, obstacles include high costs, the need to control the
experimental conditions in order to maintain the enzymatic
activity, long treatment times, and the need for additional
steps to separate and purify the chitosan (these steps are also
required in the case of chemical methods).

Advances in processes for the depolymerization of chi-
tosan enable the production of oligomers and molecular
structures at the nanoscale (nanochitosan). Especially attrac-
tive are physical methods that provide fast depolymerization
of the material, without the need for additional purification
steps. One such technique is milling the raw material (shrimp
shells) in order to reduce the viscosimetric molar mass (M,
of the chitosan produced. Results obtained by our research
group [16] showed that an increase of the milling time from
30 to 180 min decreased the M,, of depolymerized chitosan
by approximately fourfold, from 502 to 131 kDa. Other pre-
vious work by the same group [1] showed the effect of dry-
ing on the molar mass of chitosan, with better results being
achieved by drying with supercritical CO, (M, =3 kDa),
compared to oven drying (M, =17 kDa). Decreases of M,
of around 10-fold and twofold were obtained, respectively,
relative to the initial sample.

The results obtained in these studies indicated the poten-
tial of the combination of milling the initial raw material and
oven-drying the final chitosan as a way to obtain a highly
depolymerized nanometric-scale biopolymer, simply by con-
trolling the physical processes. This offers the convenience
of obtaining, in a single process, a low molar mass nanoma-
terial with desirable characteristics for various applications.
In the present work, different combinations of conditions
for milling the raw material and drying the chitosan were
compared to autoclaving, considering the depolymerization
efficiency and the formation of nanochitosan.

Materials and Methods

Methodologies for obtaining chitosan from shrimp shells
and depolymerizing it via Method III (see Sect. 2.2) are pro-
tected by patent application number BR 102017022250 [28].
Procedures for Obtaining Chitin and Chitosan
Saltwater shrimp shells, an aquaculture waste, were washed

under running water and dried at 60 °C, after which they
were crushed to a particle size smaller than 1 mm, ground

@ Springer

in a ball mill for periods of 4.5 (sample A) and 6 h (sample
B), and passed through a 63 um (230 mesh) sieve. Chitin
was extracted by demineralization with 0.55 mol L~! HCI
solution (three washes of 15 min each), under agitation, fol-
lowed by deproteination with 0.3 mol L™! NaOH solution at
80 °C, under stirring (three washes of 20 min each). After
these steps, the material was washed to neutralize the pH,
followed by deacetylation of the chitin by mixing it (in a
proportion of 6.7%) with a solution of NaOH (70% w/v)
and agitating for 14 days in a rotary incubator at 125 rpm.
The reaction product was washed to neutralize the pH, fol-
lowed by depolymerization of the chitosan (as described in
Sect. 2.2). Sample C was a commercial chitosan (obtained
from Sigma-Aldrich) of medium molar mass, viscosity of
200-800 cps, and degree of deacetylation of 75-85% (as
stated on the product data sheet).

Techniques for Chitosan Depolymerization

Chitosan samples A, B, and C were submitted to different
physical processes for depolymerization of the biopolymer
chains, as described in Fig. 1. It should be noted that samples
A and B used in depolymerization Method I had not been
dried after the neutralization washing step performed after
chitin deacetylation.

Depolymerization Method | (Drying at Ambient
Temperature and Autoclaving)

Chitosan obtained after deacetylation and neutralization
was used as a reference (denoted R). This material had been
dried in Petri dishes under ambient conditions for 6 days, in
order to avoid depolymerization associated with the drying
step. It should be noted that drying under ambient conditions
was not used as a depolymerization method, but instead as
a control (or as a reference). The samples obtained after the
drying period were denoted A-R and B-R. This procedure
was not used for the commercial sample (C-R), because the
material was already dry.

The chitosan samples were solubilized at a concentra-
tion of 0.73 mg mL~" in a 1:1 mixture of HAc (0.3 M) and
NaOAc (0.2 M), which provided suitable conditions for vis-
cosimetric analysis. The samples were then autoclaved at
121 °C and 1 atm for 5 min [20, 21], cooled, and then imme-
diately submitted to viscosimetric molar mass analysis. The
resulting chitosan samples were denoted A-I, B-I, and C-1.

Depolymerization Method Il (Autoclaving and Thermal
Shock Drying)

Samples A, B, and C were solubilized and autoclaved,
as described for Method I. Chitosan particles were then
obtained by precipitation with 2 M NaOH, followed by
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Fig.1 Scheme of experiments used to evaluate different methods for depolymerization of chitosan

washing to neutral pH and filtering. The material was trans-
ferred to Petri dishes, in thin layers (2 mm), for thermal
shock drying using cycles of 5 min at 100 °C (in an oven)
and 5 min at room temperature, during 3 h. The material was
then removed with a spatula and triturated in a mortar until
it passed through a 63 pum sieve (230 mesh). The chitosan
samples obtained after this process were denoted A-II, B-II,
and C-II.

Depolymerization Method Il (Thermal Shock Drying)

Samples A, B, and C were solubilized as described for
Method I, followed by drying using thermal shock, as
described for Method II. The resulting chitosan samples
were denoted A-III, B-III, and C-III.

Physicochemical Characterization of Chitosan
Viscosimetric Molar Mass

The type R chitosan samples resulting from processing using
Methods IT and IIT were in a final dry form. The viscosim-
etry was performed using solutions with chitosan concentra-
tions between 0.31 and 0.73 mg mL~! (in 0.3 M HAc/0.2 M
NaOAc), with eight points. The sample treated using Method
I had been autoclaved at a concentration of 0.73 mg mL~"! in
the HAc/NaOAc solution, so it only required dilutions down to
0.31 mg mL~!. The intrinsic viscosities of the solutions were
obtained using an Ubbelohde dilution viscosimeter (Cannon

instrument Co., USA) fitted with a 0.44 mm capillary, in a
water bath at 25 °C. The relation between the intrinsic viscos-
ity, [n], and the mean viscosimetric molar mass of the poly-
mer, My, was obtained using the Mark-Houwink-Sakurada
equation: ([n] = K™v) where K and « are constants for a given
polymer—solvent system, which in the case of chitosan varies
according to the degree of acetylation (DA) [29].

Degree of Deacetylation (DD)

The DD of the chitosan produced in the laboratory by the
deacetylation process (samples A and B) was evaluated by
conductimetric titration of acid solutions of chitosan with
NaOH solution, as described by Santos et al. [30]. The DD
of commercial sample C was provided by the manufacturer.

Absolute Density and Particle Size Distribution (PSD)

The absolute densities of chitosan samples A, B, and C were
determined by helium gas pycnometry (Ultrapycnometer
1000, Quantachrome). The samples were submitted to X-ray
sedimentometry assays (Sedigraph 5000 D, Micromeritics)
to obtain the PSD curves.

Hydrodynamic Diameter Determination by Dynamic Light
Scattering (DLS)

The DLS measurements were performed in triplicate, at
25 °C, using a 90Plus Particle Size Analyzer (Brookhaven

@ Springer



3916

Journal of Polymers and the Environment (2018) 26:3913-3923

Instruments), at a wavelength of 657 nm and with the detec-
tor perpendicular to the incident beam. After the depolymer-
ization processes (Methods I, II, and III), DLS experiments
were performed to determine the diameters of samples A
and B.

Analyses were performed using photon correlation spec-
troscopy, with calculation of the time correlation function
to fit the data (Eq. 1) [31, 32]. This application used the sum
of the exponentials as the time correlation function (Eq. 2).

N
C@) = (Wl + 1) = lim le Y i, 1)
J

N
C(r)= ) A,exp(-T,7) )

n=1

A, is the intensity-weighted value proportional to the
fraction of the scattered intensity, ['= q2Di is the reciprocal
decay time, D is the translational self-diffusion coefficient of
the particle, and q is the scattering vector length (q = (4n/\)
sin(6/2)) [32].

The correlation function data were fitted using the
CONTIN algorithm, which fits an exponential distribution
function.

Results and Discussion
Chitosan Particle Size Distribution (PSD)

The PSD curves for chitosan samples A, B, and C were
obtained by X-ray sedimentometry and are shown in Fig. 2.

In Fig. 2, it can be seen that the PSD curve for sample B
presented the greatest slope, in the particle diameter range
considered, which when compared to the results of sample
A could be attributed to the presence of finer particles, espe-
cially above 1.2 um. Below this diameter, the particles of the
two samples showed similar size distributions. Therefore,
it appeared that the longer shrimp shell milling time used
for sample B (6.0 h) led to a smaller mean diameter of the
chitosan particles, compared to sample A (milled for 4.5 h).
This was confirmed by the values obtained for D5, (Table 1),
which is a statistical parameter extracted from PSD curves,
representing the average particle diameter at a cumulative
mass of 50%. Therefore, the lower D5, value for sample B
(1.3 pm) indicated that the PSD curve shifted to the left, rel-
ative to the curve for sample A (1.5 um), which was associ-
ated with more effective milling of the material, resulting in
finer particles. This trend was observed in previous work by
our group [16], using the same type of shrimp shells and the
same conditions employed in the present work, with milling
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Fig. 2 Particle size distributions of chitosan samples A, B, and C

for times of 0.5 and 3.0 h resulting in chitosan D5, values of
2.5 and 1.7 um, respectively (a comparison of the values is
provided in Table 1, highlighting sample M5).

Below a diameter of 2.3 um, the commercial sample (C)
showed particles smaller than those in samples A and B
(with the curve being shifted further to the left in Fig. 2).
Above this value, the size distribution was similar to that of
sample B, resulting in a D5, value of 1.0 ym.

The X-ray sedimentometry technique is limited to accu-
rate measurements of particles with mean diameters above
300 nm. However, for the samples analyzed, the percentages
of chitosan particles with diameters smaller than 300 nm
were negligible.

It is expected that the higher the cumulative mass per-
centage of chitosan particles with small diameters (low
Ds, values), the more likely the material will be to undergo
depolymerization, producing NPs.

Effect of Deacetylation Method on DD and M,

Chitosan samples A and B, obtained by deacetylation in the
laboratory, presented DD values in the ranges 65-67% and
54-57%, respectively. The commercial chitosan (sample
C) had a declared DD of 75-85%. In this work, deacetyla-
tion was performed at ambient temperature and pressure,
hence simplifying the process, because there was no need for
refluxing at temperatures above 100 °C (which is employed
in conventional chitosan production processes). The use of
heat leads to chitosan with low molar mass (35 kDa) and
high DD (96-97%), as found in previous work of our group
[1]. Under the ambient conditions employed in the present
work, the biopolymers obtained had sizes between 71 and
111 kDa and DD between 54 and 67% (Table 1). These val-
ues were in agreement with previous results obtained using
the same production conditions, but with deacetylation for 7
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Tablg 1 Shrimp she.ll mil]ing Sample Shrimp shell Chitosan
conditions and physicochemical
properties of chitosan samples Milling parameters Particles ~ Deacetylation Viscosity*
A, B, and C, dried under - 5 . - 3 -
ambient conditions (R) and after Time (h) Spheres D50 (um)¢ DD (%) [Nl (mL g™ Mv (kDa) depolymeriza-
the depolymerization processes Z(i)mm (% tion
w
R I 11 il

M5* 3.0 100 1.7 78 589+10 131%*

A 4.5 100 1.5 65-67 369+5 71 48 29 < 3FEx

B 6.0 100 1.3 54-57 527+2 113 72 18 21

C ok 100 1.0 75 518+2 111 62 20 6

*Previous work employing the same conditions [16]

**Commercial chitosan

*#*The viscosimetric method employed did not allow determination of M, below 3.0 kDa
K =0.074 and «=0.76 (solvent 0.3 M HAc/0.2 M NaAc, at 25 °C) [29]
"The total loading of balls was 1390 +2.0 g

°An absolute density value of 1.5454 g cm™

sedimentometry

! was determined by helium pycnometry and used in the X-ray

dCalculation of M, used the average value of [n]

days, where the M, values were between 131 and 217 kDa,
and DD was between 77 and 80% [16]. This indicated that
deacetylation under ambient conditions resulted in lower
depolymerization of chitosan. Despite the lower deacetyla-
tion efficiency, this would not prohibit the use of the material
in applications that do not require a very high DD.

Effects of Milling, Drying, and Autoclaving
on Depolymerization

The efficiencies of the depolymerization processes were
evaluated by determination of the viscosimetric molar
masses (M,) of the chitosan samples before and after the
procedures. The shrimp shell milling times selected here
(4.5 and 6 h) were based on the effects observed previously
for depolymerization by milling for times between 30 min
and 3 h, where greater depolymerization of the chitosan (to
131 kDa) was obtained with 3 h of milling (sample M5 in
Table 1) [16]. In the present work, no further decrease in
molar mass was observed with milling for longer than 4.5 h.

The M, values obtained before and after the processes
(Table 1), together with the M, profiles (Fig. 3), demon-
strated the reproducibility of the depolymerization processes
for the three sample types (A, B, and C). The use of auto-
claving alone (Method I) resulted in depolymerization of
the chitosan solution, as found in other studies [20, 21], but
showed the lowest efficiency among the three methods. The
combination of autoclaving and oven-drying (Method II) led
to greater depolymerization and lower M. However, the best
result, in terms of reduction of M,, was obtained when dry-
ing was performed in intermittent mode, delivering thermal
shocks to the material (Method IIT). Depolymerization by
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Fig.3 Molar masses of chitosan samples A, B, and C, dried under
ambient conditions (R), and of the materials obtained after treatment
using depolymerization methods I, II, and III

oven-drying with thermal shock was previously attributed to
an increase in the thermal vibration and disruption of C-C
bonds in the polymer main chain [1].

The results showed that it was possible to obtain a high
degree of depolymerization of chitosan using two physical
techniques to prepare the raw material: milling the shrimp
shells and drying the deacetylated chitosan in an oven, with
thermal shock. The use of these techniques, without the need
for chemical agents, enzymes, or radiation, resulted in depo-
lymerization that was comparable to that obtained previously
for chitosan dried using supercritical CO,, where chitosan
with M, of 3.0 kDa was produced.
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When comparing results of this study with results
obtained via other chitosan depolymerization methods
(Table 2), it is noteworthy that both physical methods,
such as gamma rays, ultrasound, ultra-fine milling and
pulsed electric fields, as well as chemical methods, such
as oxidative degradation and acid hydrolysis, show high
depolymerization rates. In assessing these methods sev-
eral characteristics and issues were reported by research-
ers: high molar mass chitosan has higher sensitivity to
depolymerization; chemical methods lead to the com-
mon problem of purifying and separating chitosan from
the employed chemical reagents; when employing either
radiation or acids there are reports of chitosan degrada-
tion, sometimes causing the material to change color; high
energy consumption is inevitable when employing physi-
cal methods, while chemical methods struggle with cost
and residues generation issues. Also, some of the tech-
niques shown in Table 2, although successful in obtaining
reduction and depolymerization, were unable to obtain low
molar masses.

Although the method employed in this study shares
with others the consumption of energy to produce thermal
shock, it has the advantage of eliminating the separation
and purification step, and of employing diluted solutions
in advance of thermal shock. Techniques employed in this
research can be considered advantageous in comparison
to several of the methods described in the literature, espe-
cially in terms of simplicity of the experimental appa-
ratus and optimization of the chitosan milling and dry-
ing process, with no additional material processing steps
required.

Table 2 Number distribution

. . . Samples D (nm) Fit-method
size of hydrodynamics diameter
BIIL 1-4 Contin
AllL 7-12 Contin
BII 15 Contin
Alll 28 Contin
a’ 1 l By Alll
1 o All t
e ot BIIl a

- BlI

067 — Fit - Contin |

C(r)

0.4

0.2

T
10°
T(s)

104

T T
10! 102

Production of Nanochitosan
Results of DLS Analyses

The average hydrodynamic diameter was determined using
the number size distribution (Fig. 4).

This type of normalized distribution presents the relative
number distribution of different diameter particles present
in the solution. Analyses of nanochitosan formation were
performed using samples A and B treated using Methods
II (autoclaving followed by oven drying) and III (oven dry-
ing in one step), since these techniques provided the best
depolymerization (Table 1; Fig. 3). The hydrodynamic diam-
eters were smallest for B-III (1-4 nm), followed by A-II
(7-12 nm) (Table 3). The highest values were obtained for
A-IIT (28 nm) and B-II (15 nm). Figure 4 shows the time
correlation function data and the corresponding fitted curve,
together with the number size distribution. The distribution
values normalized by volume and intensity were dispersed in
two groups (Fig. 5), one with sizes of around several dozens
of nanometers and the other with sizes in the region of 3 pm.
The number size distribution was concentrated in the larger
size group. These results indicated that there were few par-
ticles with large hydrodynamic diameters (in the micrometer
region) and that the larger particles scattered most of the
light and did not represent the total population of particles
present in the samples. The majority of the particles pre-
sented sizes smaller than 30 nm (Fig. 4), in the size range
where the number distribution showed high precision.

Depolymerization Method III produced chitosan with
smaller molar mass, compared to Method II, as confirmed
by DLS analyses of the B samples, which showed a smaller
hydrodynamic diameter of chitosan produced using Method
III. The two methods showed similar results for the A sam-
ples. These findings indicated that the chitosan produced
using Method II had a larger polymer chain but a smaller (or
similar) hydrodynamic diameter, compared to the Method III
material, because the chain was hydrophobic and was folded
into a smaller volume.

b 120 ‘ . K
]

100

801

60

histogram

40 -

20

20 30 40 50

D (nm)

Fig.4 a Time correlation functions and the corresponding fitted curves, using the CONTIN method applied to samples A-II, A-III, B-II, and
B-II1. b Histograms of particle number distribution according to hydrodynamic diameter
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Fig.5 Particle number, volume, and intensity distributions, according to hydrodynamic diameter, for samples a A-II, b A-III, ¢ B-II, and d B-III

The differences between the PSD curves (Fig. 2) of chi-
tosans A and B, where B generally showed finer particles
than A (due to the more effective milling), did not reflect
greater depolymerization of B, compared to A, as evaluated
by viscosimetry (Table 1). However, the smaller average
particle size of chitosan B could have contributed to the
smaller size of the chitosan NPs produced by Method III, as
measured by DLS. Hence, the diameter distribution of the
B-III nanoparticles, which was concentrated between 1 and
4 nm (Figs. 4, 5), was probably the result of the combined
effects of the use of finer particles of chitosan obtained by
more effective milling, together with the efficiency of depo-
lymerization Method III.

Final Considerations

As reported in the literature, the depolymerization of chi-
tosan and production of chitosan NPs can be achieved by
separately applying methodologies to reduce the molar mass
of chitosan and to produce NPs of this biopolymer. The tech-
niques most commonly described for obtaining NPs of low,

medium, or high molar mass include ionotropic gelation
with TPP [10, 14, 15] or emulsion crosslinking, coacerva-
tion/precipitation, and emulsion-droplet coalescence tech-
niques [13].

The most important contribution of the present study is
that the same set of methodologies could be used to achieve
depolymerization of chitosan, as well as to produce material
at the nanometric scale (nanochitosan). There are potential
applications for a biopolymer that is nanometric in size and
that also has a very low molar mass (such as depolymerized
chitosan). In addition, the process described here offers a
way to avoid problems reported in the pharmaceutical lit-
erature, such as the loss of drugs during NPs preparation,
or sensitivity to changes in pH and ionic strength that could
lead to aggregation and precipitation of the material.

An especially interesting aspect of the methodology
developed in this work is its relative simplicity, since it
involves the physical processes of milling the raw material
and drying the final product, which are already employed in
the processing of shrimp shells to obtain chitosan. In this
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work, these processes were optimized in order to obtain
nanochitosan with low molar mass.

Conclusions

The findings demonstrated that the combination of milling
shrimp shells under controlled conditions and drying chi-
tosan by thermal shock provided more effective depolym-
erization and reduction of the material to the nanometric
scale, compared to the autoclaving technique (used alone
or in combination with drying). The proposed physical pro-
cedure could replace processing steps described in the lit-
erature for achieving depolymerization and/or production
of nanoscale chitosan particles, allowing nanochitosan with
low molar mass to be obtained in a single procedure. The
technique enabled efficient and reproducible formation of
nanochitosan with hydrodynamic diameter below 30 nm and
molar mass between 3 and 21 kDa.
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