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A petition is a request to amend the USDA National Organic Program’s National
List of Allowed and Prohibited Substances (National List).

Any person may submit a petition to have a substance evaluated by the National
Organic Standards Board (7 CFR 205.607(a)).

Guidelines for submitting a petition are available in the NOP Handbook as
NOP 3011, National List Petition Guidelines.

Petitions are posted for the public on the NOP website for Petitioned Substances.
[ 1 Technical Report

A technical report is developed in response to a petition to amend the National

List. Reports are also developed to assist in the review of substances that are

already on the National List.

Technical reports are completed by third-party contractors and are available to the
public on the NOP website for Petitioned Substances.

Contractor names and dates completed are available in the report.
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December 23rd, 2024

National List Manager
USDA/AMS/NOP, Standards Division
Attention: National List Manager
1400 Independence Ave, SW
Room 2642-So., Ag Stop 0268
Washington, DC 20250-0268

Dear National List Manager,

We, Enartis USA Inc., are submitting this petition to request the inclusion of Poly-D-Glucosamine
derived from Aspergillus niger and more commonly known as chitosan, on the National List
under Section 205.605 (b) as a nonagricultural (nonorganic) substance permitted in or on
processed products labeled as "organic” or "made with organic (specified ingredients or food

group(s))."

Chitosan, derived from A. niger, plays a pivotal role in modern organic winemaking by
improving product stability and safety without the use of synthetic chemical additions. The
inclusion of chitosan on the National List supports the principles of organic agriculture, which
aim to promote ecological balance, enhance soil and plant quality, and minimize the use of
synthetic substances. By emphasizing chitosan’s role in reducing reliance on synthetic
chemicals and its biodegradability and non-toxicity, the petition aligns with the broader goals
of the OFPA to foster environmentally friendly farming and handling practices.

To the best of my knowledge this petition is complete, accurate, and meets the requirements
as laid out in NOP 3011 Procedure: National List Petition Guidelines, and CFR § 205.600
Evaluation criteria for allowed and prohibited substances, methods, and ingredients.

Thank you for taking the time to review this petition, and please contact me if you have any
questions.

Best Regards,

Enartis USA Inc.

Nick Sherry
nick.sherry@enartis.com

(707) 508-6786
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ITEM A

Iltem A.1 - National List Section: Section 205.605 (b): Nonagricultural (nonorganic)
substances allowed in or on processed products labeled as “organic” or “made with organic
(specified ingredients or food group(s))”.

ltem A.2 - OFPA Category: N/A

ltem A.3 - Inert Ingredients: N/A

ITEM B

Iltem B.1 - Substance Name: Poly-D-Glucosamine derived from Aspergillus niger. More
commonly known as chitosan.

ltem B.2 - Petitioner and Manufacturer Information:

USA: Nick Sherry Italy: Enartis Srl.
Enartis USA Inc. Via San Cassiano 99,
7795 Bell Road, 28069 San Martino NO
Windsor, CA 95492 [taly

ltem B.3 - Intended or Current Use:

“Numerous industries have taken interest in chitosan over the last few decades because of the
ability to fine-tune its physicochemical properties for specific purposes (Bellich et al. 2016).
Chitosan is a versatile and promising material for developing bioplastics (including films),
healthcare products, food additives, pesticides, fruit coatings, seed treatments, wastewater
treatments, and other products. The substance’s versatility is due to its properties as a structural
polymer as well as its ability to form cations, to chelate, and to be chemically modified in a
number of ways. These properties, combined with its biocompatibility, biodegradability, and
antimicrobial effect, has made it an attractive molecule for product development. Bellich et
al. (2016) notes that more than 1,100 papers were published about chitosan in the 1980s, 5,700
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in the 1990s, and more than 23,000 in the 2000s.” — National Organic Standards Board (NOSB)
Chitosan Technical Report (2020)

Chitosan is a positively charged copolymer composed of two different chemical subunits that
repeat in particular order: glucosamine and N-acetyl-glucosamine. It is derived from chitin
which is structurally similar to cellulose. It is the second most abundant polysaccharide in
nature, present in fungus, crustaceans, and other life forms.

In wine production, chitosan from A. niger is a processing aid used to improve clarification and
filterability, to prevent and treat volatile off aromas (such as those caused by the spoilage
yeast Brettanomyces bruxellensis) and to improve microbial stability in wine by decreasing the
microbial load. Chitosan is positively charged and acts on the negatively charged cell walls of
a wide spectrum of microorganisms (Brettanomyces, Zygosaccharomyces, Acetobacter,
Oenoccus, Pediococcus, and Lactobacillus), inhibiting cell growth and leading to cell death,
followed by precipitation. Furthermore, its affinity to metal cations facilitates removal of
prooxidant metals from the wine while also destabilizing the structure of spoilage microbe cell
walls by removing structural cations.

Usage regulations:
¢ Chitosan is permitted by the TTB as an authorized ‘wine treating material’.

¢ The amount used must not exceed 500 g/hL according to the Alcohol and Tobacco Tax
and Trade Bureau (TTB) and the European Union (EU) regulations 2019/934.

e Chitosanis recognized by the Food & Drug Administration (FDA) as ‘Generally
Recognized as Safe’ (GRAS): Agency Response Lefter GRN 000397

¢ The specifications for enological chitosan are described in detail by the International
Oenological Codex, compiled by the International Organisation of Vine and Wine
(OIV).

e Recognized as ‘Bio’ by The International Organization of Vine and Wine and the
European Union, the use of fungal chitosan is permitted for organic wine elaboration
(Requlation EU 1584/2018, amending the EU 889/2008 Annexes)

e Chitosanis already permitted for use in section § 205.601(m) of the National List
regulations, albeit as an inert ingredient that is not specifically mentioned by name.

EnartisStab MICRO M is a preparation of pre-activated chitosan from Aspergillus niger and
yeast hulls. It was designed for the tfreatment of grapes, juice, or must as an allergen-free,
vegan alternative to lysozyme and SO2. Chitosan acts quickly and settles out rapidly,
facilitating easy removal without leaving residues that might require additional processing or
affect the wine's clarity and quality.
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Additionally, chitosan is a very effective fining agent that, by itself, or combined with other
clarification agents (such as pea protein, silica, bentonite), can improve the clarity and
sensory characteristics of juice and wine.

In summary, chitosan:
Enhances Clarification and Filterability: Improves the clarity and filtration efficiency of wine.

Combats Volatile Off-Aromas: Effective against spoilage organisms like Brettanomyces
bruxellensis, which are known for producing undesirable flavors in wine.

Boosts Microbial Stability: Reduces the overall microbial load, thereby enhancing the stability
and safety of the wine.

Iltem B.4 - Intended Activities and Application Rate

Chitosan can help replace or reduce the use of SOa. It has antimicrobial, antioxidant, and
antfioxidasic activity, and unlike SO, its efficacy is not pH dependent. Using EnartisStalb MICRO
M (chitosan product produced by Enartis Srl) is a very effective way of preventing microbial
contamination and oxidation, while keeping SOz levels low.While EnartisStalb MICRO M is
approved for eliminating spoilage microorganisms, it has many beneficial side activities as
well. It exhibits robust antimicrobial, antioxidant, and antfioxidasic properties, which are
essential for:

o Preventing microbial contamination and oxidation, thereby maintaining lower levels of
SOa.

o Eliminating spoilage microorganisms such as Brettanomyces bruxellensis, known for
causing off-flavors.

 Removing oxidative precursors like catechins and inhibiting enzymes such as laccase
that contribute to wine spoilage.

o Chelating pro-oxidant metals like copper and iron, thus reducing the potential for
oxidation.

Chitosan is among one of the most prominent materials investigated in the search for
alternatives to sulfur dioxide (SO2) in winemaking, which have included the use of chemical
substances (sorbic acid, ascorbic acid, lysozyme, dimethyl dicarbonate etc.), physical
processes (microfiltration, ultraviolet radiation, electrical pulses etc), and biological strategies,
such as non-saccharomyces yeast strains which inhibit the growth of spoilage yeast and
bacteria.
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Used in conjunction with other enological products - such as technical tannins - that are
permitted for wine “"made with organic grapes”, chitosan could serve to reduce, and
potentially, eliminate the necessity for SOz in organic winemaking.

“Pre-activated chitosan derived from Aspergillus niger can be an alternative to SO2 during alll
stages of the winemaking process due to its antioxidant, antioxidasic, and antimicrobial effect.
It has demonstrated strong results in controlling a wide spectrum of spoilage microorganisms
such as Botrytis cinerea, Acetobacter, Lactobacillus, Pediococcus even at high pH (pH 3.9).
Furthermore, it can limit oxidation reactions by chelating metals such as copper and iron,
which are catalysts of enzymatic and non-enzymatic oxidation reactions. This is useful as
climate chaos and organic farming necessitate increased copper use in vineyards.” (Allen et
al., 2023)

Please see Appendix A for a scientific poster titled “Mitigating the Effects of Climate Change
on Wine Production Using Activated Chitosan and Technical Tannin”. This scientific poster
highlights the role of chitosan in addressing climate-related challenges such as increased wine
pPH and oxidative spoilage.

Application rates vary and depend on the stage of winemaking and reason for using the
product.

Application Rates:
Must Treatment: 5- 10 g/hL

Chitosan reduces microbial contamination in must by binding to negatively charged cell walls
of spoilage organisms, such as Lactobacillus and Acetobacter, causing cell death. This
process stabilizes the must early, minimizing the risk of fermentation disruptions.

Wine Treatment: 5 - 20 g/hL

In wine, chitosan continues to decrease microbial loads by targeting spoilage bacteria and
yeast like Breftanomyces. Its action ensures microbial stability during aging, reducing the need
for sulfur dioxide.

Brettanomyces bruxellensis Control: 5- 12 g/hL

Chitosan disrupts the cell walls of Brettanomyces bruxellensis by chelating essential structural
cations, leading to cell death. This effectively mitigates spoilage aromas without affecting the
sensory profile of the wine

Fermentation Issues: 5 - 10 g/hL

Chitosan absorbs inhibitory compounds that are toxic to yeast while reducing populations of
spoilage microbes like lactic acid bacteria. This creates a cleaner environment, helping to
resolve sluggish or stuck fermentations organically.
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Metal Reduction: 10 - 50 g/hL

Chitosan’s chelating properties bind and precipitate pro-oxidant metals such as copper and
iron, which catalyze oxidation reactions. This reduces oxidative spoilage risks and maintains
wine freshness.

Ochratoxin A Reduction: 20 - 100 g/hL

Chitosan binds and removes ochratoxin A, a harmful mycotoxin produced by certain molds,
during wine clarification processes. This ensures compliance with safety standards while
preserving wine quality.

These application rates are adaptable based on wine pH, turbidity, microbial load, and
production goals, ensuring versatility and alignment with organic winemaking standards.

For a “No SO2 Winemaking Protocol”, please see Appendix B. This document details step-by-
step guidelines for reducing or eliminating sulfur dioxide in wine production using chitosan-
based practices.

ltem B.5 — Manufacturing Process
Chitosan Production from Crustaceans

The production of chitosan from crustacean sources has environmental concerns due to the
harsh chemical processes involved. According to the NOP Guidance 5033-1, the conversion of
chitin to chitosan is classified as synthetic due to these processes.

“Following NOP Guidance 5033-1 Guidance Decision Tree for Classification of Materials as
Synthetic or Nonsynthetic (NOP, 2016) leads to a determination that the chitosan is synthetic.”
Chitosan Technical Report NOSB, 2020

It should be noted that chitosan derived from crustaceans is not permitted in winemaking.
Advancements in Chitosan Production

Recognizing the need for more sustainable practices, recent research has focused on
developing greener methods for extracting chitosan. These methods aim to reduce the
environmental impact traditionally associated with chitosan production (Crognale et al. 2022;
Hug et al. 2022; Pellis et al. 2022).

Fungal-Derived Chitosan

Enological chitosan, however, is derived from Aspergillus niger which offers several
advantages over fraditional crustacean-derived chitosan. This fungal method avoids the need
for demineralization and decolorization—steps that are intensive in chemical use and are
required for approximately 70-80% of crustacean-based extractions.
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The fungal approach allows for the production of chitosan with varied properties, adaptable
to specific applications: *Among the advantages of the fungal approach, there is the
possibility of obtaining chitosan’s with different properties by varying species and culture
conditions. For instance, the chitosan derived from shellfish wastes has a high molecular mass
(around 1.5 x 10¢ Da), while the MW of chitosan from fungal sources widely ranges from 6.4 x
10310 1.4 x 10¢ Da. High MW chitosans are sparingly soluble in neutral pH aqueous solutions
and yield high viscous solutions that limit their exploitation in the food, health, and agricultural
sectors. Fungal-derived chitosan with medium-low MW can be used as hypocholesterolemic
agents in healthcare products and as a thread or membrane in a variety of biomedical
applications. Moreover, chitosan extraction from fungal sources is more environmentally
benign than that from shellfish wastes since the latter source requires highly concentrated acid
and alkaline solutions for demineralization and chemical deacetylation that have to be
disposed of. Another advantage associated with fungal chitosan encompasses the absence
of allergenic proteins, such as tfropomyosin. Chitin and chitosan extraction from fungi can
lower disposal costs of fungal-based waste materials in association with the production of
value-added products, which may offer a lucrative opportunity to the biotechnological
industries.” (Crognale et al., 2022)

Enartis Srl. sources chitosan from Aspergillus niger, to meet the specifications set by the OIV
Codex on Chitosan. Only chitosan with a purity equal to 95% or higher may be used. Chitosan
comes as a white, odorless, and flavorless powder, that is almost completely insoluble in
aqueous or organic medium (OlV, 2022).

Fungal-Derived Chitosan Manufacturing Process:

1. Cultivation of Aspergillus niger: The fungus is grown in controlled fermentation conditions,
utilizing substrates approved for organic production.

2. Chitin Extraction: Chitin is extracted from the fungal cell walls through a gentle process
using minimal chemical inputs. Unlike crustacean-derived chitosan, this does not require harsh
demineralization or deproteinization steps.

3. Deacetylation: The extracted chitin undergoes partial deacetylation, converting it into
chitosan. This step uses controlled pH adjustments with biodegradable reagents.

4. Purification: The resulting chitosan is washed and filtered to achieve a purity level of 95% or
higher, as required by the International Organisation of Vine and Wine (OIV).

5. Drying and Packaging: Chitosan is dried, milled into a fine powder, and packaged in
compliance with food-grade and organic production standards.
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Advantages of Fungal Derived Chitosan

Variability in Molecular Weight: Fungal chitosan offers a range of molecular weights (from 6.4 x
10A3 to 1.4 x 10A6 Da), which enhances its solubility and functionality across different
applications.

Environmental Benefits: The fungal extraction process is less reliant on harmful chemicals,
reducing environmental impact compared to crustacean-derived chitosan.

Absence of Allergenic Proteins: Unlike crustacean-derived chitosan, fungal chitosan does not
contain allergenic proteins such as tropomyosin, making it safer for use in various industries.

Cost-Effectiveness and Waste Reduction: Utilizing fungal sources can reduce the disposal costs
associated with waste materials and supports the production of value-added products,
presenting opportunities for biotechnological innovations.

Iltem B.é Ancillary Substances

Inactivated Yeast — Yeast is a non-agricultural substance on the National List, §205.605(a), and
is used to maximize chitosan’s effect in turbid wines and must by preventing interactions with
suspended solids. It is derived from yeast fermentation processes.

Ascorbic Acid (E 300) - Added to the National List, §205.605(b), effective April 21, 2001.
Ascorbic acid is an organic acid produced via fermentation of glucose using bacteria such as
Ketoacidophilus. Used as a preservative (antioxidant) and as a component of the pre-
activation process for active chitosan products.

Lactic Acid (E270) - An organic acid produced through bacterial fermentation of
carbohydrates that is Included in the National List §205.605(b). It enhances product stability
and microbial control.

These ancillary substances improve the functionality of chitosan without compromising its
compliance with organic production standards.

Item B.7 Previous Reviews

Since the publication of the Chitosan Technical Report (2020) there have been no additional
reviews by state, private certification programs, or other organizations, that the author could
find.
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Iltem B.8 Regulatory Authority
The Food & Drug Administration (FDA):

In response to GRN No. 937 Chitosan from Aspergillus niger, fled August 8, 2011, the FDA had
no questions for the petitioner regarding their conclusion that chitosan is GRAS for its infended
use as a secondary direct food ingredient in alcoholic beverage production at levels 10 and
500 grams per hectoliter (100 L).

21 CFR 173: A secondary direct food additive has a technical effect in food during processing
but not in the finished food (e.g., processing aid). The technical use of chitosan in the FDA's
GRAS Notice GRN 000397 is for microbiological stabilization, removal of contaminants, and/or
clarification of the alcoholic beverage.

GRN No, 997 ‘Chitosan and beta-1,3- glucans from white button mushrooms (Agaricus
bisporus), submitted by Chinova Bioworks inc, was closed February 28, 2022 with no questions
from the FDA, although it was clearly stated that all manufacturers and food producers be
compliant with all applicable legal and regulatory requirements (FDA, 2022)

The Alcohol and Tobacco Tax and Trade Bureau (TTB):

The TBB recognizes chitosan as a ‘material authorized for the treatment of wine and juice’, as
specified under the CFR §24.246.

Chitosan from Aspergillus niger: To The amount used must not exceed | GRAS Notice No. GRN
remove spoilage organisms such as | 0.04 pounds per 1 gallon (500 000397.
Brettanomyces from wine g/100 L) of wine

Source:

eCFR :: 27 CFR 24.246 -- Materials authorized for the treatment of wine and juice.

On 08/22/2022 following a rulemaking and comment period, the TTB amended the maximum
addition rate of chitosan in winemaking to 500 g/hL, from the 100 g/hL that was initially
allowed for removing spoilage microorganisms (Federal Register, 2022).

The TTB has also made a preliminary conclusion to allow chitosan to remove off flavors from
wine, and it is currently listed as a ‘wine and juice treating material that has been
administratively approved for confinual use’.
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Chitosan: To remove spoilage organisms|{The Chitosan must be derived from ITTB regulations authorize the use of

such as Brettanomyces from wine, and |Aspergillus niger. The amount used must notchitosan to remove spoilage organisms

for clarification, fining, and removing  |exceed 500 grams per 100 liters of wine. such as Brettanomyces at a rate not to

off flavors from wine and juice. GRAS Notice No. GRN 000397. exceed 0.04 pounds per 1 gallon (500 g/100

L) of wine. TTB has also made the
preliminary conclusion, as of March 17,
2022, of allowing the use of chitosan to
remove off flavors.

Source: TIBGov - Treating Materials

Organic Foods Production Act. USDA Final Rule:

Under the USDA's Organic Foods Production Act, chitosan is indirectly included through its
listing on the EPA’s List 4 (2004), which is referenced in sections §205.601(m) and §205.603(e) of
the National List. This inclusion supports the use of chitosan as a pesticide and processing aid,
conforming to organic production standards.

United States Environmental Protection Agency (EPA):

On November 8, 2022, the EPA recognized the safety and efficacy of chitosan by adding
chitosan (also known by its chemical name: poly-D-glucosamine) (CAS No. 9012-76-4) to the
list of active ingredients eligible for use in minimum risk pesticide products exempt from
registration and other requirements of the Federal Insecticide, Fungicide, and Rodenticide Act
(FIFRA). In doing so, the EPA is specifying that the listing also includes those chitosan salts that
can be formed when chitosan is mixed with the acids that are listed as active or inert
ingredients eligible for use in minimum risk pesticide products.

“The purpose of the exemption list is fo eliminate the need for the Agency to expend
significant resources to regulate products deemed to be of minimum risk to human health and
the environment.” (Federal Register, 2022)

Prior to that, the EPA had released, on May 6, 2022, data on the aquatic toxicity of chitosan
salts, allowing for public comment before the final rulemaking (EPA, April 21, 2023).

This final ruling went into effect on January 9, 2023 (Federal Register, 2022)

Chitosanis on the EPA’s Safer Chemicals Ingredients List with a green circle indicating that
“The chemical has been verified to be of low concern based on experimental and modeled
data.” (EPA, 2023)

EPA Tolerance Exemption:

CFR 40 180.1072 exempts chitosan from the requirement of a tolerance limit for residues when
used as a seed tfreatment in or on barley, beans oats, peas, rice, and wheat, and when used
as a pesticide in the production of any raw agricultural activity.
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CFR 40 180.950 states that: “residues resulting from the use of the following substances as either
an inert or an active ingredient in a pesticide chemical formulation, including antimicrobial
pesticide chemicals, are exempted from the requirement of a tolerance under FFDCA section
408, if such use is in accordance with good agricultural or manufacturing practices.”

EU & OIV:

The International Organization of Vine and Wine (OIV/OENO 336A/2009, 337A/2009,
338A/2009) and the European Union (Regulation EU 53/2011) authorized the use of fungal
chitosan including for organic wine elaboration (Regulation EU 1584/2018, amending the EU
889/2008 Annexes) (EUR-Lex, 2023)

ltem B.9 Chemical Abstracts Service (CAS) Number and Product Labels
Chemical Abstracts Services Registry Number: Chitosan CA No. 9012-76-4
Product Label:

Please refer to Appendix C

ltem B.10 Physical and Chemical Properties

Overview of Chitosan: Chitosan is a versatile biopolymer obtained by deacetylating chitin,
which is found in crustacean shells and fungal cell structures, such as those of Aspergillus niger
and Agaricus bisporus. This process tfransforms the naturally occurring chitin, composed of N-
acetyl-D-glucosamine units, into chitosan—a polymer primarily made up of B-(1-4)-linked D-
glucosamine units.

Physicochemical Attributes: The distinct physicochemical properties of chitosan, particularly its
molecular weight (MW) and degree of acetylation, are critical to its functionality. These
characteristics influence its solubility, viscosity, and bioactivity, making chitosan a highly
adaptable material for various applications, including winemaking.

Mechanistic Insights and Research Progress: While the exact mechanisms by which chitosan
exerts its beneficial properties are still under investigation, several theories suggest its
interaction with microbial cell walls and metal ions as key factors. Ongoing research contfinues
to uncover new benefits of chitosan in winemaking, enhancing our understanding and
application of this biopolymer. Recent studies, such as those by Medeiros et al. (2023),
highlight its potential in improving the stability and quality of wine.
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e Chelating activity enables chitosan to bind with metal ions, which can be crucial in
removing unwanted metallic tastes and stabilizing wine.

e Adsorption capacity and film-forming ability contribute to chitosan’s effectiveness in
clarifying wines and improving their filtration.

¢ Antimicrobial activities provide natural preservation by inhibiting the growth of spoilage
organisms in wine.

The physical and chemical properties of the chitosan Enartis uses in winemaking are specified
by the OIV (OlV, 2009). Table 1. provides the specifications available on the ‘Certificate of
Analysis’ (CoA) for EnartisStab Micro M, Enartis USA’s most popular chitosan-based product.

Parameter Unit Specification Type
Appearance na Microgranules Actual Value
Colour of product na Beige Actual Value
pH 5% solution (20 °C) na 3,0-50 Actual Value
Dry Maftter % >/=94,0 Actual Value
Loss on drying % </=6,0 Typical Value
Insolubles in H20 % 56,00 - 75,00 Typical Value
Medium size ¥ </=250 Typical Value
Heavy Metal (Pb) mg/kg </=10 Typical Value

Table 1. Values shown on a typical EnartisStalb MICRO M ‘Certificate of Analyses’.

Unique Properties and Applications of Chitosan: Chitosan stands out within the polysaccharide
family due to its distinctive and beneficial properties, which have led to its wide adoption
across various industries, including winemaking. These properties include:

e Biocompatibility and biodegradability ensure that chitosan is safe for use in food and
beverage applications, aligning with environmental sustainability goals.

e Non-foxicity and non-allergenicity makes chitosan a safe choice for consumers,
particularly important in products intended for human consumption.

¢ Chelating activity enables chitosan to bind with metal ions, which can be crucial in
removing unwanted metallic tastes and stabilizing wine.

e Adsorption capacity and film-forming ability contribute to chitosan’s effectiveness in
clarifying wines and improving their filtration.
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e Antimicrobial activities provide natural preservation by inhibiting the growth of spoilage
organisms in wine.

a) Chemical Interactions with other substances, especially substances used in organic
production.

Chitosan's interaction with other approved substances used in organic winemaking has shown
no adverse effects. In fact, EnartisStab Micro M, a chitosan-based product formulated with
inactive yeast and organic acids, enhances its stabilizing and clarifying actions through
synergistic interactions between the components.

Additionally, synergy with other substances, such as sulfur dioxide and various fining agents,
typically results in a reduction in the quantities required of these additives. This not only
preserves the natural quality of the wine but also aligns with the principles of organic
winemaking by minimizing chemical inputs.

(b) Toxicity and environmental persistence

The Formal Recommendation from the National Organic Standards Board (NOSB) to the
National Organic Program (NOP) stated that disposing of, or misusing chitosan, is not
expected to cause concerning levels of environmental contamination, due to its low toxicity
(USDA, 2021).

c) Environmental impacts from its use and/or manufacture

Commercial chitosan production is still imited to use of harsh alkaline tfreatment conditions,
although other more environmentally friendly processes have been demonstrated using hot
water, mechanochemical, and glycerol treatments for crustacean-based chitosan (Hug et al,
2022). No research was found using these novel methods for fungal chitosan.

Production of fungal chitosan is more environmentally friendly because the production process
is simpler and does not require the demineralization and decolorization steps needed for
crustacean sources, therefore lowering the amounts of harsh chemicals used and reducing
the amount of waste effluent produced. However, to date, there are no greener solutions
available to commercial chitosan producers, although current research shows a commitment
to producing chitosan more sustainably (Pellis et al, 2022; Crognale et al, 2022;

Hug et al, 2022).

A recent bibliometric analysis focusing on the use of chitosan for sustainable development
uncovers an upward trend in the use of chitosan for this purpose, and highlights chitosan’s use
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as an environmentally friendly absorbent, and as a flocculant for water freatment (Lam et al,
2023).

d) Effects on human health

A scientific opinion on the list of health claims associated with taking chitosan supplements
and associated ‘weight management’ benefits established there was no cause and effect
related to the claim (EESA, 2011). A final rule by the United States Environmental Protection
Agency (Federal Register, 2022) suggests that a lack of reports relating to chitosan and
adverse human health effects, implies that there are minimal risks to humans and the
environment. Chitosan is classified in Toxicity Category |V for acute oral toxicity, acute dermal
toxicity, acute eye irritation, and acute dermal irritation, or practically non-toxic.

The National Toxicology Program published a report on the toxicity of chitosan administered in
feed to Sprague Dawley rats concluding that chitosan was nearly non-toxic to animals and
humans (National Toxicology Program, 2017).

The NOSB Technical Report summarizes the available information on the effects upon human
health and concludes that there are no known negative effects on humans from chitosan use.

e) Effect on soil organisms, crops, or livestock.

Since the NOSB Technical Report (2020), the EPA added chitosan to its list of active ingredients
eligible for use in minimum risk pesticide products exempt from registration and other
requirements of the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) in 2022.

A recent review summarizes the applications of chitosan, and its derivatives, as an elicitor, a
plant protector, and a biostimulator which can lead to improved plant growth, stress
tolerance, and overall plant quality, as well as inducing the plants defenses, protecting
against pests and pathogens, and increasing production of secondary metabolites (Stasinska-
Jakubas & Hawrylak-Nowak, 2022).

According to a recent review on the application of low molecular weight chitosan in animal
nutrition, husbandry, and health, there is: “.... sufficient research to demonstrate its usefulness
in animal nutrition and health, such as feed additives, wound healing, bone regeneration,
analgesic, and antimicrobial effect. Low molecular weight chitosan is a potential alternative
antibiotic in livestock production to address the rising global cost of veterinary drugs. However,
there a need for more literature on its utilization, especially in livestock production. Hence,
more in-depth studies should be carried out.” (Boamah et al, 2023)
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Studies on the impact of chitosan on the mechanical stability, water stability, and wettability of
soils, continue to demonstrate that the effect on soils is not detrimental to the soil environment,
with positive benefits being demonstrated with the addition of chitosan (Adamczuk et al, 2021;
Adamczuk & Jozefaciuk, 2023)

ltem B.11 Safety Information

To our knowledge, a specific NIEHS substance report on chitosan does not exist. However,
chitosan’s safety is well-documented in peer-reviewed studies and regulatory approvals,
including:

¢ The National Toxicology Program'’s report on the low toxicity of chitosan when
administered to Sprague Dawley rats.

e EPA’s classification of chitosan in Toxicity Category IV (practically non-toxic).

Please refer to Appendix D for the Safety Data Sheet (SDS) of EnartisStab Micro M and
Appendix E for the National Toxicology Program's report on the toxicity of chitosan (CASRN
9012-76-4) administered in feed to Sprague Dawley rats. These findings confirm that chitosan is
safe for human and environmental health, aligning with organic standards.

ltem B.12 Research Information

In researching this petition to have chitosan included on the National List, the focus was on
searching for research and publications dated since the publication NOSB Chitosan Technical
Report (2020). Research papers used are all specific to the requirements of the petition.

Since the NOSB Chitosan Technical Report (2020), extensive research has underscored the
multifaceted applications and benefits of chitosan, particularly fungal-derived, in alignment
with organic agricultural practices. Our petition is supported by recent studies that focus on
addressing the challenges in chitosan production and advocate for sustainable
manufacturing methods, as documented by Lam et al. (2023), Crognale et al. (2022), Hug et
al. (2022), and Pellis et al. (2022).

Significant research into chitosan nanoparticles highlights its potential in developing
biodegradable products for sectors including packaging (Yanat & Schroen 2021), medicine
(Jha & Mayanovic 2023), and agriculture (Ingle et al. 2022), along with assessing its
environmental and safety impacts (Khan et al. 2024). Reviews on the effects of chitosan on
crops, soils, and in animal husbandry determine that chitosan has many beneficial
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applications (Stasinska-Jakubas & Hawrylak-Nowak, 2022; Boamah et al, 2023; Adamczuk et al,
2021; Adamczuk & Jozefaciuk, 2023).

Fungal chitosan in relation to winemaking was the primary area of research in determining
that chitosan should be included on the National list as a tool for winemakers to reduce the
level of sulfites used in organic winemaking. Studies by Marchante et al (2020), Picariello et al
(2020), Tedesco et al, (2022), Baris et al (2023), Medeiros et al, 2023, and Velasquez, C. (2023),
confinue to highlight chitosan’s positive attributes in winemaking as a complementary product
or alternative to SOa. It should be noted that compared to the volume of research papers on
chitosan in other industries, there are substantially fewer for its use in winemaking.

Research and reviews of alternative strategies to using SOz in winemaking were evaluated and
indicates a wilingness by the industry o move away from using SO2 as the sole means of
preserving wines quality and attributes (Barril et al, 2016; Frascassetti et al (2019); Yildirim, H.K
(2020); Picariello et al (2020); Silva & Wyk, 2021; Canonico et al, 2023; Fia et al, 2023). Research
into non-thermal technologies further demonstrate an effort to find an alternative to preserving
wines qualities without the use of SOz (Falgera et al, 2013; Morata et al, 2014; Fracasseti et al,
2019; Silva &Wyk, 2021; Delso et al, 2023).

Regulatory and Safety information was established from the websites of the Food & Drug
Administration (FDA), The Agricultural Marketing Service (AMS), The National Organic
Standards Board (NOSB), United States Environmental Protection Agency (USEPA), The Federal
Register, The International Organization of Vine and Wine (OIV), The Alcohol and Tobacco, Tax
and Trade Bureau (TTB), and European Union (EU).

In researching the negative attributes of chitosan from A. niger and its potential to be used in
wine “made from organic grapes”, it is clear that the manufacturing process may pose a
significant hurdle in justifying it's use due to the nature of the chemicals used. In a review of the
sources, production, and commercial application of fungal chitosan, Huqg et al. (2022) suggest
that future research and development activities should focus on improving the production
process to be more eco-friendly. However, no research papers or evidence could be found to
present a case for not including chitosan from A. niger on the National List. Chitosan’s status as
“bio” in the European Union provides a strong case for its inclusion, as this would facilitate
trade and provide US wine producers with an opportunity to compete in the global organic
wine market, without sacrificing quality.

ltem B.13 Petition Justification Statement
E. Inclusion of a Synthetic on the National List (7 C.F.R. §§ 205.601, 205.603, 205.605(b))

Explain why the substance is necessary for use in organic handling.
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Chitosan is proposed for use as either a complimentary tool to other materials already on the
National List (e.g., tfannins such as HIDEKI (TDS in Appendix F) or sulfur dioxide), or an alternative
to SO2 for use in the production of wine "made with organic grapes”.

Recent studies highlight chitosan's role in enhancing wine quality without the adverse effects
associated with SO2. For instance, a 2020 study found chitosan, as a total or partial substitute
for SO2, produced quality red wines without changing important considerations in the wines
chemical profile, when used as a pre-fermentative addition (Marchante et al., 2020). Chitosan
can be used throughout the winemaking process, in much the same way as SO-. Picariello et
al (2020) determined that post-fermentative additions of chitosan reduced the amount of SO2
bound acetaldehyde, coupled with a higher polymeric pigment content and lower tannin
reactivity with proteins. Highlights from a recent study on the oxidative browning of model
white wine using two fungoid chitosan’s include an 85% reduction of oxidative browning, and
a noticeable impact on the wine's antioxidant behavior due to its ability to chelate iron (Baris
et al, 2023).Tedesco et al, 2022 provides a review of chitosan in oenology, concluding that
chitosan will contfinue to be used in winemaking, with the possibilities of its use widening more
and more as research continues to be carried out.

“In the wine industry it is essential to reduce or even eliminate SO2 especially in the production
of organic wines.” (Yildirim H.K 2020) Sulfur dioxide, though widely used for its preservative
qualities, has been associated with adverse health reactions, including respiratory issues and
organoleptic changes in wines. Chitosan, derived from fungal sources like Aspergillus niger, is
free from common allergens found in shellfish-based chitosans and does not persist in the
environment, making it a safer, more sustainable choice.

Research has shown that fungal chitosan has been found to be free of the allergenic proteins
— fropomyosin, myosin light chain, and arginine kinase — which are found in shellfish (Li et al,
2012). Sulfites, on the other hand, have been named ‘Allergen of the Year 2024’ by the
American Contact Dermatitis Society in a bid to raise awareness of this significant allergen that
are commonly used in food/beverages, personal care products, and pharmaceuticals (Ekstein
& Warshaw, 2024). Not known to be toxic to humans or animals, not persistent, and highly
biodegradable, chitosan is less harmful to the environment than SOo.. It should be noted that
the levels of SO2 used in winemaking are not considered to be harmful to the environment,
however sulfites must be declared in winemaking at levels over 10 ppm to protect the
consumer, according fo the FDA.

The environmental and health advantages of chitosan are significant, especially in the context
of climate change, which has caused an increase in wine pH (decreased acidity) (Venios et
al, 2020) and increased copper use in vineyards (Allen et, 2023). A wine with a pH of 4.0
requires up to four times the dose of SO, compared to a wine with a pH of 3.2 to achieve the
same molecular SO2 and therefore microbial control. Droz et al. (2021) suggest that with a
predicted 10% increase in soil organic matter by 2100, copper transport in soil may decrease
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therefore increasing the amount of copper accumulated in vineyard soil. An increase in the
pro-oxidant metal copper in the vineyard would see a concomitant increase in wine, leading
to a potential increase in both enzymatic and non-enzymatic oxidation reactions. Chitosan’s
ability to chelate copper provides a useful tool to counter this without increasing SO2 additions.

A “Review of practices for the reduction of so2 doses used in winemaking” (REFERENCE OIV-
OENO 63102020) identifies Points of Intervention throughout the winemaking process where
SOz could be limited or reduced for reasons that ultimately affect wine quality. SO2 additions
prior to fermentation can bind to carbonyl compounds, such as acetaldehyde, leading to
reduced color stability. During fermentation, SO2 has a proven risk of producing volatile sulfur
compounds through direct metabolization by fermentative yeast. SO2 additions can also mute
wine aromatics at high doses and are responsible for bleaching, or turning pigments colorless,
when it binds to anthocyanins, as well as preventing the formation of more stable polymeric
pigments. Castro & Chinnici (2020) studied the effect of chitosan on tannin removal,
concluding that at the doses used chitosan’s impact on wine quality was marginal.

Of the alternatives discussed in this petition below, chitosan from Aspergillus niger provides a
wide spectrum of benefits and can be used to lower or eliminate SO2 additions, is non-toxic,
biodegradable, biocompatible, and non-allergenic. By granting this petition, the NOSB would
provide organic winemakers with a proven, effective, and sustainable solution to meet
modern winemaking challenges while maintaining the integrity of organic standards.

Describe nonsynthetic or synthetic substances on the National List or alternative
cultural methods that could be used in place of the pelitioned synthetic substance.

1. Non-Thermal Technologies

Pulsed Electric Field (PEF) technology has been shown to achieve adequate levels of
microbial inactivation (3-log10) in must and wine under industrial applicable processing
parameters, making it a suitable alternative to SO2 or sterilizing filtration for microbial control in
winemaking. (Delso et al, 2023). An increase in color intensity of freated wines was observed
while the organoleptic wine qualities remained unaltered (Yildirim, H.K, 2020).

Morata et al, (2014) found that High Hydrostatic Pressure (HHP) reduced wild yeast populations
on Vitis vinifera (var. Tempranillo) significantly, although bacterial populations had a higher
resistance leaving a residual load at the highest treatment (550 MPa). Other studies have
determined that HHP has a strong microbial effect on mold, yeasts, acetic and lactic acid
bacteria (Yidrim, H.K., 2020). The technology is not widely adopted in the wine industry fo my
knowledge.
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Ultraviolet (UV)-vis (Falgera et al, 2013) and UV-C (Agnolucci et al, 2019) have both been
shown to reduce the microbial populations of in wines and musts without affecting the other
important considerations. Both have been proposed to reduce SOz use in food processing.

Low Electric Current (LEC) has been demonstrated to be effective against yeast and
microorganisms in grape musts and wines, although no research beyond 2006 was found for
LEC.

A critical review on Ultrasound in winemaking by Zhang et al (2023) determined that
ultrasound can be used effectively to reduce SO2 consumption, amongst other benefits, but
that further research is needed before ultrasound can be scaled up to commercial
application due to current limitations.

“Despite the encouraging results demonstrating less or no SO2 addition to wine by using non-
thermal technologies such as HPP and PEF, more research is needed to determine the extent
to which the use of SO2 can be reduced or eliminated in the production/stabilization of
different types of wine.” (Silva & Wyk, 2021)

While these non-thermal technologies have been shown to be effective, adoption has been
slow due to cost, infrastructure and scalability issues.

2. Chemical Alternatives

Sulfur dioxide: Section 205.605 (b) permits the use of sulfur dioxide for use only in wine labeled
“made with organic grapes’, provided that the total sulfite concentration does not exceed
100 ppm. The TTB states that finished wine must not exceed the limitations described in 27 CFR
4.22(b) (1), which is 350 parts per million (ppm) total.

Acorbic Acid: Permitted under Section 7 CFR 205.605(b)(6) of the National List, since April 21,
2001 (USDA, AMS, 2022). The antfioxidant capacity of ascorbic acid is well-known, however its
use in winemaking can also produce detrimental effects, such as pro-oxidant color

development, pro-oxidant action, and reductive off-aroma development (Barril et al, 2016).

Sorbic Acid: Not recommended for rulemaking by the NOSB (USDA, AMS, 2022)

Lysozyme: A protein derived from egg albumin that is active at wine pH. It is allergenic and
generally not favored by winemakers due to procedures required to remove lysozyme
(clarification and fining procedure). It is permitted for winemaking in the USA and EU, although
it was removed from the National List on September 12, 2016 (Federal Reqgister, 2016).

“...the use of lysozyme might lead to a reduction of SO2, but it cannot be used for total
replacement of sulfites alone, since it has only antibacterial activity, but it is not able to control
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the proliferation of contaminating yeasts and gram-negative bacteria, nor oxidation
phenomena in musts and wines.” (Tedesco et al, 2022)

Dimethyl Dicarbonate (DMDC): Not permitted in organic winemaking due to potential toxicity
concerns.

3. Biological Alternatives

Yeast (§ 205.605 (a)(30)) on the National List has the following limitations in place:

‘When used as food or a fermentation agent in products labeled as “organic,” yeast must be
organic if its end use is for human consumption; nonorganic yeast may be used when organic
yeast is not commercially available. Growth on petrochemical substrate and sulfite waste
liquor is prohibited. For smoked yeast, nonsynthetic smoke flavoring process must be
documented.” (Federal Register)

Selected non-saccharomyces yeast have been demonstrated to inhibit indigenous flora on
grapes:

“One of the main objectives for a sustainable winemaking process is the reduction of the use
of sulfur dioxide. In this regard, non-Saccharomyces wine yeasts are proposed as biocontrol
agent in different steps of wine production chain. Here, a selected strain of Metschnikowia
pulcherrima (DISVA 269) and a native Saccharomyces cerevisiae low sulfite producer strain
(DISVA 708) were investigated...The overall results indicate that the combined use of M.
pulcherrima DiISVA 269 and native S. cerevisiae DiISVA 708 led a biocontrol action and an
improvement of aromatic and sensorial profile of wine with low SO2 content.” (Canonico et al,
2023)

Unripe Grape Extract (UGE) was used in combination with chitosan in a recent study
evaluating the potential of UGE as an alternative to SO2. Fia et al. (2023) found that
microbiological stabilization was comparable to SO2, when used at 200 mg/L in combination
with chitosan. Earlier and better color stabilization was also observed and attributed to UGE.
Although this method has a synergistic effect with chitosan, it may be valuable as an
alternative as well. A market study presented in the study also confirmed a positive consumer
response to UGE as an alternative to SOa.

Describe any beneficial effects on the environment, or human health from the use of
the substance that support its use instead of the use of non-synthetic or synthetic
substances on the National List or alternative cultural methods.

Only chitosan derived from Aspergillus niger, with a purity equal to 5% or higher is permitted
for use in oenology in the EU. It is compliant with the stringent standards set by the European
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Union and aligns with the International Organisation of Vine and Wine (OIV) specifications,
ensuring its safe use in enology. Since many companies selling chitosan for enological use
trade globally, this is the typical purity level on the market.

Environmental Impact

Chitosan is recognized for its minimal environmental impact compared to SO2, which is
categorized under Section 313 of the Emergency Planning and Community Right-to-Know Act
(EPCRA) as a toxic substance requiring careful disposal and reporting due to its potential
environmental hazards. In contrast, chitosan is biodegradable, non-toxic, and does not persist
in the environment, reducing the ecological footprint associated with its use.

Human Health

Unlike SO2, which is known to cause allergic reactions and other health issues such as
respiratory problems and skin irritation, chitosan is non-allergenic and safe for human contact.
Its use in winemaking conftributes to a healthier product by avoiding the addition of potentially
harmful chemicals.

Contribution to Sustainable Practices

Research has highlighted chitosan's role in promoting sustainable agricultural practices,
including its ability to bind and remove heavy metals and toxins from soils and water, thereby
playing a crucial role in environmental remediation. This attribute of chitosan not only improves
the quality of the wine but also supports broader environmental sustainability goals.

Regulatory and Safety Compliance

The U.S. Environmental Protection Agency (EPA) has exempted chitosan from tolerance limits
due to its low toxicity, underscoring its safety and environmental benefits. This exemption
indicates a recognition of chitosan's benign nature and supports its inclusion as a preferred
substance in organic agriculture and winemaking.

The evidence clearly supports the use of chitosan not only as a technically effective
alternative but also as a means to enhance environmental and human health outcomes
compared to more traditional methods. This makes it a valuable addition to the tools available
for organic winemakers seeking to produce high-quality, sustainable, safe products in a
healthy environment.
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Appendix

Appendix A

Mitigating-effects-of-climate-change-using-activated-chitosan-technical-tannin.pdf

This scientific poster highlights the role of chitosan in addressing climate-related challenges
such as increased wine pH and oxidative spoilage.

Appendix B
Enartis SO2 flyer USA.pdf

This document details step-by-step guidelines for reducing or eliminating sulfur dioxide in wine
production using chitosan-based practices.
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MITIGATING THE EFFECTS OF CLIMATE CHANGE

ON WINE PRODUCTION USING
ACTIVATED CHITOSAN AND TECHNICAL TANNIN

zﬂartis INTRODUCTION

Some of the biggest challenges for the wine industry result from increased temperatures and long periods of water stress due to climate change. These conditions
favor accelerated ripening of fruit which leads to higher sugar content, delayed phenolic ripeness, increased pH, and decreased acidity.

Inspiring innovation.

This consistent rise in pH comes with a lower effectiveness of sulfur dioxide (SO,), requiring higher doses to provide the desired microbiological and antioxidant

, protection. A wine with a pH of 4.0 requires up to four times the dose of SO, compared to a wine with a pH of 3.2 to achieve the same molecular SO, and therefore
Lorenza B. Allen?, microbial control.

1
Alessandra Basana After many years of research and experience, Enartis has observed that quality, stable wine can be obtained even when reducing or removing SO, additions. This was

Giovanni Calegari’ achieved using various allergen-free and vegan-friendly products with the same antioxidant, antioxidasic, and antimicrobial properties as SO, regardless of wine pH.
Carolina Sanchez Pre-activated chitosan derived from Aspergillus niger can be an alternative to SO, during all stages of the winemaking process due to its antioxidant, antioxidasic, and
Carla Villanueva' antimicrobial effect. It has demonstrated strong results in controlling a wide spectrum of spoilage microorganisms such as Botrytis cinerea, Acetobacter, Lactobacillus,
Pediococcus even at high pH (pH 3.9). Furthermore, it can limit oxidation reactions by chelating metals such as copper and iron, which are catalysts of enzymatic and
' Enartis-Esseco srl, Via S. Cassiano 99, 28069 Trecate, Italy non-enzymatic oxidation reactions. This is useful as climate chaos and organic farming necessitate increased copper use in vineyards.
2 Enartis USA, 7795 Bell Road, Windsor, CA 95492, USA o . . o . ) ] ) . o . .
3 Enartis Sepsa S.A.U., Av. de los Vinos, 13600 Alcazar de San Juan, Ciudad Real Specifically formulated technical tannins have been selected and purified to provide strong antioxidant protection, as well as inhibit bacteria growth over time.
Corresponding author's email: lorenza.allen@enartis.com This blend is also particularly beneficial in situations where wines contain a low amount of free SO_, preventing oxidation and increasing the shelf life of the finished
product.

. MATERIALS & METHODS

MATERIALS

== EnartisStab MICRO M is a preparation of pre-activated chitosan. Itis designed to disrupt the cellular functions
ofawidespectrumofmicroorganisms, inhibiting their activityand growth whileleaving Saccharomyces cerevisiae
populations unaffected.

== HIDEKI is a technical tannin composed of molecular fractions obtained through the selection and purification
of gallic, ellagic, and condensed tannins, which were selected to be the most efficient in terms of antioxidant
and microbiostatic action.

. FIGURES

ANALYSES

== Lactic acid and malic acid: Malolactic fermentation progress was tracked by periodically analyzing malic acid
consumption and lactic acid formation using the enzymatic multiparameter Dionysos 150-SinaTech.

== pH: A pH-meter was used to track pH throughout the experiments.

= Molecular SO,: Analyses with Dionysos 150-SinaTech using a colorimetric kit were used to determine free SO..
Consequently, molecular SO, was calculated using free SO,, temperature, alcohol, and pH data.

== Petri dish: Culture plating with selected media for Lactobacillus, Brettanomyces, and Acetobacter were used to Figure 1 Figure 2
track bacterial development, Standard chitosan vs Enartis pre-activated chitosan. HIDEKI's inhibiting effect
Images taken with a scanning electron microscope on lactic acid bacteria growth.

== Absorbance 420 nm: Optical density was measured by spectrophotometer to track the amount of yellow and
brown color in wine.

TABLES

Antimicrobial effect Antioxidant effect
Control of Lactic Bacteria Control of Brettanomyces Effect on Oxidized Color Effect on Free SO, preservation over time
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Oenococcus oeni strain. The wine was inoculated with 10° CFU/mL of Acetobacter. chaIIenges pOSEd by climate change to wine production.



mailto:lorenza.allen@enartis.com

enartis

LOW OR NO SO,
WINEMAKING

Facing climate
challenges and market
demand with
allergen-free solutions

Sulfur dioxide (SO,) is the additive most currently used to preserve, protect, and stabilize
wine due to its antioxidant, antioxidasic, and antimicrobial activities.

Increasing demand for allergen-free wines and the challenges of climate change are
leading winemakers to seek more sustainable alternatives to achieve the same wine
quality and shelf-life. In addition, the increase in pH in must and wine makes SO, less

EFFECTIVE
ALTERNATIVES
TO SO, REGARDLESS
OF WINE pH

ACTIVATED CHITOSAN
v

Prevents and removes spoilage
microorganisms, limits chemical
and enzymatic oxidation reactions,
among other benefits.

TECHNICAL TANNINS
v

Prevent oxidation of phenolic
compounds and, consequently,
browning and loss of aromatics.
Increase microbial protection by

using a bacteriostatic tannin to inhibit
microorganism growth.

SELECTIVE
FINING AGENTS

v
Reduce the catalysts
(metals such as copper and iron)
and substrates of oxidation reactions
(oxidizable polyphenols),
preventing and treating possible
changes in the bottle.

effective, which requires much higher doses to obtain the same result, sometimes even
to inconceivable levels.

ANTIMICROBIAL & BACTERIOSTATIC EFFECT

3

25 .

2 /
1.5

Lactic Acid (g/L)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 Days
Control ~—@—5g/hLHIDEK ~ —e—10g/hL EnartisStab MICRO M

The use of ACTIVATED CHITOSAN (EnartisStab MICRO M) and a blend of selected technical
tannins (HIDEKI) offers a solution to control microorganisms. Whether the wine has high
pH, low molecular SO,, or a highly resistant strain of Oenococcus oeni, this strategy is highly
effective for microbial suppression.

ANTIOXIDANT & ANTIOXIDASIC EFFECT
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The use of TECHNICAL TANNINS with high antioxidant activity prevents color degradation
in wines with high oxidation potential due to high catechin content, low SO, and/or
excessive exposure to oxygen. To obtain the same laccase inhibitory effect of technical
tannins, large amounts of SO, are necessary.

108

% Increase at 420 nm
2

94
92
90
88

Control 30ghL 30ghL
CLARIL HM CLARIL AF

SELECTIVE FINING AGENTS contribute to the antioxidant protection of wine that has a high
content of heavy metals, potentially oxidizable polyphenols, and/or excessive exposure to air.



LOW OR NO SO,

WINEMAKING

LOW OR NO SO, WINE PRODUCTION PROTOCOL

Enartis SO,-free winemaking protocol showed good wine quality results post-fermentation, increased aromatic intensity and complexity,

good mouthfeel and structure, and no faults.

WINEMAKING PHASE RECOMMENDED DOSAGE WHITE & ROSE WINE RED WINE
10-20 g/100 kg AST
15 g/100 kg EnartisTan BLANC or EnartisTan ROUGE or
GRAPE RECEPTION/CRUSHER EnartisTan AROM EnartisTan COLOR
EnartisStab MICRO M
5-10 g/100 kg (Recommendation if performing a coinoculation:
add activated chitosan only after completion of MLF)
PRESS/MACERATION 2 g/100 kg EnartisZym AROM MP EnartisZym COLOR PLUS
2 g/hL EnartisZym RS
15-20 g/hL PLANTIS AF or PLANTIS AF-Q
JUICE CLARIFICATION
20-40 g/hL Metal removal: CLARIL HM
40-80 g/hL Polyphenol removal: CLARIL AF
TANK FILLING 5g/hL INCANTO NCSLI
YEAST 20 e/hL EnartisFerm ES181or EnartisFerm ES454 or
(Select yeast with low SO, production) & EnartisFerm Q9 EnartisFerm ES488
2 Enhance aroma: NUTRIFERM AROM PLUS
g R Al Respect varietal aroma: NUTRIFERM ULTRA
,°__‘ 1/3 AF 20 g/hL NUTRIFERM ADVANCE
=)
z 2/3 AF 20 g/hL NUTRIFERM NO STOP
Rack off gross lees
1-2 g/hL EnartisTan SLI
POST AF 10-20 g/hL EnartisStab MICRO M
Adjust SO, content 15 days after completing alcoholic fermentation,
to avoid H,S and acetaldehyde formation.
1-3 g/hL HIDEKI
PRE-BOTTLING 20-50 g/hL CITROSTAB rH

Protocol suitable for ZERO SO, wine production (red text is for LOW SO, ).

ANTIOXIDANT ACTIVITY

ANTIOXIDASIC ACTIVITY

CLARIL HM
CLARIL AF
EnartisTan SLI
INCANTO NC SLI

w EnartisTan ANTIBOTRYTIS
w EnartisTan ROUGE
w EnartisTan BLANC

ANTIMICROBIAL ACTIVITY

LEARN MORE

w HIDEKI
w CITROSTAB rH

enartis

w EnartisStab MICRO M

Inspiring innovation.

Enartis USA Inc.

7795 Bell Road - Windsor, CA 95492

Tel (707) 838 6312 - orderdesk@enartis.com

www.enartis.com/en-us
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EnartisStab MICRO M

PERICOLO Provoce groma usbon
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dosn immeadistamente tutti gl indument contaminat
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CONTATTO CON GLI OCOHL sciscquire accuratamente
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Cantriare & sciscquare. Contatare immedatamente LUn madco.
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#y® darraga, Wash hancs horaughly ater
Tanging, Wear protecthve Sovwesidarreng and
oywiice protection IF SYWALLOW nse
mouth. DoNOT Inducs varging, & ON SN
tor Tabw off immedianly a contaminaned
clothing, Rinse Siun with water [or shawer]

F IN BYES Ringo Caumiously with waner e
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Immeaiately cl 3 doaos
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ITRN0S CONGEN2UCamento tas b maniouls-
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EN CASD DE CONTACTD CON LOG OY0S:
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EnartisStab MICRO M

Contiene: Acido L-lactico
Contém: Acido L-lactico
Enthalt: L-Milchsaure

UFI: E910-HOU2-R003-K5P8

PERICOLO Provoca gravi ustioni

cutanee e gravi lesioni oculari. Lavare

accuratamente le mani dopo luso. Indossare

guanti/indumenti protettivi e proteggere gli

occhi/ilviso. IN CASO DI INGESTIONE: sciacquare

la bocca. NON provocare il vomito. IN CASO DI

CONTATTO CON LA PELLE (o con i capelli): togliersi di

dosso immediatamente tutti gli indumenti contaminati.
Sciacquare la pelle [o fare una doccial. IN CASO DI

CONTATTO CON GLI OCCHI: sciacquare accuratamente

per parecchi minuti. Togliere le eventuali lenti a contatto se & agevole farlo.
Continuare a sciacquare. Contattare immediatamente un medico.

Esseco Srl - S. Martino 28069 Trecate (NO) - Italia - Tel. +39-0321-790.300 - Fax +39-0321-790.347
www.enartis.com - 1SO 9001 AND FSSC 22000 - CERTIFIED COMPANY

Imported in Australia by: ENARTIS PACIFIC PTY - 69 Chadstone Rd - Malvern East, Victoria - 3145 Australia
Ph. +61(03) 94 28 00 37 - Australia Wide 24/7 Poison Information centre: 131126

Imported in New Zealand by: ENARTIS PACIFIC PTY

PO Box 4304 - Marewa Napier - New Zealand - Ph. +63 (06) 8434 413

NZ Emergencies National Poisons Centre: 0800 764 766

Imported in USA by: ENARTIS USA INC. - 7795 Bell Road Windsor - CA 95492 - Ph. +1 707 838 6312

®
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DANGER Causes severe skin burns and
eye damage. Wash hands thoroughly after
handling. Wear protective gloves/clothing and
eye/face protection. IF SWALLOWED: Rinse
mouth. Do NOT induce vomiting. IF ON SKIN
(or hair): Take off immediately all contaminated
clothing. Rinse skin with water [or shower].
IFIN EYES: Rinse cautiously with water for
several minutes. Remove contact lenses, if
present and easy to do. Continue rinsing.
Immediately call a doct

PELIGRO provoca quemaduras graves en
la piel y lesiones oculares graves. Lavarse las
manos concienzudamente tras la manipula-
cién. Llevar guantes, prendas, gafas y mascara
de proteccién. EN CASO DE INGESTION: Enjua-
gar la boca. NO provocar el vémito. EN CASO
DE CONTACTO CON LA PIEL (o el pelo):
inmediatamente toda la ropa contaminada.
Enjuagar la piel con agua [o ducharse].

EN CASO DE CONTACTO CON LOS 0JOS:
Enjuagar con agua cuidadosamente durante
varios minutos. Quitar las lentes de contacto
cuando estén presentes y pueda hacerse

con facilidad. Proseguir con el lavado. Llamar
inmediatamente a un médico.

PERIGO Frovoca queimaduras na

pele e lesdes oculares graves. Lavar maos
cuidadosamente apés manuseamento

Use luvas/vestuério de protegdo e proteja

0s olhos/o rosto. EM CASO DE INGESTAO:
Enxaguar a boca. NAO provocar o vémito.

SE ENTRAR EM CONTACTO COM A PELE (ou 0
cabelo): Retirar imediatamente toda a roupa
contaminada. Enxaguar a pele com dgua [ou
tomar um duche]. SE ENTRAR EM CONTACTO
COM OS OLHOS: Enxaguar cuidadosamente
com agua durante varios minutos. Se usar
lentes de contacto, retire-as, se tal lhe for
possivel. Continue a enxaguar. Contacte
imediatamente um médico.

GEFAHR Verursacht schwere Verétzungen
der Haut und schwere Augenschaden.

Nach Gebrauch Hande griindlich waschen.
Schutzhandschuhe/Schutzkleidung und
Augenschutz/Gesichtsschutz tragen. BEI
VERSCHLUCKEN: Mund aussptlen. KEIN
Erbrechen herbeifiihren. BEI BERUHRUNG
MIT DER HAUT (oder dem Haar): Alle
kontaminierten Kleidungsstticke sofort
ausziehen. Haut mit Wasser abwaschen [oder
duschen]. BEI KONTAKT MIT DEN AUGEN:
Einige Minuten lang behutsam mit Wasser
spulen. Eventuell vorhandene Kontaktlinsen
nach Moglichkeit entfernen. Weiter spulen.
Sofort einen Arzt anrufen.
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Appendix D

enartis (e Safety Data Sheet
-—# & ENARTIS STAB MICRO M

Safety Data Sheet dated 5/2002016, version 0

1. IDENTIFICATION
Product identifier
Mixture identification:
Trade name: EMARTIS STAB MICRO M
Other means of identification:
Product code: 35-762-0001
Recommendad use of the chemical and restrictions an use
Recommended use:
FOR PROFESSIOMAL USE
Restrictions on use:
Mame, address, and telephone number of the chemical manufacturer, importer, or other responsible
party
Company:
Enartis USA Inc.
7795 Bell Road
Windsar
CA 954092

Competent persen responsible for the safety data sheet:
compliance@enartisvinguiry.com

Emergency phone number
Phone: +1 (TOT) 838 6312
Fax: +1 (TOT) 838 1765

2. HAZARD(S) IDENTIFICATION
Classification of the chemical
< Danger, Eye Dam_ 1, Causes serious eye damage.

Label alements
Hazard pictograms:

&>

Danger
Hazard statemants:
H318 Causes serous eye damage.
Precautionary statements:
P280 Wear eyafface protection: wear eye glasses with side protection.
P305+P351+P338 IF IN EYES: Rinse cautiously with water for several minutes. Remove contact
lenses, if present and easy to do. Continue rinsing.
P310 Immediately call a doctor.
Special Provisions:
None
Hazards not otherwise classified identified during the classification process:

None
Ingredient(s) with unknown acute toxicity:
None.

3. COMPOSITION/INFORMATION ON INGREDIENTS

NRSMMIO
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enartisfSafety Data Sheet
-—# % ENARTIS STAB MICRO M

Substances
MA.
Mixtures
Hazardous components within the meaning of 29 CFR 1910.1200 and related clazsification:

»= 7% - < 10% LACTIC ACID
REACH Mo.: 01-2118548400-48-)0X% X, CAS: T9-33-4, EC: 201-196-2
& A 2127 Skin Irrit. 2 H315
< A.3M Eye Dam. 1 H318

4. FIRST-AID MEASURES

Description of necessary measures

In case of skin contact:
Immediately take off all contaminated clothing.
Argas of the body that have - or are only even suspected of having - come into contact with the
product must be rinsed immediately with plenty of running water and possibly with soap.
OBTAIN IMMEDIATE MEDICAL ATTENTION.
Wash thoroughly the body (shower or bath).
Remove contaminated clothing immediately and dispose off safely.

In case of eyes contact:
After contact with the eyes, rinse with water with the eyelids open for a sufficient length of time,
then consult an opthalmologist immediately.
Protect uninjured eye.

In case of Ingestion:
Induce vomiting. SEEK A MEDICAL EXAMINATION IMMEDIATELY and present the safety-data
shaet

In case of Inhalation:
Remove casualty to fresh air and keep warm and at rest.

heost important symptomsleffects, acute and delayed
Moine

Indication of immediate medical attention and special treatment needed
In case of accident or unwellness, seek medical advice immediately (show directions for use or
safely data sheet if possible).
Traatment:
Moine

5. FIRE-FIGHTING MEASURES
Suitable extinguishing media:
Water.
Carbon dioxide {CO2).
Unsuitable extinguishing media:
Mone in particular.
Specific hazards arizing from the chamical
Do not inhale explesion and combustion gases.
Hazardous combustion products:

Mone
Explosive properties: M.A.
Onidizing properties: M.A.

Special protective equipment and precautions for fire-fighters
Use suitable breathing apparatus .
Caollect contaminated fire extinguishing water separately. This must not be discharged into
drains.
Move undamaged containers from immediate hazard area if it can be done safely.

6. ACCIDENTAL RELEASE MEASURES

NRSMMND
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enartisimSafety Data Sheet
-=#% ENARTIS STAB MICRO M

Perzonal precautions, protective equipment, and emergency procedures
Wear personal protection equipment.
Remove all sources of ignition.
Wear breathing apparatus if exposed to vapours/dustsfaerosols.
Provide adequate ventilation.
Remove persons to safety.
Use appropriate respiratory protection.
See protective measures under point 7 and 8.
Methods and materials for containment and cleaning up
Wash with plenty of water.

7. HANDLING AND STORAGE

Precautions for safe handling
Avaid contact with gkin and eyes, inhalation of vapours and mists.
Do not use on extensive surface areas in premises where there are sccupants.
Don't use emply container before they have been cleaned.
Before making transfer operations, assure that there aren't any incompatible material residuals
in the: containers.
Contamined clothing should be changed before entering eating areas.
Do not eat or drink while working.
See also section 8 for recommended protective equipment.

Conditions for safe storage, including any incompatibilities
Keep away from food, drink and feed.
Incompatible materials:
MNone in particular.
Instructions as regards storage premises:
Adequately ventilated premises.
Storage temperature:
Store at ambient temperature.

8. EXPOSURE CONTROLS/PERSONAL PROTECTION
Control parameters
No sccupational exposure limit available
Appmﬂiata enginearing controls:
one

Individual protection measures
Eye protecticn:
Eye glasses with side protection.
Protection for skin:
Use clothing that provides comprehensive protection to the skin, e.g. cotton, rubber, PVC or
witon.
Protection for hands:
Use protective gloves that provides comprehensive protection.
Suitable material:
UNI EM 420/UNI EN 374
Respiratory protection:
Mot needed for normal use.
Thermal Hazards:
None

9. PHYSICAL AND CHEMICAL PROPERTIES

Appearance and colaur: Solid
Odour: Characteristic
Odoaur threshaold: M.A.
pH: 55
Melting point / freezing point:  N.A.
NRSMMD
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enatisfSafety Data Sheet
.=#4 ENARTIS STAE MICRO M

Initial boiling point and balling range: NA

Solidigas flammability: ML

Upper/lower flammability or explosive limits: N.A.
Vapour density: M.A.

Flash point: M.A.°F

Evaporation rate: MLA.

Vapour pressure: MLA.

Relative density: M.

Solubility in water: ML

Solubility in ell: MLA.

Partition coefficient (n-octanoliwate N.A.

—

Auto-ignition temperature: M.A.
Decomposition temperature:  N.A.
Viscosity: MLA.
Miscibility: M.A.
Fat Solubility: M.A.
Conductivity: ML

Substance Groups relevant propertie NA.

10. STABILITY AND REACTIVITY
Reactivity
Stable under normal conditions
Chemical stability
Stable under normal conditions
Possibility of hazardous reactions
MNone
Conditions to avoid
Stable under normal conditions.
Incompatible materials
None in particular.
Hazardous decomposition products
None.

11. TOXICOLOGICAL INFORMATION
Information on toxicological effects
Toxicolegical information of the mixture:
M.A.
Toxicological information of the main substances found in the mixiure:
LACTIC ACID - CAS: 79-33-4
a) acute toxicity:
Test: LD50 - Route: Skin - Species: Rabbit > 2000 ma/kg
Test: LC50 - Route: Inhalation - Species: Rat = 7.94 mg/l - Duration: 4h
Test: LDS0 - Route: Oral - Species: Rat = 4875 malkg
Test: LDSO - Route: Oral - Species: Rat = 3730 malkg
b} skin cormesion/irritation:
Test: Skin Irritant - Route: Skin Positive

Substance(s) listed on the NTP report on Carcinogens:
Mone.
Substance(s) listed on the IARC Monographs:
None.
Substance(s) listed as OSHA Carcinogen(s):
None.
Substance(s) listed as NIOSH Carcinogeni(s):
Mone.

NRSMM/AD
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12. ECOLOGICAL INFORMATION
Ecoloxicity
Adopt good working practices, so that the product iz not released into the environment.
LACTIC ACID - CAS: T9-33-4
a) Aquatic acute toxicity:
Endpoint: EC50 - Species: Daphnia = 240 mg/l - Duration h: 48
Endpoint: LC50 - Species: Fish = 320 mg/l - Duration h: 48
Endpoint: EC50 - Species: Algae = 3500 mg/
Persistence and degradability
WA
Bioaccumulative potential
M.A

Mebility in soil
M.A.

Other adverse effects
Mone

13. DISPOSAL CONSIDERATIONS
Waste treatment and disposal methods
Recover, if possible. Send o authorised disposal plants or for incineration under controlled
conditions. In so doing, comply with the local and national regulations currently in force.

14. TRANSPORT INFORMATION
UM number
Mot classified as dangerous in the meaning of transport regulations.
UN proper shipping narme
MA

Transport hazard class{es)
WA
Packing group
WA
Environmental hazards
WA
Transport in bulk {according to Annex || of MARPOL T3/78 and the IBC Code)
MA.
Special precautions
MA.

15. REGULATORY INFORMATION
USA - Federal regulations
TSCA - Toxic Substances Contral Act
TSCA inventory: all the components are listed on the TSCA inventory.
TSCA listed substances:
Momne.
SARA - Superfund Amendments and Reauthorization Act
Section 302 - Extremely Hazardous Substances: no substances listed.
Section 304 - Hazardous substances: no substances listed.
Saction 313 - Toxic chemical list: no substances listed.
CERCLA - Comprehensive Environmental Response, Compensation, and Liability Act
Mo substances listed.
CAA - Clean Alr Act
CAA listed substances:
Momne.
CWA, - Clean Water Act
CWA listed substances:
MNone.
MNRSMMO
Pagen.5 of 7

7795 Bell Road, Windsor, CA 95492 e (707) 838-6312 e orderdesk@enartis.com


mailto:orderdesk@enartis.com

enarkis

Inspiring innovation.

enartisimSafety Data Sheet
=% ENARTIS STABE MICRO M

USA - State specific regulations

California Proposition 65

ﬁuhstanm{s] listed under California Proposition 65:
one.

Massachusetts Right to know
Substance(s) listed under Massachusetis Right to know:
Mo substances listed.

Mew Jersey Right to know
Substance(s) listed under New Jersey Right to know:
LACTIC ACID.

Pennsylvania Right to know
Substance(s) listed under Pennsylvania Right to know:
LACTIC ACID.

16. OTHER INFORMATION
Full text of phrases referred to in Section 3:
H315 Causes skin irritation.
H318 Causes serious eye damage.

Safety Data Sheet dated 5/20/2016, version 0

Disclaimer:

The information contained herein is based on our state of knowledge at the above-specified date. It
refers solely to the product indicated and constilutes no guarantes of particular quality. The information
relates only to the specific material and may not be valid for such material used in combination with
any other material or in any process.

This Safety Data Sheet cancels and replaces any preceding release.

ADR: European Agr::dment concerming the International Carriage of
Dangerous = by Road.

CAS: Chemical Abstracts Service (division of the Amercan Chemical
Society).

CLP: Classification, Labeling, Packaging.

DMEL: Derived Mo Effect Level.

EINECS: European Inventory of Existing Commercial Chemical Substances.

GHS: Globally Harmonized Systern of Classification and Labeling of
Chemicals.

HMIS: Hazardous Materials Identification System

IARC: International Agency for Research on Cancer

IATA: Internaticnal Air Transport Association.

IATA-DGR: Dangerous Goods Regulation by the "Intermational Air Transport
Association®™ (LATA).

ICAD: Internaticnal Civil Aviation Organization.

ICAD-TI: ;:Iiaihﬂn;cal Instructions by the “International Civil Aviation Organization™

IMDG: Internatienal Maritime Code for Dangerous Goods.

INCI: Internaticnal Noemenclature of Cosmetic Ingredients.

KSit: Explosion coefficient.

LC50: Lethal concentration, for 50 percent of test population.

LD5E0: Lethal dose, for 50 percent of test population.

LTE: Long-term exposure.

NFPA: Mational Fire Protection Association

NIOSH: Mational Institute for Occupational Safety and Health

NTP: Mational Toxicology Program

OSHA: Occupational Safety and Health Adminkstration

PMNEC: Predicted Mo Effect Concentration.

MRSMMIO
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RID: Requlation Concermning the International Transport of Dangerous Goods
by Rail.

STE: Short-term exposure.

STEL: Short Term Exposure limit.

STOT: Specific Target Organ Toxicity.

TLV: Threshold Limiting Value.

TWATL".I". Threshold Limit Value for the Time Weighted Average B hour day.
{ACGIH Standard).

NRSMMD
Pagen.T of 7

7795 Bell Road, Windsor, CA 95492 e (707) 838-6312 e orderdesk@enartis.com


mailto:orderdesk@enartis.com

enarkis

Inspiring innovation.

Appendix E - Click on image for link to NTP Technical Report on the Toxicity Study of Chitosan
Administered in Sprague Dawley Rats

NTP

National Toxicology Program

U.S. Department of Health and Human Services
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TANMINS

HIDEKI

Tannin providing wine anficxidant and antimicrobial protection.

COMPOSIMON
{ é\\ Bland of gallic, ellagic and condansed fannins.

GEMERAL CHARACTERISTICS

HIDEE] is awina protection tool composed of tannins with an excallent anfioxidant effectand a high ability
to interfera with the functional proteins of microorganism cells.

In nature, plants produce polyphanalic substances in response to injuries cousad by axternal agents:
wvirusas, fungi. bacteria, irsects, etc. aswell as vertebrates. In casas of viral, bactarial and fungal infechors,
tannins play a profective rale in plant tissue by reducing the octivity of enzymes produced by the
pathogan entaring the plant cell and by blacking the fransport protens present in the cell membrane of
the pathopean to pravent its exchangea with the growth substrata. Af the sama time, due to their ability fo
chelate metak and block free radicalks, tannins limit the detariorafion of plant fissues couwsed by asdation
triggered by the pathogen attack.

The best galic, ellagic and condensed tannins were salected for HDEK] due to ther ability fo intarfere with

the action of frarsport proteins of microorganiems, chelating capacity and antiradical activity. Afler

selaction, a purification process concentrated the most octive polyphenolic fractions and amplified the

deasired profective effect.

The result & a blend of tannins able to protect wine from chemical oxdafion, enzymatic osdation

{laccasa) and to Imit the growth of undesired microorganismes, paricularly bocterio, for long pariods of

time and in wine with pH close to 4.

APPLICATIONS

During wing praparation for boffling:

= Asan alternative to the anfioxidant and antimicrobial action of sulfur dioxda.

= In wine previously treated with EnartsStab Microf/Micro kM [activated chitosan) fo prolong protection
after the removal of the anfimicrobial agent.

= To prevent the development of urwanted microorgansms that can alter the composition and sensory
quality of botled wine [increase in volalile acidity, appearance of onomalous odors, loss of acidity,
efc.].

DOSAGE
A5 an anticeddant: 1 - 3 g/hL (0.08-0.25 1b/1,000 gal)
As microbiostatic: 5 - 10 g/hL [0.4-0.8 b/ 1000 gal]

INSTRUCTIONMS FOR USE

Disodve HIDEK] at a 1:10 ratio in water or wine while mixing confinuously to avoid clumps. Add to wine
during pump-aver with a dosage pump or Venturi fuba.

Performing laboratory friak is recommeanded to evaleate the sensory impoct of the fannin and in order to
determine fhe bast dosage. When odded close fo boting, it & important fo evaluate the effect on
fittarability and protain ond colloidal stabdity by complating preliminary kaboratory frials.

In the cose of boctariostalic application, it is recommendad to perform microbiological analysis regularly.

PACKAGING AND STORAGE CONDITIONS
1kg

Sedled pockoga: store in a cool, dry, well-ventiated area.
Opaned package: carefully raseal and store as indicated above.

The indicafions given here comespond fo fhe current shate of owrknowledge ond experence, however they do notreleve the wer from complionce with
safety and prodecfonreguiofions or from improper use of the product.

Essecos.r.l - Enariis Division

WioSon Cassiona 99

28049 San Marfire, Trecale NO. Ikdia

Teel +39 0321 790300 | Fox+ 3% 0321 790347
vinoGerois i

www.enarfis.com

7795 Bell Road, Windsor, CA 95492 e (707) 838-6312 e orderdesk@enartis.com


mailto:orderdesk@enartis.com

/.-.%i materials

Article

Impact of Chitosan on Water Stability and Wettability of Soils

Agnieszka Adamczuk *(, Milena Kercheva 2, Mariana Hristova 3 and Grzegorz Jozefaciuk !

check for

updates
Citation: Adamczuk, A.; Kercheva,
M.; Hristova, M.; Jozefaciuk, G.
Impact of Chitosan on Water Stability
and Wettability of Soils. Materials
2021, 14, 7724. https://doi.org/
10.3390/ma14247724

Academic Editors: Tamas Varga

and Frank Lipnizki

Received: 3 November 2021
Accepted: 8 December 2021
Published: 14 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://
creativecommons.org/licenses /by /
4.0/).

Department of Physical Chemistry of Porous Materials, Institute of Agrophysics of Polish Academy of
Sciences, 20-290 Lublin, Poland; jozefaci@ipan.lublin.pl

Department of Physics, Erosion, Soil Biota, Institute of Soil Science, Agrotechnologies and Plant Protection
“N. Poushkarov”, 1331 Sofia, Bulgaria; mkercheva@abv.bg

Department of Genesis, Diagnostics and Soil Classification, Institute of Soil Science, Agrotechnologies and
Plant Protection “N. Poushkarov”, 1331 Sofia, Bulgaria; marihristova@hotmail.com

Correspondence: a.adamczuk@ipan.lublin.pl

Abstract: Chitosan has become increasingly applied in agriculture worldwide, thus entering the
soil environment. We hypothesized that chitosan should affect the water stability of soil. Since this
problem has not been studied to date, we examined, for the first time, the influence of chitosan on
the water stability and wettability of soil aggregates. The aggregates were prepared from four soils
with various properties amended with different amounts of two kinds of powdered chitosan, and
subjected to 1 and/or 10 wetting—drying cycles. The water stability was measured by monitoring
air bubbling after aggregate immersion in water, and the wettability was measured by a water drop
penetration test. The biopolymer with a lower molecular mass, lower viscosity, and higher degree
of deacetylation was more effective in increasing the water stability of the soil than the biopolymer
with a higher molecular mass, higher viscosity, and lower deacetylation degree. After a single
wetting-drying cycle, the water stability of the soil aggregates containing chitosan with a higher
molecular mass was generally lower than that of the soil; after ten wetting—drying cycles, the water
stability increased 1.5 to 20 times depending on the soil. The addition of low-molecular-mass chitosan
after a single wetting-drying cycle caused the water stability to become one to two hundred times
higher than that of the soil. A trial to find out which soil properties (pH, C and N content, bulk
density, porosity, and particle size distribution) are responsible for the effectiveness of chitosan action
was not successful, and this will be the objective of further studies.

Keywords: aggregate; chitin derivatives; soil reaction; water repellency; destruction kinetics; food
wastes

1. Introduction

Due to the increasing food demand of the growing human population, the recy-
cling and utilization of food industry wastes has become an urgent task worldwide. The
main waste product of the food industry is chitin, an N-acetylglucosamine polysaccharide
present in crustaceans (shrimps, lobsters, and crabs), mollusks (oysters and squids), insects,
and fungi [1]. Currently, the main commercial source of chitin comprises waste streams
from the marine food industry—mainly the exoskeletons of crustaceans. The annual world
production of eight million tons of crustaceans for human consumption was estimated
in 2016, 40% of which comprised waste exoskeletons with a chitin content of 15-40% [2],
which equates to about 1600 tons of chitin produced yearly [3]. For comparison, one
should mention that chitin comprises the second largest renewable carbon source after
lignocelluloses coming from wood and agricultural wastes, such as straw of various kinds
and sugar cane bagasse [4]. Starting from the mid-eighties, chitin-originated materials
became broadly applied in wastewater treatment, pharmacy, medicine, biotechnology, the
textile and paper industry, and many others [5]. Due to their high availability, biodegrad-
ability, phosphorus and nitrogen content, non-toxicity, bacteriostatic properties, and low
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cost, chitin-derived substances have become, more recently, increasingly applied in agri-
culture [6-8]. For the vast majority of the above applications, solid chitin is transformed
to chitosan by decalcification (acid treatment) and removal of the acetyl residues (alkali
treatment). The term “chitosan” is not uniquely related to a defined compound, but to a
group of commercially available copolymers that are heterogeneous for the deacetylation
degree, molecular mass, polymerization degree, surface charge, and acid dissociation
constant [9]. These different characteristics, the degree of deacetylation and the molecular
weight in particular, differentiate the physicochemical properties of the substance and, in
consequence, the mode of its applications.

Up to date, the main interest of agriculture-related studies has been mostly con-
centrated on the effects of chitosan on plants and pests. It was proved that chitosan
exerts significant effects on plant development and the survival of abiotic stresses [9-12]. A
stimulating effect of chitosan on plant growth, yield, and macronutrient (nitrogen and phos-
phorus) uptake was observed by Boukhlifi et al. [13] for wheat and potatoes, Silva et al. [14]
for melon, Chen et al. [15] for begonia, and Chookhongkha et al. [16] for chili fruits and
seeds. Seeds coated with chitosan have a better germination capacity [17]. Chitosan is
used to mitigate the following soil and plant pathogens: bacteria [18,19], viruses [20,21],
fungi [22,23], or nematodes [24]. Chitosan is a promising coating material for slow-release
fertilizers [25-28]. Studies related to the soil environment are mainly directed to the elabo-
ration of new composite or copolymer systems containing chitosan for improvement of the
soil water-holding capacity [29-35] and for soil stabilization [36]. Chitosan is also applied
for the removal of various types of contaminants from soils [7,37-40].

As was shown above, chitosan may be introduced into a soil in various ways. Despite
the fact that it is hypothesized to impact the physical and physicochemical properties of
soil, studies on the above problem are very rare. Particularly, we could not find any papers
reporting an effect of chitosan on the water stability and wettability of soil, which are
crucial to understand the vast majority of soil agricultural, geotechnical and environmental
functions, and properties important for tillage, erosion, compaction, aeration, slaking,
water and solute transport, root penetration, road and building construction, and many
others [41-44]. Therefore the objective of this study was to evaluate the influence of
chitosan on the water stability of soil. To do this, we selected two different chitosans and
four different soils. At first, the physicochemical properties of the chitosans and of the soils
were characterized extensively, and soil-chitosan aggregates were prepared. The effects
of biopolymer concentration and soil-biopolymer contact time on the water stability and
wettability of the aggregates were investigated.

The water stability was measured by monitoring air bubbling after aggregate immer-
sion in water, which is probably the only method that allows the kinetic parameters of the
destruction process for rapidly destroyed large aggregates to be estimated.

The wettability was assessed by a water drop penetration test (WDPT), which reflected
the rate of water infiltration into the aggregate.

2. Materials and Methods
2.1. Soils

Soil samples were taken from upper 5-15 cm layers of four soils localized in East
Poland, air dried and screened by a 1 mm sieve. The characteristics of the soil samples are
presented in Table 1. These data include the following:

o  pHmeasured in 1:2.5 soil:water suspension after 5 min continuous stirring;

o  Particle size distribution determined for organic matter-depleted soil (H,O,) by sieving
and the pipette method after chemical dispersion of soil sample in sodium pyrophosphate;

o  Particle density, PD, measured by helium pycnometry using Quantum Crome Ultra-
pycnometer 1000 (Quantachrome, Boynton Beach, FL, USA);

o  Total organic carbon content determined by dichromate digestion [45,46] and nitrogen
content determined by Kjeldahl method.
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Table 1. Characteristics of the studied soils.

Abbreviation POD ARE FLU UMB
Soil type Podzol Arenosol Fluvisol Umbrisol
Locality Trawniki Strzyzewice Dorohucza Prusy
Longitude E 22°58'41" 22°26'6" 22°59'38" 21°41'59"
Latitude N 51°9'14" 51°2/9" 51°9'43" 50°49'25"
pH 41 5.5 6.5 7.7
PD, (g cm™3) 2.54 2.62 2.62 2.68
Nitrogen (%) 0.16 0.13 0.46 0.14
Total organic carbon (%) 0.65 1.55 3.04 0.9
Sand (0.063-2 mm) (%) 724 47.1 20.2 10.4
Silt (0.002-0.063 mm) (%) 259 46.2 522 72.4
Clay (<0.002 mm) (%) 1.7 6.7 27.6 17.2

2.2. Chitosans

Two different kinds of chitosan were used. The first, abbreviated as CS1, was provided
by Sigma Aldrich (St. Louis, MO, USA) and the second (CS2) was provided by Beijing
Be-Better Technology Co., Ltd. (Beijing, China). The basic properties of both chitosans are
presented in Table 2. The data presented include the following:

o  Total carbon and nitrogen content and particle density determined similarly to soil analysis;
o  Degree of deacetylation (DD) calculated from the carbon/nitrogen ratio (C/N) using
the following equation from Xu et al. [47]:

DD=1 - (C/N — 5.14)/1.72 1)

Table 2. Properties of the studied chitosans.

o o PD o . X 0
N [%] TOC (%) (g cm~3) DD M (kDa) 1 (1% Solution) (cP) (at pH = 4, 1 = 0.01) (deg)
Cs1 7.51 41.59 1.51 0.77 699 111.0 5.75 106.0
CSs2 7.79 41.27 1.54 0.91 280 12.3 2.25 95.4

o  Average molecular weight (M) determined from viscometric measurements performed
for series of CS1 and CS2 solutions of decreasing concentrations in 0.02 Mol dm 2 acetic
acid/0.02 Mol dm 3 NaCl, at 24 °C, using Hoppler rheo-viscometer. The intrinsic
viscosity (Mint) was determined as follows:

Nint = lime_0 [(M(c) —Ms)/(Ms % )] )

where 11(c) is the viscosity of the chitosan solution at a given concentration c, 1) is the
viscosity of the solvent and f is the w/w fraction of the chitosan in the solution.

The average molecular weight was calculated from Mark-Houwink equation [48], as
follows: /
n=KM* 3)

where 1 is the intrinsic viscosity, and K and « are constants for a given solute-solvent system.
The following K and « values evaluated by Varum and Smidsrod [49] were used:

K =843 x 1073 «’ =0.93 (4)
o  Chitosan chain stiffness parameter (x) introduced by Kasaai [50], calculated as follows:

x=DA/(pH x p) (5)


https://acid/0.02
https://5.14)/1.72
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where DA = 1-DD is the acetylation degree [51] of the chitosan and p is the ionic
strength of the chitosan solution of a given pH.

o  Contact angle (0) measured on the pressed chitosan pellets using a DSO 100 automatic
drop shape analyzer (KRUSS, Hamburg, Germany).

The biopolymer with lower DD is characterized by lower content of nitrogen due to the
lower number of NH;, groups. The molecular mass of CS2 (with higher DD) is lower than
for CS1, which is in line with Kofuji et al. [52] who indicated that progress in deacetylation
process decreases the molecular weight. They also noticed that solutions of chitosan
with higher molecular weight tended to have higher viscosity as was observed in this
study. Chitosan with lower DD (higher DA) has stiffer chain conformation. The measured
density of both chitosans is close to a value of 1.5 g cm 2 reported by Gierszewska-
Druzynska et al. [53]. The water contact angle of CS1 is higher than that of CS2. The contact
angle decreases in time due to wetting of the chitosan surface and soaking of the droplet
into the pellet body, as illustrated in Figure 1.

Cs1
0s, 106.0deg 45s, 107.8deg 90s, 98.2deg
0s, 95.4deg 45s, 63.6deg 90s, 58.3deg

Figure 1. Time behavior of water drop settled on pellets prepared from CS1 and CS2. Below each photograph, time (seconds)

and contact angle (degrees) are written.

The wetting pathways seem to differ for both materials. The CS1 appears to swell
much more intensively than CS2. The contact zone of water drop and CS1 “grows up” and
finally an embankment of the swollen chitosan forms around the droplet. Such occurrences
are hardly recognizable for CS2.

2.3. Preparation of Soil-Chitosan Aggregates

The soil samples were air-dried and screened by 1 mm sieve (mesh 18). To minimize
eventual effects of chitosan granulometric composition on soil properties when studied
further, both CS1 and CS2 were screened by the following set of sieves: 0.177 mm (mesh 80),
0.105 mm (mesh 140) and 0.053 mm (mesh 270), and the final materials were composed from
equal weights of 0.177-0.105 mm and 0.105-0.053 mm fractions. Carefully homogenized
water-saturated pastes were prepared from mixtures of the soils and the chitosans. Distilled
water was used for paste preparation. The content of CS1 and/or CS2 in the mixtures was 0
(control), 0.5, 1, 2, 4, and 8%. Spherical aggregates with 20 mm diameter were formed from
the pastes using ordinary silicon forms sold in fishing stores to prepare fish bait. The first
set of aggregates was prepared just after the paste preparation and then air-dried (one cycle
of wetting—drying), and the second set from the pastes subjected to 10 wetting—drying
cycles (6 days per cycle). All aggregates were then dried until constant mass in laboratory
conditions (relative humidity around 60% and temperature around 25 °C). The aggregates
are abbreviated further using the abbreviation of a given soil (see Table 1) followed by the
number of wetting—drying cycles (e.g., POD1 and POD10 denote aggregates formed from
podzol preconditioned with one and ten wetting—drying cycles, respectively).
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2.4. Studies of Soil-Chitosan Aggregates

Bulk density (BD) of the aggregates was estimated for laboratory-dried specimens. The
aggregate weight minus the moisture content was divided by the volume of the aggregate.
The aggregate volume was established based on Archimedes’ principle. The aggregate
was totally immersed in the mercury liquid by forcing the aggregate down to a constant
depth using an iron wire formed into a conical spiral and the increase in the system weight
after immersion was measured. Knowing the mercury density we calculated the aggregate
volume (the volume of the spiral was of course subtracted).

Water stability of the aggregates was estimated from air bubbling after immersion
using a method described by Jozefaciuk et al. [54], which is briefly outlined below. The
aggregate was thrown into a vessel submerged in water and hanging on a scale pan,
and time-dependent increase in the weight of the aggregate, Aw, due to the evolution of
entrapped air from the interior of the destructed aggregate (decreasing in buoyancy), was
registered. Next, one calculated the dependence of the extent of destruction (o) defined
as follows:

& = AW = (Whinal — Winitial) (6)

where wy;,q is the weight of the submerged aggregate after termination of the destruction
and Wiyt is its initial weight registered just after immersion.

The dependence of « on time gives a characteristic sigmoidal curve reaching a plateau
at the moment when the aggregate is totally destroyed. The above water destruction curve
is interpreted in terms of a shrinking sphere model with the following equation:

1—1—a)3=1/tg x t 7)

where t is the time of the process and t4 is the time needed to terminate the destruction of
the aggregate (destruction time).

The data plotted in coordinates of Equation (7) give a straight line reaching the value
of 1 — (1 — x)1/3 =1 when t = t4 (when « = 1). The value of the destruction time depends
both on the characteristics of the aggregated material and the size of the aggregate. In the
shrinking sphere model, the destruction time is proportional to the initial surface of the
aggregate (Sp). Therefore the ratio of tq/Sg [s m 2], which can be read as time necessary to
destroy the unit surface of the aggregate, characterizing the aggregated material regardless
of the size of the aggregate, is used as water stability parameter. For measurements of
the destruction curves of the studied aggregates we used EXPLORER® ANALYTICAL
EX324M balance provided by OHAUS (Parsippany, NY, USA) with time resolution equal
to 1 s. The final curves, averaged from at least 6 most similar destruction curves selected
from 10 replicates for each aggregate, are considered further. Such selection was performed
to minimize effects of structural artifacts influencing the destruction. The value of Sy was
estimated for each aggregate from its mass divided by bulk density (assumed to be the
same for each aggregate).

It is worth mentioning here that we also attempted to test water stability of aggregates
using wet sieving method (measuring the size distribution of aggregates and their mean
weight diameter (MWD), before and after the action of water). Three to five millimeter
fraction sieved out from the crushed aggregates was studied; however, in most cases the
destruction was very fast and the final MWD reflected the granulometric composition
of soil-chitosan mixtures. In the wet sieving method some external energy (mixing) is
given to the aggregates, which markedly increases their destruction rate as compared to
undisturbed process conditions.

Water repellency (hydrophobicity) was measured by a water drop penetration test [55],
modified to achieve more precise results. Four microliters of distilled water was settled
onto a surface of the aggregate (flattened with fine sandpaper and dust removed with a
blower) and the time of the whole drop soaking was read from a video registering the
process. The measurements were performed in four replicates using a DSO 100 automatic
drop shape analyzer (KRUSS, Hamburg, Germany). It is worth mentioning that our first
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idea was to measure contact angles, CA, of the soil and soil-chitosan mixture; however,
due to very fast water infiltration into the aggregates this was not possible. The WDPT
selection was a matter of choice, since CA and WDPT frequently do not correlate.

3. Results and Discussion

Changes in the bulk density of the soil aggregates, amended with various doses of the
studied chitosans, are illustrated in Figure 2.

1.8 gs2 % LoD O Le® 18 csi —® POD1 —o—POD10
—m FLUI —0O— FLU10 A ARET T AREND
— e UMB1 —o— UMB10 —— —0—
. avio — e UMB1 —o— UMB10
1.7 A —-———av10
@ ?
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(8] o
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] g
15
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13 , : : : : : : , 13 ‘ ‘ ‘ N ‘ : :
o 1 2 3 4 5 & 7 8 o 1 2 3 4 5 & 7 8
chitosan,% chitosan,%

Figure 2. Dependence of bulk density of soil aggregates on amendment of the studied chitosans (CS1 and CS2). The soils
are abbreviated as follows: POD—podzol, ARE—arenosol, FLU—fluvisol, UMB—umbrisol. The number after the soil
abbreviation shows the number of wetting—drying cycles applied to soil aggregates. The curves denoted avl and av10 show
average data for all soils preconditioned with one and ten wetting—drying cycles, respectively. The error bars are covered by
the labels of the points.

The addition of both chitosans causes a marked decrease in the soil bulk density,
which may be a direct consequence of the low particle density of the chitosans in respect to
the solid phases of the four soils (Tables 1 and 2). However, loosening of the soil structure,
due to the addition of coarse chitosan particles, is also possible. The wetting-drying cycles
consolidate the structure of the soils containing chitosans. The average effect is similar
for both kinds of chitosan. The gelling/solubilization of chitosan is possibly responsible
for the above effect. Consolidation of the structure was also observed by Hataf et al. [36]
after the addition of chitosan dissolved in acetic acid to a sandy soil. They stated that
chitosan increases interparticle interactions, concluding that this mechanism depends on
the water content. Under wet conditions, the biopolymer enhances the bonds between
soil particles, and during dry conditions, the chitosan gel converts to fibers with very low
mechanical strength.

Exemplary water destruction curves of the soil aggregates, showing changes in the
extent of destruction of the aggregates over time, as well as the above data plotted in
coordinates of Equation (7), are shown in Figure 3.

Similar curves to those in Figure 4 were obtained for the other soils containing both
CS1 and CS2, which indicates that the shrinking sphere model can be applied to identify
the water destruction of the studied aggregates. Taking the t4 values calculated from the
slopes of the linear fits of the destruction data of Equation (7), plotted in coordinates (see
Figure 3), and dividing them by the initial surface of each aggregate, Sy, the values of the
time necessary to destroy the unit surface of the aggregate, tq/Sy [s m~2], were calculated.
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Figure 3. Time dependence of the extent of destruction of the aggregates of podzol (POD) amended with different amounts
of chitosan CS1, preconditioned with one (left) or ten (right) cycles of wetting—drying (above) and the respective data,

plotted in coordinates, of the shrinking sphere model according to Equation (7) (below).

The water stability of the aggregates containing CS1, preconditioned with a single
cycle of wetting—drying, is generally lower than for the aggregates of the control soils.
After ten wetting—drying cycles, these aggregates became more water resistant, with the
exception of the aggregates of fluvisol and umbrisol, which contained the maximum dose of
CS1. The latter aggregates are more water resistant than their counterparts when subjected
to the single wetting—drying cycle, but they are still less water resistant than the control
soils. In contrast to CS1, the water stability of the CS2 containing aggregates reaches high
water resistance after the first wetting—drying cycle, and it increases only slightly after the
next nine wetting—drying cycles. The impact of high doses of CS2 on the water stability
of fluvisol and umbrisol is extremely high. The t4/Sg values reach up to three thousand
seconds per square centimeter, which means that the time of destruction of the aggregate
with a 20 mm diameter is over 10 h, while the control aggregates need a few minutes to
be destroyed.

At least a few mechanisms can be responsible for the above effects. The addition of
coarse chitosan particles may lead to loosening of the soil structure and breaking of the
distance-dependent interparticle bonds; thus, the soil becomes more susceptible to water
destruction. On the other hand, the improvement in water resistance may be connected
with the solubilization/gelling of chitosan and the gluing action of its colloidal particles
on soil grains. The first mechanism seems to dominate in CS1-containing aggregates,
particularly after a single wetting—drying cycle, and for the maximum CS1 doses in neutral
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and alkaline soils. The effect of the second mechanism should increase over time, since
solubilization and gelling are time dependent. The increase in water stability over time
was observed for all the aggregates. The gluing of soil particles by the jellified chitosan
should also affect the mechanical stability of the aggregates. If the gluing action overcomes
the soil material dilution by the chitosan, the mechanical stability should increase, which
may also be connected with water stability changes. We intend to study this problem in
the near future.
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Figure 4. Dependence of time necessary to destroy the unit surface of the aggregate on the percentage of the added
chitosan CS1 (above) and CS2 (below). The soils are abbreviated as follows: POD—podzol, ARE—arenosol, FLU—fluvisol,
UMB—umbrisol. The number after the soil abbreviation shows the number of wetting—drying cycles applied to soil aggregates.

The differences in the effects of both kinds of chitosan on aggregate stability may be
connected with their molecular characteristics. CS1, with a greater molecular mass, may
dissolve slower, so the time effect of CS1 on water stability is lower than that of CS2, which
has a lower molecular mass. The rapid solubilization of CS2 may also be a reason why, just
after the first wetting, the soils admixed with CS2 reach almost maximum water stability.
The differences in the swelling properties of CS1 and CS2 (CS1 swells markedly faster
than CS2; see Materials and Methods section) may also influence the lower stability of
CS1-containing soils.

The water drop penetration time for the studied soils, amended with different amounts
of the studied chitosans, is shown in Figure 5.

As a consequence of their high contact angles, both chitosans make the soils more
water repellent. The time needed for droplet penetration for the biopolymer with a lower
DD (CS1) was shorter than for the material with a higher DD (CS2). These results are in
agreement with Mucha et al. [56], who reported that the water sorptivity of chitosan films
decreased with increasing DD. In general, water repellency increases with an increasing
number of wetting—drying cycles. Similar mechanisms to those governing water stability
may be responsible for water repellency. The highest effect of chitosan on increasing water
repellency was observed in podzol. We think that this soil has the lowest surface area (due
to the smallest content of clay and organic matter), and the molecules of the dissolved
chitosan may cover the surface to the greatest extent, forming hydrophobic patches. We
thought that the water stability of the aggregates may be governed by their wettability;
however, no correlation between the aggregate destruction time and WDPT was found.
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Figure 5. Dependence of water drop penetration time for aggregates of different soils on percentage of chitosan CS1
(above) and chitosan CS2 (below). The soils are abbreviated as follows: POD—podzol, ARE—arenosol, FLU—fluvisol,
UMB—umbrisol. The number after the soil abbreviation shows the number of wetting—drying cycles applied to soil aggregates.

We tried to establish which properties of the soils correlated with their reaction with
chitosan. To do this, we used a parameter expressing the maximum impact of chitosan on
the water stability of the soil, which was taken as a ratio of the maximum value of t4/Sg
for the chitosan-containing aggregate to the same value for the control soil. For CS1, this
parameter was 5.7 (for podzol), 23.9 (for arenosol), 2.2 (for fluvisol), and 1.3 (for umbrisol).
The same values for CS2 were 97.3,17.8, 83.2, and 72.4, respectively. The first candidate to
govern the water stability of the soil-chitosan aggregates was the pH of the soil, since it
affects the chitosan solubility and, according to Kaasai [50] (see Equation (5)), an increase
in pH reduces the stiffness of chitosan chains. However, no correlation was found between
soil pH and the water stability of chitosan-containing soils. The next candidates, the
amount of clay fraction and/or organic carbon content, also did not correlate well with the
water stability of soil-chitosan aggregates. It seems that the properties of chitosan are more
important in governing the water stability of soil aggregates than the properties of the soil;
however, studying more soils may clarify the above problem.

In summary, the effect of chitosan on the water stability and wettability of soils
increased over time. The water stability and wettability of soil depended on the properties
of the added chitosan. Stronger and faster action was noted for chitosan with a lower
molecular mass, lower viscosity, and higher deacetylation degree. The above material
improved the stability of the soil aggregates by 100 to 200 times after just one cycle of
wetting—drying, whereas chitosan with a higher molecular mass, higher viscosity, and
lower deacetylation degree reduced the water stability of the soil aggregates after a single
wetting—drying cycle, and caused it to increase 1.5- to 20-fold after 10 wetting—drying cycles.
The water stability of the soil aggregates (time of aggregate destruction in water) did not
correlate with the wettability of the soil (water drop penetration time). Wetting—drying
cycles consolidated the structure (increased the soil bulk density) of the soils containing
chitosans. The effect of chitosan on the water stability and wettability of soils depended on
the physicochemical properties of the chitosan. No correlations were found between soil
pH, organic matter, or clay content and the water stability of soils containing chitosan.
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Abstract: Chitosan is becoming increasingly applied in agriculture, mostly as a powder, however little
is known about its effect on soil mechanical properties. Uniaxial compression test was performed for
cylindrical soil aggregates prepared from four soils of various properties (very acidic Podzol, acidic
Arenosol, neutral Fluvisol and alkaline Umbrisol) containing different proportions of two kinds of
chitosan (CS1 of higher molecular mass and lower deacetylation degree, and CS2 of lower molecular
mass and higher deacetylation degree), pretreated with 1 and 10 wetting—drying cycles. In most
cases increasing chitosan rates successively decreased the mechanical stability of soils that was
accompanied by a tendential increase in soil porosity. In one case (Fluvisol treated with CS2) the
porosity decreased and mechanical stability increased with increasing chitosan dose. The behavior
of acidic soils (Podzol and Arenosol) treated with CS2, differed from the other soils: after an initial
decrease, the strength of aggregates increased with increasing chitosan amendment, despite the
porosity consequently decreasing. After 10 wetting—drying cycles, the strength of the aggregates of
acidic soils appeared to increase while it decreased for neutral and alkaline soils. Possible mechanisms
of soil-chitosan interactions affecting mechanical strength are discussed and linked with soil water
stability and wettability.

Keywords: aggregate; chitin derivatives; food wastes; stress; strain; Young’s modulus

1. Introduction

Due to its non-toxicity, bacteriostatic properties, and polycationic nature, chitosan has
found many industrial, medical, pharmaceutical, and environmental applications [1-3].
The availability of industrial quantities of chitosan in the late 1980s enabled it to be tested in
agriculture [4]. Up to date, chitosan has been increasingly applied for the improvement of
the degradative capacity of contaminated soils by introducing specific consortia of microor-
ganisms (bioaugmentation), providing nutrients to the chemical degrading indigenous
microorganisms present at the contaminated sites (biostimulation), biochemical degrada-
tion of xenobiotic compounds. Chitosan is used as a carrier for microbial communities
that can be encapsulated for further use and for providing resistance to the enzymes from
harsh environmental conditions like pH and temperature. It is applied as an antiviral,
antibacterial, antifungal and antinematode agent, for seeds coatings, and plant protection
by controlling the spreading of diseases [5,6]. Chitosan has been proven to stimulate plant
growth and yield, and to induce abiotic and biotic stresses tolerance in various commodi-
ties [7,8]. Besides that, chitosan has been employed in soil as a plant nutrient and has shown
great efficacy in combination with other industrial fertilizers without affecting the soil’s
beneficial microbes. Furthermore, it is helpful in reducing fertilizer losses thus reducing
the overuse of synthetic fertilizers during crop production, which is important in keeping
environmental pollution under check. More recently chitosan is applied as a valuable
delivery system for fertilizers, herbicides, pesticides, and micronutrients for crop growth
promotion by maintaining balanced and sustained nutrition [1,4,9,10]. Various composite
or copolymer systems containing chitosan are used to improve the soil’s water-holding
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capacity [11,12]. Chitosan is also applied for the removal of various types of contaminants
from soils [13,14].

Chitosan introduced into a soil in one or more above ways can, as any other biopoly-
mer, interact with soil components in different ways, including adsorption of polymer
molecules on surfaces of soil components, covering soil particles with a thin polymer film,
formation of polymer ties connecting neighboring particles, adhesion, hydrogen bond-
ing or bridging of soil particles via polyvalent counterions [15,16]. Direct binding of a
charged polymer to negatively charged soil components (clay minerals, silica, feldspars,
organic matter) with electrostatic forces seems to be a rare feature of chitosan, because,
contrary to the majority of natural biopolymers applied for soil treatment (tragacanth,
arabic, karaya, gellan, carrageenan, locust bean, xanthan, guar and/or tamarind gums,
agar, pectin, alginate, arabinans, amylase, lipids, kasein, cellulose) having anionic or non-
ionic character [17-19], it carries a positive charge in a broad range of neutral and acidic
pH values [20]. So strong interactions of chitosan with soil components imply that the
addition of chitosan should increase soil mechanical resistance leading to soil stabiliza-
tion, consolidation and hardening. However, among various biopolymers implemented
in recent years for soil stabilization, erosion mitigation, and dust control, chitosan has
been applied rarely. Huang et al. [17], in their comprehensive review of the application
of various polymers for soil stabilization, mentioned only a single application of chitosan.
Most probably the application of chitosan for soil stabilization is limited by its very poor
solubility in water which changes to some extent depending on molecular weight, deacety-
lation degree and crystal structure [21-23] and/or by its high biodegradation rate (studies
of Mostafa et al. [24] showed the fastest biodegradation of chitosan as compared to the
other studied biopolymers). Apart from the successful application of various interpolymer
complexes, nanoparticles or composites including chitosan [25-31], a positive effect on
soil stabilization by pure chitosan has been achieved only for its highly dispersed jellified
forms (chitosan dissolved usually in organic acids). Orts et al. [28] applied chitosan gel for
hardening eroded furrows. They observed a strong effect of soil stabilization in laboratory
conditions, however, under natural conditions, the effect was observed only in the initial
part of the furrow, which was explained by the very strong binding of chitosan to soil com-
ponents in the area close to the zone of its application. Shariatmadari et al. [32] studied the
effects of chitosan dissolved in acetic acid on sandy soil stabilization by using unconfined
compression tests. The unconfined compression tests conducted after 7, 14 and 28 days
showed the strength of samples treated in dry conditions was higher than for samples
cured in saturated water conditions. In contrast, Hataf et al. [27] who studied uniaxial
compression of sand—chitosan gel mixtures, observed that chitosan improved soil strength,
but its effect decreased with the reduction of water. They concluded that the additional
strength that could be achieved with the addition of chitosan to the soil fades as the soil
becomes dry. Aguilar et al. [33] investigated the feasibility of using chitosan dissolved in
acetic acid as an admixture, or as an external coating, for earthen constructions to improve
their resistance in terms of both their key mechanical properties and, more specifically,
during the occurrence of water-induced degradation. They showed that in both instances
the use of low concentrations of chitosan can significantly improve performance.

However, for agricultural purposes, the application of chitosan gels containing huge
amounts of acid may be dangerous for the soil environment because of the potential
for inducing aluminum toxicity, mineral destruction, nutrient leaching or heavy metal
mobilization [34-36]. In agricultural applications, chitosan is usually introduced into
the soil mostly as powders (pure components and admixtures), and also as membranes
(chitosan coatings) or particulates (suspensions) [1,2,10,37-41]. Despite this, the literature
brings extremely small information on the mechanical properties of soils amended with
chitosan, not in a gel but in a powder form. After an extensive search, the authors found
only a single paper on this topic by Soldo et al. [42], who studied the mechanical properties
of Piedmont well-graded sand with silt, amended with various biopolymers, including
chitosan. They mentioned that chitosan was applied in a form as it was supplied by the
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manufacturer (probably as the powder). After five days of curing, chitosan did not lead to
any further increase in the compressive strength even though the specimens with chitosan
had the highest compressive strength right after the mixing. Therefore they excluded
chitosan from further research of this type.

To fill this knowledge gap, this paper studies the mechanical stability of a few soils
amended with different doses of chitosan powder by a uniaxial compression test. Because
various chitosan—soil binding mechanisms contribute differently depending on polymer
solubilization, concentration, charge, conformation, molecular weight and molecule size,
that in turn depend on the ambient solution pH and ionic strength [43-45], four soils of
different pH values and two types of chitosan, differing in molecular masses and deacetyla-
tion degrees were selected for the testing. Since cyclic wetting—drying affects biopolymer
treated soils [46—48] and is used as a measure of the durability of biopolymers [46], the
studied soils were subjected also to one and ten wetting—drying cycles.

2. Results

The addition of chitosan of high molecular mass and low deacetylation degree (CS1,
see M&M section) in the rates of 0.5, 1, 2, 4 and 8% decreased, in general, the mechanical
strength of four studied soils: very acidic Podzol, acidic Arenosol, neutral Fluvisol and
alkaline Umbrisol. The intensity of this decrease depended on chitosan dose and the
number of wetting—drying cycles with which the soil-chitosan mixtures were pretreated, as
is seen from exemplary stress—strain curves of soil cylindrical aggregates shown in Figure 1.
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Figure 1. Exemplary compression stress-dilatation dependence for the aggregates of Podzol (POD),
Fluvisol (FLU), Umbrisol (UMB) and Arenosol (ARE) amended with different amounts of chitosan
CS1, preconditioned with 1 or 10 cycles of wetting—drying. The number of the cycles is written after
the abbreviation of each soil.

The addition of chitosan of lower molecular mass and higher deacetylation degree
(CS2, see M&M section) in the same rates of 0.5, 1, 2, 4 and 8% decreased the mechanical
strength of Podzol, Arenosol and Umbrisol to the lower extent than CS1, and increased
the mechanical strength of Fluvisol. Similarly, as for CS1, the intensity of these changes
depended on chitosan dose and on the number of wetting-drying cycles with which the
soil-chitosan mixtures were pretreated. Exemplary stress—strain curves of soil cylindrical
aggregates containing CS2 are shown in Figure 2.
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Figure 2. Exemplary compression stress-dilatation dependence for the aggregates of Podzol (POD),
Fluvisol (FLU), Umbrisol (UMB) and Arenosol (ARE) amended with different amounts of chitosan
CS2, preconditioned with 1 or 10 cycles of wetting—drying. The number of the cycles is written after
the abbreviation of each soil.

The maxima of the dependencies shown in Figures 1 and 2, expressing a load per unit
average of the cross-sectional area at which the cylindrical specimen of soil fails under
compression during the Unconfined Compression Strength, UCS [Pa], are presented in
Figure 3.
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Figure 3. Average values of unconfined compressive strength of the studied aggregates of Podzol
(POD), Fluvisol (FLU), Umbrisol (UMB) and Arenosol (ARE) amended with different amounts of
chitosan (CS1 and CS2), preconditioned with one or ten cycles of wetting—drying. The number of the
cycles is written after the abbreviation of soils. Error bars depict standard deviations.
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The UCS of the aggregates containing CS1 generally decreases with the increase in
chitosan percentage. A similar effect is observed for CS2 amended Umbrisol. Both acidic
soils (Podzol and Arenosol) amended with CS2 behave in a different way: after the initial
drop, the UCS increases with increasing chitosan dose, finally approaching the UCS value
for the nontreated soil. Quite opposite behavior is noted for CS2 amended Fluvisol, for
which the UCS seems to tendentially increase with an increase in the chitosan rate.

The UCS of neutral and alkaline soils (Fluvisol and Umbrisol, respectively) after 10
wetting /drying cycles is lower than the UCS of these soils subjected to a single cycle,
whereas the increase in the number of wetting—drying cycles increases the UCS of acidic
soils, Podzol and Arenosol, containing higher doses of both kinds of chitosan.

Similar dependencies were observed for Young’s modulus and chitosan percentage,
since, as commonly observed, UCS and Young’s modulus are roughly proportional to each
other, as it is presented in Figure 4 for the studied soils.
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Figure 4. Dependence of Young’s (YM) modulus and unconfined compressive strength (UCS) for all
studied aggregates.

Structural porosity is considered to be the best measure of the susceptibility of soils
and other granular materials to mechanical damage: more porous aggregates would break
easier. The porosities of the studied soil /chitosan aggregates, preconditioned with one or
ten wetting—drying cycles, are presented in Figure 5.

—o—POD10

—o—POD10

—A—ARE1 —A—ARE10
—A—ARE1 —A—ARE10
—=—FLU1 —o—FLU10 —a—FLU1 ——FLU10
—e—UMB1 —o—UMB10 —e—UMB1 —o—UMB10
0.3 + T T T T T T T T 03 T T T T T T T T
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
chitosan,% chitosan,%

Figure 5. Dependencies of the porosity (P) of soil aggregates on the amendment of the studied
chitosan (CS1 and CS2). The soils are abbreviated as: POD—Podzol, ARE—Arenosol, FLU—Fluvisol,
UMB—Umbrisol. The number after the soil abbreviation shows the number of wetting-drying cycles
applied to soil aggregates. Error bars are covered by the labels of the points.

In general, the addition of both types of chitosan causes a loosening of the soil structure
(increasing porosity) with an exception of Fluvisol amended with CS2, for which chitosan
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addition decreased soil porosity and made the soil more compact. It was observed that
CS1 increased soil porosity more than CS2 and the structure became less porous with an
increase in the number of wetting—drying cycles.

3. Discussion

Changes in UCS due to the addition of CS1 accompany the opposite changes in
porosity for all soils. This trend is valid also for CS2 amended Fluvisol and Umbrisol.
However, for very acidic Podzol and acidic Arenosol despite the porosity tendentially
increasing with increasing chitosan dose, after the initial drop, the UCS increases also. The
increase in porosity observed in the vast majority of the studied soil/chitosan aggregates is
most probably caused by the loosening of the soil structure by coarser chitosan particles.
However, Kubavat et al. [49] mentioned about soil porosity increase also after the addition
of nanoparticles of chitosan copolymerized with methacrylic acid. The higher effect of
CS1 on the porosity increase may indicate that CS1 is composed of larger particles than
CS2. The exceptional decrease in porosity and a simultaneous increase in UCS for Fluvisol
amended with CS2 can be probably connected with the highest content of clay in this soil.
In the control soil, the total volume of porous conglomerates of clay particles may exceed
the total volume of the soil skeletal pores (free spaces between coarser soil particles) and
the coarser particles are “suspended” in the clay phase. In such a case, the addition of
nonporous chitosan particles replaces porous clay conglomerates and so the volumetric
porosity decreases. In the “suspended” state, rigid skeletal particles rarely contact each
other and the mechanical stability of such a system approaches that of the pure clay itself.
Additional skeletal porosity created by coarser chitosan particles may be consecutively
filled by clay and more contacts between coarser particles occur, and so, the mechanical
strength increases. As reported by Jozefaciuk et al. [50] and Horabik and Jozefaciuk [51]
there exists a maximum of UCS at a point where all free spaces between coarser particles
are totally filled by clay conglomerates and no “free” clay excess is present. Such be the case,
increasing the volume of clay makes the UCS smaller. The fact that a similar phenomenon
does not occur for CS1 may be because CS1 particles are larger than those of CS2, and,
only with the smallest CS1 additions does the volume of newly created free skeletal spaces
exceed the volume of the excess of the clay which is available for their total filling.

The other exceptional behavior which needs more detailed examination is that in
soils of low pH (Podzol and Arenosol) higher CS2 doses induced the increase in UCS.
Electrostatic bonds of positively charged chitosan in a low pH range (PZC of chitosan is
usually reported to occur at pH values around 6.5-7.6 [52-54]) with negatively charged soil
particles may be responsible for this effect. In soils of higher pH, chitosan around its PZC
develops either a small amount of positive charge or a small amount of negative charge on
a small surface area, and the electrostatic forces that are generated with negatively charged
soil components can range from weakly attractive to weakly repulsive. Additionally,
different dissolution/jellification patterns of both studied types of chitosan may exert a
significant effect on their interactions with soil components because chitosan gel of highly
extended surface can form much more electrostatic bonds than chitosan particles of much
smaller surface area. Because CS2 of lower molecular mass dissolves better and faster in
soil organic acids (fulvic and humic acids) than CS1 having a higher molecular mass, the
effect on UCS increase was observed only in the case of CS2. In a jellified form, chitosan
can also glue soil particles together by adhesive forces or by the formation of polymer
ties connecting neighboring soil particles which are not in direct contact [55]. Differences
between the action of both kinds of chitosan on soils are apparently connected to their
molecular properties. As it has been frequently reported, molecular weight and molecule
size of polymers play a key role in defining the nature of interactions with various soils and
soil minerals. Moen and Richardson [56] found that small-sized polymers distribute more
evenly in the microaggregate fraction of soils because of their greater ability to penetrate
the fine pores. Richardson et al. [57] also found that high molecular weight polymers
may maximize soil-polymer interactions; however, the effectiveness could be affected by



Molecules 2022, 27,2273

7 of 11

limited polymer penetration of the soil surface and failure to attain uniform aggregation
adsorption. On the other hand, they found that small-sized polymers could create a more
homogeneous soil stabilizing polymer network.

The effect of wetting—drying cycles on soil mechanical resistance depended both
on the soil reaction and the kind of chitosan. Ambient solution pH and concentration
affect the surface charge and conformation of charged polymers and therefore influence
polymer adsorption onto soil particles. A higher concentration of the polymer solutions
enables sufficient active functional and structural groups in the polymer to be available
for interaction with soil particles and therefore could increase the efficiency of polymer
stabilization [45]. Since solubilization and gelling are time-dependent, an increase in the
mechanical stability of soil-chitosan mixtures in time occurs in acidic soils. In contrast,
for neutral Fluvisol and alkaline Umbrisol, wherein chitosan around its PZC is hardly
soluble [58], increasing the number of wetting/drying cycles leads to a decrease in UCS. A
similar decrease in the strength of biopolymer treated soils with increasing wetting-drying
cycles has been frequently reported [48,59].

As was observed by Adamczuk et al. [60] the water stability of aggregates containing
CS1 preconditioned with a single cycle of wetting—drying was generally lower than for
aggregates of the control soils. After ten wetting—drying cycles, these aggregates became
more water-resistant. In contrast to CS1, the water stability of CS2-containing aggregates
reached high water resistance just after the first drying-wetting cycle and it increased only
slightly after the next nine wetting—drying cycles. Both types of chitosan increased soil
water repellency, which increased further after 10 wetting—drying cycles. The wettability
for CS1 amended soils was higher than for CS2. Both water stability and wettability may
increase because of the high wetting angles of chitosan, according to Cassie’s law [61].
The effect of chitosan on increasing water stability and water repellency might have been
caused also by adsorption of the dissolved chitosan molecules on soil components. Even
very small amounts of large chitosan molecules can cover the surface of soil particles to a
great extent, forming hydrophobic patches. It is possible that this mechanism may decrease
the mechanical stability of the aggregates, as well. If, as is likely, the surface covered by
chitosan molecules becomes flatter (the surface roughnesses are levelled), the internal
friction between smoother soil particles is reduced, and, in consequence, the UCS becomes
smaller. It is probable that such an occurrence may be proven by studies of the fractal
dimension of chitosan adsorbed soil (a decrease in fractal dimension would indicate surface
flattening), which will be a problem in further studies.

Summarizing: coexistence of several antagonistic and synergic mechanisms can ex-
plain the observed impact of chitosan on the mechanical and water stability, and wettability
of soils. The first is the loosening of soil structure (increase in porosity) due to the addition
of coarse chitosan particles that can decrease both mechanical and water stability. However,
in clayey soils addition of coarser chitosan particles can make the soil more mechanically
resistant. The second mechanism is the formation of electrostatic bonds between posi-
tively charged chitosan particles (or jellified /dissolved chitosan molecules) and negatively
charged soil components leading to an increase of both mechanical and water stability.
This phenomenon would increase with a decrease in soil pH due to better charging and
solubilization of chitosan at low pHs. The third mechanism is the formation of adhesive
bonds between chitosan and soil components, which, similarly to the previous mechanism,
should depend on the amount of the dissolved /jellified chitosan. The fourth mechanism is
the adsorption of chitosan molecules on surfaces of soil components causing an increase in
soil water stability and hydrophobicity of the soil material along with a possible reduction
of the mechanical stability of the soil due to decreasing surface roughness and internal fric-
tion. The intensity of all aforementioned mechanisms depending on chitosan jellification,
solubilization, surface charge and chain stiffness are governed by the ambient pH [44] and
on physicochemical properties of a given kind of chitosan.
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4. Materials and Methods

Two kinds of chitosan selected to differ in molecular mass and deacetylation degree
were used. The first, abbreviated as CS1, was provided by Sigma Aldrich (St. Louis, MO,
USA) and the second (CS2) was provided by Beijing Be-Better Technology Co., Ltd. (Beijing,
China). Both forms of chitosan were composed of equal parts of the 0.105-0.053 and
0.177-0.105 mm dry sieved fractions. Soil samples were taken from upper 5-15 cm layers
of four soils localized in East Poland, air-dried and screened by a 1 mm sieve. The basic
properties of the studied soils and types of chitosan are presented in Table 1. This table
recalls data reported by Adamczuk et al. [60] who studied water stability and wettability
of the same materials as used in the present paper.

Table 1. Characteristics of the studied soils and chitosan.

Abbreviation POD ARE FLU UMB CS1 CS2
Material Podzol Arenosol Fluvisol Umbrisol Chitosanl Chitosan2
Locality E 22°58'41" 22°26'6" 22°59/38" 21°41'59"
Locality N 51°9'14” 51°2'9” 51°9/43" 50°49'25"
pH 4.1 5.5 6.5 7.7
Particle density [g cm 3] 2.54 2.62 2.62 2.68 1.51 1.54
Nitrogen [%] 0.16 0.13 0.46 0.14 7.51 7.79
Total organic carbon [%] 0.65 1.55 3.04 0.9 41.59 41.27
Sand (0.063-2 mm) [%] 72.4 47.1 20.2 104
Silt (0.002-0.063 mm) [%] 259 46.2 52.2 72.4
Clay (<0.002 mm) [%] 1.7 6.7 27.6 17.2
Grain fraction 0.177-0.105 mm [%] 50 50
Grain fraction 0.105-0.053 mm [%] 50 50
Degree of Deacetylation (DD) 0.77 091
Average molecular mass (M), [kDa] 699 280

4.1. Preparation of Soil/Chitosan Aggregates

The soil samples were air-dried and screened by a 1 mm sieve (mesh 18). Carefully
homogenized water-saturated pastes were prepared from mixtures of the soils and the
chitosan. Distilled water was used for pastes preparation. The content of CS1 and/or CS2
in the mixtures was 0 (control), 0.5, 1, 2, 4, and 8%. Cylindrical aggregates of 20 mm height
and 10 mm diameter were formed from the pastes using plastic forms. The first set of
aggregates was prepared just after the preparation of the paste and then air-dried (one cycle
of wetting—drying) and the second set from the pastes was subjected to 10 wetting—drying
cycles (6 days per cycle). All aggregates were then dried until constant mass at laboratory
conditions (relative humidity around 60% and temperature around 25 °C). The aggregates
are abbreviated further using the abbreviation of a given soil (see Table 1) followed by the
number of wetting/drying cycles (e.g., POD1 and POD10 denote aggregates formed from
Podzol preconditioned with one and ten wetting/drying cycles, respectively).

4.2. Studies of Soil/Chitosan Aggregates

Unconfined compression tests were performed for ten replicates of each aggregate
using the Lloyd LRX material testing machine (Bognor Regis, UK). An aggregate placed
vertically on the machine basement was pressed by a piston. The load measured with
the accuracy of 0.05 N against displacement of the piston moved with the lowest appara-
tus speed of 1075 m-s~! was registered. The dependence of the compression stress [Pa],
(load divided by the aggregate cross-sectional area) versus strain, AL/L (relative aggregate
deformation, equal to piston displacement divided by the aggregate height) was calcu-
lated. From these dependencies values of the Unconfined Compression Strength UCS [Pa]
(maximum load per unit average cross-sectional area at which the cylindrical specimen
of soil falls in compression) and Young’s modulus, E [Pa] (slope of the linear parts of the
stress—strain dependencies) were estimated.

Volumetric porosity (volumetric fraction of pores on the total volume), P, [cm® cm ™3] of
the aggregates were estimated as follows: at first, the volumes of the solids (soil + chitosan)



Molecules 2022, 27,2273 9of 11

present in 1 cm? of the aggregates, Vs [cm?], were calculated based on the chitosan percent-
age in the soil-chitosan mixtures (CS%), the respective particle densities (PDgy;; and PDcs;
or PDcsp, presented in Table 1) and the aggregate bulk densities, BD [g cm 3] reported
in [60]:

Vs =1 — [BD-(1 — CS%/100)/PDs,; + BD-(CS%/100)/PDcs] 1)

and next the porosity was calculated as:
P=1- V.. @)

4.3. Statistical Analysis

Average values * standard deviations were calculated.
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Abstract: Chitosan has garnered much interest due to its properties and possible applications. Every
year the number of publications and patents based on this polymer increase. Chitosan exhibits poor
solubility in neutral and basic media, limiting its use in such conditions. Another serious obstacle is
directly related to its natural origin. Chitosan is not a single polymer with a defined structure but a
family of molecules with differences in their composition, size, and monomer distribution. These
properties have a fundamental effect on the biological and technological performance of the polymer.
Moreover, some of the biological properties claimed are discrete. In this review, we discuss how
chitosan chemistry can solve the problems related to its poor solubility and can boost the polymer
properties. We focus on some of the main biological properties of chitosan and the relationship with
the physicochemical properties of the polymer. Then, we review two polymer applications related to
green processes: the use of chitosan in the green synthesis of metallic nanoparticles and its use as
support for biocatalysts. Finally, we briefly describe how making use of the technological properties
of chitosan makes it possible to develop a variety of systems for drug delivery.

Keywords: chitosan; chitin; biological activity; drug delivery; antioxidant; antimicrobial; metallic
nanoparticles; biocatalysis

1. Introduction

Chitin and its deacetylated derivative, chitosan, are a family of linear polysaccharides
composed of varying amounts of (31—4) linked residues of N-acetyl-2 amino-2-deoxy-
D-glucose (glucosamine, GIcN) and 2-amino-2-deoxy-D-glucose (N-acetyl-glucosamine,
GIcNAC) residues. Chitosan is soluble in aqueous acidic media via primary amine protona-
tion. In contrast, in chitin, the number of acetylated residues is high enough to prevent the
polymer for dissolving in aqueous acidic media.

Chitin is a very abundant biopolymer that can be found in the exoskeleton of crustacea,
insect’s cuticles, algae and in the cell wall of fungi. Chitosan is less frequent in nature
occurring in some fungi (Mucoraceae). Historically, commercial chitosan samples were
mainly produced from chemical deacetylation of chitin from crustacean sources. More
recently, chitosan from fungi is gaining interest in the market, driven by vegan demands.
Moreover, these samples are better controlled in terms of low viscosity and exhibit a very
high deacetylation degree [1]. Production from insect cuticles is also gaining interest,
driven by the increased interest in protein production from these sources.

The interest in chitin and chitosan relies on the myriad biological and technological
properties exhibited by these polymers (Table 1). However, these properties are tightly
related to the physicochemical properties of the polymers (mainly molecular weight and
acetylation degree) [2]. Therefore, when working with chitin and chitosan a good and com-
pleted polymer characterization is mandatory. Several methodologies have been described
to characterize chitin, chitosan and chitooligosaccharides, a description of which is far from
the objective of this paper—but for interested readers, we recommend publications [3,4].
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Table 1. The main properties of chitin and chitosan.

Property/Activity Reference
Mucoadhesive [5,6]
Anti-inflammatory [7]
Antioxidant [8]
Antimicrobial [9]
Antifungal [10]
Antihyperglycemic [11]
Antitumoral [7-12]
Wound healing [13]

Chitosan is the only polycation in nature and its charge density depends on the degree
of acetylation and pH of the media. The solubility of the polymer depends on the acetylation
degree and molecular weight. Chitosan oligomers are soluble over a wide pH range, from
acidic to basic ones (i.e., physiological pH 7.4). On the contrary, chitosan samples with
higher Mw are only soluble in acidic aqueous media even at high deacetylation degrees.
This lack of solubility at neutral and basic pH has hindered the use of chitosan in some
applications under neutral physiological conditions (i.e., pH 7.4). This is the reason why a
great number of chitosan derivatives with enhanced solubility have been synthetized.

In 2019, the global chitosan market size was valued at USD 6.8 billion, and it is ex-
pected to expand at a revenue based CAGR of 24.7% between 2020 and 2027. The drivers for
the market’s growth are the increasing application of the polymer in water treatment and
several high-value industries such as the pharmaceutical, biomedical, cosmetics and food
industries [14]. Some of the interest areas identified include the modification of the poly-
mers to extend their applicability; knowledge of the mechanisms involved in the biological
activity of chitosan, chitosan derivatives and chitooligosaccharides; and the in-depth study
of chitosanolytic and chitinolytic enzymes presented in different microorganisms [15].

This review aims to provide readers with a general overview of the state of the art
of chitosan science, covering different aspects such as polymer chemistry, biological and
technological properties and applications in drug delivery and as a biocatalyst.

2. Technological Chitosan Properties
2.1. Solubility

Chitosan is produced by deacetylation of chitin; in this process, some N-acetylglucosamine
moieties are converted into glucosamine units. The presence of large amounts of protonated
-NH; groups on the chitosan structure accounts for its solubility in acid aqueous media since
its pKa value is approximately 6.5 [16]. When around 50% of all amino groups are protonated,
chitosan becomes soluble [17].

Chitosan solubility depends on different factors such as polymer molecular weight,
degree of acetylation, pH, temperature, and polymer crystallinity. Homogeneous deacetyla-
tion (alkali treatment, 0 °C) of chitin permits the production of polymers soluble in aqueous
acetic acid solutions with DD as low as 28%, with this value never being reached under
heterogeneous deacetylation (alkali treatment, high temperatures). Moreover, with a DD
of 49%, the samples are soluble in water. This behaviour is explained by the fact that
homogeneous deacetylation leads to an increase in the number of glucosamine units and
a modification in the crystalline structure of the polymer. Depending on polymer DD,
these modifications range from a reduction in crystal size and crystal perfection to the
presence of a new crystal structure close to 3-chitin [18]. Sogias et al. [19] studied the role
of crystallinity and inter- or intramolecular forces on chitosan solubility; in this work, a
parent chitosan sample was half re-acetylated with anhydride acetic or fully N-deacetylated
under homogeneous conditions. After reacetylation, the solubility of the polymer was
expanded until pH 7.4, while a slight reduction in the solubility range of the fully deacety-
lated chitosan was determined. The lower solubility was explained due to the increase
in the polymer crystallinity after deacetylation, which offsets the effect of the increase in
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glucosamine moieties. On the contrary, a reduction in the crystallinity was observed in the
half-acetylated sample. The use of hydrogen bond disruptors such as urea or guanidine
hydrochloride also alters the solubility window of chitosan. In fact, by a combination of
chemical and physical disruption of the hydrogen bonds, broad solubility is achieved.

2.2. Viscosity

The viscosity of polymers is a parametre of great interest from the technological point
of view since highly viscous solutions are difficult to manage. Moreover, viscometry is
a powerful tool for determining chitosan’s molecular weight, as it is a simple and rapid
method even though it is not an absolute method, therefore requiring the determination of
constants that are specific to the solvent. The average molecular weight is determined by the
Mark-Houwink-Sakurada equation, which relates this parametre with the intrinsic viscosity:

n=KMy”* 1

where K and « are constants that must be determined experimentally. Several values
of K and « have been reported depending on the solvent composition, pH, and ionic
strength [20]. Chitosan viscosity depends on the molecular weight of the polymer and
deacetylation degree and decreases as the molecular weight of chitosan is reduced. In fact,
viscosity can be used to determine the stability of the polymer in solution, as a reduction
is observed during polymer storage due to polymer degradation [21]. Shear viscosity
increases with chitosan deacetylation degree. The shear viscosity at the same rate was
studied in two samples with different deacetylation degrees (91% vs. 75%) and represented
versus intrinsic viscosity [22]; it was reported that shear viscosity was larger for those
samples with the highest deacetylation degree; when the curves were evaluated, straight
lines were observed in both chitosan samples This is explained due to the nature of chitosan,
as this polymer is a cationic polyelectrolyte because of the amine protonation in acidic
media. Therefore, the higher the DD, the larger chain expansion is expected, as more
glucosamine units are found in the polymer chain, leading to a greater charge density in
this sample. In order to modulate chitosan viscosity, the addition of different co-solvents
has been evaluated; in this sense, Kassai et al. [20] studied the effect of the addition of
isopropanol and ethanol to a chitosan solution in 1% acetic acid, reporting that the presence
of the cosolvents decreased the intrinsic viscosity of the polymer.

3. Chemistry of Chitosan

As seen in Figure 1, the reactive groups found in chitosan are a primary amino
group (C2) and primary and secondary hydroxyl groups (C6, C3). Glycosidic bonds and
the acetamide group can also be considered functional groups. These functional groups
allow for a great number of modifications, producing polymers with new properties
and behaviours.

Chitosan derivatives have been produced, aiming to improve chitosan’s properties,
such as solubility or biodegradability, or to introduce new functions or properties. For
instance, solubility has been improved in water aqueous media by deacetylation, de-
polymerization, or quaternisation among other processes [23]. New chitosan activities
have been reported after its modification, for example, 6-O-sulphated chitosan promotes
neuronal differentiation while phosphorylated chitosan inhibits corrosion [24,25].
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Figure 1. Functional groups in chitosan’s structure that are able to be chemically modified.

The field of chitosan chemistry is wide, and in this review, we want to focus on two
types of processes, chitosan phosphorylation and chitosan degradation. Our group has
participated in the development of a phosphorylated derivative via a simple method in
which chitosan and phosphorus acid are mixed at the same ratio and formaldehyde is
added at 70 °C [26] (Figure 2).

OH OH
o) o)
o 0~ HsPOy4 CH,0 o o—
HO - . HO
NH, 1% HOAc, 70°C N—R
n R n

R =H or CH2PO3H2
Figure 2. Scheme of phosphorylated chitosan derivative synthesis.

This N-methylene phosphonic chitosan is soluble in water and keeps the filmogenic
properties of the parent chitosan. With a similar methodology, a soluble in water N-
methylenephenyl phosphonic chitosan has been produced [27]. Additionally, the surfactant
derivative N-lauryl-N-methylene phosphonic chitosan was produced via N-alkylation of
N-methylene phosphonic chitosan [28]. This derivative has a lower solubility in aqueous
media compared to N-methylene phosphonic chitosan but better solubility in organic
media and forms micelles. N-methylene phosphonic N-methylene carboxylic chitosan
has been obtained in water-soluble form using N-methylene phosphonic chitosan and
glyoxylic acid. The polymer maintains the filmogenic properties of parent chitosan and,
because of the presence of multidentate ligands, its use as a bivalent metal chelating agent
is proposed [29].

Although the use of chitosan as a gene carrier has been reported, the use of this
biopolymer for this application is limited due to a relatively low transgenic efficacy. Phos-
phorylated derivatives have shown better performance (transfection was improved 100-
fold) and therefore are more suitable than chitosan to this end. Moreover, phosphorylated
derivatives also exhibit and improve metal ion chelating activity when compared to the
parent chitosan [30,31].

Due to the presence of cleavage glycosidic bonds, it is possible to degrade chitosan,
thus reducing its molecular weight. As previously mentioned, the control of chitosan
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depolymerization (polymer size) permits us to control some properties such as solubility
or viscosity. Moreover, the biological and technological properties of chitosan are related to
size, among other properties as previously reviewed [2]. Chitosan degradation can occur
through different mechanisms such as acid hydrolysis, oxidative-reductive or nitrous
acid depolymerization, ultrasonic degradation, or enzymatic degradation using specific
and non-specific enzymes. Chitosan has four types of glycosidic linkages -D-D-, -A-A-,
-A-D- and -D-A- (where A and D denote N-acetylglucosamine and glucosamine monomers,
respectively). Depending on the process, there is a prevalence in the breakage of certain
linkages and therefore different samples can be produced from the same parent chitosan by
selecting different methodologies. Chemical and physical methods are less selective than
enzymatic ones for producing specific patterns due to enzyme-specific recognition but by
controlling the parametres of the process some control over the composition can be gained.

Ultrasonic degradation of chitosan does not affect the degree of acetylation or poly-
dispersity of the recovered polymers allowing for the moderate degradation of the poly-
mer [32]. The rate of degradation depends on the acetylation degree of the parent chitosan
and not on the initial molecular weight [33].

Hydrogen peroxide produces random degradation of chitosan in a faster manner
than ultrasonic methodologies, producing a significant number of monomers and chi-
tooligosaccharides, the composition of which depends on the temperature and H,O,
concentration [34]. Nitrous acid depolymerization can be considered somewhat specific
since HNO, attacks the primary amine in glucosamine and subsequently the cleavage of
the glycosidic bonds occurs. That is, only the glycosidic linkage following a D-unit can be
cleaved [35]. The chemical processes yield large amounts of monomers (D-glucosamine)
and when the intended final products are chitooligosaccharides rather than low molecular
weight chitosan, the yields are low [36]. HNO, provokes the formation of 2,5-anhydro-D-
mannose at the new reducing end, which may be considered a disadvantage of this acid.
When chitosan is degraded by HCI, the polymer not only suffers the hydrolysis of the
O-glycosidic linkage between residues but also the N-acetyl linkage can be hydrolyzed
but at a lower rate. The hydrolysis rate of D-D and D-A glycosidic linkages is lower than
the hydrolysis of A-A and A-D, therefore the reducing ends are dominated by acetylated
units [37]. By using a controlled precipitation method with methanol, it has been possible to
obtain chitooligosaccharides with DPs up to 16 with few low molecular weight oligomers
with a good yield [38].

The specific enzymatic degradation of chitosan occurs with a family of enzymes
named chitosanases (EC 3.2.1.132) and chitinases (EC 3.2.1.14). Chitosanases are glycosyl
hydrolases that catalyse the endo hydrolysis of 3-1,4-glycosidic bonds of partially acetylated
chitosan to release chitosan oligosaccharides (COS) with little monomer release [39]. Chi-
tosanase specifically hydrolyses chitosan by cleavage of glycosidic bonds with a -DD-DA-
pattern or a -DD-DD-pattern. Chitinases, which occur in families GH18 and GH 19, are
glycosyl hydrolases that can degrade both A-A and A-D linkages and show no activity
against D-D linkages. Chitinases can be classified into two major categories (endochitinases
and exochitinases) according to their mode of action [40].

Non-specific enzymes, also called promiscuous enzymes, are also able to degrade
chitosan. These enzymes belong to the protease, lipase, cellulase, and hemicellulase
families, among others. Lysozyme is one of the most studied due to its relationship with
polymer biodegradation. this enzyme is a protease that hydrolyses chitosan by cleavage
of glycosidic bonds with A-A-A-A- pattern or A-A-A-D-pattern, while A-D-A-pattern or
D-D-A-A are not or very slowly hydrolysed by lysozyme [14,17]. Apart from the previously
mentioned lysozyme, other proteolytic enzymes such as pepsin, papain and pronase caused
chitosan depolymerization, rendering low molecular chitosans (4-10 kDa) as the main
products and chitooligosaccharides and monomers in smaller amounts. Results indicated
that papain and pepsin had a similar action pattern. Both enzymes decreased LMWC
acetylation degree when compared to the parent chitosan; DP 2-6 were detected in the
supernatant monomers (D and A) and oligomers. Pronase showed different behaviour
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since no glucosamine was detected. It showed selectivity through A-A and A-D, resulting
in products having A monomers at the reducing end [41].

Neutral protease degraded chitosan in a manner dependent on the deacetylation
degree. The higher the DD, the higher the Km and the lower the Vmax. During degradation,
a reduction in the DD of the recovered LMW chitosans was observed. An analysis of the
partially hydrolysed chitosan revealed that the enzyme degraded D-D and A-D (3-1,4-
glycosidic linkages, producing a mixture of hetero oligosaccharides carrying an A residue
at the reducing end [42]. The same authors have studied the effect of the chitosan molecular
weight in the enzymatic activity since this parametre affects its chain flexibility in solution,
which in turn may affect its affinity for the enzyme in hydrolysis reactions. Their results
showed a lower affinity of the enzyme with a slower degradation rate when high molecular
weight chitosan samples were tested [43].

Hemicellulase, an enzyme related to the degradation of hemicellulose, has proven its
ability to reduce chitosan molecular weight in a manner that depends on the deacetylation
degree of the chitosan, rendering lower molecular weight samples when a chitosan sample
with a DD of 85% was tested. Dimers, trimers, tetramers, pentamers and hexamers were
observed after 4 hours of reaction, and the enzyme was considered endo-acting since no
N-acetylglucosamine was detected [44].

Lipases have also proved their ability to hydrolysate chitosan, although the degra-
dation rates are slower than the ones reported by other enzymes such as proteases or
hemicellulose. Controlling reaction temperature, a commercial lipase rendered low molec-
ular weight samples or chitooligosaccharides [45,46]. This lipase acted following both exo
and endo cleavage mode. The presence of D end products indicates that it acted on chitosan
in an exo-type mode while the sharp reduction in viscosity during the hydrolysis indicates
that an endo splitting occurred in the initial hydrolysis stage. Therefore, by controlling the
reaction time the final products can be led to oligomers with high DP or monomers. The
polymer polydispersity depended on the used enzyme, lipase from wheat germ rendered
samples with very wide molecular weight while lipase from R. japonicus exhibited better
control over polydispersity [47].

The data previously showed that it is possible to somehow select the degradation
products (LMW chitosans or oligosaccharides) by selecting the appropriate methodology
(Table 2). As we can see in some sections of this review, specific biological and technological
behaviour of chitosan degradation products depends not only on the method (physical,
chemical, or enzymatic) selected to degrade the chitosan but also on the type of chemical
or enzyme used for these processes. This effect is more related to the degraded polymer
pattern rather than to the size or acetylation degree of the samples.

Table 2. The main products produced in the enzymatic degradation of chitosan.

Enzyme Main Product
Chitosanase Oligomers DP 2-3
Hemicellulase Dimers, trimers, tetramers, pentamers and hexamers
Pepsine Glucosamine, N-acetylglucosamine oligomers with DP 2-6
Pronase 4-10 kDa
Papain Glucosamine, N-acetylglucosamine oligomers with DP 2-6
Lipase High DP

DP: depolymerization degree.

4. Biological Properties

Chitin, chitosan, oligosaccharides, and derivatives exert many biological activities
including antitumoral, antimicrobial, antioxidant, and anti-inflammatory activities, which
could be used as therapeutic polymers. It is remarkable that up today chitosan and chitosan
hydrochloride are only accepted as excipients by the regulatory agencies and not as a drug
for the treatment of diseases.
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4.1. Antimicrobial Activity

Bacterial resistance to antibiotics is a critical public health concern and, therefore,
there is an urgency to find alternatives to antibiotics. Chitosan, chitosan derivatives
and chitooligosaccharides exert antimicrobial activity against different microorganisms,
including bacteria, filamentous fungi, and yeast [48]; some examples of the different
microorganisms sensible to chitosan are shown in Table 3. Chitosan seems to have a
growth-inhibitory activity since bacteria is able to grow after the polymer is removed from
the media. This is of importance since resistant populations might emerge if the cells adapt
to chitosan [49].

Table 3. Antimicrobial and antifungal activity of chitosan.

System Target Inhibition References
Aeromonas hydrophila Complete
Chitosan Edwardsiella ictalurid 04% (EL FQC) [50]
Flavobacterium columnare 0.8% (A. H)
Candida albicans
Gram-positive bacteria (such as
Bacillus cereus, S. aureus, Bacillus megaterium,
Lactobacillus plantarum, Listeria
monocytogenes, Lactobacillus brevis, and

Chitosan Lactobacillus bulgaricus) Strong and safe effect [51,52]

Chitosan hydrochloride

Carboxymethyl chitosan
Chitosan oligosaccharide
N-acetyl-D-glucosamine

Chitosan wound dressing

Chitosan sponges

Chitosan microparticles
and nanoparticles

Streptococcus uberis, S. uberis, S. enterica, K.
pneumonia, S. aureus, V. cholerae, Salmonella

Gram-negative bacteria (such as Salmonella
typhimurium, E. coli, Pseudomonas aeruginosa,

Pseudomonas fluorescens, Vibrio

parahaemolyticus, Enterobacter aerogenes, and

Vibrio cholera)
No effect: chitosan oligosaccharide
and N-acetyl-D-glucosamine.
Candida krusei, C. albicans, C. glabrata Weak effect: Carboxymethyl chitosan. [53]
Strong effect: Chitosan
hydrochlorides.
Strong effect:
wound management due to their
P. aeruginosa, B. cereus, L. monocytogenes antimicrobial nature, ability to [54-57]
accelerate wound contraction and
healing, haemostatic and analgesic
S. aureus, E. coli [58,59]
E. coli, Vibrio cholerae, S. enterica,

Strong effect [60-62]

choleraesuis, S. typhimurium

Due to chitosan’s poor solubility above pH 6.5, the use of chitooligosaccharides is
under consideration as polycationic biocides since they are soluble in water. Chitosan
soluble derivatives such as sulphated chitosan, N-trimethyl chitosan, N-diethylmethyl
chitosan or 2,6-diamino chitosan also avoid the use of acidic environments and exert
antimicrobial activity [63-65]. This antimicrobial activity has applications in different
fields such as the food, textile, or cosmetic industry, among others. Thus, due to the
ability of chitosan to form shift bases, some new chitosan derivatives based on heterocyclic
moieties have been developed, including pyrazole ring and furanyl, pyridyl, or thiophenyl
moieties. Although these derivatives do not show higher solubility in aqueous media, their
performance against gram-positive microorganism was improved when compared with
the parent chitosan [66].

How these polymers (chitosan, chitooligosaccharides and derivatives) exert their
antimicrobial activity is still under discussion. This fact can be explained by taking into
account the lack of appropriate polymer characterization, purity issues, the use of different
microorganisms, and the lack of methodological uniformity. Some studies point to the
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reduction in cell membrane permeability due to polymer coating on the surface of the cells
that blocks cell access to nutrients. This process occurs due to the interaction of -NH; groups
from chitosan chains with -COO- groups on the external cell membranes of microorganisms.
Therefore, the antimicrobial activity depends on the acetylation degree. It has also been
hypothesized that chitosan can penetrate the cells and block RNA transcription as a result
of adsorption with bacterial DNA [9]. Most likely, these mechanisms are not mutually
exclusive, and several events are related to cell growth inhibition.

Intrinsic factors affecting the antimicrobial chitosan activity are due to the polymer
characteristics such as Mw, acetylation degree, polymer viscosity, or polymer concentration.
The solvent used to dissolve the polymer also affects its behaviour. We have observed that
typical solvents used to dissolve chitosan such as acetic acid, citric acid, or buffers such as
AcOH-NaAc exert some antimicrobial activity per se (unpublished results). Other factors
with great impact on the antimicrobial activity are related to the tested microorganism,
growth media, pH, temperature, ionic strength, or physiological state of the cells.

The effect of polymer size is controversial. Some studies claim that the antimicrobial
activity of chitosan improves with the polymer size and have found that oligosaccharides
have lower antimicrobial activity [67-69]. When comparing chitooligosaccharides, those
showing higher DP exhibited higher antimicrobial activity [70]. Moreover, Tokura and
co-workers reported that chemically produced chitooligosaccharides of 2200 Da not only
had no antimicrobial activity but also served as growth accelerators of E. coli, while a
sample with 9300 Da inhibited bacterial growth [71]. On the contrary, other studies showed
better antimicrobial activity for a lower molecular weight chitosan sample (55 kDa) than a
higher one (155 kDa); in the same study when a sample of 90 kDa was tested a promotion
of bacterial growth was observed [72]. In another study, different tendencies were observed
depending on the pH of the media. In acidic pH conditions, the antimicrobial activity
increased with increasing MW. However, at neutral pH, antimicrobial activity increased as
the MW decreased [73]. Even so, no trend on the effect of chitosan Mw on antimicrobial
activity has been reported [74]. Regarding acetylation degree, it seems that the lower the
acetylation degree, the better the antimicrobial activity [69,74,75].

After depolimerization of a chitosan sample (400 kDa, DD~85%) with hemicellulose,
a set of chitosan samples with similar DD and Mw ranging from 130 to 2.8 kDa and a
chitooligosacharide sample with Mw 1.4 were produced. Some of these samples were
also half-acetylated, furnishing two chitosan samples with Mw of 53 and 18 kDa, and
some chitoligosaccharides with Mw of 1.4 kDa. Both chitooligosacharides samples and the
half-acetylated samples were water soluble, while the others were not soluble in water. All
samples were tested against Staphylococcus aureus, Escherichia coli, and Candida albicans.
In this study, water soluble chitosans and oligosaccharides did not exhibit antimicrobial
activity; in fact, they promoted the growth of C. albicans. Insoluble chitosan samples
exhibited antimicrobial activity with the most pronounced effect when medium molecular
weight samples were tested (Mw 78-48 kDa) [76].

Our group has studied the antimicrobial activity of low molecular weight chitosans
and oligosaccharides produced by enzymatic degradation in order to determine if the poly-
mer pattern has some effect on this activity. Chitooligosaccharides were produced by two
different processes; thus, in process P1 chitosan was enzymatically depolymerized with
chitosanase, while in process P2 the sample was depolymerized in a two-step process with
HNO; and chitosanase. The samples were tested against E coli and L. monocytogenes. COS
from P1 showed a higher capability to inhibit bacterial growth than COS from P2. In both
cases, COS were more effective at inhibiting E. coli (Gram-negative) than the Gram-positive
L. monocytogenes. Antimicrobial activity depended on the production process and com-
position and structure of COS. COS produced in a one-step enzymatic procedure showed
better antimicrobial activity than those produced in the two-step chemical-enzymatic
process even when the samples exhibited similar DA and MW [77].
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4.2. Antioxidant Activity

Antioxidants are gaining interest due to the relationship between oxidative stress and
several diseases such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
amyotrophic lateral sclerosis, and cancer. Moreover, it is related to complications in other
diseases such as diabetes [78-80].

Chitosan contains an amino and several hydroxyl groups, which can react with
free radicals exhibiting scavenging ability. Some chitosan derivatives such as chitosan
sulphates or N-2 carboxyethyl chitosan exhibited improved antioxidant activity [81-83].
Chitooligosaccharides have also been chemically modified to improve their antioxidant
activity, for instance by modification of the polymers with gallic acid [84,85] or phenolic
compounds [86].

Different methodologies have been used to determine chitosan and its derivatives’
antioxidant assays, which includes DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate), ABTS
(2,2-azinobis (3-ethylbenzothiazoline-6-sulphonic acid), and FRAP (ferric antioxidant
power) assays, peroxide and hydroxyl radical scavenging assays or the use of macrophage
models. DPPH and ABTS assays are based on electron and H atom transfer, while the
FRAP assay is based on electron transfer reaction, as depicted in Figure 3. The ORAC
(oxygen radical absorbance capacity assay) is also widely used to test antioxidant activities.

4 0:0¢ rm
e- DPPH

/ ABTS

. s FRAP
0.0« l

o:ﬂv-l- °° m)

-

Figure 3. Methodologies used to determine antioxidant activities.

The disparity between the polymers tested and the methodologies used to test the
activity produces considerable differences in the polymer concentrations that range from
50 ug/mL to 400 mg/mL [83]. Antioxidant activity is more remarkable for low molecular
weight samples rather than for high molecular weight ones since shorter chains form fewer
intramolecular hydrogen bonds and therefore the reactive groups are more accessible, con-
tributing to the radical scavenging activity [87,88]. Regarding the effect of the acetylation
degree, the antioxidant activity seems to decrease when this parametre increases [88].

4.3. Anti-Inflammatory Properties

The inflammatory process is an automatic physiological response of the body related
to tissue damage. The main goal of the inflammatory response is to bring circulating
leukocytes and plasma proteins to the site of the infection or tissue damage, to eliminate
the causative agent, when possible, and to start the healing process. Although inflamma-
tion is necessary for survival, when it is very severe, unable to eradicate the causative
agent, or is directed against the host, the inflammatory process may cause damage. The
inflammatory process is strongly related to the generation of free radicals. Again, this
activity seems to be more remarkable when the molecular weight of the chitosan is reduced
and chitooligosaccharides exhibit higher activity.

After chitosan (300 kDa) depolymerization with cellulose, the activity of degraded
polymers with medium molecular weight, low molecular weight and chitooligosaccharides
(156, 72, 7 and 3.3 kDa) were tested in terms of NO secretion, cytokine production, and
mitogen-activated protein kinase pathways in a model of lipopolysaccharide (LPS)-induced
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murine RAW 264.7 macrophages. Chitosan samples (parent, medium, and low) signifi-
cantly inhibited NO production. On the contrary, the opposite effect was observed with the
COS. The mechanism followed by the medium and low Mw chitosan to inhibited NF-xB
activation and iNOS expression differed. For medium chitosan (156 kDa) the process oc-
curred via the binding to CR3 while for low molecular weight chitosan the process occurred
via the binding to CR3 and TLR4 receptors. On the contrary, the lower molecular weight
chitosans activated NF-kB and enhanced iNOS expression by binding to CD14, TLR4, and
CR3 receptors to activate JNK signalling proteins [89]. In general, chitooligosaccharides
are studied in more detail for this application compared to chitosan, due to their better
solubility in aqueous media and better performance.

The effect of acetylation degree on the anti-inflammatory activities of COS has also
been studied. Chitooligosaccharides with MW between 0.2 and 1.2 kDa were enzymati-
cally depolymerized, depending on the enzyme, fully deacetylated (fdCOS, mainly GIcN,
(GleN)2, (GleN)3, and (GlcN)4), partially acetylated (paCOS: a mixture of at least 11 Cos
with different proportions of GIcNAc and GIcN), and fully acetylated (faCOS, mainly
GlIcNAc, (GIcNACc)2 and (GIcNAc)3) were produced. The anti-inflammatory activity of the
three COS mixtures was studied by measuring their ability to reduce the level of TNF-« in
stimulated LPS murine macrophages (RAW 264.7). Only fdCOS and faCOS were able to
significantly reduce this factor [90,91]. The inhibition of NO secretion by COSs revealed
that 10% acetylated COS inhibited NO secretion significantly more than those with 50%
acetylation [92]. Citronellol grafted chitosan oligosaccharide derivatives have been pro-
duced to improve the anti-inflammatory activity of the oligosaccharides with degrees of
substitution of 0.165, 0.199 and 0.182, respectively. In all cases, the derivatives showed
better performance than the parent COS. These derivatives reduced the expression levels of
TNF-« by promoting the secretion of IL-4 and IL-10 and inactivated the NF-«B signalling
pathway via inhibiting the phosphorylation of p65, IKB«, and IKKf [93].

Using the same chitosan as a starting material to produce chitooligosaccharides ren-
dered samples with different anti-inflammatory behaviour. Chitooligosaccharides (5-10 kDa,
DD: 87%) composed mainly of 42% fully deacetylated oligomers (A1-A3) plus 54% monoacety-
lated oligomers, produced by enzymatic degradation with chitosanase, attenuated the in-
flammation in lipopolysaccharide-induced mice and in RAW264.7 macrophages. On the
contrary, chitooligosaccharides (5-10 kDa, DD: 89%) from a two-step preparation (chemical
degradation followed by enzymatic degradation with chitosanase) were composed of 50%
fully deacetylated oligomers plus 27% monoacetylated oligomers (A1-A3) promoted the
inflammatory response in both in vivo and in vitro models [94]. This result shows how
small differences in the COS mixture have a strong effect on the mixture behaviour.

5. Metallic Nanoparticles and Chitosan

Metallic nanoparticles are usually defined as particles of metal atoms with sizes
ranging between 1 nm to a few hundred nanometres [95]. These particles exhibit optical,
chemical, and electronic properties that differ from individual atoms or bulk materials.
These unique properties are highly appreciated for different applications such as catalysis,
photonics, or biomedicine [96].

Metallic nanoparticles can be prepared using myriad physical or chemical methods.
Metal ions can be reduced using chemicals (NaBHj, vitamin C and others) [97,98], plant
extracts (due to their phenolic compounds) [99], using polymers such as chondroitin
sulphate or heparin [100,101], or using microorganisms containing specific enzymes such
as nitrate reductase [102,103]. Other authors have proposed the use of sonochemical
reduction [104], radiation [105], electrochemical reduction [106] or heat evaporation [107].
Once the formed metallic nanoparticles aggregate, the addition of stabilizers is needed [108]
(Figure 4).
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Figure 4. Scheme of metallic nanoparticle production and stabilization with chitosan.

The synthesis of metallic nanoparticles using chitosan as a reducing agent and/or
stabilizing agent is well described. Some authors have also proposed that chitosan plays a
role in the control of nanoparticle nucleation, thus controlling nanoparticle size to some
extent since metal concentration also affects the nanoparticle size [97,109].

The reducing and stabilizing properties of chitosan seems to be related to the presence
of CH,OH, CHO, and NH; groups in the polymeric chain. Changes in the molecular
weight or deacetylation degrees not only alter the number of these reactive groups but also
modify the interactions (hydrogen bonds, electrostatic interactions, or steric interactions)
present in the system.

In Table 4, some examples of the usage of chitosan in metallic nanoparticle synthe-
sis are reviewed, including information about the molecules used as reducing agents,
properties of the chitosan used when data are given, nanoparticle size, and morphology.

Table 4. Metallic nanoparticle based on chitosan.

Stabilizer
Metal Reducing Agent Chitosan NPs Size Morphology Ref.
Mw and DD
Ascorbic acid Cs 180 kDa, 75-85% DD 5-20 Spherical [98]
Ascorbic acid Cs 50 to 190 kDa, 75-85% 50-70 Flower-spherical [110]
Ascorbic acid Cs, 50 to 190 kDa, 75-85% 30-150 Flower [111]
Ascorbic acid TMCs 20 kDa 55-120 Spherical [112]
Palladium NaBH4 Cs, 400 kDa DD 100% nd nd [109]
NaBH,4 Cs, (~400 kDa) 2 Spherical [113]
5 . Spherical, large aggregate

MeOH Cs, (~400 kDa) 2-5 (Pd:MeOH 10:1) [113]
HyIiIi;I%IZ; ne Cs, (~400 kDa) 20 * Highly aggregate [113]

NaBHy4 Cs, 400 kDa DD 100% 2-5 spherical 109

NaBHy4 Cs, (~400 kDa) 2-3 spherical 113

Platinum MeOH Cs, (~400 kDa) 2 spherical 113
Hyl\dé;ﬁme Cs, (~400 kDa) 17-25% aggregates [113]

Cs, 1278 kDa Cs, 1278 kDa 16 114

Cs 817 KDa Cs, 817 KDa 5 Spherical 115

NaBH4 Cs, 400 kDa DD 100% 109

Gold Cs DD > 85%; >200,000 cps Cs, DD > 85%; >200,000 5-20 Spherical 101
NaBH,4 Csn.c. 620 Spherical; polyhedral [97]
COS 5 kDa COS 5 kDa 7-15 Spherical [116]
Cs, Cs, DD 53-95%, Mw 2.6-490 kDa 5-200 nm Spherical, triangles, polyhedral [117]
Cs Cs 1240 kDa, DA 0.13 10-150 i Spherical [118]

riangles in long storage

Cs Cs, high Mw, DA 0.25 5 Spherical [119]
Cs DD > 85%; >200,000 cps Cs DD > 85%; >200,000 cps 20-200 Spherical, fractal [101]

Ascorbic acid Cs 180 kDa, 75-85% DD 5-20 Spherical [98]
Silver NaBHy4 Cs 400 kDa DD 100% 30-200 Spherical clusters [109]
Gamma radiation Csn.c. 4-5 Spherical [101]
Csn.c. Csn.c. 10-60 Spherical [120]
Ascorbic acid/Cs 1278 kDa Cs 1278 kDa 8 [114]
Csn.c. Csn.c. [121]
Cs Cs (50-190 kDa DD 75-85%) Fractal patterns [122]

Cs: chitosan; TMCs: trimethyl chitosan; n.c.: non-characterized; nd: non-determined; * aggregate size.

Data from Table 4 clearly show that the characteristics of the produced nanoparticles
depend on the method used to produce the nanoparticles and the characteristics of the
chitosan used to reduce and stabilize the metal ions. In general, due to the lack of a proper
characterization of the chitosan samples and the variety of reaction conditions used it
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is very difficult to relate chitosan properties with the characteristics of the nanoparticles.
Recently, the effect of chitosan Mw and acetylation degree on the preparation of AuNPs
both as reducing and stabilizing agents has been analysed in detail [117]. The authors
also took into consideration the effect of polymer and gold concentration, temperature,
and reaction time. Their results showed that the chitosan acetylation degree and polymer
concentration are the main parameters affecting the size and shape of the nanoparticles.
Polymer molecular weight is related to the reductive efficiency since the reduction of the
polymer size increases the amount of reducing sugars in the media. Our group has focused
its research on the production of AgNPs using low molecular weight chitosan samples.
As previously described in this review, the characteristics of these low molecular weight
chitosan samples depend on the enzyme used to produce the samples. We hypothesised
that samples with similar Mw and acetylation degrees may exhibit different behaviour
due to the monomer pattern. Our results showed that pattern is a key parameter in
the stabilization of the AgNPs, corroborating this hypothesis [123] A chitosan sample
(5638 kDa, DD 52%) with little ability to stabilize AgNPs was depolymerized with lysozyme
(fraction L) and chitosanase (fraction Q) and the resulting reaction mixture was separated
into three fractions by tangential ultrafiltration (fraction F1 (Mw > 30 kDa), fraction F2
(Mw 30-10 kDa), and fraction F3 (Mw 10-5 kDa). After depolymerization, an increase in the
DD was observed with values between 62-74%). All fractions were able to reduce the silver
ion, but relevant differences were observed in terms of stabilization (Figure 5). AgNPs
produced with chitosan samples depolymerized with chitosanase (FQ2 and FQ3) were
larger, poorly stabilized, and tended to form large aggregates visible with the naked eye. On
the contrary, AgNPs produced with chitosan depolymerized with lysozyme were smaller
and more stable in all cases. As the Mw of the fraction was reduced, the polydispersity
was also lowered. After one month, the stability of the AgNPs was evaluated and results
showed that AgNPs produced with the fractions F1Q and F1L were the most appropriate
for nanoparticle stabilization.

Figure 5. Visual evaluation of AgNP-polymer solutions after 5 h at 90 °C. (A) F1Q, (B) F2Q, (C) F3Q,
(D) F1L, (E) F2L, (F) F3L, and (G) parent chitosan. Arrows indicate the presence of aggregates. © 2021
by the authors. Licensee MDPI, Basel, Switzerland (CC BY) license [123].

The AgNPs produced with lysozyme fractions and the higher Mw fraction of chi-
tosanase were tested in the catalytic reduction of TBO [124]. AgNPs produced through
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chitosan depolymerization with lysozyme showed better performance than the sample
produced using chitosanase. Moreover, AgNPs produced with fraction F1L exhibited the
best performance in the reaction. That is, the effect of the polymer pattern goes further than
affecting optical properties and stability and differences in the catalytical behaviour was
also observed. This difference is not due to the polymer, since control reactions showed
that the polymeric fractions were not able to catalyse the reduction in TBO and therefore
the effect is solely ascribed to the AgNPs.

6. Chitosan in Biocatalysis

The use of immobilized enzymes for catalysing chemo-, regio- and/or stereoselective
chemical reactions is a very useful and well-known technique [125-142]. In this sense, the
use of chitosan for immobilizing enzymes, either as a carrier for covalent linking or as an
encapsulation vehicle, is well reported [143-149]. Our group described the production
of enantiopure D-p-hydroxyphenylglycine (D-p-HPG, Figure 6) using a multi-enzyme
system containing D-hydantoinase and D-carbamoylase encapsulated in chitosan-based
materials [150-153].
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Cefadroxil

D-hydantoinase

D-carbamoylase

QO

Cefprozn

OH O )J\

Cefoperazone

N.
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N-N

(e}

Chitosan-encapsulated
cell extract containing both
enzymatic activities

Figure 6. Schematic representation of the production of p-hydroxyphenylglycine (p-HPG) starting from a racemic mix-

ture of p-hydroxyphenyl hydantoin (HPH) using a multi-enzyme system containing immobilized D-hydantoinase and

D-carbamoylase.

D-p-HPG (or simply D-HPG, a D-amino acid) is a very useful chiral synthon, mainly
used for the preparation of different semi-synthetic antibiotics, such as amoxicillin, ce-
fadroxil, cefprozil, or cefoperazone [154-156] (Figure 6), but also anticancer drugs [157]
and some heterocyclic compounds [158-161].
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For preparing D-HPG, one of the most efficient processes is the so-called “hydan-
toinase process”, depicted in Figure 6. This cascade of enzymatic reactions, aiming to
produce optically pure amino acids [162,163], requires an initial step catalyzed by a D-
specific hydantoinase [E.C. 3.5.2.2.] to transform D-p-hydroxyphenyl hydantoin (D-HPH)
into N-carbamoyl-D-p-hydroxyphenylglycine (C-p-HPG), which should be subsequently
hydrolyzed by a second enzyme, a highly enantiospecific N-carbamoyl amino acid amido-
hydrolase (also termed D-carbamoylase; E.C.3.5.1.77), to furnish the free amino acid. One of
the main features of the hydantoinase process derives from the spontaneous racemization
of D-HPH at pH values higher than pH 8, caused by the acidic hydrogen at position 5 of
the imidazolidine-2,4-dione ring, which allows for oxo-enol-tautomerism. This leads to a
dynamic-kinetic resolution (DKR), allowing for the use of a mixture of L-and D-HPH as
the initial substrate and a theoretical 100% conversion and 100% optically pure D-amino
acid production (Figure 6).

Both enzymes have been reported to be present in different microorganisms, such
as Agrobacterium sp., Pseudomonas sp., Arthrobacter crystallopoites, or Sinorhizobium
morelense [151], and can be used either as whole cells, crude cell extracts, or purified
enzymes (see Aranaz et al. [151] and references therein). If using isolated enzymes, im-
mobilization is an excellent strategy for stabilizing the enzymatic cocktail due to the fact
that D-hydantoinases are quite stable but D-carbamoylases display low thermostability
and are prone to suffer oxidative degradations. In this sense, different protocols have
been described (see Aranaz et al. [151] and references therein), and our group described
how a multi-enzyme extract from Agrobacterium radiobacter rich in D-hydantoinase and
N-carbamoyl-D-amino acid amidohydrolase was easily immobilized via adsorption on
chitin and chitosan for its application in the synthesis of p-hydroxyphenylglycine [153]. In
fact, this adsorption derivative on chitin showed higher activity compared to the covalent
one, and much greater pH stability compared to the soluble multi-enzymatic extract; on
the other hand, the adsorption derivative exhibited greater pH-stability in the pH range
under study, showing higher activity at low temperatures. Anyhow, as the immobilized
derivatives could not be properly reused, we developed a new strategy based on the
encapsulation of a crude cell extract from the same microorganism, containing both en-
zymes, in alginate beads [164]. This biocatalyst could be reused six times in the presence of
solid HPH particles in a stirred batch reactor without losing any activity until the beads
started to burst. Anyhow, as these alginate-based catalysts showed low stability in calcium
chelating buffers (i.e. phosphate buffers) and easy microbial contamination during storage
at 4 °C, another immobilization matrix, alginate—chitosan polyelectrolyte complexes, was
assessed [150,152]. Thus, alginate mixed chitosan capsules were prepared in one step (by
simply dropping an alginate solution containing the extract into a chitosan solution con-
taining calcium ions) or in a two-step process (preformed calcium-alginate capsules loaded
with the crude cell extract were subsequently coated with chitosan). The encapsulation
yields were around 60% and independent of the characteristics of the different chitosans
used. However, p-HPG production was indeed affected by chitosan acylation degree
D-D (the lower D-D, the lower p-HPG) but not by chitosan molecular weight. Generally
speaking, the best biocatalyst allowed for a p-HPG production yield of around 60% without
any significant protein release to the reaction media. Interestingly, this encapsulation pro-
cedure improved the stability of D-carbamoylase against oxidative damage during storage,
particularly after freeze-drying. In addition, the alginate coated chitosan capsules could be
reused eight times without enzymatic activity loss before D-carbamoylase started losing its
activity and alginate—chitosan beads suffered burst problems contaminating the reaction.

In a collaboration with the group of Dr. Fernandez-Lucas, we described the covalent
immobilization of a recombinant nucleoside 2'-deoxyribosyltransferase from Lactobacil-
lus reuteri (LrINDT) on cross-linked magnetic chitosan beads via epichlorohydrin activa-
tion under alkaline conditions, and subsequent incubation with glutaraldehyde [165], as
schematized in Figure 7.
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Figure 7. Schematic representation of the immobilization of a recombinant nucleoside 2’-deoxyribosyltransferase from
Lactobacillus reuteri (LrNDT) on cross-linked magnetic chitosan beads. Adapted from Fernandez-Lucas et al. [165].

Hence, by varying the amount of magnetite (Fe304) and epichlorohydrin (EPI), dif-
ferent macroscopic beads were prepared and fully characterized (by scanning electron
microscopy, spin electron resonance (ESR), and vibrating sample magnetometry (VSM))
before being used as supports. Once activated with glutaraldehyde, the best support was
chosen after assessment of immobilization yield and product yield using as a standard reac-
tion for the synthesis of thymidine (dThd) from 2’-deoxyuridine (dUrd) and thymine (Thy),
as depicted in Figure 7. Additionally, optimal conditions for chitooligosaccharides with
the highest activity of immobilized LrNDT on magnetic chitosan were carried out using
response surface methodology (RSM). Thus, the best-immobilized biocatalyst retained 50%
of its maximal activity after 56.3 h at 60 °C and no lost activity was observed after storage at
40 °C for 144 h. Subsequently, this innovative immobilized biocatalyst was employed in the
enzymatic synthesis of 2’-deoxyribonucleoside analogues and arabinosyl nucleosides such
as vidarabine (ara-A) and cytarabine (ara-C), as depicted in Figure 8, leading to moderate
or good yields at 2 h reaction time. Remarkably, the immobilized derivatives could be
easily recovered and recycled for 30 consecutive batch reactions without any significant
decrease in the catalytic activity in the synthesis of 2,6-diaminopurine-2'-deoxyriboside
(2,6-DAPdRib) and 5-trifluorothymidine (5-tFThd).
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Figure 8.  Synthesis of different natural and non-natural nucleosides using a recombinant nucleoside 2’-

deoxyribosyltransferase from Lactobacillus reuteri (LrINDT) immobilized on cross-linked magnetic chitosan beads [165].
Commission on Biochemical Nomenclature: adenine (Ade), uracil (Ura), cytosine (Cyt), thymine (Thy), 2,6-diaminopurine
(2,6-DAP), 5-trifluorothymine (5-tFThy), 2’-deoxyuridine (dUrd), 2’-deoxyadenosine (dAdo), 2’-deoxycytidine (dCyd),
thymidine (dThd), 2,6-diaminopurine-2’-deoxyriboside (2,6-DAPdRib), 5-trifluorothymidine (5-tFdThd), 2'-fluoro-20-
deoxyuridine (2'-FdUrd), 2'-fluoro-2’-deoxycitydine (2’-FdCyd), ara-uracil (ara-U), ara-adenine (ara-A).

7. Chitosan in Drug Delivery

Since the introduction of the first polymers in drug delivery, chitosan has shown
superior biological and physiochemical properties for a wide variety of biomedical and
industrial applications. The main feature of this biopolymer is its cationic character due to
amino groups. These amino groups are also responsible for properties such as controlled
drug release, mucoadhesion, in situ gelation, transfection, permeation enhancement, and
efflux pump inhibitory properties [166]. Moreover, interest in this biomaterial due to its
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central nervous system (CNS) bio-medical implementation has increased because of its
ability to cross the blood brain barrier (BBB) [167].

Therefore, chitosan is widely used in drug delivery due to its technological properties,
which allow us to process the polymer in different ways (Table 5).

Table 5. Some examples of chitosan presentations in drug delivery.

Presentation References
Films [168-171]
Sponges [172,173]
Scaffolds [174,175]
Nanoparticles [176]
Microspheres [177-179]
Hydrogels [180-182]
Aerogels [183-185]
Fibers [186,187]
Microneedles [188,189]
Coated Liposomes [190,191]
Nanocomposites [192,193]
Composites [194]

Initially, a chitosan salt (chitosan hydrochloride) was approved in 2002 by the Phar-
macopeia. Chitosan was first introduced as an excipient into the European Pharmacopeia
6.0 and the 29th edition of the United States Pharmacopeia (USP) 34-NF almost ten years
later. These monographs contain the assays and establish limits to be observed when the
polymer is used as a pharmaceutical excipient [195,196]. The increase in the number of
publications regarding the use of this polymer in drug delivery is shown in Figure 9 and
reveals a strong increase since 2002 that is still maintained today.
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Figure 9. Publications about chitosan drug delivery in Scopus (1987-2020).
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Chitosan films are easily produced by solvent-casting methodologies, but more com-
plex systems can be produced by blending the polymer with others such as pectin [197] or
by producing layer-by-layer films with negatively charged polymers like polyacid [198],
poly (lactic-co-glycolic acid) [199] or polylactic [200], among others. Besides their safety,
biocompatibility, and biodegradability, biopolymer-based films have been drawing increas-
ing interest as excellent candidates not only as controlled-drug delivery systems but also
as materials to produce contact lenses, wound dressings, and tissue engineering matrices.

Particulate chitosan-based systems (micro and nano systems) are widely used for
the encapsulation of a large variety of molecules such as growth factors [178], antimicro-
bials [201], painkillers [202], anti-tumoral [203] or anti-inflammatory drugs [204].

Recently, chitosan has been used for the fabrication of microneedles (MNs) due to its
film-forming ability, biodegradability, and biocompatibility, making it suitable for topical
and transdermal drug delivery [188]. In particular, the use of chitosan MNs in vaccination
is a hot topic of discussion [205-207]. The use of chitosan MNs in wound healing and
point-of-care testing is revolutionary and gives hope of more useful developments in these
areas. However, some drawbacks still need further investigation. The development of
MNs devices with adequate mechanical strength to penetrate the skin without causing pain
and skin damage and the development of efficient methods for their sterilization remain
challenging [208].

A comparison of the number of publications containing “Chitosan + drug delivery”
in Scopus and patents in Lens portal (free, open patent, and scholarly search) is shown
in Figure 10. As observed, the number of patents is almost four times the number of
publications, showing the increasing application of this polymer in the drug delivery field.
An interesting article by Kurakula and Raghavendra summarizes the chitosan biomedical
trends and the related patents [209].
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2017 2012 2007 2002 1997 1992 1987
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Number of publications Scopus and

Figure 10. Publications about chitosan drug delivery in Scopus and patents in Lens (1987-2020).

8. Conclusions and Prognosis

Chitosan and its derivatives have been used in a myriad of applications for a long time.
The potential interest of these polymers is clear when observing the number of articles
and patents that appear every year and the growing market perspective. In some of these
applications such as agriculture or the food industry, the use of chitosan in the market is
well established. The use of chitosan has extended to a large number of research areas from
Materials Science to Arts and the Humanities (Figure 11).
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Figure 11. Number of publications and distribution by area in the period 2011-2021. Search of
chitosan word in Scopus (abstract, title, keywords).

However, chitosan potentiality is somehow hindered by the inconsistency in the re-
search data and the lack of knowledge in the ultimate mechanism underlying the properties
of chitosan. Between 2011-2020, the number of publications on chitosan has displayed
a steady growth. In 2021, a drop is observed, which is ascribed in part to the large num-
ber of reviews published in 2020, probably due to the COVID-19 pandemic, which has
affected normal laboratory work worldwide. Regardless, we consider that this growth will
continue in the following years, driven by the strong effort that has been carried out by
the Chitin Science Scientific Community in the systematic research on this polymer. In
fact, its approval by different agencies has boosted the interest in this polymer both by the
industrial and scientific communities.

Chitosan specifications are ultimately related to its final application. Thus, high
quality chitosans with low heavy metal and low endotoxin contents are required for
biomedical and pharmaceutical uses. Moreover, strict control of production is needed
to avoid uncontrollable hydrolysis and chemical modifications during polymer isolation.
Therefore, chitosan production is not a trivial issue. To date, chitosan production cannot be
considered fully sustainable due to the large amount of acid and basic reagents needed
and the high temperatures required. Unfortunately, biotechnological processes using
biocatalysts are currently limited to the laboratory scale so that implementation of these
greener processes at a large scale is certainly one of the milestones we want to see being
achieved in the next decade.

Author Contributions: Conceptualization: .A. and N.A.; writing—original draft preparation, LA.,
ARA,NA, MC.C. and C.A,; writing—review and editing, L. A., AR.A, N.A,, M.C.C,, C.A. and
B.E.; funding acquisition, A.-H.C., N.A. and A.R.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Spanish Ministry of Science and Innovation (PID2019-
105337RB-C22) and Banco de Santander-Complutense Research Projects (PR87/19-22676).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Ghormade, V.; Pathan, E.K.; Deshpande, M.V. Can fungi compete with marine sources for chitosan production? Int. . Biol.
Macromol. 2017, 104, 1415-1421. [CrossRef]

2. Aranaz, I; Mengibar, M.; Harris, R.; Pafios, I.; Miralles, B.; Acosta, N.; Galed, G.; Heras, A. Functional characterization of chitin
and chitosan. Curr. Chem. Biol. 2009, 3, 203-230.

3. Rinaudo, M. Chitin and chitosan: Properties and applications. Prog. Polym. Sci. 2006, 31, 603-632. [CrossRef]


http://doi.org/10.1016/j.ijbiomac.2017.01.112
http://doi.org/10.1016/j.progpolymsci.2006.06.001

Polymers 2021, 13, 3256 20 of 27

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Jiang, Y,; Fu, C.; Wu, S;; Liu, G.; Guo, J.; Su, Z. Determination of the deacetylation degree of chitooligosaccharides. Mar. Drugs
2017, 15, 332. [CrossRef]

Ways, TM.M.; Lau, WM.; Khutoryanskiy, V.V. Chitosan and its derivatives for application in mucoadhesive drug delivery
systems. Polymers 2018, 10, 267. [CrossRef] [PubMed]

Sizilio, R.H.; Galvao, J.G.; Trindade, G.G.G.; Pina, L.T.S.; Andrade, L.N.; Gonsalves, ] KM.C.; Lira, A.A.M.; Chaud, M.V.;
Alves, TER.; Arguelho, M.L.PM,; et al. Chitosan/pvp-based mucoadhesive membranes as a promising delivery system of
betamethasone-17-valerate for aphthous stomatitis. Carbohydr. Polym. 2018, 190, 339-345. [CrossRef] [PubMed]

Azuma, K.; Osaki, T.; Minami, S.; Okamoto, Y. Anticancer and Anti-Inflammatory Properties of Chitin and Chitosan Oligosaccha-
rides. J. Funct. Biomater. 2015, 6, 33—49. [CrossRef] [PubMed]

Avelelas, F.; Horta, A.; Pinto, L.EV.,; Marques, S.C.; Nunes, PM.; Pedrosa, R.; Leandro, S.M. Antifungal and antioxidant properties
of chitosan polymers obtained from nontraditional Polybius henslowii sources. Mar. Drugs 2019, 17, 239. [CrossRef]

Ke, C.L; Deng, ES.; Chuang, C.Y,; Lin, C.H. Antimicrobial actions and applications of Chitosan. Polymers 2021, 13, 904. [CrossRef]
Shih, PY;; Liao, Y.T,; Tseng, Y.K; Deng, ES.; Lin, C.H. A potential antifungal effect of chitosan against candida albicansis mediated
via the inhibition of SAGA complex component expression and the subsequent alteration of cell surface integrity. Front. Microbiol.
2019, 10, 602. [CrossRef]

Sarkar, S.; Das, D.; Dutta, P; Kalita, J.; Wann, S.B.; Manna, P. Chitosan: A promising therapeutic agent and effective drug delivery
system in managing diabetes mellitus. Carbohydr. Polym. 2020, 247, 116594. [CrossRef]

Amirani, E.; Hallajzadeh, J.; Asemi, Z.; Mansournia, M.A.; Yousefi, B. Effects of chitosan and oligochitosans on the phosphatidyli-
nositol 3-kinase-AKT pathway in cancer therapy. Int. J. Biol. Macromol. 2020, 164, 456-467. [CrossRef] [PubMed]

Ueno, H.; Mori, T.; Fujinaga, T. Topical formulations and wound healing applications of chitosan. Adv. Drug Deliv. Rev. 2001, 52,
105-115. [CrossRef]

Chitosan Market Size, Share & Trends Analysis Report by Application (Pharmaceutical & Biomedical, Water Treatment, Cosmetics, Food &
Beverage), By Region (APAC, North America, Europe, MEA), and Segment Forecasts, 2020-2027); Report ID: 978-1-68038-798-8; Grand
View Research: San Francisco, CA, USA, 2020. Available online: https://www.grandviewresearch.com/industry-analysis/
global-chitosan-market (accessed on 31 August 2020).

Kaczmarek, M.B.; Struszczyk-Swita, K.; Li, X.; Szczesna-Antczak, M.; Daroch, M. Enzymatic modifications of chitin, chitosan, and
chitooligosaccharides. Front. Bioeng. Biotechnol. 2019, 7, 243. [CrossRef]

Domard, A. pH and c.d. measurements on a fully deacetylated chitosan: Application to Cull-polymer interactions. Int. J. Biol.
Macromol. 1987, 9, 98-104. [CrossRef]

Rinaudo, M.; Pavlov, G.; Desbrieres, ]. Solubilization of Chitosan in Strong Acid Medium. Int. |. Polym. Anal. Charact. 1999, 5,
267-276. [CrossRef]

Cho, YW.,; Jang, J.; Park, C.R.; Ko, S.W. Preparation and solubility in acid and water of partially deacetylated chitins. Biomacro-
molecules 2000, 1, 609-614. [CrossRef]

Sogias, I.A.; Khutoryanskiy, V.V.; Williams, A.C. Exploring the factors affecting the solubility of chitosan in water. Macromol.
Chem. Phys. 2010, 211, 426-433. [CrossRef]

Kasaai, M.R.; Arul, J.; Charlet, G. Intrinsic viscosity-molecular weight relationship for chitosan. J. Polym. Sci. Part B 2000, 38,
2591-2598. [CrossRef]

Chattopadhyay, D.P.; Inamdar, M.S. Aqueous behaviour of chitosan. Int. J. Polym. Sci. 2010, 2010, 1-7. [CrossRef]

Wang, W.; Xu, D. Viscosity and flow properties of concentrated solutions of chitosan with different degrees of deacetylation. Int.
J. Biol. Macromol. 1994, 16, 149-152. [CrossRef]

Aranaz, I.; Harris, R.; Heras, A. Chitosan amphiphilic derivatives. Chemistry and applications. Curr. Org. Chem. 2010, 14, 308-330.
[CrossRef]

Ding, K.; Wang, Y.; Wang, H.; Yuan, L.; Tan, M.; Shi, X,; Lyu, Z.; Liu, Y.; Chen, H. 6-O-sulfated chitosan promoting the neural
differentiation of mouse embryonic stem cells. ACS Appl. Mater. Interfaces 2014, 6, 20043-20050. [CrossRef]

Coquery, C.; Negrell, C.; Caussé, N.; Pébére, N.; David, G. Synthesis of new high molecular weight phosphorylated chitosans for
improving corrosion protection. Pure Appl. Chem. 2019, 91, 509-521. [CrossRef]

Heras, A.; Rodriguez, N.M.; Ramos, V.M.; Agulld, E. N-methylene phosphonic chitosan: A novel soluble derivative. Carbohydr.
Polym. 2001, 44, 1-8. [CrossRef]

Ramos, V.M.; Rodriguez, N.M.; Rodriguez, M.S.; Heras, A.; Agulld, E. Modified chitosan carrying phosphonic and alkyl groups.
Carbohydr. Polym. 2003, 51, 425-429. [CrossRef]

Jayakumar, R.; Reis, R.L.; Mano, ].F. Synthesis and characterization of N-methylenephenyl phosphonic chitosan. J. Macromol. Sci.
Part A Pure Appl. Chem. 2007, 44, 271-275. [CrossRef]

Ramos, VM.; Rodriguez, M.S.; Agull6, E.; Rodriguez, N.M.; Heras, A. Chitosan with phosphonic and carboxylic group: New
multidentate ligands. Int. J. Polym. Mater. 2002, 51, 711-720. [CrossRef]

Ramos, V.M.; Rodriguez, N.M.; Diaz, M.E; Rodriguez, M.S.; Heras, A.; Agull6, E. N-methylene phosphonic chitosan. Effect of
preparation methods on its properties. Carbohydr. Polym. 2003, 52, 39—-46. [CrossRef]

Zhu, D.; Yao, K;; Bo, ].; Zhang, H.; Liu, L.; Dong, X.; Song, L.; Leng, X. Hydrophilic/lipophilic N-methylene phosphonic chitosan
as a promising non-viral vector for gene delivery. |. Mater. Sci. Mater. Med. 2010, 21, 223-229. [CrossRef] [PubMed]


http://doi.org/10.3390/md15110332
http://doi.org/10.3390/polym10030267
http://www.ncbi.nlm.nih.gov/pubmed/30966302
http://doi.org/10.1016/j.carbpol.2018.02.079
http://www.ncbi.nlm.nih.gov/pubmed/29628256
http://doi.org/10.3390/jfb6010033
http://www.ncbi.nlm.nih.gov/pubmed/25594943
http://doi.org/10.3390/md17040239
http://doi.org/10.3390/polym13060904
http://doi.org/10.3389/fmicb.2019.00602
http://doi.org/10.1016/j.carbpol.2020.116594
http://doi.org/10.1016/j.ijbiomac.2020.07.137
http://www.ncbi.nlm.nih.gov/pubmed/32693135
http://doi.org/10.1016/S0169-409X(01)00189-2
https://www.grandviewresearch.com/industry-analysis/global-chitosan-market
https://www.grandviewresearch.com/industry-analysis/global-chitosan-market
http://doi.org/10.3389/fbioe.2019.00243
http://doi.org/10.1016/0141-8130(87)90033-X
http://doi.org/10.1080/10236669908009742
http://doi.org/10.1021/bm000036j
http://doi.org/10.1002/macp.200900385
http://doi.org/10.1002/1099-0488(20001001)38:19&lt;2591::AID-POLB110&gt;3.0.CO;2-6
http://doi.org/10.1155/2010/939536
http://doi.org/10.1016/0141-8130(94)90042-6
http://doi.org/10.2174/138527210790231919
http://doi.org/10.1021/am505628g
http://doi.org/10.1515/pac-2018-0509
http://doi.org/10.1016/S0144-8617(00)00195-8
http://doi.org/10.1016/S0144-8617(02)00211-4
http://doi.org/10.1080/10601320601077294
http://doi.org/10.1080/714975833
http://doi.org/10.1016/S0144-8617(02)00264-3
http://doi.org/10.1007/s10856-009-3849-3
http://www.ncbi.nlm.nih.gov/pubmed/19680604

Polymers 2021, 13, 3256 21 of 27

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kasaai, M.R.; Arul, J.; Charlet, G. Fragmentation of chitosan by ultrasonic irradiation. Ultrason. Sonochem. 2008, 15, 1001-1008.
[CrossRef]

Wu, T.; Zivanovic, S.; Hayes, D.G.; Weiss, ]. Efficient reduction of chitosan molecular weight by high-intensity ultrasound:
Underlying mechanism and effect of process parameters. J. Agric. Food Chem. 2008, 56, 5112-5119. [CrossRef]

Chang, K.L.B.; Tai, M.C.; Cheng, FH. Kinetics and products of the degradation of chitosan by hydrogen peroxide. J. Agric. Food
Chem. 2001, 49, 4845-4851. [CrossRef]

Véarum, KM.; Holme, HK,; Izume, M.; Stokke, B.T.; Smidsred, O. Determination of enzymatic hydrolysis specificity of partially
N-acetylated chitosans. Biochim. Biophys. Acta Gen. Subj. 1996, 1291, 5-15. [CrossRef]

Skjak-Braek, G.; Anthonsen, T.; Sandford, P. (Eds.) Chitin and Chitosan: Sources, Chemistry, Biochemistry, Physical Properties and
Applications; Elsevier Applied Science: London, UK, 1989.

Varum, K.M.; Ottoy, M.H.; Smidsrod, O. Acid hydrolysis of chitosans. Carbohydr. Polym. 2001, 46, 89-98. [CrossRef]

Cabrera, J.C.; Van Cutsem, P. Preparation of chitooligosaccharides with degree of polymerization higher than 6 by acid or
enzymatic degradation of chitosan. Biochem. Eng. ]. 2005, 25, 165-172. [CrossRef]

Thadathil, N.; Velappan, S.P. Recent developments in chitosanase research and its biotechnological applications: A review. Food
Chem. 2014, 150, 392-399. [CrossRef]

Aam, B.B.; Heggset, E.B.; Norberg, A.L.; Serlie, M.; Varum, K.M.; Eijsink, V.G.H. Production of chitooligosaccharides and their
potential applications in medicine. Mar. Drugs 2010, 8, 1482-1517. [CrossRef] [PubMed]

Kumar, A.B.V,; Tharanathan, R.N. A comparative study on depolymerization of chitosan by proteolytic enzymes. Carbohydr.
Polym. 2004, 58, 275-283.

Li, J.; Du, Y; Yang, J.; Feng, T.; Li, A.; Chen, P. Preparation and characterisation of low molecular weight chitosan and chito-
oligomers by a commercial enzyme. Polym. Degrad. Stab. 2005, 87, 441-448. [CrossRef]

Li, J.; Du, Y; Liang, H. Influence of molecular parameters on the degradation of chitosan by a commercial enzyme. Polym. Degrad.
Stab. 2007, 92, 515-524. [CrossRef]

Qin, C.; Du, Y.;; Zong, L.; Zeng, F,; Liu, Y.; Zhou, B. Effect of hemicellulase on the molecular weight and structure of chitosan.
Polym. Degrad. Stab. 2003, 80, 435-441. [CrossRef]

Lund, K.E.; Nielsen, H.H. Proteolysis in salmon (Salmo salar) during cold storage; effects of storage time and smoking process. J.
Food Biochem. 2001, 25, 379-395. [CrossRef]

Lee, D.X,; Xia, W.S.; Zhang, ].L. Enzymatic preparation of chitooligosaccharides by commercial lipase. Food Chem. 2008, 111,
291-295. [CrossRef] [PubMed]

Shin, S.S.; Lee, Y.C.; Chan, L. The degradation of chitosan with the aid of lipase from Rhizopus japonicus for the production of
soluble chitosan. J. Food Biochem. 2001, 25, 307-321. [CrossRef]

Raafat, D.; Sahl, H.G. Chitosan and its antimicrobial potential—A critical literature survey. Microb. Biotechnol. 2009, 2, 186-201.
[CrossRef] [PubMed]

Raafat, D.; Von Bargen, K.; Haas, A.; Sahl, H.G. Insights into the mode of action of chitosan as an antibacterial compound. Appl.
Environ. Microbiol. 2008, 74, 3764-3773. [CrossRef]

Yildirim-Aksoy, M.; Beck, B.H. Antimicrobial activity of chitosan and a chitosan oligomer against bacterial pathogens of
warmwater fish. J. Appl. Microbiol. 2017, 122, 1570-1578. [CrossRef]

Tayel, A.A.; Moussa, S.; El-Tras, W.E.; Knittel, D.; Opwis, K.; Schollmeyer, E. Anticandidal action of fungal chitosan against
Candida albicans. Int. ]. Biol. Macromol. 2010, 47, 454-457. [CrossRef] [PubMed]

Hosseinnejad, M.; Jafari, S.M. Evaluation of different factors affecting antimicrobial properties of chitosan. Int. J. Biol. Macromol.
2016, 85, 467-475. [CrossRef]

Seyfarth, F.; Schliemann, S.; Elsner, P.; Hipler, U.C. Antifungal effect of high- and low-molecular-weight chitosan hydrochloride,
carboxymethyl chitosan, chitosan oligosaccharide and N-acetyl-D-glucosamine against Candida albicans, Candida krusei and
Candida glabrata. Int. ]. Pharm. 2008, 353, 139-148. [CrossRef]

Bano, I.; Arshad, M.; Yasin, T.; Ghauri, M.A.; Younus, M. Chitosan: A potential biopolymer for wound management. Int. J. Biol.
Macromol. 2017, 102, 380-383. [CrossRef]

Younes, I.; Rinaudo, M. Chitin and chitosan preparation from marine sources. Structure, properties and applications. Mar. Drugs
2015, 13, 1133-1174. [CrossRef]

Abd El-Hack, M.E.; El-Saadony, M.T.; Shafi, M.E.; Zabermawi, N.M.; Arif, M.; Batiha, G.E.; Khafaga, A.F.; Abd El-Hakim, YM,;
Al-Sagheer, A.A. Antimicrobial and antioxidant properties of chitosan and its derivatives and their applications: A review. Int. ].
Biol. Macromol. 2020, 164, 2726-2744. [CrossRef] [PubMed]

Chien, R.C.; Yen, M.T,; Mau, J.L. Antimicrobial and antitumor activities of chitosan from shiitake stipes, compared to commercial
chitosan from crab shells. Carbohydr. Polym. 2016, 138, 259-264. [CrossRef] [PubMed]

Sarhan, W.A.; Azzazy, HM.E.; El-Sherbiny, . M. Honey/Chitosan Nanofiber Wound Dressing Enriched with Allium sativum
and Cleome droserifolia: Enhanced Antimicrobial and Wound Healing Activity. ACS Appl. Mater. Interfaces 2016, 8, 6379-6390.
[CrossRef] [PubMed]

Han, F; Dong, Y.; Song, A.; Yin, R.; Li, S. Alginate/chitosan based bi-layer composite membrane as potential sustained-release
wound dressing containing ciprofloxacin hydrochloride. Appl. Surf. Sci. 2014, 311, 626—-634. [CrossRef]


http://doi.org/10.1016/j.ultsonch.2008.04.005
http://doi.org/10.1021/jf073136q
http://doi.org/10.1021/jf001469g
http://doi.org/10.1016/0304-4165(96)00038-4
http://doi.org/10.1016/S0144-8617(00)00288-5
http://doi.org/10.1016/j.bej.2005.04.025
http://doi.org/10.1016/j.foodchem.2013.10.083
http://doi.org/10.3390/md8051482
http://www.ncbi.nlm.nih.gov/pubmed/20559485
http://doi.org/10.1016/j.polymdegradstab.2004.09.008
http://doi.org/10.1016/j.polymdegradstab.2006.04.028
http://doi.org/10.1016/S0141-3910(03)00027-2
http://doi.org/10.1111/j.1745-4514.2001.tb00747.x
http://doi.org/10.1016/j.foodchem.2008.03.054
http://www.ncbi.nlm.nih.gov/pubmed/26047425
http://doi.org/10.1111/j.1745-4514.2001.tb00742.x
http://doi.org/10.1111/j.1751-7915.2008.00080.x
http://www.ncbi.nlm.nih.gov/pubmed/21261913
http://doi.org/10.1128/AEM.00453-08
http://doi.org/10.1111/jam.13460
http://doi.org/10.1016/j.ijbiomac.2010.06.011
http://www.ncbi.nlm.nih.gov/pubmed/20603144
http://doi.org/10.1016/j.ijbiomac.2016.01.022
http://doi.org/10.1016/j.ijpharm.2007.11.029
http://doi.org/10.1016/j.ijbiomac.2017.04.047
http://doi.org/10.3390/md13031133
http://doi.org/10.1016/j.ijbiomac.2020.08.153
http://www.ncbi.nlm.nih.gov/pubmed/32841671
http://doi.org/10.1016/j.carbpol.2015.11.061
http://www.ncbi.nlm.nih.gov/pubmed/26794761
http://doi.org/10.1021/acsami.6b00739
http://www.ncbi.nlm.nih.gov/pubmed/26909753
http://doi.org/10.1016/j.apsusc.2014.05.125

Polymers 2021, 13, 3256 22 of 27

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

Mukhtar Ahmed, K.B.; Khan, M.M.A ; Siddiqui, H.; Jahan, A. Chitosan and its oligosaccharides, a promising option for sustainable
crop production- a review. Carbohydr. Polym. 2020, 227. [CrossRef] [PubMed]

No, HK,; Kim, S.H.; Lee, S.H.; Park, N.Y.; Prinyawiwatkul, W. Stability and antibacterial activity of chitosan solutions affected by
storage temperature and time. Carbohydr. Polym. 2006, 65, 174-178. [CrossRef]

Lee, B.C.; Kim, M.S.; Choi, S.H.; Kim, K.Y.; Kim, T.S. In vitro and in vivo antimicrobial activity of water-soluble chitosan
oligosaccharides against Vibrio vulnificus. Int. J. Mol. Med. 2009, 24, 327-333.

Sun, Z.; Shi, C.; Wang, X.; Fang, Q.; Huang, J. Synthesis, characterization, and antimicrobial activities of sulfonated chitosan.
Carbohydr. Polym. 2017, 155, 321-328. [CrossRef]

Sadeghi, A.M.M.; Dorkoosh, F.A.; Avadi, M.R,; Saadat, P.; Rafiee-Tehrani, M.; Junginger, H.E. Preparation, characterization and
antibacterial activities of chitosan, N-trimethyl chitosan (TMC) and N-diethylmethyl chitosan (DEMC) nanoparticles loaded with
insulin using both the ionotropic gelation and polyelectrolyte complexation methods. Int. |. Pharm. 2008, 355, 299-306. [CrossRef]
Si, Z.; Hou, Z.; Vikhe, Y.S.; Thappeta, K.R.V,; Marimuthu, K.; De, PP; Ng, O.T,; Li, P; Zhu, Y.; Pethe, K,; et al. Antimicrobial effect
of a novel chitosan derivative and its synergistic effect with antibiotics. ACS Appl. Mater. Interfaces 2021, 13, 3237-3245. [CrossRef]
Hamed, A.A; Abdelhamid, I.A; Saad, G.R; Elkady, N.A.; Elsabee, M.Z. Synthesis, characterization and antimicrobial activity of
a novel chitosan Schiff bases based on heterocyclic moieties. Int. J. Biol. Macromol. 2020, 153, 492-501. [CrossRef] [PubMed]
Sirisinha, C.; Sittichokchuchai, W. Molecular weight effect on antimicrobial activity of chitosan treated cotton fabrics. J. Appl.
Polym. Sci. 2001, 80, 2495-2501.

No, HK.; Young Park, N.; Ho Lee, S.; Meyers, S.P. Antibacterial activity of chitosans and chitosan oligomers with different
molecular weights. Int. ]. Food Microbiol. 2002, 74, 65-72. [CrossRef]

Omura, Y.; Shigemoto, M.; Akiyama, T.; Saimoto, H.; Shigemasa, Y.; Nakamura, I.; Tsuchido, T. Antimicrobial activity of chitosan
with different degrees of acetylation and molecular weights. Biocontrol Sci. 2003, 8, 25-30. [CrossRef]

Simtmnek, J.; Brandysova, V.; Koppova, I.; Simtnek, J., Jr. The antimicrobial action of chitosan, low molar mass chitosan, and
chitooligosaccharides on human colonic bacteria. Folia Microbiol. 2012, 57, 341-345. [CrossRef]

Tokura, S.; Ueno, K.; Miyazaki, S.; Nishi, N. Molecular Weight Dependent Antimicrobial Activity by Chitosan. Macromol. Symp.
1997, 120, 1-9. [CrossRef]

Liu, N.; Chen, X.G.; Park, HJ; Liu, C.G,; Liu, C.S.; Meng, X.H.; Yu, L.]. Effect of MW and concentration of chitosan on antibacterial
activity of Escherichia coli. Carbohydr. Polym. 2006, 64, 60-65. [CrossRef]

Chang, S.H.; Lin, H.T.V,; Wu, G.J.; Tsai, G.J. pH Effects on solubility, zeta potential, and correlation between antibacterial activity
and molecular weight of chitosan. Carbohydr. Polym. 2015, 134, 74-81. [CrossRef] [PubMed]

Mellegérd, H.; Strand, S.P,; Christensen, B.E.; Granum, P.E.; Hardy, S.P. Antibacterial activity of chemically defined chitosans:
Influence of molecular weight, degree of acetylation and test organism. Int. |. Food Microbiol. 2011, 148, 48-54. [CrossRef]
[PubMed]

Younes, I; Sellimi, S.; Rinaudo, M.; Jellouli, K.; Nasri, M. Influence of acetylation degree and molecular weight of homogeneous
chitosans on antibacterial and antifungal activities. Int. |. Food Microbiol. 2014, 185, 57-63. [CrossRef] [PubMed]

Qin, C; Li, H,; Xiao, Q.; Liu, Y.; Zhu, J.; Du, Y. Water-solubility of chitosan and its antimicrobial activity. Carbohydr. Polym. 2006,
63, 367-374. [CrossRef]

Sanchez, A.; Mengibar, M.; Rivera-Rodriguez, G.; Moerchbacher, B.; Acosta, N.; Heras, A. The effect of preparation processes
on the physicochemical characteristics and antibacterial activity of chitooligosaccharides. Carbohydr. Polym. 2017, 157, 251-257.
[CrossRef]

Giacco, F.; Brownlee, M. Oxidative stress and diabetic complications. Circ. Res. 2010, 107, 1058-1070. [CrossRef]

Singh, A.; Kukreti, R.; Saso, L.; Kukreti, S. Oxidative stress: A key modulator in neurodegenerative diseases. Molecules 2019,
24,1583. [CrossRef]

Hayes, ].D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell 2020, 38, 167-197. [CrossRef]

Kogan, G.; Skorik, YA ; Zitiianova, I.; Krizkova, L.; Durackova, Z.; Gomes, C.A.R; Yatluk, Y.G.; Krajcovig, ]. Antioxidant and
antimutagenic activity of N-(2-carboxyethyl) chitosan. Toxicol. Appl. Pharmacol. 2004, 201, 303-310. [CrossRef]

Xing, R.; Yu, H.; Liu, S.; Zhang, W.; Zhang, Q.; Li, Z.; Li, P. Antioxidant activity of differently regioselective chitosan sulfates
in vitro. Bioorgan. Med. Chem. 2005, 13, 1387-1392. [CrossRef]

Zhou, ].; Wen, B.; Xie, H.; Zhang, C.; Bai, Y.; Cao, H.; Che, Q.; Guo, J.; Su, Z. Advances in the preparation and assessment of the
biological activities of chitosan oligosaccharides with different structural characteristics. Food. Funct. 2021, 12, 926-951. [CrossRef]
Ngo, D.H; Qian, ZJ.; Vo, T.S,; Ryu, B.; Ngo, D.N.; Kim, S.K. Antioxidant activity of gallate-chitooligosaccharides in mouse
macrophage RAW264.7 cells. Carbohydr. Polym. 2011, 84, 1282-1288. [CrossRef]

Ngo, D.H,; Qian, Z.J.; Ngo, D.N.; Vo, T.S.; Wijesekara, I.; Kim, S.K. Gallyl chitooligosaccharides inhibit intracellular free
radical-mediated oxidation. Food Chem. 2011, 128, 974-981. [CrossRef]

Eom, TK,; Senevirathne, M.; Kim, S.K. Synthesis of phenolic acid conjugated chitooligosaccharides and evaluation of their
antioxidant activity. Environ. Toxicol. Pharmacol. 2012, 34, 519-527. [CrossRef] [PubMed]

Sun, T.; Zhou, D.; Xie, J.; Mao, E. Preparation of chitosan oligomers and their antioxidant activity. Eur. Food Res. Technol. 2007, 225,
451-456. [CrossRef]

Pu, S; Li,J.; Sun, L.; Zhong, L.; Ma, Q. An in vitro comparison of the antioxidant activities of chitosan and green synthesized
gold nanoparticles. Carbohydr. Polym. 2019, 211, 161-172. [CrossRef] [PubMed]


http://doi.org/10.1016/j.carbpol.2019.115331
http://www.ncbi.nlm.nih.gov/pubmed/31590878
http://doi.org/10.1016/j.carbpol.2005.12.036
http://doi.org/10.1016/j.carbpol.2016.08.069
http://doi.org/10.1016/j.ijpharm.2007.11.052
http://doi.org/10.1021/acsami.0c20881
http://doi.org/10.1016/j.ijbiomac.2020.02.302
http://www.ncbi.nlm.nih.gov/pubmed/32112843
http://doi.org/10.1016/S0168-1605(01)00717-6
http://doi.org/10.4265/bio.8.25
http://doi.org/10.1007/s12223-012-0138-1
http://doi.org/10.1002/masy.19971200103
http://doi.org/10.1016/j.carbpol.2005.10.028
http://doi.org/10.1016/j.carbpol.2015.07.072
http://www.ncbi.nlm.nih.gov/pubmed/26428102
http://doi.org/10.1016/j.ijfoodmicro.2011.04.023
http://www.ncbi.nlm.nih.gov/pubmed/21605923
http://doi.org/10.1016/j.ijfoodmicro.2014.04.029
http://www.ncbi.nlm.nih.gov/pubmed/24929684
http://doi.org/10.1016/j.carbpol.2005.09.023
http://doi.org/10.1016/j.carbpol.2016.09.055
http://doi.org/10.1161/CIRCRESAHA.110.223545
http://doi.org/10.3390/molecules24081583
http://doi.org/10.1016/j.ccell.2020.06.001
http://doi.org/10.1016/j.taap.2004.05.009
http://doi.org/10.1016/j.bmc.2004.11.002
http://doi.org/10.1039/D0FO02768E
http://doi.org/10.1016/j.carbpol.2011.01.022
http://doi.org/10.1016/j.foodchem.2011.03.128
http://doi.org/10.1016/j.etap.2012.05.004
http://www.ncbi.nlm.nih.gov/pubmed/22809749
http://doi.org/10.1007/s00217-006-0439-1
http://doi.org/10.1016/j.carbpol.2019.02.007
http://www.ncbi.nlm.nih.gov/pubmed/30824076

Polymers 2021, 13, 3256 23 of 27

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Chang, S.H,; Lin, Y.Y.; Wu, G.J.; Huang, C.H.; Tsai, G.J. Effect of chitosan molecular weight on anti-inflammatory activity in the
RAW 264.7 macrophage model. Int. J. Biol. Macromol. 2019, 131, 167-175. [CrossRef]

Santos-Moriano, P.; Fernandez-Arrojo, L.; Mengibar, M.; Belmonte-Reche, E.; Pefialver, P.; Acosta, EN.; Ballesteros, A.O.; Morales,
J.C,; Kidibule, P.; Fernandez-Lobato, M.; et al. Enzymatic production of fully deacetylated chitooligosaccharides and their
neuroprotective and anti-inflammatory properties. Biocatal. Biotransform. 2018, 36, 57-67. [CrossRef]

Santos-Moriano, P,; Kidibule, P.; Miguez, N.; Fernandez-Arrojo, L.; Ballesteros, A.O.; Fernandez-Lobato, M.; Plou, EJ. Tailored
enzymatic synthesis of chitooligosaccharides with different deacetylation degrees and their anti-inflammatory activity. Catalysts
2019, 9, 405. [CrossRef]

Lee, S.H.; Senevirathne, M.; Ahn, C.B.; Kim, S.K;; Je, ].Y. Factors affecting anti-inflammatory effect of chitooligosaccharides in
lipopolysaccharides-induced RAW264.7 macrophage cells. Bioorg. Med. Chem. Lett. 2009, 19, 6655-6658. [CrossRef]

Mao, S.; Wang, B.; Yue, L.; Xia, W. Effects of citronellol grafted chitosan oligosaccharide derivatives on regulating anti-
inflammatory activity. Carbohydr. Polym. 2021, 262, 117972. [CrossRef]

Sanchez, A.; Mengibar, M.; Fernandez, M.; Alemany, S.; Heras, A.; Acosta, N. Influence of preparation methods of chitooligosac-
charides on their physicochemical properties and their anti-inflammatory effects in mice and in RAW264.7 macrophages. Mar.
Drugs 2018, 16, 430. [CrossRef]

Watanabe, K. Photochemistry on nanoparticles. In Encyclopedia of Interfacial Chemistry: Surface Science and Electrochemistry; Elsevier:
Amsterdam, The Netherlands, 2018; pp. 563-572. [CrossRef]

Pal, D.; Saha, S. Current status and prospects of chitosan: Metal nanoparticles and their applications as nanotheranostic agents.
In Nanotheranostics: Applications and Limitations; Springer International Publishing: Berlin/Heidelberg, Germany, 2019; pp. 79-114.
[CrossRef]

Esumi, K.; Takei, N.; Yoshimura, T. Antioxidant-potentiality of gold-chitosan nanocomposites. Colloids Surf. B Biointerfaces 2003,
32,117-123. [CrossRef]

Khan, Z. Chitosan capped Au@Pd@Ag trimetallic nanoparticles: Synthesis, stability, capping action and adsorbing activities. Int.
J. Biol. Macromol. 2020, 153, 545-560. [CrossRef]

Firoozi, S.; Jamzad, M.; Yari, M. Biologically synthesized silver nanoparticles by aqueous extract of Satureja intermedia C.A. Mey
and the evaluation of total phenolic and flavonoid contents and antioxidant activity. J. Nanostruct. Chem. 2016, 6, 357-364.
[CrossRef]

Guo, Y,; Yan, H. Preparation and characterization of heparin-stabilized gold nanoparticles. J. Carbohydr. Chem. 2008, 27, 309-319.
[CrossRef]

Cheng, K.M.; Hung, Y.W.; Chen, C.C.; Liu, C.C.; Young, ].J. Green synthesis of chondroitin sulfate-capped silver nanoparticles:
Characterization and surface modification. Carbohydr. Polym. 2014, 110, 195-202. [CrossRef] [PubMed]

Mukherjee, K.; Gupta, R.; Kumar, G.; Kumari, S.; Biswas, S.; Padmanabhan, P. Synthesis of silver nanoparticles by Bacillus clausii
and computational profiling of nitrate reductase enzyme involved in production. J. Genet. Eng. Biotechnol. 2018, 16, 527-536.
[CrossRef] [PubMed]

Kumar, S.A.; Abyaneh, M.K.; Gosavi, S.W.; Kulkarni, S.K.; Pasricha, R.; Ahmad, A.; Khan, M.I. Nitrate reductase-mediated
synthesis of silver nanoparticles from AgNOj3. Biotechnol. Lett. 2007, 29, 439-445. [CrossRef] [PubMed]

Hansen, H.E,; Seland, F,; Sunde, S.; Burheim, O.S.; Pollet, B.G. Two routes for sonochemical synthesis of platinum nanoparticles
with narrow size distribution. Mater. Adv. 2021, 2, 1962-1971. [CrossRef]

Abedini, A.; Daud, A.R.; Hamid, M.A.A.; Othman, N.K,; Saion, E. A review on radiation-induced nucleation and growth of
colloidal metallic nanoparticles. Nanoscale Res. Lett. 2013, 8, 474. [CrossRef] [PubMed]

Nasretdinova, G.R.; Fazleeva, R.R.; Mukhitova, R.K.; Nizameev, I.R.; Kadirov, M.K.; Ziganshina, A.Y.; Yanilkin, V.V. Electrochemi-
cal synthesis of silver nanoparticles in solution. Electrochem. Commun. 2015, 50, 69-72. [CrossRef]

Bonyar, A.; Csarnovics, I.; Veres, M.; Himics, L.; Csik, A.; Kaman, J.; Balazs, L.; Kokényesi, S. Investigation of the performance of
thermally generated gold nanoislands for LSPR and SERS applications. Sens. Actuators B Chem. 2018, 255, 433-439. [CrossRef]
Kang, H.; Buchman, J.T.; Rodriguez, R.S.; Ring, H.L.; He, J.; Bantz, K.C.; Haynes, C.L. Stabilization of Silver and Gold Nanoparti-
cles: Preservation and Improvement of Plasmonic Functionalities. Chem. Rev. 2019, 119, 664-699. [CrossRef]

Huang, H.; Yuan, Q.; Yang, X. Preparation and characterization of metal-chitosan nanocomposites. Colloids Surf. B Biointerfaces
2004, 39, 31-37. [CrossRef]

Phan, T.T.V,; Nguyen, Q.V.; Huynh, T.C. Simple, green, and low-temperature method for preparation of palladium nanoparticles
with controllable sizes and their characterizations. . Nanopart. Res. 2020, 22, 73. [CrossRef]

Phan, T.T.V,; Hoang, G.; Nguyen, V.T.; Nguyen, T.P; Kim, H.H.; Mondal, S.; Manivasagan, P.; Moorthy, M.S.; Lee, K.D.; Junghwan,
O. Chitosan as a stabilizer and size-control agent for synthesis of porous flower-shaped palladium nanoparticles and their
applications on photo-based therapies. Carbohydr. Polym. 2019, 205, 340-352. [CrossRef] [PubMed]

Gaikwad, G.; Bangde, P; Rane, K ; Stenberg, J.; Borde, L.; Bhagwat, S.; Dandekar, P; Jain, R. Continuous production and separation
of new biocompatible palladium nanoparticles using a droplet microreactor. Microfluid. Nanofluid. 2021, 25, 27. [CrossRef]
Adlim, M.; Abu Bakar, M.; Liew, K.Y.; Ismail, . Synthesis of chitosan-stabilized platinum and palladium nanoparticles and their
hydrogenation activity. . Mol. Catal. A Chem. 2004, 212, 141-149. [CrossRef]

Kleszcz, K.; Hebda, M.; Kyziol, A.; Krawiec, H.; Kyziot, K. Towards prevention of biofilm formation: Ti6 AlI7Nb modified with
nanocomposite layers of chitosan and Ag/Au nanoparticles. Appl. Surf. Sci. 2021, 557, 149795. [CrossRef]


http://doi.org/10.1016/j.ijbiomac.2019.02.066
http://doi.org/10.1080/10242422.2017.1295231
http://doi.org/10.3390/catal9050405
http://doi.org/10.1016/j.bmcl.2009.10.007
http://doi.org/10.1016/j.carbpol.2021.117972
http://doi.org/10.3390/md16110430
http://doi.org/10.1016/B978-0-12-409547-2.13211-1
http://doi.org/10.1007/978-3-030-29768-8_5
http://doi.org/10.1016/S0927-7765(03)00151-6
http://doi.org/10.1016/j.ijbiomac.2020.02.304
http://doi.org/10.1007/s40097-016-0207-0
http://doi.org/10.1080/07328300802158752
http://doi.org/10.1016/j.carbpol.2014.03.053
http://www.ncbi.nlm.nih.gov/pubmed/24906746
http://doi.org/10.1016/j.jgeb.2018.04.004
http://www.ncbi.nlm.nih.gov/pubmed/30733770
http://doi.org/10.1007/s10529-006-9256-7
http://www.ncbi.nlm.nih.gov/pubmed/17237973
http://doi.org/10.1039/D0MA00909A
http://doi.org/10.1186/1556-276X-8-474
http://www.ncbi.nlm.nih.gov/pubmed/24225302
http://doi.org/10.1016/j.elecom.2014.11.016
http://doi.org/10.1016/j.snb.2017.08.063
http://doi.org/10.1021/acs.chemrev.8b00341
http://doi.org/10.1016/j.colsurfb.2004.08.014
http://doi.org/10.1007/s11051-020-04801-1
http://doi.org/10.1016/j.carbpol.2018.10.062
http://www.ncbi.nlm.nih.gov/pubmed/30446113
http://doi.org/10.1007/s10404-020-02410-x
http://doi.org/10.1016/j.molcata.2003.08.012
http://doi.org/10.1016/j.apsusc.2021.149795

Polymers 2021, 13, 3256 24 of 27

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.
134.

135.

136.

137.

138.

139.

140.

141.

Hortigtiela, M.].; Aranaz, I.; Gutiérrez, M.C.; Ferrer, M.L.; Del Monte, F. Chitosan gelation induced by the in situ formation of
gold nanoparticles and its processing into macroporous scaffolds. Biomacromolecules 2011, 12, 179-186. [CrossRef]
Abrica-Gonzalez, P.; Zamora-Justo, ].A.; Sotelo-Lopez, A.; Vazquez-Martinez, G.R.; Balderas-Lépez, J.A.; Mufioz-Diosdado, A.;
Ibanez-Hernandez, M. Gold nanoparticles with chitosan, N-acylated chitosan, and chitosan oligosaccharide as DNA carriers.
Nanoscale Res. Lett. 2019, 14, 258. [CrossRef] [PubMed]

Sun, L.; Li, J.; Cai, ].; Zhong, L.; Ren, G.; Ma, Q. One pot synthesis of gold nanoparticles using chitosan with varying degree of
deacetylation and molecular weight. Carbohydr. Polym. 2017, 178, 105-114. [CrossRef] [PubMed]

Twu, Y.K,; Chen, YW.,; Shih, C.M. Preparation of silver nanoparticles using chitosan suspensions. Powder Technol. 2008, 185,
251-257. [CrossRef]

Murugadoss, A.; Chattopadhyay, A. A ‘green’ chitosan-silver nanoparticle composite as a heterogeneous as well as micro-
heterogeneous catalyst. Nanotechnology 2008, 19, 015603. [CrossRef] [PubMed]

Kalaivani, R.; Maruthupandy, M.; Muneeswaran, T.; Hameedha Beevi, A.; Anand, M.; Ramakritinan, C.M.; Kumaraguru, A.K.
Synthesis of chitosan mediated silver nanoparticles (Ag NPs) for potential antimicrobial applications. Front. Lab. Med. 2018, 2,
30-35. [CrossRef]

Karthik, C.S.; Chethana, M.H.; Manukumar, H.M.; Ananda, A.P.; Sandeep, S.; Nagashree, S.; Mallesha, L.; Mallu, P; Jayanth, H.S,;
Dayananda, B.P. Synthesis and characterization of chitosan silver nanoparticle decorated with benzodioxane coupled piperazine
as an effective anti-biofilm agent against MRSA: A validation of molecular docking and dynamics. Int. J. Biol. Macromol. 2021,
181, 540-551. [CrossRef]

Pandey, I.; Chandra, A. Temperature-induced changes in polymer-based fractal patterns due to Ag metal aggregation. Appl. Phys.
A 2021, 127,369. [CrossRef]

Aranaz, I; Castro, C.; Heras, A.; Acosta, N. On the ability of low molecular weight chitosan enzymatically depolymerized to
produce and stabilize silver nanoparticles. Biomimetics 2018, 3, 21. [CrossRef]

Aranaz, I; Alcantara, A.R.; Heras, A.; Acosta, N. Efficient reduction of Toluidine Blue O dye using silver nanoparticles synthesized
by low molecular weight chitosans. Int. ]. Biol. Macromol. 2019, 131, 682—690. [CrossRef]

Romero-Fernandez, M.; Paradisi, F. Protein immobilization technology for flow biocatalysis. Curr. Opin. Chem. Biol. 2020, 55, 1-8.
[CrossRef] [PubMed]

Boudrant, J.; Woodley, ].M.; Fernandez-Lafuente, R. Parameters necessary to define an immobilized enzyme preparation. Process
Biochem. 2020, 90, 66—80. [CrossRef]

Thompson, M.P,; Penafiel, I.; Cosgrove, S.C.; Turner, N.J. Biocatalysis using immobilized enzymes in continuous flow for the
synthesis of fine chemicals. Org. Process Res. Dev. 2019, 23, 9-18. [CrossRef]

Thompson, M.P; Derrington, S.R.; Heath, R.S.; Porter, J.L.; Mangas-Sanchez, J.; Devine, PN.; Truppo, M.D.; Turner, N.J. A generic
platform for the immobilisation of engineered biocatalysts. Tetrahedron 2019, 75, 327-334. [CrossRef]

Reis, C.L.B.; de Sousa, E.Y.A; Serpa, J.D.; Oliveira, R.C.; dos Santos, J.C.S. Design of immobilized enzyme biocatalysts: Drawbacks
and opportunities. Quim. Nova 2019, 42, 768-783. [CrossRef]

Ravindran, R.; Jaiswal, A.K. Current Advances in Immobilization Techniques of Enzymes. In Enzymatic Fuel Cells: Materials and
Applications; Inamuddin, Ahmer, M.F,, Ahamed, M.1., Asiri, A.M., Eds.; Materials Research Forum Llc: Millersville, PA, USA,
2019; Volume 44, pp. 51-72.

Goncalves, M.C.P; Kieckbusch, T.G.; Perna, R.F.; Fujimoto, ].T.; Morales, S.A.V.; Romanelli, J.P. Trends on enzyme immobilization
researches based on bibliometric analysis. Process Biochem. 2019, 76, 95-110. [CrossRef]

Fernandez-Lafuente, R. Editorial for Special Issue: Enzyme Immobilization and Its Applications. Molecules 2019, 24, 4. [CrossRef]
Basso, A.; Serban, S. Industrial applications of immobilized enzymes—A review. Mol. Catal. 2019, 479, 110607. [CrossRef]
Ahmad, A.; Javed, M.R,; Ibrahim, M.; Sajid, A.; Hussain, K.; Kaleem, M.; Fatima, H.M.; Nadeem, H. Methods of Enzyme
Immobilization on Various Supports. In Enzymatic Fuel Cells: Materials and Applications; Inamuddin, Ahmer, M.F,, Ahamed, M.I,,
Asiri, A.M., Eds.; Materials Research Forum Llc: Millersville, PA, USA, 2019; Volume 44, pp. 1-28.

Grunwald, P. Immobilized Biocatalysts. Catalysts 2018, 8, 7. [CrossRef]

Corici, L.; Ferrario, V.; Pellis, A.; Ebert, C.; Lotteria, S.; Cantone, S.; Voinovich, D.; Gardossi, L. Large scale applications of
immobilized enzymes call for sustainable and inexpensive solutions: Rice husks as renewable alternatives to fossil-based organic
resins. RSC Adv. 2016, 6, 63256-63270. [CrossRef]

Bolivar, ].M.; Eisl, I.; Nidetzky, B. Advanced characterization of immobilized enzymes as heterogeneous biocatalysts. Catal. Today
2016, 259, 66—80. [CrossRef]

Es, L; Vieira, ].D.G.; Amaral, A.C. Principles, techniques, and applications of biocatalyst immobilization for industrial application.
Appl. Microbiol. Biotechnol. 2015, 99, 2065-2082. [CrossRef] [PubMed]

Bezerra, C.S.; Lemos, C.; de Sousa, M.; Goncalves, L.R.B. Enzyme immobilization onto renewable polymeric matrixes: Past,
present, and future trends. J. Appl. Polym. Sci. 2015, 132, 15. [CrossRef]

Sheldon, R.A.; van Pelt, S. Enzyme immobilisation in biocatalysis: Why, what and how. Chem. Soc. Rev. 2013, 42, 6223-6235.
[CrossRef]

Mohamad, N.R.; Marzuki, N.H.C.; Buang, N.A.; Huyop, E; Wahab, R.A. An overview of technologies for immobilization of
enzymes and surface analysis techniques for immobilized enzymes. Biotechnol. Biotechnol. Equip. 2015, 29, 205-220. [CrossRef]


http://doi.org/10.1021/bm1010883
http://doi.org/10.1186/s11671-019-3083-y
http://www.ncbi.nlm.nih.gov/pubmed/31363863
http://doi.org/10.1016/j.carbpol.2017.09.032
http://www.ncbi.nlm.nih.gov/pubmed/29050575
http://doi.org/10.1016/j.powtec.2007.10.025
http://doi.org/10.1088/0957-4484/19/01/015603
http://www.ncbi.nlm.nih.gov/pubmed/21730538
http://doi.org/10.1016/j.flm.2018.04.002
http://doi.org/10.1016/j.ijbiomac.2021.03.119
http://doi.org/10.1007/s00339-021-04524-7
http://doi.org/10.3390/biomimetics3030021
http://doi.org/10.1016/j.ijbiomac.2019.03.119
http://doi.org/10.1016/j.cbpa.2019.11.008
http://www.ncbi.nlm.nih.gov/pubmed/31865258
http://doi.org/10.1016/j.procbio.2019.11.026
http://doi.org/10.1021/acs.oprd.8b00305
http://doi.org/10.1016/j.tet.2018.12.004
http://doi.org/10.21577/0100-4042.20170381
http://doi.org/10.1016/j.procbio.2018.09.016
http://doi.org/10.3390/molecules24244619
http://doi.org/10.1016/j.mcat.2019.110607
http://doi.org/10.3390/catal8090386
http://doi.org/10.1039/C6RA12065B
http://doi.org/10.1016/j.cattod.2015.05.004
http://doi.org/10.1007/s00253-015-6390-y
http://www.ncbi.nlm.nih.gov/pubmed/25616529
http://doi.org/10.1002/app.42125
http://doi.org/10.1039/C3CS60075K
http://doi.org/10.1080/13102818.2015.1008192

Polymers 2021, 13, 3256 25 of 27

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Sirisha, V.L.; Jain, A.; Jain, A. Enzyme Immobilization: An Overview on Methods, Support Material, and Applications of
Immobilized Enzymes. In Advances in Food and Nutrition Research; Academic Press Inc.: Cambridge, MA, USA, 2016; Volume 79,
pp- 179-211.

Krajewska, B. Application of chitin- and chitosan-based materials for enzyme immobilizations: A review. Enzyme Microb. Technol.
2004, 35, 126-139. [CrossRef]

Peniche, C.; Arguelles-Monal, W.; Peniche, H.; Acosta, N. Chitosan: An attractive biocompatible polymer for microencapsulation.
Macromol. Biosci. 2003, 3, 511-520. [CrossRef]

Hoven, V.P; Tangpasuthadol, V.; Angkitpaiboon, Y.; Vallapa, N.; Kiatkamjornwong, S. Surface-charged chitosan: Preparation and
protein adsorption. Carbohydr. Polym. 2007, 68, 44-53. [CrossRef]

Biro, E.; Nemeth, A.S.; Sisak, C.; Feczko, T.; Gyenis, ]. Preparation of chitosan particles suitable for enzyme immobilization. J.
Biochem. Biophys. Methods 2008, 70, 1240-1246. [CrossRef] [PubMed]

Verma, M.L.; Kumar, S.; Das, A.; Randhawa, J.S.; Chamundeeswari, M. Chitin and chitosan-based support materials for enzyme
immobilization and biotechnological applications. Environ. Chem. Lett. 2020, 18, 315-323. [CrossRef]

Wang, D.Q.; Jiang, W.E. Preparation of chitosan-based nanoparticles for enzyme immobilization. Int. J. Biol. Macromol. 2019, 126,
1125-1132. [CrossRef]

Malmiri, H.J.; Jahanian, M.A.G.; Berenjian, A. Potential applications of chitosan nanoparticles as novel support in enzyme
immobilization. Am. J. Biochem. Biotechnol. 2012, 8, 203-219.

Aranaz, I.; Acosta, N.; Heras, A. Encapsulation of an Agrobacterium radiobacter extract containing D-hydantoinase and D-
carbamoylase activities into alginate-chitosan polyelectrolyte complexes. Preparation of the biocatalyst. J. Mol. Catal. B Enzym.
2009, 58, 54-64. [CrossRef]

Aranaz, I.; Acosta, N.; Heras, A. Enzymatic D-p-hydrophenyl glycine synthesis using chitin and chitosan as supports for
biocatalyst immobilization. Biocatal. Biotransform. 2018, 36, 89—-101. [CrossRef]

Aranaz, I; Acosta, N.; Férnandez-Valle, M.E.; Heras, A. Optimization of D-amino acid production catalyzed by immobilized
multi-enzyme system in polyelectrolyte complex gel capsules. |. Mol. Catal. B Enzym. 2015, 121, 45-52. [CrossRef]

Aranaz, I.; Ramos, V.; De La Escalera, S.; Heras, A. Co-immobilization of D-hydantoinase and D-carboamylase on chitin:
Application to the synthesis of p-hydroxyphenylglycine. Biocatal. Biotransform. 2003, 21, 349-356. [CrossRef]

Volpato, G.; Rodrigues, R.C.; Fernandez-Lafuente, R. Use of enzymes in the production of semi-synthetic penicillins and
cephalosporins: Drawbacks and perspectives. Curr. Med. Chem. 2010, 17, 3855-3873. [CrossRef] [PubMed]

Mateo, C.; Abian, O.; Grazd, V.; Ferndndez-Lorente, G.; Palomo, ].M.; Fuentes, M.; Segura, R.L.; Montes, T.; Lopez-Gallego, F.;
Wilson, L.; et al. Recent advances in the industrial enzymatic synthesis of semi-synthetic 3-lactam antibiotics. Med. Chem. Rev.
Online 2005, 2, 207-218. [CrossRef]

Rodriguez-Herrera, R.; Puc, L.E.C.; Sobrevilla, ] M.V.; Luque, D.; Cardona-Felix, C.S.; Aguilar-Gonzélez, C.N.; Flores-Gallegos,
A.C. Enzymes in the pharmaceutical industry for 3-lactam antibiotic production. In Enzymes in Food Biotechnology: Production,
Applications, and Future Prospects; Elsevier: Amsterdam, The Netherlands, 2018; pp. 627-643. [CrossRef]

Farhadian, S.; Shareghi, B.; Tirgir, F.; Reiisi, S.; Dehkordi, N.G.; Momeni, L.; Heidari, E. Design, synthesis, and anti-gastric cancer
activity of novel 2,5-diketopiperazine. . Mol. Lig. 2019, 294, 111585. [CrossRef]

Lukasevics, L.; Cizikovs, A.; Grigorjeva, L. Synthesis of 3-Hydroxymethyl Isoindolinones via Cobalt-Catalyzed C(sp2)-H
Carbonylation of Phenylglycinol Derivatives. Org. Lett. 2020, 22, 2720-2723. [CrossRef] [PubMed]

Wang, Z.X; Xiang, ].C.; Cheng, Y.; Ma, ].T.; Wu, Y.D.; Wu, A X. Direct Biomimetic Synthesis of 3-Carboline Alkaloids from Two
Amino Acids. |. Org. Chem. 2018, 83, 12247-12254. [CrossRef] [PubMed]

Xiang, ].C.; Wang, Z.X.; Cheng, Y.; Xia, S.Q.; Wang, M.; Tang, B.C.; Wu, Y.D.; Wu, A.X. Divergent Synthesis of Functionalized
Quinolines from Aniline and Two Distinct Amino Acids. J. Org. Chem. 2017, 82, 9210-9216. [CrossRef] [PubMed]

Grafile, S.; Vanderheiden, S.; Hodapp, P; Bulat, B.; Nieger, M.; Jung, N.; Brase, S. Solid Phase Synthesis of (Benzannelated) Six-
Membered Heterocycles via Cyclative Cleavage of Resin-Bound Pseudo-Oxazolones. Org. Lett. 2016, 18, 3598-3601. [CrossRef]
[PubMed]

Clemente-Jiménez, ].M.; Martinez-Rodriguez, S.; Rodriguez-Vico, F; Heras-Vazquez, FJ.L. Optically pure x-amino acids
production by the “Hydantoinase Process”. Recent Pat. Biotechnol. 2008, 2, 35-46. [PubMed]

Rodriguez-Alonso, M.J.; Clemente-Jiménez, ].M.; Rodriguez-Vico, F.; Las Heras- Vazquez, FJ. Rational re-design of the “double-
racemase hydantoinase process” for optically pure production of natural and non-natural I-amino acids. Biochem. Eng. J. 2015,
101, 68-76. [CrossRef]

Aranaz, I; Acosta, N.; Heras, A. Synthesis of p-hydroxyphenylglicine by cell extract from Agrobaterium radiobacter encapsulated
in alginate capsules. Enzym. Microb. Technol. 2006, 39, 215-221. [CrossRef]

Fernandez-Lucas, J.; Harris, R.; Mata-Casar, I.; Heras, A.; De La Mata, I.; Arroyo, M. Magnetic chitosan beads for covalent
immobilization of nucleoside 2'-deoxyribosyltransferase: Application in nucleoside analogues synthesis. J. Ind. Microbiol.
Biotechnol. 2013, 40, 955-966. [CrossRef] [PubMed]

Bernkop-Schniirch, A.; Dinnhaupt, S. Chitosan-based drug delivery systems. Eur. |. Pharm. Biopharm. 2012, 81, 463—469.
[CrossRef]

Ojeda-Hernandez, D.D.; Canales-Aguirre, A.A.; Matias-Guiu, J.; Gomez-Pinedo, U.; Mateos-Diaz, ].C. Potential of Chitosan and
Its Derivatives for Biomedical Applications in the Central Nervous System. Front. Bioeng. Biotechnol. 2020, 8, 389. [CrossRef]


http://doi.org/10.1016/j.enzmictec.2003.12.013
http://doi.org/10.1002/mabi.200300019
http://doi.org/10.1016/j.carbpol.2006.07.008
http://doi.org/10.1016/j.jprot.2007.11.005
http://www.ncbi.nlm.nih.gov/pubmed/18155771
http://doi.org/10.1007/s10311-019-00942-5
http://doi.org/10.1016/j.ijbiomac.2018.12.243
http://doi.org/10.1016/j.molcatb.2008.11.006
http://doi.org/10.1080/10242422.2017.1366991
http://doi.org/10.1016/j.molcatb.2015.06.003
http://doi.org/10.1080/10242420310001597829
http://doi.org/10.2174/092986710793205435
http://www.ncbi.nlm.nih.gov/pubmed/20858215
http://doi.org/10.2174/1567203054065691
http://doi.org/10.1016/B978-0-12-813280-7.00036-0
http://doi.org/10.1016/j.molliq.2019.111585
http://doi.org/10.1021/acs.orglett.0c00672
http://www.ncbi.nlm.nih.gov/pubmed/32181664
http://doi.org/10.1021/acs.joc.8b01668
http://www.ncbi.nlm.nih.gov/pubmed/30134110
http://doi.org/10.1021/acs.joc.7b01501
http://www.ncbi.nlm.nih.gov/pubmed/28752753
http://doi.org/10.1021/acs.orglett.6b01609
http://www.ncbi.nlm.nih.gov/pubmed/27399339
http://www.ncbi.nlm.nih.gov/pubmed/19075851
http://doi.org/10.1016/j.bej.2015.05.003
http://doi.org/10.1016/j.enzmictec.2005.10.022
http://doi.org/10.1007/s10295-013-1304-4
http://www.ncbi.nlm.nih.gov/pubmed/23832437
http://doi.org/10.1016/j.ejpb.2012.04.007
http://doi.org/10.3389/fbioe.2020.00389

Polymers 2021, 13, 3256 26 of 27

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Noel, S.P; Courtney, H.; Bumgardner, ].D.; Haggard, W.O. Chitosan films: A potential local drug delivery system for antibiotics.
Clin. Orthop. Relat. Res. 2008, 466, 1377-1382. [CrossRef]

Affes, S.; Aranaz, ; Acosta, N.; Heras, A.; Nasri, M.; Maalej, H. Chitosan derivatives-based films as pH-sensitive drug delivery
systems with enhanced antioxidant and antibacterial properties. Int. ]. Biol. Macromol. 2021, 182, 730-742. [CrossRef] [PubMed]
Aranaz, I.; Harris, R.; Navarro-Garcia, F.; Heras, A.; Acosta, N. Chitosan based films as supports for dual antimicrobial release.
Carbohydr. Polym. 2016, 146, 402-410. [CrossRef] [PubMed]

Lozano-Navarro, ].I; Diaz-Zavala, N.P.; Velasco-Santos, C.; Martinez-Hernandez, A.L.; Tijerina-Ramos, B.I.; Garcia-Hernandez,
M.; Rivera-Armenta, J.L.; Paramo-Garcia, U.; Reyes-de la Torre, A.I. Antimicrobial, optical and mechanical properties of
Chitosan-Starch films with natural extracts. Int. ]. Mol. Sci. 2017, 18, 997. [CrossRef] [PubMed]

Noel, S.P.,; Courtney, H.S.; Bumgardner, ].D.; Haggard, W.O. Chitosan sponges to locally deliver amikacin and vancomycin: A
pilot in vitro evaluation. Clin. Orthop. Relat. Res. 2010, 468, 2074-2080. [CrossRef] [PubMed]

Stinner, D.J.; Noel, S.P.; Haggard, W.O.; Watson, ].T.; Wenke, J.C. Local antibiotic delivery using tailorable chitosan sponges: The
future of infection control? J. Orthop. Trauma 2010, 24, 592-597. [CrossRef]

Yilgor, P; Tuzlakoglu, K.; Reis, R.L.; Hasirci, N.; Hasirci, V. Incorporation of a sequential BMP-2/BMP-7 delivery system into
chitosan-based scaffolds for bone tissue engineering. Biomaterials 2009, 30, 3551-3559. [CrossRef]

Liu, E; Li, W,; Liu, H,; Yuan, T; Yang, Y.; Zhou, W.; Hu, Y.; Yang, Z. Preparation of 3D Printed Chitosan/Polyvinyl Alcohol
Double Network Hydrogel Scaffolds. Macromol. Biosci. 2021, 21, 2000398. [CrossRef]

Ma, S.; Moser, D.; Han, E; Leonhard, M.; Schneider-Stickler, B.; Tan, Y. Preparation and antibiofilm studies of curcumin loaded
chitosan nanoparticles against polymicrobial biofilms of Candida albicans and Staphylococcus aureus. Carbohydr. Polym. 2020,
241,116254. [CrossRef]

Bartos, C.; Varga, P.; Szab6-Révész, P.; Ambrus, R. Physico-chemical and in vitro characterization of chitosan-based microspheres
intended for nasal administration. Pharmaceutics 2021, 13, 608. [CrossRef] [PubMed]

Zeng, W.; Chang, Z.; Liu, Z.; Zhu, L.; Wang, M.; Hao, D.; He, B. Controlled delivery of bioactive BDNF for potential treatment of
peripheral nerve injury. Polym. Degrad. Stab. 2020, 181, 109296. [CrossRef]

Aranaz, L; Pafios, I; Peniche, C.; Heras, A.; Acosta, N. Chitosan spray-dried microparticles for controlled delivery of venlafaxine
hydrochloride. Molecules 2017, 22, 1980. [CrossRef] [PubMed]

Gull, N.; Khan, S.M.; Butt, O.M.; Islam, A.; Shah, A.; Jabeen, S.; Khan, S.U.; Khan, A.; Khan, R.U.; Butt, M.T.Z. Inflammation
targeted chitosan-based hydrogel for controlled release of diclofenac sodium. Int. J. Biol. Macromol. 2020, 162, 175-187. [CrossRef]
[PubMed]

Gao, J; Liu, R;; Wu, J; Liu, Z,; Li, J.; Zhou, J.; Hao, T.; Wang, Y.; Du, Z.; Duan, C.; et al. The use of chitosan based hydrogel for
enhancing the therapeutic benefits of adipose-derived MSCs for acute kidney injury. Biomaterials 2012, 33, 3673-3681. [CrossRef]
[PubMed]

Acosta, N.; Sanchez, E.; Calderon, L.; Cordoba-Diaz, M.; Cordoba-Diaz, D.; Dom, S.; Heras, A. Physical stability studies of
semi-solid formulations from natural compounds loaded with Chitosan Microspheres. Mar. Drugs 2015, 13, 5901-5919. [CrossRef]
Guo, L.; Xia, J.; Yu, S.; Yan, J.; He, F; Zhang, M.; Fan, Q.; Yang, R.; Zhao, W. Natural edible materials made of protein-functionalized
aerogel particles for postprandial hyperglycemia management. Int. J. Biol. Macromol. 2021, 167, 279-288. [CrossRef]
Lopez-Iglesias, C.; Barros, J.; Ardao, I.; Monteiro, EJ.; Alvarez-Lorenzo, C.; Gémez-Amoza, J.L.; Garcia-Gonzalez, C.A.
Vancomycin-loaded chitosan aerogel particles for chronic wound applications. Carbohydr. Polym. 2019, 204, 223-231. [CrossRef]
[PubMed]

Wei, S.; Ching, Y.C.; Chuah, C.H. Synthesis of chitosan aerogels as promising carriers for drug delivery: A review. Carbohydr.
Polym. 2020, 231, 115744. [CrossRef]

Chen, M,; Li, L,; Xia, L.; Jiang, S.; Kong, Y.; Chen, X.; Wang, H. The kinetics and release behaviour of curcumin loaded
pH-responsive PLGA /chitosan fibers with antitumor activity against HT-29 cells. Carbohydr. Polym. 2021, 265, 118077. [CrossRef]
Kalalinia, F.; Taherzadeh, Z.; Jirofti, N.; Amiri, N.; Foroghinia, N.; Beheshti, M.; Bazzaz, B.S.F.; Hashemi, M.; Shahroodi, A.;
Pishavar, E.; et al. Evaluation of wound healing efficiency of vancomycin-loaded electrospun chitosan/poly ethylene oxide
nanofibers in full thickness wound model of rat. Int. ]. Biol. Macromol. 2021, 177, 100-110. [CrossRef]

Gorantla, S.; Dabholkar, N.; Sharma, S.; Rapalli, VK.; Alexander, A.; Singhvi, G. Chitosan-based microneedles as a potential
platform for drug delivery through the skin: Trends and regulatory aspects. Int. J. Biol. Macromol. 2021, 184, 438-453. [CrossRef]
Chi, J.; Zhang, X.; Chen, C.; Shao, C.; Zhao, Y.; Wang, Y. Antibacterial and angiogenic chitosan microneedle array patch for
promoting wound healing. Bioact. Mater. 2020, 5, 253-259. [CrossRef]

Imam, S.S.; Alshehri, S.; Altamimi, M.A ; Hussain, A.; Qamar, W.; Gilani, S.J.; Zafar, A.; Alruwaili, N.K.; Alanazi, S.; Almutairy,
B.K. Formulation of piperine-chitosan-coated liposomes: Characterization and in vitro cytotoxic evaluation. Molecules 2021,
26, 3281. [CrossRef] [PubMed]

Shukla, SK.; Chan, A.; Parvathaneni, V.; Gupta, V. Metformin-loaded chitosomes for treatment of malignant pleural
mesothelioma—A rare thoracic cancer. Int. J. Biol. Macromol. 2020, 160, 128-141. [CrossRef]

Prakash, J.; Prema, D.; Venkataprasanna, K.S.; Balagangadharan, K.; Selvamurugan, N.; Venkatasubbu, G.D. Nanocomposite
chitosan film containing graphene oxide/hydroxyapatite/gold for bone tissue engineering. Int. J. Biol. Macromol. 2020, 154, 62-71.
[CrossRef]


http://doi.org/10.1007/s11999-008-0228-1
http://doi.org/10.1016/j.ijbiomac.2021.04.014
http://www.ncbi.nlm.nih.gov/pubmed/33836191
http://doi.org/10.1016/j.carbpol.2016.03.064
http://www.ncbi.nlm.nih.gov/pubmed/27112890
http://doi.org/10.3390/ijms18050997
http://www.ncbi.nlm.nih.gov/pubmed/28475151
http://doi.org/10.1007/s11999-010-1324-6
http://www.ncbi.nlm.nih.gov/pubmed/20352389
http://doi.org/10.1097/BOT.0b013e3181ed296c
http://doi.org/10.1016/j.biomaterials.2009.03.024
http://doi.org/10.1002/mabi.202000398
http://doi.org/10.1016/j.carbpol.2020.116254
http://doi.org/10.3390/pharmaceutics13050608
http://www.ncbi.nlm.nih.gov/pubmed/33922172
http://doi.org/10.1016/j.polymdegradstab.2020.109296
http://doi.org/10.3390/molecules22111980
http://www.ncbi.nlm.nih.gov/pubmed/29140306
http://doi.org/10.1016/j.ijbiomac.2020.06.133
http://www.ncbi.nlm.nih.gov/pubmed/32562726
http://doi.org/10.1016/j.biomaterials.2012.01.061
http://www.ncbi.nlm.nih.gov/pubmed/22361096
http://doi.org/10.3390/md13095901
http://doi.org/10.1016/j.ijbiomac.2020.11.186
http://doi.org/10.1016/j.carbpol.2018.10.012
http://www.ncbi.nlm.nih.gov/pubmed/30366534
http://doi.org/10.1016/j.carbpol.2019.115744
http://doi.org/10.1016/j.carbpol.2021.118077
http://doi.org/10.1016/j.ijbiomac.2021.01.209
http://doi.org/10.1016/j.ijbiomac.2021.06.059
http://doi.org/10.1016/j.bioactmat.2020.02.004
http://doi.org/10.3390/molecules26113281
http://www.ncbi.nlm.nih.gov/pubmed/34072306
http://doi.org/10.1016/j.ijbiomac.2020.05.146
http://doi.org/10.1016/j.ijbiomac.2020.03.095

Polymers 2021, 13, 3256 27 of 27

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

Kumar, A.; Kaur, H. Sprayed in-situ synthesis of polyvinyl alcohol/chitosan loaded silver nanocomposite hydrogel for improved
antibacterial effects. Int. J. Biol. Macromol. 2020, 145, 950-964. [CrossRef] [PubMed]

Menazea, A.A.; Eid, M.M.; Ahmed, M.K. Synthesis, characterization, and evaluation of antimicrobial activity of novel Chi-
tosan/Tigecycline composite. Int. J. Biol. Macromol. 2020, 147, 194-199. [CrossRef] [PubMed]

European Pharmacopoeia, 10th ed.; Council of Europe, European Directorate for the Quality of Medicines Healthcare: Strasbourg,
France, 2019.

The United States Pharmacopeial Convention. The United States Pharmacopeia: The National Formulary; The United States
Pharmacopeial Convention: Rockville, MD, USA, 2018.

Salama, A.H.; Elmotasem, H.; Salama, A.A.A. Nanotechnology based blended chitosan-pectin hybrid for safe and efficient
consolidative antiemetic and neuro-protective effect of meclizine hydrochloride in chemotherapy induced emesis. Int. |. Pharm.
2020, 584, 119411. [CrossRef]

Saracogullari, N.; Gundogdu, D.; Ozdemir, EN.; Soyer, Y.; Erel-Goktepe, I. The effect of polyacid on the physical and biological
properties of chitosan based layer-by-layer films. Colloids Surf. A Physicochem. Eng. Asp. 2021, 617, 126313. [CrossRef]
Mohebali, A.; Abdouss, M. Layered biocompatible pH-responsive antibacterial composite film based on HNT/PLGA /chitosan
for controlled release of minocycline as burn wound dressing. Int. J. Biol. Macromol. 2020, 164, 4193-4204. [CrossRef]

Pilicheva, B.; Uzunova, Y.; Bodurov, I.; Viraneva, A.; Exner, G.; Sotirov, S.; Yovcheva, T.; Marudova, M. Layer-by-layer self-
assembly films for buccal drug delivery: The effect of polymer cross-linking. J. Drug Deliv. Sci. Technol. 2020, 59, 101897.
[CrossRef]

Khare, T.; Mahalunkar, S.; Shriram, V.; Gosavi, S.; Kumar, V. Embelin-loaded chitosan gold nanoparticles interact synergistically
with ciprofloxacin by inhibiting efflux pumps in multidrug-resistant Pseudomonas aeruginosa and Escherichia coli. Environ. Res.
2021, 199, 111321. [CrossRef] [PubMed]

Basu, S.K.; Kavitha, K.; Rupeshkumar, M. Evaluation of ionotropic cross-linked chitosan/gelatin B microspheres of tramadol
hydrochloride. AAPS PharmSciTech 2011, 12, 28-34. [CrossRef] [PubMed]

Dawoud, M. Chitosan coated solid lipid nanoparticles as promising carriers for docetaxel. J. Drug Deliv. Sci. Technol. 2021,
62,102409. [CrossRef]

Oztiirk, A.A,; Kiyan, H.T. Treatment of oxidative stress-induced pain and inflammation with dexketoprofen trometamol loaded
different molecular weight chitosan nanoparticles: Formulation, characterization and anti-inflammatory activity by using in vivo
HET-CAM assay. Microvasc. Res. 2020, 128, 103961. [CrossRef] [PubMed]

Chen, M.C.,; Huang, S.F; Lai, KY,; Ling, M.H. Fully embeddable chitosan microneedles as a sustained release depot for
intradermal vaccination. Biomaterials 2013, 34, 3077-3086. [CrossRef]

Chandrasekar, S.S.; Phanse, Y.; Hildebrand, R.E.; Hanafy, M.; Wu, C.W.; Hansen, C.H.; Osorio, J.E.; Suresh, M.; Talaat, A.M.
Localized and systemic immune responses against SARS-COV-2 following mucosal immunization. Vaccines 2021, 9, 132.
[CrossRef]

Gao, X.; Gong, J.; Cai, Y.; Wang, J.; Wen, J.; Peng, L.; Ji, H.; Jiang, S.; Guo, D. Chitosan modified squalene nanostructured lipid
carriers as a promising adjuvant for freeze-dried ovalbumin vaccine. Int. J. Biol. Macromol. 2021, 188, 855-862. [CrossRef]
Moniz, T.; Costa Lima, S.A.; Reis, S. Marine polymeric microneedles for transdermal drug delivery. Carbohydr. Polym. 2021,
266, 118098. [CrossRef]

Kurakula, M.; Raghavendra, N. Prospection of recent chitosan biomedical trends: Evidence from patent analysis (2009—2020). Int.
J. Biol. Macromol. 2020, 165, 1924-1938. [CrossRef]


http://doi.org/10.1016/j.ijbiomac.2019.09.186
http://www.ncbi.nlm.nih.gov/pubmed/31669274
http://doi.org/10.1016/j.ijbiomac.2020.01.041
http://www.ncbi.nlm.nih.gov/pubmed/31917987
http://doi.org/10.1016/j.ijpharm.2020.119411
http://doi.org/10.1016/j.colsurfa.2021.126313
http://doi.org/10.1016/j.ijbiomac.2020.09.004
http://doi.org/10.1016/j.jddst.2020.101897
http://doi.org/10.1016/j.envres.2021.111321
http://www.ncbi.nlm.nih.gov/pubmed/33989619
http://doi.org/10.1208/s12249-010-9537-2
http://www.ncbi.nlm.nih.gov/pubmed/21161459
http://doi.org/10.1016/j.jddst.2021.102409
http://doi.org/10.1016/j.mvr.2019.103961
http://www.ncbi.nlm.nih.gov/pubmed/31758946
http://doi.org/10.1016/j.biomaterials.2012.12.041
http://doi.org/10.3390/vaccines9020132
http://doi.org/10.1016/j.ijbiomac.2021.08.074
http://doi.org/10.1016/j.carbpol.2021.118098
http://doi.org/10.1016/j.ijbiomac.2020.10.043

Barril et al. Ascorbic acid and white wine 169

Ascorbic acid and white wine production: a review of beneficial
versus detrimental impacts

C. BARRIL', D.N. RUTLEDGE?, G.R. SCOLLARY'? and A.C. CLARK'

' National Wine and Grape Industry Centre, Charles Sturt University, Wagga Wagga, NSW 2678, Australia;
2Unité Mixte de Recherche, Ingénierie Procédés Aliments, AgroParisTech, INRA, Université Paris-Saclay,
91300 Massy, France; * School of Chemistry, The University of Melbourne, Parkville, Vic. 3010, Australia

Corresponding author: Dr Geoffrey R. Scollary, email scollary@unimelb.edu.au

Abstract

We review the use of ascorbic acid in winemaking and the benefits as well as the detrimental outcomes associated with its use. Initial
discussion focuses on the antioxidant activity of ascorbic acid. The impact of the wine matrix and wine production practices,
especially storage in bottle and oxygen ingress, on its antioxidant efficiency is discussed. The complementary roles of the antioxidant
pair, ascorbic acid and sulfur dioxide, are presented. Thereafter, the ability of ascorbic acid to contribute to spoilage processes is
covered. This includes both pro-oxidant and non-oxidative mechanisms induced by ascorbic acid that may lead to a reduced shelf
life of white wine. Based on this review of scientific literature, the conditions most conducive to the beneficial impacts of ascorbic
acid in wine are highlighted. Areas where lack of chemical knowledge still exists are identified for future research.

Keywords: anaerobic degradation, antioxidant, ascorbic acid, oxidation, pro-oxidant, white wine

Introduction

The dissolved oxygen present in white wine can be consumed
by reaction with wine components and, unless a preservative is
present at a sufficient concentration, can cause detrimental
changes (Singleton 1987, Danilewicz 2003, Waterhouse and
Laurie 2006, Bradshaw et al. 2011). Traditionally, this preserva-
tive has been sulfur dioxide (SO,), and the means by which it
protects a wine has recently been well summarised (Danilewicz
2007, Danilewicz et al. 2008, Danilewicz and Wallbridge 2010).
Alternatively, ascorbic acid can be used in conjunction with SO,,
which alters the mechanism of oxygen consumption in white
wine (Bradshaw et al. 2011). The purpose of this review is to
focus specifically upon the beneficial and detrimental aspects of
the use of ascorbic acid in white wine, building upon the chem-
istry of ascorbic acid highlighted in our previous review
(Bradshaw etal. 2011). In terms of benefits, the impact of
ascorbic acid on the sensory features of wines is discussed, along
with the mechanistic aspects of its oxygen scavenging ability
and its capacity to reduce oxidised components and allow a
higher retention of SO, during oxidation. A description of the
impact of ethanol on the antioxidant role of ascorbic acid is also
reviewed. Discussion of the detrimental aspects of ascorbic acid
that can contribute to the spoilage of wine will include pro-
oxidant mechanisms, differentiating between direct reactions
with oxygen and coupled oxidative processes, as well as non-
oxidative mechanisms resulting from the anaerobic degradation
of ascorbic acid.

The beneficial antioxidant action of ascorbic acid/
sulfur dioxide

Sensory outcomes from bottle aging trials

The combination of ascorbic acid and SO, has been shown to
have a favourable influence on the sensory features of white
wines, including aroma, taste and clarity (Kielhofer and Wiirdig

doi: 10.1111/ajgw.12207
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1959, Vecher and Loza 1961a,b, Bauernfeind and Pinkert 1970).
In a Riesling and Chardonnay bottle trial (Table 1),
Skouroumounis et al. (2005b) showed that addition of 90 mg/L
of ascorbic acid at bottling had little impact on wine aroma in
the first 6 months. Differences, however, became apparent at 3
years and 5 years of bottle age. The extent of wine oxidation
characters, determined via sensory assessment, was either the
same or lower for wines containing ascorbic acid compared with
those without added ascorbic acid. The largest difference was in
the wines bottled under closures that allowed higher ingress of
oxygen (i.e. synthetic closures) where lower oxidation attrib-
utes were noted in the presence of ascorbic acid. Another study
utilising Riesling (Table 1) showed that ascorbic acid addition
(250 mg/L) to wines led to increased perception of fruity aromas
and a lower intensity of oxidised aromas (oxidised apple, honey
and sherry) when assessed 6 months after bottling (Morozova
et al. 2015). On the palate, the wines with added ascorbic acid
were also perceived as less oxidised, less ripe and fresher. A
higher concentration of sulfur dioxide (68 mg/L free SO, vs
45 mg/L, Table 1) was found to be less effective than a combi-
nation of ascorbic acid and sulfur dioxide in preventing negative
sensory attributes in wines exposed to higher oxygen concen-
tration during storage (Table 1). Other long-term bottling
studies have been conducted with ascorbic acid added at bottling
(Godden et al. 2001, Lopes et al. 2009), but in these studies no
ascorbic acid-free control was present to allow an evaluation of
the impact of ascorbic acid (Table 1).

The impact of bottle closure in the presence of ascorbic acid
has been examined in several studies on Semillon, Sauvignon
Blanc, Riesling and Chardonnay (Table 1), utilising a range of
ascorbic acid from 40-100 mg/L at bottling (Godden et al. 2001,
Skouroumounis et al. 2005a, Lopes etal. 2009). In these
studies, the oxygen available to the wine during bottle aging
was from three sources; oxygen dissolved in the wine, oxygen
trapped in the bottle head space (between the closure and the
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Table 1. Compositional data for white wines utilised for bottle trial studies with ascorbic acid.

Wine Ascorbic Free and total Dissolved Headspace References
acid (mg/L) SO, (mg/L) oxygen (mg/L) oxygen (mg O,)
Semillon 41-44 30 95 0.6-3.2 Not measured Godden et al. (2001)+
Inert gas used during
bottling.
Riesling 0 and 99 29 155 0.8-1.1 Not measured Skouroumounis et al.
Chardonnay 0 and 92 28 67 1.1-1.5 Inert gas used during (2005b)+
bottling.
Sauvignon Blanc 85 41 132 0.2-2.4 Not measured Lopes et al. (2009)+
Inert gas used during
bottling.
Riesling 0 and 250 45 149 <0.3 0,2.7,5.4, 8.2§ Morozova et al. (2015)F
68 168

All values measured just after bottling. t+Variable closure types were utilised in these studies including screw cap, cork and synthetic; $Each sulfur dioxide
concentration was used for wines with and without ascorbic acid, and four different headspace volumes were used for each ascorbic acid and sulfur dioxide
treatment. Only screw cap closures were utilised in this study. §Estimated from the volume of air (0, 10, 20, 30) in the headspace cited by Morozova et al. (2015)

and assuming 20.95% O..

wine surface) and oxygen that permeated through and/or from
the closure. In all studies, inert gas was utilised to limit oxygen
ingress during bottling, and initial dissolved oxygen concentra-
tion was measured at bottling but headspace oxygen was not
measured. If removal of the headspace oxygen was not efficient
or consistent during bottling, then the oxygen decay of the wine
in the first few months after bottling may have been influenced
by differences in headspace oxygen. In addition to the widely
used wine closures (screw cap, natural cork, synthetic
cork, agglomerate cork), wine in two of these studies
(Skouroumounis et al. 2005a, Lopes et al. 2009) was also sealed
in glass ampoules which were impermeable to oxygen, and
hence these wines had access to only the first two sources of
oxygen listed above. In the Sauvignon Blanc study (Lopes et al.
2009), after 2 years, wines sealed with a cork or cork agglom-
erate closure were free from faults, while those sealed with
synthetic closures (high oxygen permeability) showed detri-
mental oxidative characters. The wines sealed under screw cap
(tin liner, low oxygen permeability) or ampoule (no oxygen
permeability) exhibited detrimental reductive thiol characters.
This latter reductive sensory descriptor will be discussed later
(see Enhancement of reductive off-odours by ascorbic acid). The
earlier studies (Godden etal. 2001, Skouroumounis et al.
2005a) on Semillon, Chardonnay and Riesling gave similar
general results to those of Lopes et al. (2009) with regard to
spoilage of wines sealed under high oxygen permeable closures
(i.e. synthetic) and reductive effects under lowest oxygen per-
meability closures (screw cap with tin liner).

Ascorbic acid and oxygen consumption

The mechanism for the antioxidant role of ascorbic acid is well
established and reported in detail in our recent review (Bradshaw
etal.2011). In summary (Figure 1), the overall reaction involves
the metal ion-mediated reaction between ascorbic acid and
molecular oxygen to generate dehydroascorbic acid and hydro-
gen peroxide (H,O,). Hydrogen peroxide then reacts with SO, to
form sulfuric acid, while dehydroascorbic acid may reversibly
bind to SO,. The latter binding is only weak, however, and
instead dehydroascorbic acid itself degrades via intermediates
such as diketogulonic acid and xylosone to form a range of
degradation products. Although furoic acid and 3-hydroxy-2-
pyrone are two of the major products from ascorbic acid degra-
dation in wine-related conditions, many other unidentified
products are evident (Barril et al. 2012). The implications of such

OH
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Figure 1. Reaction of ascorbic acid with oxygen in the presence of sulfur
dioxide/hydrogen sulfite and the products generated.
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Figure 2. Reaction of phenolic substances with oxygen in the presence of
sulfur dioxide/hydrogen sulfite.

degradation products will be outlined in the section on Ascorbic
acid and colour development in wine conditions, however, in
general, their impact is not detrimental provided sufficient SO,
remains in the wine (threshold levels of SO, are discussed in the
section on Pro-oxidant activity — oxygen consumption).

In the absence of ascorbic acid, the consumption of
oxygen in wine follows a different pathway. In this case, the
metal-mediated reaction between molecular oxygen and
dihydroxyphenolic compounds results in the production of
o-quinone compounds and H,0, (Figure 2). Both of these prod-
ucts are then removed by SO,, and in the case of the o0-quinone,
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this is mostly via reduction either to the parent phenolic sub-
stance or otherwise by formation of a sulfonic acid derivative of
the parent compound (Danilewicz 2007, Danilewicz et al. 2008,
Danilewicz and Wallbridge 2010). The low redox potential for
ascorbic acid compared with that of phenolic substances [0.55 vs
0.78-1.07, pH 3.5, Danilewicz (2003)] ensures that the mecha-
nism outlined in Figure 1 will dominate over that of Figure 2
when ascorbic acid is added to white wine.

It must be noted that the summary mechanisms presented
in Figures 1 and 2 simplify the reactions, which involve free
radical intermediates (i.e. semiquinone, ascorbate and possibly
hydroperoxyl radicals) generated during the redox cycling of
metal ions (Bradshaw et al. 2011). Importantly, these mecha-
nisms underscore the need for SO,, as without it the products
H,0,, 0-quinone and dehydroascorbic acid can lead to a detri-
mental impact on wine sensory features (Danilewicz 2003,
Waterhouse and Laurie 2006, Bradshaw etal. 2011). The
efficiency of oxygen consumption by ascorbic acid is not just
confined to wine, and it may be utilised in must or juice to
consume oxygen in competition with oxidative enzymes (e.g.
polyphenol oxidase, laccase), thereby lowering their activity
(Boulton et al. 1999).

Erythorbic acid, the diastereomer of ascorbic acid, may be
used in place of ascorbic acid as it exhibits similar antioxidant
properties (Fessler 1961, Clark et al. 2010, Grant-Preece et al.
2013). Both ascorbic acid and erythorbic acid can accelerate the
consumption of oxygen in wine-related conditions.
Grant-Preece et al. (2013) showed the consumption of 15 mg/L
oxygen in a model white wine (containing 0.2 mg/L copper and
5.0 mg/L iron, and stored at 45°C) within 2 h when 200 mg/L
ascorbic acid or erythorbic acid was present in combination with
120-150 mg/L SO,. In the absence of either antioxidant, over
13 h was required for the consumption of the same amount of
oxygen. Fessler (1961) showed 59% lower dissolved oxygen
concentration after bottling a white wine with 120 mg/L of
either ascorbic acid or erythorbic acid compared with the
control wine (0.77 vs 1.85 mL/L). This was also the case 12
months after bottling although the difference in dissolved
oxygen concentration was less pronounced (i.e. 0.46 vs
0.58 mL/L dissolved oxygen, respectively). Although erythorbic
acid is cheaper than ascorbic acid, there is marketing evidence
that the latter is often preferred by consumers (in, for example,
Australia) as it is perceived as a more natural additive.

The impact of SO, on the rate of oxygen consumption in
wine is also altered depending on the presence of ascorbic acid
or erythorbic acid. Danilewicz and Wallbridge (2010) showed
that in the absence of ascorbic acid, the consumption of oxygen
in wine matrices is accelerated by the presence of SO,, ascribing
this to the ability of SO, to remove the o-quinone products
(Figure 2), thereby accelerating the phenolic oxidation reaction.
In contrast, in the presence of erythorbic acid in a model wine
system, a higher concentration of SO, (120-150 mg/L vs
12 mg/L, 2.9-2.3 mmol/L vs 0.3 mmol/L) led to a slower
oxygen consumption (Grant-Preece et al. 2013). Further, the
oxidative degradation rate of erythorbic acid and ascorbic acid
was lower in the presence of SO, (Barril etal. 2012,
Grant-Preece et al. 2013). These observations suggest that the
weak binding of SO, to dehydroascorbic acid (Figure 1) has
negligible impact on the ascorbic acid oxidation in Figure 1, as
opposed to the significant impact of SO, on the o-phenol/o-
quinone reaction in Figure 2. The decrease in the oxidative rate
of consumption of ascorbic acid or erythorbic acid in the pres-
ence of SO, may thus be ascribed to the removal of H,O, by SO,
(Figure 1), thereby preventing the reaction between H,0, and
ascorbic acid (Figure 3).
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Figure 3. Reaction of ascorbic acid with oxygen in the absence of sulfur
dioxide.

Ascorbic acid and the reduction of o-quinone compounds
Traditionally, ascorbic acid has been described as being able to
reduce oxidised components in wine back to their reduced state.
Most importantly, this includes the reduction of 0-quinone com-
pounds back to their parent phenolic substance, but the original
premise was based upon studies conducted in non-wine media
(Rouet-Mayer et al. 1990, Isaacs and van Eldik 1997, Boulton
et al. 1999). Since then, Makhotkina and Kilmartin (2009) in a
cyclic voltammetric study on wine antioxidants reported that
ascorbic acid provided negligible reduction of o-quinone com-
pounds in comparison to other agents such as SO, and
glutathione. More recent kinetic studies by Nikolantonaki and
Waterhouse (2012), utilising the synthesised 4-methyl-o-
quinone, reinforced the earlier proposal that ascorbic acid was
indeed as efficient as SO, and glutathione in the reduction of the
o-quinone. To explain the difference of their results to those of
Makhotkina and Kilmartin (2009), Nikolantonaki and
Waterhouse (2012) suggested that ascorbic acid may be con-
sumed at the cyclic voltammetric working electrode at the same
potential at which the o-quinone was being generated. Conse-
quently, this would lead to a lower ascorbic acid concentration,
compared with that of SO, and glutathione (which are not
consumed at the electrode), to react with the electrochemically
generated o-quinone. This issue has not yet been fully resolved.

The ability of ascorbic acid to reduce o-quinone compounds
would be more critical in must or juice than in wine conditions,
as the significant concentration of active enzymes in must and
juice allows for rapid generation of o-quinone compounds.
Rigaud et al. (1991) showed that in oxidising must, a caftaric
acid glutathione addition product (otherwise known as grape
reaction product) could be formed from the reaction between
glutathione with the enzymatically generated caftaric acid
quinone. Ascorbic acid has been shown to delay the production
of the grape reaction product and this was attributed to the rapid
reduction of the caftaric acid quinone compound by ascorbic
acid (Singleton et al. 1985, Rigaud et al. 1991). Under wine
conditions, the ability of ascorbic acid to reduce o-quinones may
become more important when the concentration of ascorbic
acid is too low to scavenge molecular oxygen effectively, as the
latter can then induce the formation of o-quinones from phe-
nolic substances. The concentration at which ascorbic acid may
not be sufficiently efficient at either scavenging oxygen or
reducing o-quinones has not been studied but is likely to be
dependent on the wine matrix.

Ascorbic acid and SO, consumption

As mentioned in the section Ascorbic acid and oxygen consumption,
for ascorbic acid to be effective in wine, it must be used in
conjunction with SO,. This is not only to ensure that SO, is
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present to allow efficient removal of H,O, (Figure 1) but also to
ensure that SO, can maintain the microbial stability of wine
(Boulton et al. 1999). In white wine, SO, will exist in the free
form, where it is in a pH-dependent equilibrium between
molecular SO,, hydrogen sulfite and sulfite, and it will also exist
in a bound form, whereby it is reversibly bound to wine car-
bonyl components (often mainly acetaldehyde). Together, the
concentration of free and bound SO, constitutes the total SO,
concentration of a wine. Of these forms, it is the free SO, form
that has antioxidant and antimicrobial action. During gradual
depletion of free SO, by oxidation, some bound SO, will be
gradually converted to free SO,. There would appear, however,
to be a threshold level of free SO, below which wine oxidation
characters may be noted. The threshold level of free SO, is wine
dependent, but a critical level often proposed by winemakers
during bottle aging is 10 mg/L (Godden et al. 2001, O’Brien
etal. 2009). In the bottle closure trial by Lopes et al. (2009),
with 85 mg/L ascorbic acid at bottling, the wine with the most
oxidative characters after 2 years was that sealed under a syn-
thetic stopper which allowed the ascorbic acid concentration to
reach near zero (~1-2 mg/L), and the free SO, concentration to
drop below 10 mg/L. In fact, the actual critical threshold con-
centration of free SO, will depend on the suite of volatile car-
bonyl compounds present in the wine. Recent work
(Grant-Preece et al. 2013, Bueno et al. 2014) has provided equi-
librium constant data for the binding and release of several
key volatile carbonyl compounds with SO, including
phenylacetaldehyde and methional.

There have been varying reports on the concentration of
SO, required when wusing ascorbic acid (Fessler 1961,
Bauernfeind and Pinkert 1970, Zoecklein et al. 1995). Indeed,
one impetus for initially utilising ascorbic acid in the wine
industry was to allow the use of a lower concentration of aller-
genic SO, (Bauernfeind and Pinkert 1970). In contrast, there is
some experimental evidence that suggests a higher concentra-
tion of SO, is required when ascorbic acid is used (Du Toit et al.
2006).

In a model wine system, Danilewicz et al. (2008) showed a
ratio of oxygen to free SO, consumption of 1:2 without ascorbic
acid present (and given no bound SO, was detected, the oxygen
to total SO, consumption was also 1:2), consistent with
Figure 2, while Barril et al. (2012) calculated a ratio of oxygen
to ascorbic acid to total SO, consumption of 1:1:0.9-2.8. The
range in the ratio in Barril et al. (2012) depended on the time
after commencement of oxidation at which measurements were
made, the ratio of the initial starting concentration of ascorbic
acid and SO, as well as the presence of copper(II) and iron(III)
ions. In the presence of metal ions, the ratio of oxygen to
ascorbic acid to total SO, consumption became 1:1:0.9-1.3 with
an average of 1:1:1.1. The ability of ascorbic acid to lower the
consumption of total SO, is possibly due to the quasi protective
effect resulting from the weak binding of SO, by
dehydroascorbic acid (Figure 1) and its degradation products,
compared with the irreversible oxidation of SO, to sulfate by
o-quinone compounds (Figure 2).

In wine, as opposed to model systems, the reduced con-
sumption of SO, in the presence of ascorbic acid is less apparent.
In a long-term bottling trial with Riesling and Chardonnay,
Skouroumounis et al. (2005b) found that after 4 years, some
wines with added ascorbic acid had lower SO, depletion (both
free and total) while others showed no difference to that of the
control wines. The differences did depend on the type of wine
and type of bottle closure. The largest difference was observed
for Riesling with approximately 33% less total SO, lost with
added ascorbic acid [27 vs 41 mg/L, roll on tamper evident
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(ROTE)/screw cap closure]. Based on the ascorbic acid and SO,
data presented in Godden et al. (2001), the average ratio of
ascorbic acid to total SO, consumption in Semillon (bottles
stored inverted) was 1:2.9 (ranging from 1:2.5-3.4). Estimating
the equivalent ratio for the study by Skouroumounis et al.
(2005b) is complicated as different methods for measurement of
ascorbic acid were used at bottling compared with that at sub-
sequent times. From years 3 to 5 (thereby avoiding any com-
plexity with different measurement techniques), however, the
average ascorbic acid to total SO, consumption ratio in the
Riesling and Chardonnay wines was 1:1.7 but with a range of
1:0.8-2.9, depending on wine type and bottle closure. Similar to
the results in model wine systems (Barril et al. 2012), the study
of Morozova et al. (2015) in Riesling showed that a decrease in
the ratio of free SO, to oxygen consumed during wine oxidation
in the presence of ascorbic acid was more apparent over storage
time, or once a larger amount of oxygen had been consumed.
When 5.0 mg/L of oxygen was consumed, the impact of ascorbic
acid on decreasing SO, consumption was minimal; while on
further oxygen consumption the effect became significant. The
overall average mole ratio for oxygen to SO, loss in the absence
and presence of ascorbic acid was 1:1.2 and 1:0.8, respectively.

The possibility of SO, consumption in wine by oxygen-
independent mechanisms complicates the assessment of the
relationship between total SO, consumption and oxygen con-
sumption (Boulton et al. 1999, Daniel et al. 2004, Wallington
etal. 2013, Arapitsas et al. 2014). These oxygen-independent
mechanisms may include the loss of molecular SO, as vapour
through the closure [although requiring a long storage period
and high temperature (Boulton etal. 1999)], the irreversible
reaction of SO, with o,B-unsaturated aldehydes (Daniel et al.
2004), and in the case of wines with ascorbic acid, via an
additional non-oxidative consumption of total SO, (see section
Degradation of ascorbic acid via oxygen-independent mecha-
nisms). Furthermore, SO, has been observed to react slowly, in
an irreversible manner, with the middle ring of flavan-3-ols,
that is, grape skin and seed-derived phenolic substances
(Arapitsas et al. 2014).

Given that, in some cases, ascorbic acid has the ability to
maintain a higher SO, concentration for a given amount of
oxygen consumption, a wine with ascorbic acid may have an
increased shelf-life by avoiding excessive oxidation characters
and/or microbial spoilage. Further work is required to explain
the impact of wine matrix and bottle closure on the variation in
the ratio of consumption of ascorbic acid to SO,.

Ascorbic acid, oxygen consumption and ethanol

As an antioxidant, ascorbic acid undergoes oxidative degrada-
tion more rapidly in an aqueous ethanol solution compared
with that in a purely aqueous solution (Hsu et al. 2012). The
first order rate constants for ascorbic acid loss in 0 and 10%
(v/v) aqueous ethanol solutions were 0.075 and 0.089/day at
25°C, with the difference becoming more apparent at higher
temperature. The studies of Hsu et al. (2012), however, were
conducted in the absence of SO, and are most likely complicated
by the reaction of ascorbic acid not only with molecular oxygen
but also with H,0, formed during the ascorbic acid oxidation
(Figure 3). Furthermore, Hsu et al. (2012) did not include metal
ions which catalyse the reaction between ascorbic acid and
molecular oxygen (Bradshaw et al. 2011), and hence the rates
expressed above would be lower than those expected for wine.
Nonetheless, the impact of ethanol on the degradation of ascor-
bic acid has been noted by other researchers in model wine
media (Barril 2011). The impact of ethanol on the oxidative
degradation rate of ascorbic acid was proposed by Chuang et al.
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(2011) to be due to a lowering of water activity, thereby allow-
ing easier dehydration of one particular product of
dehydroascorbic acid, specifically xylosone. The rationale is that
this would lead to an accelerated decrease in dehydroascorbic
acid which would in turn induce the direction of the reaction in
Figure 1 towards the products, although the increased instabil-
ity of xylosone in ethanolic media has not been confirmed.
Regardless of the exact mechanism responsible, there is evi-
dence to suggest that ascorbic acid may be more efficient in
scavenging molecular oxygen in ethanolic wine media than in
juice systems (Barril 2011, Chuang et al. 2011, Hsu et al. 2012).

Ascorbic acid and glutathione

The ability of the ascorbic acid/glutathione pair to act in
concert with the ascorbic acid/SO, pair with the ultimate aim
of lowering the SO, concentration in wine has been examined.
Glutathione is known to have antioxidant capabilities in
physiological systems (Wu et al. 2004), and to efficiently scav-
enge o-quinones (Rigaud et al. 1991) and some aldehyde com-
pounds under wine conditions (Sonni et al. 2011b). Studies in
model wine systems containing solely ascorbic acid and
glutathione have shown that this pair can prevent oxidative
colouration while a threshold concentration of ascorbic acid is
present, but once below the threshold concentration, coloura-
tion occurs at an accelerated rate (Sonni etal. 2011a). Fur-
thermore, the accumulation of a glutathionyl-vinyl-phenolic
product during the protective period has been reported and
has been proposed to stem from a glutathionyl radical
(Bouzanquet et al. 2012). This would result either from the
interaction of glutathione with metal ions (Hamed et al. 1983)
or perhaps more likely after glutathione scavenging of
1-hydroxyethyl radicals formed from hydroxyl radical attack
on ethanol (Kreitman etal. 2013). In any case, additional
work is required to delineate the mechanism. Further, the
impact of the ascorbic acid/glutathione pair on wine aroma
and how SO, may impact the antioxidant contribution of
glutathione has not been examined.

Ascorbic acid and pinking

Ascorbic acid has a role to play in protecting white wine from
the phenomenon of pinking (Lamuela-Raventés et al. 2001).
The pinking phenomenon appears to be random in terms of
conditions that cause its initiation and ascorbic acid is claimed to
limit the onset of this phenomenon. The chemistry involved
would appear to be associated with ascorbic acid inhibiting
colour development that results from reactions involving
various phenolic substances. While linked to some of the chem-
istry described here, the pinking concept deserves a review in its
own right.

Detrimental pro-oxidant impacts of ascorbic acid

In terms of wine spoilage, a pro-oxidant is considered to be an
agent that promotes either the ‘browning’ colouration of the
wine and/or the development of ‘oxidation’ characters on the
aroma or palate of the wine. The brown colour of the wine is
typically measured at 420 nm (Simpson 1982), but later studies
(Skouroumounis et al. 2005b, Clark et al. 2008) demonstrated
in comparing different wines and model wines that absorbance
measurements at 500 nm were often better correlated with the
visual perception of ‘brown’ colour. The aroma and palate
descriptors for an oxidised wine may include green apple, farm-
feed, hay, woody-like, acetaldehyde, honey, rotten potato, card-
board and bitter (Ferreira et al. 2003, Karbowiak et al. 2010).
The following sections outline the impact of ascorbic acid on the
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general colour development of white wine, oxygen consump-
tion, off-aroma production and light-induced effects.

Ascorbic acid and colour development in wine conditions

A summary of the ascorbic acid-independent mechanisms rel-
evant to wine colour are outlined below before discussion of the
alternate mechanisms induced by ascorbic acid. During the con-
sumption of oxygen in white wine in the absence of ascorbic
acid, H,0, and o-quinone compounds (Figure 2) ultimately con-
tribute to the changes in colour, aroma and palate of the wine by
several mechanisms that have been widely reviewed (Li et al.
2008, Laurie and Clark 2010, Oliveira et al. 2011). Hydrogen
peroxide can induce Fenton chemistry in the presence of metal
ions to generate hydroxyl radicals, which in turn oxidise the
most concentrated components of wine. After water, which
only propagates the hydroxyl radical, these components will
typically be ethanol, glycerol and then tartaric acid (in order of
decreasing concentration) and their oxidation ultimately leads
to acetaldehyde, glyceraldehyde and glyoxylic acid, respectively
(Wildenradt and Singleton 1974, Laurie and Waterhouse 2006b,
Clark et al. 2007, Clark 2008). The aldehyde moiety of these
compounds can bind to SO,, or otherwise react with grape skin
and seed-derived phenolic substances (flavan-3-ols) to form
larger polymers by acting as a bridge between flavan-3-ol units
(Es-Safi et al. 1999, Laurie and Waterhouse 2006a, Sonni et al.
2011b). Both acetaldehyde and glyoxylic acid have generated
coloured solutions or colloidal suspensions upon incubation
with flavan-3-ols by this mechanism (Saucier etal. 1997,
Es-Safi et al. 1999). In the case of glyoxylic acid, the bridging
reaction can result in specific yellow pigments known as
xanthylium cations, via the oxidation of a xanthene intermedi-
ate (Es-Safi et al. 1999). Hydroxycinnamic acids lower the yield
of the yellow xanthylium cations but increase the production of
other phenolic pigments that enhance the brown hue, as
opposed to the yellow intensity, of the model wine solution
(George et al. 2006).

The o-quinones formed from oxidation of phenolic sub-
stances (Figure 2) are well known to undergo nucleophilic
attack by the phloroglucinol-moiety of flavan-3-ol compounds
to generate larger polymers that may contribute to brown col-
ouration (Guyot et al. 1996), although there is some suggestion
that this is a relatively slow process (Nikolantonaki and
Waterhouse 2012). Alternatively, the o-quinone can react with
various thiol aroma compounds in wine resulting in a decrease
in Dbeneficial wine sensory features (Nikolantonaki and
Waterhouse 2012).

The majority of studies on the pro-oxidant nature of ascor-
bic acid has focused on its impact on the colour of model wine
systems rather than on flavour or aroma. The ability of ascorbic
acid to act as a pro-oxidant in terms of colour enhancement is
predominantly a consequence of insufficient SO, available to
scavenge its initial oxidation products (Figure 1). In this case,
ascorbic acid will accelerate the consumption of oxygen accord-
ing to Figure 3, but the H,0, generated will either induce
Fenton chemistry or react with additional ascorbic acid. The
competitive reaction kinetics of these two divergent reaction
systems is not well understood in wine conditions. Further-
more, if Fenton chemistry is initiated, a high concentration of
ascorbic acid may scavenge the radical intermediates, such as
the 1-hydroxyethyl radical (Stoyanovsky et al. 1998). While the
quenching of the 1-hydroxyethyl radical by various wine com-
ponents including hydroxycinnamic acids and thiol compounds
has been reported in a model wine (Kreitman et al<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>