a polymers @\Py

Article
Selection of Water-Soluble Chitosan by Microwave-

Assisted Degradation and pH-Controlled Precipitation

Céline M. A. Journot !, Laura Nicolle %, Yann Lavanchy 2 and Sandrine Gerber-Lemaire *

! Group for Functionalized Biomaterials, Institute of Chemical Sciences and Engineering,
Ecole Polytechnique Fédérale de Lausanne, EPFL SB ISIC SCI-SB-SG, Station 6, CH-1015 Lausanne, Switzerland;
celine journot@epfl.ch (C.M.A ].); laura.nicolle@epfl.ch (L.N.)

2 Molecular and Hybrid Materials Characterization Center, Ecole Polytechnique Fédérale de Lausanne,
EPFL STTMHMC MHMC-GE, Station 12, CH-1015 Lausanne; yann.lavanchy@epfl.ch

* Correspondence: sandrine.gerber@epfl.ch; Tel.: +41-21-693-93-72

Received: 6 May 2020; Accepted: 29 May 2020; Published: 2 June 2020

Abstract: In the field of gene therapy, chitosan (CS) gained interest for its promise as a non-viral
DNA vector. However, commercial sources of CS lack precise characterization and do not generally
reach sufficient solubility in aqueous media for in vitro and in vivo evaluation. As low molecular
weight CS showed improved solubility, we investigated the process of CS depolymerization by
acidic hydrolysis, using either long time heating at 80 °C or short time microwave-enhanced heating.
The resulting depolymerized chitosan (dCS) were analyzed by gel permeation chromatography
(GPC) and 'H nuclear magnetic resonance (NMR) to determine their average molecular weight (Mn,
Mp and Mw), polydispersity index (PD) and degree of deacetylation (DD). We emphasized the
production of water-soluble CS (solubility > 5 mg/mL), obtained in reproducible yield and
characteristics, and suitable for downstream functionalization. Optimal microwave-assisted
conditions provided dCS with a molecular weight (MW) =12.6 + 0.6 kDa, PD = 1.41 + 0.05 and DD
= 85%. While almost never discussed in the literature, we observed the partial post-production
aggregation of dCS when exposed to phase changes (from liquid to solid). Repeated cycles of
freezing/thawing allowed the selection of dCS fractions which were exempt of crystalline particles
formation upon solubilization from frozen samples.

Keywords: low molecular weight chitosan; depolymerization; micro-wave assisted acid hydrolysis;
water-soluble polymers; precipitation

1. Introduction

Chitosan (CS) is a natural biopolymer composed of glucosamine and N-acetylglucosamine units,
that gained the interest of scientists over the last four decades for its promises in pharmaceutics and
medicine [1]. This polymer is produced on a commercial scale by the deacetylation of chitin, which
is widely present in crustacea’s shells and fungi. The abundance of seafood waste represents a large
reservoir of raw material for the production of CS, at low cost and in large quantities [2]. CS exhibits
high biocompatibility as well as favorable adsorption properties and biodegradability [3,4], which
make it a versatile biomaterial for the development of biomedical and pharmaceutical products [5].
For example, biomaterials based on CS display promising anti-bacterial and anti-oxidant properties
that led to the development of dressing for wound healing [6]. Other applications use CS gels for
drug-delivery systems and scaffold for bone treatment and biomedical imaging [3,7,8].

In the field of gene therapy, CS attracted much interest as a potential non-viral DNA vector.
Most current strategies make use of viral vectors that can generate changes in the genome of the host
cell with serious consequences [9]. Non-viral DNA, on the other hand, does not present the risk of
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uncontrolled genome insertion and is therefore considered safer than its viral counterpart. While
naked DNA is unable to penetrate cells due to its high negative charge density, CS-DNA complexes
assembled by electrostatic interactions were reported for cell transfection whilst protecting the
nucleic acid from degradation [10].

The applications of CS are severely restricted by its poor solubility in the physiological
environment and the lack of standardized characterizations. CS is only soluble in diluted acidic
aqueous media and displays a complex behavior in solution such as macromolecular association (H-
bond) [11] and polyelectrolyte effect [12], which is a challenge for characterization and its possible
application as a functional material. The quality of CS should be described at least by the molecular
weight (MW), polydispersity (PD) and degree of deacetylation (DD). Moreover, the purity level has
a great influence on the biological characteristics of CS and CS derivatives, such as immunogenicity
or biodegradability, but also has a profound effect on its solubility and stability [13]. Various
commercial sources of CS are available, but specification data provided by the suppliers is often
incomplete, which leads to misleading and inconsistent results [14-17]. Studies suggest that the
properties of CS and its derivatives, in particular their antimicrobial properties, depend on the
natural sources used for CS production (shellfish, fungi or bacteria) [18]. A refined conformational
analysis reported by Weinhold et al. [19] on different CS preparations showed the absence of
correlation between their conformation in solution with several parameters such as the number of
acetyl groups, the pattern of acetylation and aggregation processes. This can be partially explained
by the difficulties of fitting theoretical models to the non-standard behavior of CS [15]. The
establishment of clear predictions is impeded by the varying characteristics of commercial CS
preparations (such as solubility, DD, MW and PD), leading to results that might deviate from
pharmacopeial standards. Despite the high promise of CS for biomedical applications, the current
variability in the characteristics of commercial and further purified polymer sources represents a
serious limitation towards its translation into the clinics.

The MW is considered to be one of the main factors determining the solubility of the polymer.
Other parameters such as the DD or the pattern of acetylation are also expected to have an effect,
although less pronounced [20]. Their impact on the solubility of CS preparations in aqueous solutions
is currently strongly debated in the field [21-23]. The reduction of the MW of commercial CS is a
common way to improve the polymer solubility and biological properties. Degradation methods
include chemical depolymerization under oxidative, basic or acidic conditions, enzymatic treatment,
or irradiation. Physical irradiation is less common, as it requires specific and expensive materials,
extended reaction times and leads to an irregular degradation rate [24,25]. Similarly, the high cost of
degrading enzymes is a considerable drawback of enzymatic treatment. In addition, their substrate
specificity limits the range of the low MW which can be achieved [26]. Chemical degradation has
been more widely studied and presents the most promising results [12,27,28]. Basic conditions are
considered to reduce the DD faster than the MW, compared to acid hydrolysis of the 1,4-glycosidic
bonds [29]. While lowering the MW of CS samples, oxidative degradations were reported to
concomitantly lead to the loss of amino groups and the formation of carboxyls [30]. More recently,
oxidative degradation (using oxygen peroxide) coupled with microwave treatment attracted
considerable interest. This dual method has been shown to shorten reaction times, reduce the amount
of oxidative agent needed and provide higher yields [31-33]. The factors influencing the
depolymerization include the reaction time, the concentration of oxidative or acidic reagent, the
quality and MW of the starting material and the liquid—solid ratio. However, uncontrolled chemical
transformations (such as ring opening) as observed during oxidative degradation add to the list of
undesirable unknown parameters of CS preparations and should be avoided.

For biological applications, the properties of CS are often further improved by chemical
functionalization on the amino or hydroxyl groups. Despite an effort by the scientific community to
improve the characterization for a given CS and CS derivative, chemical analyses are still lacking
which complicates the evaluation of such chemical transformation. The extremely low solubility of
CS in organic solvents and in pure water prevents the straightforward characterization by nuclear
magnetic resonance (NMR) of the new grafted polymers, which is the most commonly used analytical
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technique to probe chemical transformations. Our work not only aims at investigating the production
of depolymerized chitosan (dCS), but also the production of CS and CS derivatives soluble in water,
a solvent suitable for NMR analysis and compatible with biological applications.

Acidic conditions are considered to favor chain depolymerization over the removal of acetyl
groups and reduce side reactions which are often associated with oxidative degradation [34]. We
therefore studied the degradation of CS samples from two different suppliers in acidic conditions
(HCI) and investigated the effect of microwave-assisted heating on the yield and characteristics of
the resulting polymers. The characterization of the dCS preparations included the systematic
determination of the MW (Mp, Mn and Mw), PD, DD and solubility in water, properties which are
often partially described in previous publications. Other acidic reagents, such as nitrous acid, were
reported for CS chain degradation and fractionation into neutral-soluble and neutral-insoluble dCS
materials [35]. However, this method resulted in the formation of end-carbonyl groups, requiring an
additional reductive step to prevent side-transformations on the highly reactive aldehydes. In
addition, we herein report on the formation of dCS aggregates in solution, resulting from the removal
of ions and sample freezing, and discuss the consequences of this change of crystallinity with regards
to the discrepancies between the results reported in literature.

2. Materials and Methods

2.1. General Conditions

CS-A refers to the commercial CS from Tokyo Chemical International (TCI) with the following
characteristics: 1 = 5-20 mPa.s (0.5% w/v in 0.5% acetic acid, 20 °C), DD = 84.5% (guaranteed = 80%).
CS-B refers to the commercial CS “for biochemistry” from Roth AG with the following characteristics:
DD 290%. Depolymerized chitosan produced from CS-A and CS-B are referred to as dCS-A and dCS-
B, respectively.

The commercial sources for the following chemicals and consumables were: fuming HCI (37%),
deuterium chloride (DCI): Sigma Aldrich; NaOH: Alfa Aesar; glacial acetic acid: Merck KGaA;
sodium acetate trihydrate 99%: ABCR GmbH; deuterated water (D20): Cambridge Isotope
Laboratories, Inc. . Dialysis membranes of regenerated cellulose (RC) of 3.5 and 7 kDa MWCO
(Spectra/Por®3 and 1 respectively): Fisher scientific. Dialysis membranes of 14 kDa MWCO (Membra-
Cel™, RC, packaged dry): Roth AG.

Aqueous solutions were produced with ultrapure water obtained from Milli-Q Integral System
(Merck/Millipore, Schaffhausen, Switzerland). Centrifugations were performed with an Allegra X-
30R centrifuge (Beckman Coulter, Nyon, Switzerland). pH monitoring during neutralization
operations was done with a pH/lon bench meter SC S220-K (Mettler-Toledo AG, Greifensee,
Switzerland).

2.2. Chitosan Depolymerization

The depolymerization of CS by conventional heating was conducted as follows. The polymer
was dissolved over a 1 h period in 1M HCI to a final concentration of 1% w/v. The suspension was
heated to 80 °C and then further stirred under reflux for 48 h. The solution was cooled to 30 °C before
being neutralized to pH 7 using NaOH solution. The resulting light yellow suspension was
centrifuged (10 min, 4700 w, 20 °C) to isolate the liquid phase. Water was added to the precipitate up
to the initial volume, shaken to obtain a homogeneous suspension and centrifuged a second time
under the same conditions as above. The liquids were combined and transferred to a dialysis
membrane (3.5 kDa MWCO), then dialyzed against water for a minimum of 3 days, changing the
water three times per day and lyophilized. In case the solution was colored (dark yellow), it was
filtered through a sterile 0.22 mm polyethersulfone (PES) membrane before lyophilization. In case of
analysis of the precipitate, the precipitate isolated by centrifugation was suspended in water,
dialyzed and lyophilized in the same way as the soluble fraction of dCS.

The optimized conditions for the depolymerization of CS via microwave-assisted heating are
described as follows. The CS was suspended in 1 M HCl to a final concentration of 1% w/v, typically
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200 mg in 20 mL of solution. Commercial CS sources were dissolved in 1 M HCl solution, but required
long hydration times (a few hours) or heating for approximately 20 min. In order to minimize acid-
driven side reactions, CS (as a suspension) was transferred to a microwave-safe 30 mL vial and placed
in the cavity of the microwave reactor (Monowave 400, Anton Paar). Video monitoring of the solution
showed that the sample was entirely solubilized one minute after the start of the depolymerization
program, at which point the CS solution had reached 60-70 °C. The optimal cycle of microwave
depolymerization (under constant stirring of 300 rpm) followed the program below:

e  Heat as fast as possible to 100 °C;
e Hold at 100 °C for 19 min;
e  Cool down to 35 °C as fast as possible.

Once the resulting dCS solution reached a temperature of 30 °C, the solution was neutralized in
two steps: 10 M NaOH solution was added until the solution reached pH 6.7. The suspension was
left to equilibrate at room temperature for 40 min before being centrifuged (10 min, 4700 w, 20 °C) to
remove the precipitate. The pH of the liquid fraction was then further increased to 7.0 by dropwise
addition of a 0.05 M NaOH solution. The white suspension was centrifuged a second time under the
same conditions to remove the second precipitate, if any. The soluble dCS fraction was transferred to
a dialysis membrane (3.5 kDa MWCO unless otherwise stated) and dialyzed against water for a
minimum of 3 days, changing the water three times per day. In case of analysis of the precipitate, the
precipitate isolated by centrifugation was suspended in water and dialyzed in the same way as the
soluble fraction of dCS.

2.3. Evaluation of the Solubility of dCS in Acidic Aqueous Solutions and in DMSO

The solubility of dCS-A was first evaluated in aqueous acidic solution using 1M HCI. The
solubility of the starting CS-A and CS-B were also evaluated for comparison. For each polymer, 30
mg were dissolved in 3 mL of pure water and left to dissolve for 15 min at room temperature under
gentle shaking. The pH of the resulting suspensions was measured and indicated as starting pH.
Then, 4, 8, 16 or 32 pL of 1M HCI aqueous solution were added and the resulting suspensions were
again gently shaken over 10 min. The addition of 1M HCI and subsequent solution homogenization
were repeated until a clear solution was obtained in each case. The pH was measured between each
addition-shaking cycle and the last one corresponding to a clear solution was indicated as the final
pH.

To test the solubility of the chitosan in DMSO, 20 mg of CS-A, CS-B or dCS-A were poured in 3
mL of DMSO, leading to a concentration of 6.7 mg/mL. The suspensions were gently shaken for 10
min and then left on the side for 10 additional minutes. A picture of the resulting solutions was taken
(see Supporting information S-10, Figure S3).

2.4. Protocol for Complete Study of Post-Dialysis dCS Aggregation

CS-A was depolymerized in the microwave reactor at 100 °C for 19 min as described above. Once
the solution reached 30 °C, 10M NaOH was added until the pH 6.7 was reached. The turbid solution
was stirred for 45 min before being centrifuged (10 min, 4700 w, 20 °C), and the aqueous phase was
gently poured out to isolate the precipitate. The liquid phase was neutralized up to the pH 7 with a
0.05M NaOH solution and stirred for another 45 min. The solution was centrifuged a second time
and the precipitate was discarded. The soluble dCS fraction was collected and dialyzed, at the end of
which a new precipitate appeared in the dialysis membrane. After the isolation of this precipitate by
centrifugation (named dCS (cycle 0)), the aqueous solution was divided in two equal volumes: one
half of the volume was frozen whilst the second half remained at 25 °C overnight. The frozen
solutions were then allowed to reach room temperature and centrifuged to collect the precipitate that
had formed overnight before freezing the solution again. The numbering of the freeze-thaw cycle
(cycle L, II, III, etc.) indicates how many times the dCS solution was subjected to freezing. All the
samples went through a total of eight successive overnight freeze-thaw cycles and were centrifuged
each time. No more precipitation was observed in the samples that remained at 25 °C over 20 days,
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or after four freeze—thaw cycles. Each precipitate was lyophilized and weighted individually. The
concentration of dCS after each cycle was calculated by subtracting the mass of precipitate collected
(after cycle I, II, etc.) to the mass of dCS (sol I). As a control, the concentration was also calculated by
adding the amount of precipitate removed at each freeze-thaw cycle to the mass of dCS (sol II). Both
calculations provided the same concentration of dCS in water, expressed in mg/mL. The protocol was
performed four times and the presented values are the averages of four experiments.

2.5. NMR Analysis

TH-NMR spectra were recorded on a Bruker Avance III-HD spectrometer (Bruker, Billerica, MA,
USA) at room temperature unless stated otherwise. The 'H frequency was at 400.13 MHz. The
chemical shifts were reported downfield from tetramethylsilane. 'H signals were reported in ppm in
pure D20 using the water’s residual signal at 4.79 ppm as the internal reference, or in a mixture of
D20 + 1% DCI with the acetyl signal as a reference at 2.07 ppm. The shift of acetyl at 2.07 ppm
corresponds to its position in pure deuterated water; we reported the same value in the spectrum
recorded in D20 + 1% DCIl. All the dCS samples were recorded in both solvents to compare the
calculated DD values. The DDs calculated in D20 or D20 + 1% DCl were similar.

DD was calculated by comparing the integration of the protons from H3-H6 (4.00-3.49 ppm in
D:0; 4.15-3.53 in D20 + 1% DCl,) set at a value of 5, and the relative integration of the acetyl signal
(2.07 ppm, 3 protons). The percentage of the acetyl group in a given sample of dCS corresponded to
the value of the integrated acetyl signal (| Acetyl) divided by 3. The DD can then be expressed as the
following equation:

* 100

oo 1 = (1 1422

2.6. Gel Permeation Chromatography (GPC) Analysis

GPC analysis was performed on a PL-GPC 50 integrated GPC/SEC system (Agilent, Basel,
Switzerland) equipped with a refractive index detector, a PSS NOVEMA MAX columns set (1x guard
column, 10 pm; 2x analytical columns 1000 A, 10 pum; 1x analytical column 30 A, 10 pm), using 0.3 M
aqueous AcOH and the 0.2 M aqueous NaOAc as eluents. The system was calibrated with pullulan
from 180 to 1,220,000 Da. The samples of CS and dCS (2 mg each) were dissolved overnight in 1.5 mL
of mobile phase. The solutions were filtered through a sterile 0.22 um PTFE filter followed by
injection (100 pL). The flow rate of analysis was 1 mL/min at 40 °C. The results of the GPC analysis
were expressed as the number of the average molecular weight (Mn), the weight average of the
molecular weight (Mw), and the molecular weight of the highest peak (Mp) and polydispersity index
(PD).

3. Results

3.1. Acid-Mediated Depolymerization of Chitosan under Conventional and Micro-Wave Assisted Heating

We first compared the properties of dCS resulting from acid-mediated chain degradation under
conventional or microwave-assisted heating (Table 1). In view of further functionalization and
improved bioavailability in the physiological medium, this study focused on the characterization of
the soluble fraction of dCS. Upon conventional heating, both commercial CS sources led to similar
yields of depolymerization (Table 1, entries 3,4). Interestingly, only CS-A was degraded by acid-
mediated depolymerization under microwave-assisted heating (Table 1, entry 6) yielding 15% of
dCS-A after the optimization of the heating program and the reaction conditions. Variation on the
reaction time between 15 and 23 min (at 100 °C) indicated an optimal yield for 19 min microwave-
assisted heating (Supporting information S-4, Table S1). The effect of the temperature on the yield of
the depolymerization was assessed from 80 to 180 °C (19 min reaction time, Supporting information
S-5, Table S2). Below 100 °C, a very low yield of depolymerization was observed (2% yield), while
heating over 120 °C resulted in the formation of degradation products (dark solids) which could not
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be efficiently separated from dCS-A. The optimal acid-mediated chain degradation temperature was
determined at 100 °C, resulting in a reproducible yield and the high purity of dCS-A. Finally, the
concentration of the starting solution was varied from 0.5 to 6 wt % (Supporting information S-6,
Table S3). Above 2 wt % initial concentration, the internal pressure inside the reactor significantly
increased during the process, leading to the interruption of the microwave heating program over 10
bars (4 and 6 wt %) and the formation of degradation by-products. An initial concentration of 1 wt %
is thus recommended for the microwave-assisted depolymerization. While conventional heating was
invariably accompanied by uncontrolled degradation resulting in colored solutions and solids, the
dCS-A obtained by microwave-assisted depolymerization (1 wt %, 100 °C, 19 min) was exempt of
degradation side-products. A significant decrease in the PD value (from 2.82 to 1.41) indicated the
improved homogeneity of dCS-A, as compared to the starting commercial source. In addition, the 'H
NMR analysis of dCS samples revealed that the conventional depolymerization over 48 h produced
fully deacetylated polymers, whilst microwave-assisted depolymerization maintained the DD of the
starting CS sources (Table 1, entries 5,6 and Figure 1), suggesting that the acetyl groups were sensitive
to the extended exposure to acidic conditions. Surprisingly, CS-B proved resistant to microwave-
assisted depolymerization with less than 1% yield recovered under all the tested conditions
(including an extended reaction time up to 3 h and heating up to 120 °C, see Supporting information
S-7, Table 54), but not to conventional heating (49% yield, similar to dCS-A). A high DD was reported
to be correlated with a higher degree of crystallinity, which was also associated with a higher
resistance of the 1,4-glycosidic bond to breakage [36,37]. In this respect, one might hypothesize that
the depolymerization of CS-B needs extended heating time to be initiated (up to 3 h reaction time,
only a trace amount of dCS-B could be recovered). However, a longer reaction time was not
attempted as the fast production of dCS samples was targeted.

Table 1. Comparison of the average molecular weights of chitosan (CS) and depolymerized chitosan
(dCS) measured by gel permeation chromatography (GPC).

Heatin . % % Mn
Entry Sample Mp Mn Mw FD Conditiogns Yield DD Decrease
1 CS-A 191,500 90,000 253,500 2.82 - - 85 -
CS-B 282,500 174,500 392,000 2.25 - - 99 -
3¢ dCs-A n.d. n.d. n.d. n.d. (80°,48 h) a 50% 100
4c dCs-B n.d. n.d. n.d. n.d. (80°,48 h) = 49% 100
5d dCS-B n/a n/a n/a n/a (100°, 19") b <1% 99 95
6 dCs-A 13,600 12,600 17,700 141 (100°,19') ® 15% 85 86

a Conventional heating. ® Microwave-assisted heating. < GPC analysis was not conducted on dCS
resulting from conventional heating. ¢ GPC analysis could not be performed due to the very low
depolymerization yield.
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Figure 1. (A) Chemical structure of the partially acetylated chitosan. The typical H nuclear magnetic
resonance (NMR) spectrum of (B) dCS-A in D20 + 1% DCI and (C) dCS-A in D20, obtained by
microwave-assisted depolymerization (Table 1, Entry 6).
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In order to evaluate the effect of depolymerization on the solubility of the resulting polymer
dCS-A, we performed a progressive dissolution of CS-A, CS-B and dCS-A in H20 (10 mg/mL) using
an aqueous solution of 1M HCI. The pH needed to reach full solubility for each polymer and was
determined and referred to as the final pH (Table 2). The starting pH of each batch was almost neutral
and similar, except for CS-B whose pH value reached 7.48 (entry 2). This difference was attributed to
the higher degree of deacetylation characterizing CS-B (99%), as compared to CS-A and dCS-A (85%).
The ratio of free amines in CS-B was thus higher than for the CS-A leading to a higher pH in pure
water as well as a better buffering capacity. The solubility of chitosan was clearly improved after the
depolymerization process (entry 3 vs. entries 1 and 2), allowing downstream operations in almost
pure water (full solubilization at pH 5.97, 10 mg/mL). The solubility of dCS-B was not evaluated as
the yields of depolymerization were very low (cf. Table 1).

Table 2. Progressive dissolution of CS-A, CS-B and dCS-A in aqueous acidic solution.

Entry Sample Starting pH»  Final pH?
1 CS-A 6.40 2.19
2 CS-B 7.48 1.93
3 dCS-A 6.86 5.97

Measurements conducted at 23 °C and at a concentration of 10 mg/mL. @ pH obtained after the
dissolution of each polymer in water at 10 mg/mL concentration. ® pH reached for the complete
solubilization of each polymer in water after the slow addition of 1M HCL

Polar organic solvents were also of interest with regards to CS functionalization, involving the
nucleophilic amines and primary alcohols of the polysaccharide backbone. The solubility of dCS-A
was therefore evaluated in DMSO at a concentration of 6.7 mg/mL (22 °C) which is commonly
encountered when running reactions with CS (Supporting information S-10, Figure 53). While CS-A
was completely insoluble in DMSO, forming aggregates that could not be dispelled, dCS-A was
homogeneously dispersed, resulting in a fine stable suspension suitable for chemical transformations.
CS-B was suspended upon vigorous stirring in DMSO. However, powder deposition was observed
as soon as the stirring was stopped.

3.2. Molecular Weight Selectivity

As presented earlier, the high variability of the size of a given CS sample was an issue for
pharmaceutical applications. The fine selection of the MW range, expressed as the PD, is one of the
most significant parameters to qualify the homogeneity of the polymer. We identified several
parameters that allowed to select a certain MW during the purification process.

We investigated the effect of the pore size of dialysis membranes on the collected MW and PD
of dCS, obtained from CS-A by microwave-assisted depolymerization. A large batch of dCS was
divided into three equal volumes for subsequent dialysis using 14, 7 and 3.5 kDa MWCO membranes
(Table 3).

Table 3. Average molecular weights of the dCS sample purified with dialysis over 3 days using
membranes of 14, 7 and 3.5 kDa MWCO.

Sample Mp Mn Mw PD Yield
dCs (14) 16,100 15,100 19,700 131 10%
dCs (7) 16,600 15,000 20,500 1.37 14%
dCS (3.5) 14,200 13,400 18,100 1.36 15%

The GPC values indicated that the dialysis membrane with 14 MWCO provided a polymer about
13% bigger than with a 3.5 MWCO membrane. The use of a smaller MWCO slightly increased the
yield but decreased the MW homogeneity of the product (higher PD values). This small increase in
the PD index was consistent with the size of the membrane’s pores. As the long dCS chains remain
within the dialysis pocket for all the MWCO size, the length of the dCS being retained in the dialysis
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pocket decreases with the MWCO of the membrane, hence enlarging the scope of smaller membranes.
It is to be noted that the Mw values from Table 3 present a variation of about 5% (average Mw = 19.4
+ 1.0 kDa), which is likely to arise from the error range of the GPC (see Supporting information S-8,
Table S5 and Figure S1) and from the structural pore difference between the membranes.

We next investigated the effect of the pH at which the crude dCS solution was neutralized and
the speed at which the given pH was reached (Table 4). Both parameters were shown to influence the
MW and the yield of the final polymer. The selection of the soluble fraction at pH 7.4 led to an average
MW approximately 50% smaller (entries 5 and 6). Stepwise neutralization, including a 45 min waiting
time before centrifugation, allowed to improve the yield by approximately 5%. It was determined
that the removal of the precipitate that accumulates when the solution is neutralized to pH 6.7,
followed by the further neutralization to pH 7.0 and the selection of the soluble dCS fraction was the
optimal protocol.

Table 4. Average molecular weights of the dCS samples neutralized to various pH levels and dialyzed
in a7 MWCO dialysis membrane.

Entry Sample @ Mp Mn Mw PD Yield % DD
1 dCS (prec pH 6.7) 41,900 32,800 54,800 1.67 4% 86
2 dCS (prec pH 6.8) 36,300 29,300 50,900 1.74 12% 83
3 dCS (prec pH6.9) 35,500 28,400 48,200 1.70 18% 84
4 dCS (prec pH7.0) 33,700 28,700 46,900 1.64 12% 82
5 dCS (precpH7.4) 28,200 24,500 38,500 1.57 9% 86
6b dCS (sol pH 7.4) 15,100 12,900 18,800 1.46 19% 85

aThe samples were neutralized to the pH indicated in parenthesis and the precipitate fraction was
isolated and dialyzed at each step for analysis. ® Fraction of dCS remaining in solution when the pH
reached 7.4.

It was theorized that a gradual change in pH (from 1.0-1.5 to 6.7, then from 6.7 to 7.0 or higher)
limited the premature precipitation of low-MW dCS by slowing down the formation of dCS
aggregates and giving the suspension time to stabilize. It is to be noted that no further precipitation
was observed when the pH was increased between 7.4 and 12. These data also highlighted that the
collection of the soluble fraction between the two pH values allowed the selection of intermediate
MW and a decrease in the PD value as the pH increased above 7.0 (Table 4 and supporting
information S-9, Figure S2).

To our knowledge, the separation of CS MW fractions by GPC was reported only by Weinhold
et al. [19], but was restricted to the collection of small samples (a few mg) for analysis. This method
is not suitable for the isolation of samples for downstream chemical functionalization and further
biological evaluation. Separations by sequential pH precipitation and dialysis/lyophilization allowed
for larger batches to be collected (up to 50 mg at each run) with a PD <1.5.

3.3. Solubility of Depolymerized Chitosan

Very few scientific studies discuss the variation in the crystallinity of CS. In few cases, aggregates
were detected in acetic acid solution by light scattering [38], scanning electron microscopy [39] and
capillary zone electrophoresis [40]. While aqueous acetic acid solutions are generally accepted as
good solubilizing media for CS, these findings indicate that non-detected nanoscale CS aggregates
might have been used for in vitro and in vivo investigation thus far. In an effort to study and limit
the occurrence of such dCS nanoparticles, we investigated the formation of dCS precipitate in water.
During the purification of dCS-A resulting from microwave-assisted depolymerization, it was
observed that a small fraction of the polymer precipitated during dialysis. We wondered whether
this aggregation was solely dependent on the removal of NaCl ions (resulting from post-
depolymerization neutralization), or was resulting from a non-equilibrium state of dCS in solution.

We first investigated the solubility of desalted, lyophilized dCS-A in pure water and in water +
1% w/v NaCl, final concentration 0.1 mg/mL. After 48 h of continuous stirring at 25 °C, the two
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samples showed equal amounts of aggregates still present in solution. This suggests that the presence
of NaCl ions in a neutral solution has no effect on the solubility of the polymer. The apparent
reduction of solubility of lyophilized dCS-A (compared with non-lyophilized dCS-A) suggested that
the crystallinity of the polymer changes during lyophilization, resulting in insoluble aggregates or
insufficiently solvated residues of polymer in solution. The diminution of solubility resulting from
sample freeze drying is very rarely mentioned in literature, possibly because in most work, slightly
acidic aqueous solutions are used.

We next investigated the aggregation process in more detail (protocol 2.4, Figure 2). The soluble
fraction of dCS-A produced by microwave-assisted heating was dialyzed, at the end of which a
precipitate started to appear in the dialysis membrane. After the removal of this precipitate (named
dCS (cycle 0)), the solutions were divided into two equal volumes: one half of the volume was frozen
whilst the second half was left in solution at 25 °C. The frozen solutions were then allowed to reach
room temperature and then centrifuged again. The precipitates were collected before freezing the
solution again. The numbering of the freeze-thaw cycle (cycle I to VIII) indicates how many times
the dCS solution was subjected to freezing. All samples went through a total of eight successive
overnight freeze—thaw cycles. No further precipitation was observed for the samples that remained
at 25 °C, over 20 days, or after four freeze—thaw cycles.

Reaction + treatment + - Precipitate= dCS-A (cycle 0)

dialysis
cle 7 Freeze-thaw cycles
& »
Liquid kept at 25 °C over -Cycle I
20 days
=dCS-A (sol 1) Precipitate= dCS-A (cycle I)

Cycle I
» Precipitate=dCS-A (cycle II)

Cycle ITI

ll » Precipitates= dCS-A (cycle III),
dCS-A (cycleIV), ...
Cycle VIII

Remaining liquid part

- dCS-A (sol 1) <« » Precipitate= dCS-A (cycle VIII)

Figure 2. Diagram of the freeze-thaw cycles protocol. Names of the samples as reported in Table 4
are indicated in bold.

Table 5 presents the amount of precipitate removed at each freeze-thaw cycle expressed as a
decreasing concentration of solubilized dCS. This study revealed that dCS-A, in pure water solutions,
exposed to freeze-thawing does not aggregate below a concentration of 0.15 mg/mL. Decreasing the
concentration of the sample to 0.1 mg/mL after the first freeze-thaw cycle did not remove the
precipitate, suggesting that the formation of aggregates is irreversible in water. On the other hand,
no precipitation was observed after 20 days for samples that were kept at 25 °C and at a concentration
of 0.22 + 0.02 mg/mL. We postulate that the liquid—solid phase transition may be responsible for the
reorganization of the intra- and inter-molecular interactions, hence changing the crystallinity of the
polymer [41].



Polymers 2020, 12, 1274 10 of 14

Table 5. Average concentration of the fully-soluble dCS-A in pure water collected as the sample went
through freeze—-thaw cycles. Values represent an average of four samples.

Sample mg/mL
dCS-A (sol I) = 0.22 +0.02
dCS-A (cycle 0) ® 0.19+0.02
dCS-A (cycle I)® 0.16 +0.02
dCS-A (cycle II) b 0.16 +0.02
dCS-A (cycle IIT) ® 0.15+0.02
dCS-A (cycle IV-VIII)»  0.15+0.01
dCS-A (sol II) < 0.15 +0.01

2dCS-A sample left in solution at 25 °C over 20 days. *dCS-A samples submitted to freeze—thaw cycles.
cFraction of dCS-A that remained in solution after eight freeze—thaw cycles.

A complementary study was performed on dCS-B resulting from microwave-assisted
depolymerization (120 °C, 60 min), despite the limited quantity of polymer recovered after chain
degradation. The soluble fraction was separated into two equal volumes prior to dialysis. One half
was lyophilized directly after dialysis (dial-dCS-B), the second half was centrifuged to isolate the
solid particles (prec-dCS-B) from the liquid phase (lig-dCS-B). GPC results are presented in Table 6.

Table 6. GPC analysis of the dCS-B fractions obtained from the dialysis and lyophilization or from
centrifugation prior to dialysis.

Sample Mp Mn Mw PD DD
dial-dCS-B 7600 8900 12,100 1.36 99%
prec-dCS-B 8500 11,000 15,100 1.38 99%
lig-dCS-B 6800 7200 8700 1.20 99%

The results indicated that the removal of the precipitate from the soluble fraction allowed the
selection of dCS with a smaller MW and PD in the soluble fraction. The presence of fully solubilized
and solid dCS-B chains in solution is supported by the feature of the GPC eluograms (Figure 3). The
trace of dial-dCS-B showed two local maximums at 24'43"” and 25'40" approximately. By comparison,
the traces of prec-dCS-B and lig-dCS-B revealed that the two populations of dCS-B chains can be
discriminated by the separation of the aggregates from the soluble phase. The smaller dCS-B chains
remained in solution, as observed by a single maximum at 26'8". The trace of prec-dCS-B maintained
its double maximum. We postulated that this was the result from the method of separation of the
precipitate, during which some of the solution remained entrapped in the precipitate. Similarly
shaped traces have been reported during a DLS analysis of CS aggregates in solution by Anthonsen
et al. [42], which was also interpreted as the presence of crystalline dCS chains in solution.

Q1
(=]

S
N~

// \

- liq dCS_B
7N\ e
—

21.00 23.00 25.00 27.00 29.00

Retention time [min]

N
(=)

=
o

o

Detector Response (arbitrary Units)

Figure 3. Eluogram of dCS-B between 21 and 29 min of elution time. Black: dial-dCS-B (corresponds
to the two other traces combined); red: prec-dCS-B; and blue: lig-dCS-B.
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4. Discussion

The depolymerization of CS under microwave-assisted acid-mediated chain degradation with
subsequent stepwise neutralization and centrifugation allowed the selection of the pure water-
soluble fraction of dCS and significantly improved the PD of the resulting polymer. This degradation
method produced dCS with a highly reproducible MW (less than 5% standard deviation over four
batches) (Supporting information Table S5 and Figure S1). The full solubilization of dCS-A (10
mg/mL) in aqueous solution was obtained at pH 5.97, while acidification up to pH 2.19 was necessary
to solubilize CS-A. We showed that the microwave-assisted heating shortened the reaction time of
the acid-mediated depolymerization, which resulted in the limited uncontrolled degradation. This
was supported by the obtention of colorless solid dCS and dCS solutions. The limitation of side-
deacetylation, due to a shorter exposure to acidic conditions, is another advantage of the microwave-
assisted depolymerization. We also demonstrated that the PD index and size of the dCS can be tuned
by preforming a stepwise neutralization involving the removal of intermediate precipitates and
selecting dialysis membranes of different molecular weight cut-off. In addition, while both
commercial CS materials could not be dispersed in any polar organic solvent, dCS-A formed a
homogeneous fine suspension in DMSO (6.7 mg/mL), which is a prerequisite for further chemical
transformations.

It is to be noted that the data presented in this study were obtained using the same batch of
starting material for CS-A and CS-B. However, we noticed that the physicochemical properties of CS
(from a same supplier) could change from one batch to another. In particular, the DD was observed
to vary between 85% and 76%. While there is very limited options at present to reduce the variations
in the characteristics of commercial CS sources, the chain degradation and selection of dCS fractions
soluble in pure water appears as an appealing strategy to ensure the reproducible physicochemical
characteristics of CS preparations for further downstream functionalization and biomedical
applications.

5. Conclusions

CS is known for being a highly valuable biopolymer candidate for medical and pharmaceutical
applications. However, we believe that the scientific community needs to increase awareness
concerning the lack of characterization and standardization of this polymer. The most obvious
challenge of CS relies in its very low solubility in organic solvents and neutral aqueous solutions. Its
solubility can be increased by degrading the CS chains into smaller, depolymerized polymer chains
(dCS). Depolymerization in acidic conditions (1M HCI) was studied either using conventional
heating or microwave-assisted heating. The use of the microwave proved to be superior to
conventional heating as it reduced the reaction time from 48 h to 19 min whilst preserving the N-
acetyl groups on the polymer backbone and preventing degradation. Our results suggest that the
depolymerization in acidic conditions needs to be adapted to the CS of choice, as the behavior of this
polymer changed with the source (and batch) of the commercial source. Although we cannot
comment on the kinetics of the 1,4-glycosidic bond breakage, we postulate that the very low amount
of acetyl groups in CS-B is the determining factor for its apparent resistance to chain breakage. A high
DD was linked to a higher crystallinity of CS [36,43], which reduces the surface of the polymer
available for nucleophilic attack and the likelihood of complete 1,4-glycosidic bond breakage [37].

Beyond the demonstration that microwave-assisted depolymerization provides a fast access to
dCS preparations which are fully soluble in pure water, we also highlighted that the average MW of
dCS can be selected by isolating soluble fractions at pH between 6.6 and 7.0. The higher the pH at
which dCS is collected, the smaller the MW will be. In the neutralization process, precipitation was
observed from pH 6.7, increased up to pH 6.9, and then reduced linearly up to pH 7.4. From pH 7.0,
almost no precipitate was formed anymore. The selection of the soluble fraction at each step of the
precipitation process allowed the highly reproducible isolation of dCS with a MW of 12.6 + 0.6 kDa,
and a PD of 1.41 + 0.05. To our knowledge, this is the first time that CS samples of meaningful
quantities—enough for further study and experiment—were reported to be isolated based on their
MW.
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Furthermore, it was determined that the selection of soluble dCS at a neutral pH is not enough
to guarantee a fully soluble dCS in pure water. Both the removal of ions and phase change (from
liquid to solid) of the dCS solutions were responsible for the formation of irreversible aggregated dCS
particles in water. The addition post dialysis and lyophilization of sodium chloride salt in water was
not efficient to reverse the crystallized dCS.

The solid form of a product is the most convenient and often most stable form for packaging and
shipping [44,45] for industrial applications. Regarding potential CS-derived drug applications, the
results presented herein would suggest that great attention will have to be given to the change in
crystallinity of CS-based formulations. In order to ensure the selection of dCS samples which remain
fully soluble in pure water independently of phase changes, successive freezing and thawing cycles
might offer a valuable technique.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4360/12/6/1274/s1, NMR
data for dCS-A, Table S1: Effect of time on microwave-assisted depolymerization of CS-A, Table S2: Effect of
temperature on microwave-assisted depolymerization of CS-A; Table S3: Effect of concentration on microwave-
assisted depolymerization of CS-A, Table S4: Conditions tested for microwave-assisted depolymerization of CS-
B, Table S5: Error range of GPC values, Figure S1: Error range of GPC values, Figure 52: Decrease in molecular
weight and PD dependence on pH, Figure S3: Solubility of CS-A, CS-B and dCS-A in DMSO.

Author Contributions: Conceptualization, C.M.A J.; methodology, CM.A.J. and L.N.; validation, CM.A.]., L.N.
and S.G.-L.; formal analysis, Y.L.; investigation, C.M.A.]. and L.N.; writing —original draft preparation, CM.A.].;
writing—review and editing, CM.AJ.,, LN. and S.G.-L.; supervision, project administration and funding
acquisition 5.G.-L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Swiss National Science Foundation (Sinergia Grant N°
CRSII5_180257).

Acknowledgments: The authors would like to acknowledge the skilled technical help of the laboratory assistant
David Vuagniaux for depolymerization of CS and reproduction of results under the supervision of Céline M. A.
Journot, and Aurélien Bornet for his help and advice for 'TH NMR analyses.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Rajoka, M.S.R;; Zhao, L.; Mehwish, HM.; Wu, Y.; Mahmood, S. Chitosan and its derivatives: Synthesis,
biotechnological applications, and future challenges. Appl. Microbiol. Biotechnol. 2019, 103, 1557-1571,
doi:10.1007/s00253-018-9550-z.

2. Yadav, M.; Goswami, P.; Paritosh, K.; Kumar, M.; Pareek, N.; Vivekanand, V. Seafood waste: A source for
preparation of commercially employable chitin/chitosan materials. Bioresour. Bioprocess. 2019, 6, 8,
doi:10.1186/s40643-019-0243-y.

3. LogithKumar, R.; KeshavNarayan, A.; Dhivya, S.; Chawla, A.; Saravanan, S.; Selvamurugan, N. A review
of chitosan and its derivatives in bone tissue engineering. Carbohydr. Polym. 2016, 151, 172-188,
doi:10.1016/j.carbpol.2016.05.049.

4. Kean, T.J.; Thanou, M. Biodegradation, biodistribution and toxicity of chitosan. Adv. Drug Deliv. Rev. 2010,
62, 3-11, doi:10.1016/j.addr.2009.09.004.

5. Cheung, R.C.F.; Ng, T.B.; Wong, J.H.; Chan, W.Y. Chitosan: An update on potential biomsdical and
pharmaceutical applications. Mar. Drugs 2015, 13, 5156-5186.

6. Wang, T.; Zhu, X.-K,; Xue, X.-T.; Wu, D.-Y. Hydrogel sheets of chitosan, honey and gelatin as burn wound
dressings. Carbohydr. Polym. 2012, 88, 75-83, d0i:10.1016/j.carbpol.2011.11.069.

7. Saravanan, S.; Leena, R.; Selvamurugan, N. Chitosan based biocomposite scaffolds for bone tissue
engineering. Int. |. Biol. Macromol. 2016, 93, 1354-1365, d0i:10.1016/j.ijpiomac.2016.01.112.

8.  Ghormade, V.; Gholap, H.; Kale, S.; Kulkarni, V.; Bhat, S.; Paknikar, K. Fluorescent cadmium telluride
quantum dots embedded chitosan nanoparticles: A stable, biocompatible preparation for bio-imaging. J.
Biomater. Sci. Polym. Ed. 2014, 26, 42-56, doi:10.1080/09205063.2014.982240.



Polymers 2020, 12, 1274 13 of 14

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Goswami, R.; Subramanian, G.; Silayeva, L.; Newkirk, I; Doctor, D.; Chawla, K.; Chattopadhyay, S.;
Chandra, D.; Chilukuri, N.; Betapudi, V ;et-al Gene therapy leaves a vicious cycle. Front. Oncol. 2019, 9,
297, d0i:10.3389/fonc.2019.00297.

Saranya, N.; Moorthi, A.; Saravanan, S.; Devi, M.P.; Selvamurugan, N. Chitosan and its derivatives for gene
delivery. Int. ]. Biol. Macromol. 2011, 48, 234-238, doi:10.1016/j.ijpiomac.2010.11.013.

Wang, W.; Bo, S.; Li, S.; Qin, W. Determination of the Mark-Houwink equation for chitosans with different
degrees of deacetylation. Int. J. Biol. Macromol. 1991, 13, 281-285, d0i:10.1016/0141-8130(91)90027-r.
Berkovich, L.; Timofeyeva, G.; Tsyurupa, M.; Davankov, V. Hydrodynamic and conformational parameters
of chitosane. Polym. Sci. U.S.S.R. 1980, 22, 2009-2018, doi:10.1016/0032-3950(80)90257-9.

Marques, C.; Som, C.; Schmutz, M.; Borges, O. ; Borchard, G. How the Lack of Chitosan Characterization
Precludes Implementation of the Safe-by-Design Concept. Front. Bioeng. Biotechnol. 2020, 8:165, doi:
10.3389/fbioe.2020.00165.

Davydova, V.N.; Nagorskaya, V.P.; Gorbach, V.I; Kalitnik, A.A.; Reunov, A.V.; Solov’Eva, T.F.; Ermak, .M.
Chitosan antiviral activity: Dependence on structure and depolymerization method. Appl. Biochem.
Microbiol. 2011, 47, 103-108, doi:10.1134/s0003683811010042.

Bellich, B.; D’Agostino, I.; Semeraro, S.; Gamini, A.; Cesaro, A. “The good, the bad and the ugly” of
Chitosans. Mar. Drugs 2016, 14, 99, doi:10.3390/md14050099.

Otterlei, M.; Varum, K.; Ryan, L.; Espevik, T. Characterization of binding and TNF-a-inducing ability of
chitosans on monocytes: The involvement of CD14. Vaccine 1994, 12, 825-832, doi:10.1016/0264-
410x(94)90292-5.

Prasitsilp, M.; Jenwithisuk, R.; Kongsuwan, K.; Damrongchai, N.; Watts, P. Cellular responses to chitosan
in vitro: The importance of deacetylation. ]. Mater. Sci. Mater. Electron. 2000, 11, 773-778,
doi:10.1023/a:1008997311364.

Firdous, K.; Chakraborty, S. A review: Naturally available sources of chitosan and analysis of chitosan
derivatives for its antimicrobial activity. Int. ] Recent Sci. Res. 2017, 8, 15773-15776,
doi:10.24327/ijrsr.2017.0803.0003.

Weinhold, M.X.; Thoming, J. On conformational analysis of chitosan. Carbohydr. Polym. 2011, 84, 1237-1243,
doi:10.1016/j.carbpol.2011.01.011.

Aiba, S.-I. Studies on chitosan: 3. Evidence for the presence of random and block copolymer structures in
partially N-acetylated chitosans. Int. J. Biol. Macromol. 1991, 13, 40-44, doi:10.1016/0141-8130(91)90008-i.
Weinhold, M.X,; Sauvageau, J.C.; Kumirska, J.; Thoming, J. Studies on acetylation patterns of different
chitosan preparations. Carbohydr. Polym. 2009, 78, 678-684, d0i:10.1016/j.carbpol.2009.06.001.

Basa, S.; Nampally, M.; Honorato, T.; Das, S.N.; Podile, A.R.; El Gueddari, N.E.; Moerschbacher, B.M. The
pattern of acetylation defines the priming activity of chitosan tetramers. J. Am. Chem. Soc. 2020, 142, 1975-
1986, doi:10.1021/jacs.9b11466.

Szymanska, E.; Winnicka, K. Stability of chitosan—A challenge for pharmaceutical and biomedical
applications. Mar. Drugs 2015, 13, 1819-1846.

Fiamingo, A.; Delezuk, ].A.D.M.; Trombotto, S.; David, L.; Campana-Filho, S.P. Extensively deacetylated
high molecular weight chitosan from the multistep ultrasound-assisted deacetylation of beta-chitin.
Ultrason. Sonochem. 2016, 32, 79-85, d0i:10.1016/j.ultsonch.2016.02.021.

Prajapat, A.L.; Gogate, P.R. Intensification of depolymerization of polyacrylic acid solution using different
approaches based on ultrasound and solar irradiation with intensification studies. Ultrason. Sonochem. 2016,
32,290-299, doi:10.1016/j.ultsonch.2016.03.022.

Jung, W.-].; Park, R.-D. Bioproduction of chitooligosaccharides: Present and perspectives. Mar. Drugs 2014,
12, 5328-5356, d0i:10.3390/md12115328.

Gamzazade, A.L; élimak, V.M,; Skljar, AM,; étykova, E.V.; Pavlova, S.-S.A.; Rogozin, S.V. Investigation of
the hydrodynamic properties of chitosan solutions. Acta Polym. 1985, 36, 420-424,
doi:10.1002/actp.1985.010360805.

Tsao, C.T.; Chang, C.-H.; Lin, Y.Y.; Wu, M.F.; Han, ].L.; Hsieh, K.-H. Kinetic study of acid depolymerization
of chitosan and effects of low molecular weight chitosan on erythrocyte rouleaux formation. Carbohydr. Res.
2011, 346, 94-102, doi:10.1016/j.carres.2010.10.010.

Chebotok, E.N.; Novikov, V.; Konovalova, I.N. Depolymerization of chitin and chitosan in the course of
base deacetylation. Russ. J. Appl. Chem. 2006, 79, 1162-1166, doi:10.1134/s1070427206070238.



Polymers 2020, 12, 1274 14 of 14

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Qin, C; Du, Y.; Xiao, L. Effect of hydrogen peroxide treatment on the molecular weight and structure of
chitosan. Polym. Degrad. Stab. 2002, 76, 211-218, doi:10.1016/s0141-3910(02)00016-2.

Dos Santos, D.M.; Bukzem, A.L.; Campana-Filho, S.P. Response surface methodology applied to the study
of the microwave-assisted synthesis of quaternized chitosan. Carbohydr. Polym. 2016, 138, 317-326,
doi:10.1016/j.carbpol.2015.11.056.

Li, K,; Xing, R,; Liu, S.; Qin, Y.; Meng, X,; Li, P. Microwave-assisted degradation of chitosan for a possible
use in inhibiting crop pathogenic fungi. Int. ]. Biol. Macromol. 2012, 51, 767-773,
doi:10.1016/j.ijpiomac.2012.07.021.

Nouri, M.; Khodaiyan, F.; Razavi, S.H.; Mousavi, M. Improvement of chitosan production from Persian
Gulf shrimp waste by response surface methodology. Food Hydrocoll. 2016, 59, 50-58,
doi:10.1016/j.foodhyd.2015.08.027.

Allan, G.; Peyron, M. Molecular weight manipulation of chitosan I: Kinetics of depolymerization by nitrous
acid. Carbohydr. Res. 1995, 277, 257272, d0i:10.1016/0008-6215(95)00207-a.

Varum, K.M.; Ottey, M.H.; Smidsred, O. Water-solubility of partially N-acetylated chitosans as a function
of pH: Effect of chemical composition and depolymerisation. Carbohydr. Polym. 1994, 25, 65-70,
doi:10.1016/0144-8617(94)90140-6.

Yuan, Y.; Chesnutt, B.M.; Haggard, W.O.; Bumgardner, J.D. Deacetylation of chitosan: Material
characterization and in vitro evaluation via albumin adsorption and pre-osteoblastic cell cultures. Materials
2011, 4, 1399-1416, doi:10.3390/ma4081399.

Shrotri, A.; Kobayashi, H.; Fukuoka, A. Catalytic conversion of structural carbohydrates and lignin to
chemicals. In Advances in Catalysis; Elsevier: Amsterdam, The Netherlands, 2017; Volume 60, pp. 59-123.
Pa, J.-H.; Yu, T.L. Light scattering study of chitosan in acetic acid aqueous solutions. Macromol. Chem. Phys.
2001, 202, 985-991, doi:10.1002/1521-3935(20010401)202:73.0.c0;2-2.

Wu, C; Zhou, S.; Wang, W. A dynamic laser light-scattering study of chitosan in aqueous solution.
Biopolymers 1995, 35, 385-392, doi:10.1002/bip.360350406.

Dzherayan, T.G.; Vanifatova, N.G.; Burmistrov, A.A.; Lazareva, E.V.; Rudnev, A.V. Detection and
quantification of chitosan aggregates by pressure-assisted capillary zone electrophoresis. |. Anal. Chem.
2017, 72, 309-315, doi:10.1134/S1061934817030042.

Pillai, C.; Paul, W.; Sharma, C.P. Chitin and chitosan polymers: Chemistry, solubility and fiber formation.
Prog. Polym. Sci. 2009, 34, 641-678, doi:10.1016/j.progpolymsci.2009.04.001.

Anthonsen, M.W.; Varum, K.M.; Hermansson, A.M.; Smidsred, O.; Brant, D.A. Aggregates in acidic
solutions of chitosans detected by static laser light scattering. Carbohydr. Polym. 1994, 25, 13-23,
doi:10.1016/0144-8617(94)90157-0.

Foster, L].R;; Ho, S.; Hook, ].M.; Basuki, M.; Margal, H. Chitosan as a biomaterial: Influence of degree of
deacetylation on its physiochemical, material and biological properties. PLoS ONE 2015, 10, e0135153,
doi:10.1371/journal.pone.0135153.

Tikhomirov, S.G.; Semenov, M.E.; Khaustov, A ; Bitukov, V.K.; Khvostov, A.A.; Karmanova, O.V.; Popov,
A.P. Polymer degradation in a solution: Monitoring and predicting quality parameters. Theor. Found. Chem.
Eng. 2018, 52, 568-573, doi:10.1134/s0040579518040425.

Couillaud, B.M.; Espeau, P.; Mignet, N.; Corvis, Y. Cover feature: State of the art of pharmaceutical solid
forms: From crystal property issues to nanocrystals formulation (ChemMedChem 1/2019). ChemMedChem
2019, 14, 2, doi:10.1002/cmdc.201800800.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
|@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



