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Gabriel Aguirre-Álvarez has been a full-time professor at the University Autonomous of Hidalgo

State (UAEH), Mexico, since 1996. He is an agro-industrial engineer for the UAEH. In 2003, he was

awarded with an MSc in Leather Technology from the University of Northampton, UK. Then, in

2009, Dr. Aguirre obtained his PhD in Food Sciences at the University of Nottingham, UK. His

research is focused on the transformation of agri-food waste from agro-industrial processes. Some

example areas of his research are as follows: the extraction and characterization of a wide range

of biopolymers such as collagen, gelatin, hyaluronic acid, and lycopene for their application in the

biomedical, pharmaceutical, cosmeceutical, and food industries; the preparation of films and coatings

with antibacterial, antioxidant, water transport, and enhanced mechanical properties prepared from

natural wastes.

Xiao-Feng Sun

Dr. Xiao-Feng Sun is a full-time associate professor at Northwestern Polytechnical University.

He obtained his PhD degree at Bangor University of the United Kingdom in 2006, and then, as a

research officer, he worked on an industrial-based project involving the use of a mixed culture of

microbes to produce a specific synthon for the pharmaceutical industry. In 2007, he came back to

China and focused his studies on environmental materials at Zhejiang University. Now, he works

at Northwestern Polytechnical University, and he has published more than 100 papers which have

been cited more than 6000 times by other scientists. His research concerns natural polymers and

nanomaterials in the environmental protection and biomedical field.

vii





Preface

The Reprint of Polymers titled “Advances in Natural Polymers: Extraction Methods and

Applications” which belongs to the Polymer Applications section has a highly modern and

interesting purpose because it publishes new developments/aspects of extraction techniques and

applications of some natural polymers from various sources. It also explores the agro-waste or

byproducts containing valuable natural components to be used as new sources of raw materials

and active agents and to replace synthetic plastics known for their detrimental environmental

and human health impacts. This collection of research papers and reviews is focused on green,

eco-friendly, and easily scalable processes directed toward a sustainable and circular economy.

Some research papers deal with new extraction procedures to obtain cellulose (A. C.Puit, el et al.,

Integrated Hemicellulose Extraction and Papermaking Fiber Production from Agro-Waste Biomass

and Optimization of Alkaline Extraction of Xylan-Based Hemicelluloses from Wheat Straws: Effects

of Microwave, Ultrasound, and Freeze–Thaw Cycles) or lignin (C.Vasile and M. Baican Lignins

as Promising Renewable Biopolymers and Bioactive Compounds for High-Performance Materials)

and the recycling of biomass into high-value-added materials. Important developments in research

and technology aiming to create a sustainable circular economy are also reported in the study of

some proteins (D. Soto-Madrid et al., Structural and Physicochemical Characterization of Extracted

Proteins Fractions from Chickpea (Cicer arietinum L.) as a Potential Food Ingredient to Replace

Ovalbumin in Foams and Emulsions and different polysaccharides as chitosan; (M. Biernat et al.,

Effect of Selected Crosslinking and Stabilization Methods on the Properties of Porous Chitosan

Composites Dedicated for Medical Applications), tea polysaccharides, (Q. Wang et al., Advances

in the Utilization of Tea Polysaccharides: Preparation, Physicochemical Properties, and Health

Benefits), and hyaluronan (R. Zhao In Vitro Fermentation of Hyaluronan with Different Molecular

Weights by Human Gut Microbiota: Differential Effects on Gut Microbiota Structure and Metabolic

Function), as well as how to reduce sugars in foods to obtain silver nanoparticles (R.M. El-Shishtawy

et al., Novel and Facile Colorimetric Detection of Reducing Sugars in Foods via In Situ Formed

Gelatin-Capped Silver Nanoparticles) through the valorization of some byproducts such as Nopal

Mucilage (E.Herrera-Ibarraet al., Preparation of Surgical Thread from a Bioplastic Based on Nopal

Mucilage) and milk whey hydrolysates (A, León-López et al., Milk Whey Hydrolysates as High

Value-Added Natural Polymers: Functional Properties and Applications).

This Reprint is addressed to the experts interested in the large-scale development and

valorization of different natural resources into high-value materials, engineers, researchers, and

PhD students who may be performing their studies using the modern techniques described in the

presented papers.

Cornelia Vasile, Gabriel Aguirre-Álvarez, and Xiao-Feng Sun

Editors
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Editorial

Advances in Natural Polymers: Extraction Methods
and Applications

Cornelia Vasile 1,*, Gabriel Aguirre-Álvarez 2 and Xiao-Feng Sun 3

1 Physical Chemistry of Polymers Department, Petru Poni Institute of Macromolecular Chemistry,
Romanian Academy, 41A Gr. Ghica Voda Alley, 700487 Ias, i, Romania

2 Instituto de Ciencias Agropecuarias, Universidad Autónoma del Estado de Hidalgo, Av. Universidad Km 1,
Rancho Universitario, Tulancingo 43600, Hidalgo, Mexico; aguirre@uaeh.edu.mx

3 School of Chemistry and Chemical Engineering, Northwestern Polytechnical University, Xi’an 710129, China;
xf001sn@nwpu.edu.cn

* Correspondence: cvasile@icmpp.ro

Biomass-based alternatives for the manufacturing of bioplastic materials are important
aspects of a more sustainable future; their physicochemical properties need to be able to
compete with the existing market to establish them as a viable alternative. This Special
Issue, aims to present recent modern trends and scientific results on natural polymers.
Natural polymers normally occur in nature and can be obtained from a wide variety of
sources including plants, animals, and microorganisms. They present special characteristics
such as high biodegradability, good biocompatibility, and external-stimuli responsiveness
have been widely applied in various engineering fields, including food packaging and
drug delivery, and they can be modified by physical and chemical methods to obtain
multifunctional materials, etc.

The aim of the Special Issue entitled “Advances in Natural Polymers: Extraction—
Methods and Applications” is to collect the latest original research studies on biomass and
natural polymers, which are promising valuable sources for the creation of a sustainable
and green circular economy, they are environmentally friendly, and also can facilitate
the development of nanosized high-performance materials. Authors provided valuable
contributions which collectively built a successful issue that will give to its readers an
overview of the state-of-the-art activities and the future perspectives in this field.

The aim of this Special Issue is to advance our understanding of fundamental and
technological aspects of the extraction of natural polymers and active compounds and
their applications in various fields. Biomass has a complex chemical structure and a
variety of bioactivities. Biomass valorization is a very interesting topic, because depending
on its nature, cultivation conditions, and processing methods (including extraction), its
composition, properties, and biological activities, such as anti-oxidative, hypoglycemic,
hypolipidemic, immune regulation, and anti-tumor activities, are variable. This editorial
provides brief overview on the recent developments in this field, the gaps in knowledge
and how this Special Issue addressed those gaps, and it ends with a primary focus on
the future research that should be considered. Submissions of original research articles or
reviews from an extensive range of expertise in the wide-ranging field of natural polymers
were both welcome. Natural polymers are mainly classified into the following groups:
polysaccharides (cellulose, hemicelluloses, pectin, dextran, pullulan, starch, chitin, chitosan,
alginate, hyaluronic acid, xanthan, guar gum, etc.), peptides/proteins (collagen, gelatin,
casein, albumin, etc.) and polynucleotides (DNA and RNA), lignin, polyisoprenes, and
polyesters. Natural polymers are gaining interest among the research community both
as renewable sources, lack of toxicity, low cost, and bioactive compounds as attractive
ingredients for the food industry (packaging, dietary supplements, food supplements,
etc.), biomedicine, and cosmetics (skin repair and regeneration, bone tissue engineering,

Polymers 2024, 16, 1886. https://doi.org/10.3390/polym16131886 https://www.mdpi.com/journal/polymers1
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moisture agents, greater cellular attachment and matrix deposition, mechanical stability,
drug carriers in anticancer therapy, nanocarriers, high compatibility with the extracellular
matrix, high bioavailability, safety, anti-inflammatory, antimicrobial and antioxidant activity,
film formation, nutraceutical beverages, hydration of the skin, etc). [1–4].

This Reprint in Polymers which belongs to the Polymer Applications section, has a
highly modern and interesting purpose because it contains publications regarding new
aspects of progress/extraction and applications of some natural polymers from various
sources. Also, agrowaste or byproducts containing valuable natural components have
been used as new sources of raw materials and active agents to replace synthetic plastics
known by their environmental and human health impacts. Both research papers and
reviews are focused on green, eco-friendly, and easily scalable processes, with a view
to facilitate a sustainable and circular economy. Some research papers deal with new
extraction procedures to obtain celullose or lignin and the recycling of biomass into high-
value-added materials, as well as important developments in research and technology,
which have also been recorded via the study of some proteins and different polysaccharides
such as chitosan, tea polysaccharides, hyaluronan, reducing sugars in foods to obtain silver
nanoparticles and the valorization of some by-products such as Nopal Mucilage and milk
whey hydrolysates.

This Reprint is addressed to experts in the large-scale development/valorization of
different natural resources into high-value materials, engineers, researchers, and PhD
students who may be performing their studies using the modern techniques used in the
published papers.

Acknowledgments: The Guest Editors would like to acknowledge all authors and reviewers who
contributed to the Special Issue and additionally thank the support team at MDPI for preparing the
Special Issue.

Conflicts of Interest: The authors declare no conflicts of interest.
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4. Biernat, M.; Woźniak, A.; Chraniuk, M.; Panasiuk, M.; Tymowicz-Grzyb, P.; Pagacz, J.; Antosik,
A.; Ciołek, L.; Gromadzka, B.; Jaegermann, Z. Effect of Selected Crosslinking and Stabilization
Methods on the Properties of Porous Chitosan Composites Dedicated for Medical Applications.
Polymers 2023, 15, 2507. https://doi.org/10.3390/polym15112507.

5. Wang, Q.; Yang, X.; Zhu, C.; Liu, G.; Sun, Y.; Qian, L. Advances in the Utilization of Tea
Polysaccharides: Preparation, Physicochemical Properties, and Health Benefits. Polymers 2022,
14, 2775. https://doi.org/10.3390/polym14142775.

6. Zhao, R.; Zhang, C.; Yu, L.; Zhang, C.; Zhao, J.; Narbad, A.; Zhai, Q.; Tian, F. In Vitro Fer-
mentation of Hyaluronan with Different Molecular Weights by Human Gut Microbiota: Dif-
ferential Effects on Gut Microbiota Structure and Metabolic Function Polymers 2023, 15, 2103.
https://doi.org/10.3390/polym15092103.

7. Herrera-Ibarra, E.; Salazar-Hernández, M.; Talavera-López, A.; Solis-Marcial, O.J.; Hernandez-
Soto, R.; Ruelas-Leyva, J.P.; Hernández, J.A. Preparation of Surgical Thread from a Bioplastic
Based on Nopal Mucilage. Polymers 2023, 15, 2112. https://doi.org/10.3390/polym15092112.

8. El-Shishtawy, R.M.; Al Angari, Y.M.; Alotaibi, M.M.; Almulaiky, Y.Q. Novel and Facile Col-
orimetric Detection of Reducing Sugars in Foods via In Situ Formed Gelatin-Capped Silver
Nanoparticles. Polymers 2023, 15, 1086. https://doi.org/10.3390/polym15051086.

2



Polymers 2024, 16, 1886

9. Puit,el, A.C.; Suditu, G.D.; Drăgoi, E.N.; Danu, M.; Ailiesei, G.-L.; Balan, C.D.; Chicet, D.-L.;
Nechita, M.T. Optimization of Alkaline Extraction of Xylan-Based Hemicelluloses from Wheat
Straws: Effects of Microwave, Ultrasound, and Freeze–Thaw Cycles. Polymers 2023, 15, 1038.
https://doi.org/10.3390/polym15041038.

10. León-López, A.; Pérez-Marroquín, X.A.; Estrada-Fernández, A.G.; Campos-Lozada, G.; Morales-
Peñaloza, A.; Campos-Montiel, R.; Aguirre-Álvarez, G. Milk Whey Hydrolysates as High
Value-Added Natural Polymers: Functional Properties and Applications. Polymers 2022, 14,
1258. https://doi.org/10.3390/polym14061258.

References

1. Jaiswal, A.K.; Prakash, B. Bioinformatics approaches: Elucidation of novel sites of action, toxicity prediction tool, and perception
of bioactive compounds. In Green Products in Food Safety; Prakash, B., de São José, J.F.B., Eds.; Academic Press Elsevier Inc.:
Cambridge, MA, USA, 2023; Chapter 11, pp. 309–327. [CrossRef]

2. Kurukavak, Ç.K.; Tok, M. Environmental Impact of Biobased Materials. In Biobased Packaging Materials; Ahmed, S., Ed.; Springer:
Singapore, 2024. [CrossRef]

3. Wang, X.; Li, X.; Zhang, L.; An, L.; Guo, L.; Huang, L.; Gao, W. Recent progress in plant-derived polysaccharides with prebiotic
potential for intestinal health by targeting gut microbiota: A review. Crit. Rev. Food Sci. Nutr. 2023, 1–30. [CrossRef] [PubMed]

4. Zhan, K.; Ji, X.; Luo, L. Recent progress in research on Momordica charantia polysaccharides: Extraction, purification, structural
characteristics and bioactivities. Chem. Biol. Technol. Agric. 2023, 10, 58. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

3



Citation: León-López, A.;

Pérez-Marroquín, X.A.;

Estrada-Fernández, A.G.;

Campos-Lozada, G.;

Morales-Peñaloza, A.;

Campos-Montiel, R.G.;

Aguirre-Álvarez, G. Milk Whey

Hydrolysates as High Value-Added

Natural Polymers: Functional

Properties and Applications.

Polymers 2022, 14, 1258. https://

doi.org/10.3390/polym14061258

Academic Editor: Xiao Hu

Received: 8 March 2022

Accepted: 18 March 2022

Published: 21 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

polymers

Review
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Colonia Chimalpa Tlalayote, Apan C.P. 43920, Hidalgo, Mexico; amorales@uaeh.edu.mx
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Abstract: There are two types of milk whey obtained from cheese manufacture: sweet and acid. It
retains around 55% of the nutrients of the milk. Milk whey is considered as a waste, creating a critical
pollution problem, because 9 L of whey are produced from every 10 L of milk. Some treatments
such as hydrolysis by chemical, fermentation process, enzymatic action, and green technologies
(ultrasound and thermal treatment) are successful in obtaining peptides from protein whey. Milk
whey peptides possess excellent functional properties such as antihypertensive, antiviral, anticancer,
immunity, and antioxidant, with benefits in the cardiovascular, digestive, endocrine, immune, and
nervous system. This review presents an update of the applications of milk whey hydrolysates as a
high value-added peptide based on their functional properties.

Keywords: milk whey; hydrolysates; immunity; antiviral; antihypertensive; natural polymer

1. Introduction

One of the most debated topics in food processing is the recycling of the by-products
and their applications as a high value-added product. Milk whey represents a clear example
of a by-product obtained from cheese production. This material can be considered as a
contaminant and at the same time, the source of protein hydrolysates. Whey is a yellowish
to greenish clear liquid obtained after milk coagulation during the cheese-making process.
Whey represents about 85–95% of the volume of milk volume and contains over 55% of milk
nutrients such as minerals, proteins, and lactose [1,2]. Sweet and acid whey are obtained
when the coagulation of milk is carried out by enzymatic action (rennet) or the addition of
acids posteriorly [3,4]. The most abundant nutrients in whey are: lactose, soluble proteins,
lipids, and mineral salts (see Table 1). With the additional presence of some neutral salts
such as NaCl, KCl, and calcium salts (primarily phosphate), among others. Aside from
these nutrients, whey also contains lactic and citric acids, non-protein nitrogen compounds
such as urea and uric acid, and B group vitamins [3,5].

Polymers 2022, 14, 1258. https://doi.org/10.3390/polym14061258 https://www.mdpi.com/journal/polymers4
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Table 1. Comparison of sweet and acid whey components [6].

Characteristics Sweet Whey Acid Whey

pH >5.6 <5.6
Water 93–94% 94–95%

Protein (g/L) 6–10 6–8
Lactose (g/L) 46–52 44–46

Minerals (g/L) 2.5–4.7 4.3–7.2
Obtained by Enzymatic action Organic acids

Whey is considered as a waste by-product from the production of cheese. The produc-
tion of 1 kg of cheese generates approximately 9 kg of whey [7]. It is discarded without
treatment to public sewage systems, creating a critical pollution problem. Unfortunately,
only 50% of the whey produced globally is used to formulate products. Whey has been
traditionally dumped into common water ducts or used to feed livestock. The treatment
and re-use of whey is very important as it is one of the most polluting food by/co-product
streams; its biochemical oxygen demand (BOD) is around 435,000 ppm and its chemical
oxygen demand (COD) is 460,000 ppm [5,8]. Current environmental regulations are forcing
cheese makers to treat whey before disposal. The continued growth of the cheese industry,
the necessity for reduction in pollutants in the effluent, and the need to maximize returns
on raw material have encouraged producers and researchers to seek new ways of using
cheese whey with a great amount of research focused on converting this liability into an as-
set [7–11]. The protein content of whey is one of the main advantages of this by-product. It
is known that diet is one of the factors that influence human health and the development of
diseases. Proteins are important nutrients in foods that can be hydrolyzed into a wide range
of peptides during gastrointestinal digestion. Some of these peptides share characteristics
that act in the organism as hormones, neurotransmitters, or regulatory peptides [12]. The
importance of whey protein peptides is associated with their functional properties. Some
studies have demonstrated the action of these peptides as inhibitors of angiotensin convert-
ing enzyme (ACE) on the regulation of blood pressure and enhancement of the immune
system. These hydrolysates also help to increase dopamine, improving memory in patients
from the geriatric area. In the food industry, whey protein peptides present antimicrobial,
antioxidant activities, and also emulsifying properties. All functional properties of whey
protein hydrolysates are related to their molecular weight. These properties are in a latent
state during the formation of the protein structure complex and is only activated when that
structure is broken or hydrolyzed by different methods such as enzymatic action, chemical
hydrolysis, and through the application of emerging technologies such as ultrasound and
heat treatments [13–16]. The purpose of this review was to provide an overview of the
current understanding of the different methods of extraction of whey protein hydrolysates
and the benefits these proteins provide on the body as antiviral, anticancer, antioxidant, and
immunological agents. Additionally, an updated overview of their application in different
food matrices and improvement in techno-functional properties is described. To accomplish
this goal, a scientific literature search was performed through several academic web sites
that included Scopus, MDPI, Elsevier, Wiley, SciELO, Web of Science, PubMed, and Redalyc.
The topics that we focused on were milk whey classification and composition, milk whey
hydrolysates, technologies to obtain these hydrolysates including enzymatic, chemical, and
green technologies and included both functional properties of milk whey hydrolysates
(antioxidant, antimicrobial, antihypertensive, anticancer, etc.) and applications in food
and supplements.

2. Intrinsic Properties and Composition of Milk Whey Native Proteins

Whey is regarded as a valuable source of numerous nutritional, functional, and
bioactive compounds. Whey presents an elevated content of lactose and proteins that
can be used to produce versatile health-oriented compounds [17]; it is also considered a
valuable product because of its soluble proteins and high levels of amino acid, vitamins

5



Polymers 2022, 14, 1258

B, lactose, and salt. Whey contains 55–75% and 40–70% of vitamin B6 and vitamin B12,
respectively, and also thiamine, nicotinic acid, folic acid and ascorbic acid, riboflavin,
and biotin. However, a major concentration of vitamin B12 is displaced in whey during
enzymatic treatment compared to acid coagulation [18]. Whey proteins present a high
content of essential and branched amino acids such as isoleucine, leucine, and valine.
They play an important role as regulators of different metabolic functions, blood glucose
homeostasis, and a balanced source of the sulfur-containing amino acids. Minerals such as
calcium, magnesium, phosphorus, and trace amount of zinc are present in whey and can
act as a base of electrolytes [19,20].

As can be seen in Table 2, whey contains several proteins providing specific functional,
physiological, and nutraceutical characteristics, as described below [21,22].

Table 2. Protein composition of whey [21,22].

Protein Content (g/L)

β-lactoglobulin 2.9
α-lactoalbumin 0.6
Inmunoglobulin 0.3
Serum albumin 0.6

Lactoferrin 0.1
Lactoperoxidase 0.03
Protease-peptone 1

Glycomacropeptide (GMP) 0.9

2.1. β-Lactoglobulin

β-Lactoglobulin is the main whey protein of the heat coagulable proteins representing
approximately 50% of the total protein and approximately 10% of milk protein. Its molecular
weight ranges from 8.36 kDa to 18.20 kDa. It occurs as a dimer of two identical subunits
consisting of a sulfhydryl group and two disulfide bonds and composed of a 162 amino
acid peptide chain. The solubility of this protein depends on pH and ionic strength. Heat
denaturation occurs between 70–75 ◦C [23]. β-Lactoglobulin is not found in breast milk
and is considered to be responsible for some allergic reactions in infants fed with cow milk
products. For this reason, there are commercial products that imitate human milk based on
whey [24,25]. Traditionally, β-lactoglobulin is separated by fractional precipitation with
ammonium sulfate at pH with or without heating to cause the precipitation of all serum
proteins other than β-lactoglobulin, which are characterized commonly by chromatographic
methods such as ion exchange chromatography [26].

Functional activities of whey are related to its composition. Lactose promotes the
absorption of magnesium and zinc and is considered better for diarrheal treatment. Addi-
tionally, whey proteins show important biological activity and unique functional properties
that include high quality nutritional source of amino acids, anti-microbial activity, growth
enhancement of beneficial microflora (Bifidobacteria), immune-enhancing properties, and
the control of specific diseases including cancer and antitoxin activity [1,17,27,28].

The great nutritional value of whey enhances nutraceutical benefits, reducing atheroscle-
rosis, obesity, diabetes, and cancer risk; also, the presence of sulfur amino acids in whey act
as cancer prevention agents as forerunners to the strong intracellular cell reinforcement
glutathione in one-carbon metabolism. Whey is used as a functional food because it can
contribute to the regulation of body weight by providing satiety signals that affect both
short-term and long-term food intake regulation [4,27,29,30].

Whey protein has been chosen as an ideal ingredient in diet aiming to prevent or ame-
liorate metabolic diseases such as obesity because it decreases appetite and increases satiety
through several mechanisms such as the regulation of satiety hormones and alteration of
hepatic gluconeogenesis [31,32]. Additionally, whey protein is an important component in
optimizing body composition because it promotes muscle mass, muscular strength, and
muscle hypertrophy in complement with resistance exercises. It induces protein synthesis
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more efficiently compared to other protein sources due to its faster digestion. This feature
leads to a more rapid increase in plasma amino acid levels, particularly in essential amino
acids [33–36]. Furthermore, whey protein subfractions have specific anti-cancer effects
because α-lactalbumin and lactoferrin hinder tumor pathways [37]. Whey acts positively
in the body by improving the fast absorption of branched chain amino acids. Whey has
demonstrated the ability to lower the blood pressure because of an angiotensin-converting
enzyme inhibitory property and augmentation of nitric oxide-mediated vasodilation from
the component of isoleucine–proline–alanine tripeptide. Furthermore, whey protein con-
sumption can improve lipid metabolism by promoting lipoprotein lipase and inhibiting
cholesterol absorption [38–40].

2.2. α-Lactoalbumin

α-Lactoalbumin represents 11% of total whey proteins. It has a high affinity to cal-
cium and excellent source of essential amino acids mainly represented by tryptophan
and cysteine. This protein can be considered as homologous to human α-lactoalbumin
because it is 72% analogous in structure. The molecular weight of α-lactoalbumin is around
14 kDa. It has a compact globular structure with four disulfides and denatures at 63 ◦C, but
returns to its natural state on cooling. Whey is an important source of bioactive peptides
and essential amino acids including tryptophan, lysine, branched-chain amino acids, and
sulfur-containing amino acids. All of them are vital for infant nutrition [41]. It is composed
of 123 polypeptides that contain eight cysteine residues. α-lactoalbumin shows some other
benefits such as incremental levels of tryptophan in plasma leading to better cognitive
performance, good lipid oxidation, better absorption of minerals, antibacterial activity,
immunomodulatory effects, and antitumor activity [23,42,43].

2.3. Immunoglobulins (Ig)

Immunoglobulins are the largest proteins in milk whey, representing 2% of the total
protein in milk. These proteins are composed of three main classes: immunoglobulins IgG,
IgA, and IgM. Each form has the same basic structure: two identical light chains of 23 kDa
and two chains of 53 kDa. However, IgG is present in a monomeric form, IgA in dimers, and
IgM in tetramers. Immunoglobulins are relatively stable to heat and have been incorporated
as functional foods because they reduce the risk of gastrointestinal disorder [19,44]. Its
main function is to encapsulate bacteria, neutralize toxins, and inactivate viruses. It can
also promote gastric digestion, lower blood pressure by reducing cholesterol levels, and it
is used in milk formulas for kids as substitutes for milk [23,42].

2.4. Bovine Serum Albumin (BSA)

Bovine serum albumin (BSA) represents approximately 5–6% of total milk proteins,
and its molecular weight ranges from 66.2 to 66.5 kDa. It is composed of a single polypep-
tide chain that includes 583 amino acid residues. The cross-linked 17 disulfide bridges of
cysteine (Cys) amino acid residues stabilize the structure. Its denaturation temperature is
4 ◦C. It is also a source of essential amino acids. BSA is able to bind a wide range of ligands
including fatty acids, amino acids, drugs, and inorganic ions, and is deemed to be a primary
carrier of endogenous and exogenous compounds in the circulatory system [45,46].

The functionality of these proteins has been reported as relevant for their human breast
cancer cell inhibitory potential, opioid agonist activity, and antihypertensive
property [47,48].

2.5. Lactoferrin

This is an iron-binding glycoprotein that belongs to the family of transfer proteins
and is generally found in the exocrine secretions of mammalian milk, tears, mucus, and
saliva [42,49]. It is a minor component in bovine milk with concentrations of 0.1–0.2 g/L,
and has a molecular weight of 80 kDa with a high isoelectric point around 9.5–10. It is
composed of a unique polypeptide chain of 700 amino acids; this chain can contain one or
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two carbohydrate chains. This protein consists of a single polypeptide chain arranged in
two highly homologous lobes linked by an a-helix structure. Each lobe contains a ferric iron-
binding site. It has 16 intramolecular disulfide bonds but not a free sulfhydryl group [19].
Lactoferrin molecules are thermostable and resistant to acids at pH 4; they are also resistant
to the action of trypsin and chymotrypsin but can be hydrolyzed with pepsin. Its ability
to bind iron generates various biological functions such as the inhibition of bacteria and
fungi growth, promoter of certain cell lines, prevention of lipid peroxidation, and good
absorption of iron in the body. Its applications include health supplements, functional
foods and beverages, infant formulas, cosmetics, and oral care products [47,50].

2.6. Lactoperoxidase

This is a glycoprotein present in the mammary, salivary, and lacrimal glands of mam-
mals with a molecular weight of 78 kDa. This enzyme is a unique polypeptide chain
with 612 amino acids. Lactoperoxidase is relativity stable to heat, it resists pasteurization
treatment (72 ◦C, 15 s), and it can be inactivated at 78 ◦C. This glycoprotein can catalyze the
oxidations of several substrates including fatty acids, aromatic amines, phenols, and aro-
matic acids [51]. Lactoperoxidase plays an important role in the protection of the lactating
mammary gland and the intestinal tract of neonates against pathogenic microorganisms;
it can also be used in combination with other materials for the production of films for
food packaging. It is also involved in the degradation of certain carcinogens and in the
protection of animal cells against peroxidative effects. All these functional properties
allow this enzyme to be used in the food, cosmetics, pharmaceutical, and agricultural
industries [52,53].

2.7. Protease–Peptone

This is defined as a heterogeneous mixture of whey proteins; it is thermostable and
soluble at acid pH values. It can be separated by heat treatment and adjustment of the
pH to 4.6. Proteose peptone 3 (PP3) represents the major factor of proteose peptone, it
is a phosphorylated glycoprotein with low- molecular-weight fraction and surface-active
property [47,54]. There is great interest in the food industry for protease–peptone because it
has shown a good emulsifying activity in the oil-in-water emulsion model used in products
with soya bean oil and ice cream. It presents excellent foam-forming properties [55,56] and
is the fraction of the milk that remains soluble when the milk is heated at 95 ◦C for 20 min
under acidic conditions. This protein acts as an immunomodulator, anti-bacterial, and also
inhibits the activity of lipase [23,57].

2.8. Glycomacropeptide

Glycomacropeptide (GMP) is a peptide found in cheese whey, separated by the action
of enzymatic action (rennin) on κ-casein proteins. It is the glycolyzed form of the casein
macro peptide. The glycolmacropeptide is a soluble peptide of 64 amino acids with a
molecular weight of 6.8 kDa. It contains variable amounts of oligosaccharides, mainly
galactosamine, galactose, and sialic acid, is available as an ingredient for its application in
food, beverages, cosmetics, functional and medicinal supplements, and is also associated
with biological benefits and anti-infective and antioxidant activities [58,59].

Food supplementation with GMP exerts several health potentials because it acts as
an immunomodulator and anti-inflammatory protein. It has a prebiotic effect on Bifidobac-
terium and Lactobacillus sp. It also enhances calcium absorption, improving bone health
and inhibits the adhesion of several cariogenic bacteria including Sobrinus, Sanguis, and
Streptococcus mutans [19,47,54].

3. Hydrolyzed Protein from Milk Whey as High Value-Added Compounds

The valorization of a waste product can be defined as a process that transforms waste
through physical, thermal, chemical, or biological methods in order to create products
that can be incorporated as part of the circular economy into production chains. Whey
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valorization focuses mainly on the concentration and transformation of lactose, proteins,
or any other nutrients into new value-added compounds [60,61]. Some value-added
compounds from whey have been extracted from different biotechnological approaches
such as enzymatic, microbial, thermal, galacto-oligosaccharide probiotics (GOS), lactose
fatty acid esters, biocolorants, aroma compounds, and bacterial cellulose [62].

Galacto-oligosaccharides (GOS) are a well-known class of probiotics or substrates
that are selectively utilized by host microorganisms, conferring a health benefit [63]. GOS
have various benefits to human health including the selective stimulation of the benefi-
cial intestinal bacteria growth, maintenance of the normal flora balance in the intestine,
increased calcium absorption, and decreased serum cholesterol levels and cancer risks. The
health-promoting effects of GOS include immunomodulation, lipid metabolism, mineral
absorption, weight management, and obesity-related issues, among others [64–66].

Lactose fatty acid esters are odorless, non-toxic, and biodegradable compounds of high
importance for the food, cosmetics, and pharmaceutical industries. Lactose fatty acid esters
have been recognized for their superior properties as attractive substitutes of synthetic
surfactants, excellent emulsifying and stability properties in food products. Additionally,
they present antimicrobial activity against many foodborne pathogens as well as medicinal
properties such as anticancer activity [67–69].

Carotenoids are one of the most important natural pigments and can usually be
extracted from plants. However, cheese whey, or deproteinized cheese whey, has been
used for the production of carotenoids by using various microorganisms (Blakeslea trispora,
Mucor azygosporus, Rhodotorula rubra) for the fermentation of various carbon sources such
as glucose, sucrose, and xylose. Carotenoids possess biological functions such as antiox-
idant activity, reduction in cardiovascular diseases, anti-diabetic, anti-cancer, and anti-
inflammation activities. The interest in the carotenoids from whey focuses on the use of
low-cost substrates to reduce the production costs [70–72]. Fermentation is also an alterna-
tive way for the production of natural aroma compounds from milk whey and involves
the use of several yeast strains such as Metschnikowia pulcherrima, Bacillus licheniformis,
Wickerhamomyces pijperi, and Saccharomyces cerevisiae [73–76].

Bacterial cellulose (BC) is a biopolymer with important physiochemical properties
such as water holding capacity, hydrophilicity, high degree of polymerization, mechanical
strength, crystallinity, and porosity. All these BC characteristics represent a wide range
of potential applications starting from the food industry and biomedicine to electronics
and cosmetics. Bacterial cellulose extracted from whey through enzymatic and acidic pre-
treatments can be considered as a cheaper growth medium for BC production due to the
low-cost of raw materials as well as its enhanced BC yields [77], reducing environmental
pollution from dairy waste. BC has been used as an edible antimicrobial food coating
increasing shelf life as well as a healthy food supplement for patients with gastrointestinal
disorders, obesity, cardiovascular diseases, and diabetes. BC is considered as a multi-
functional food ingredient because it can be used to improve the rheology of foods as a
fat replacer ingredient for the production of both low-calorie and low cholesterol food
products [78,79].

4. Methods of Extraction of Whey Hydrolysates

Milk proteins have been considered as the most important source of bioactive peptides;
after their ingestion, these peptides can positively influence the cardiovascular, digestive,
endocrine, immune, and nervous systems. Peptides represent a functional food because
they not only satisfy the nutritional needs, but also help to reduce the risk of health prob-
lems [80]. Whey represents 95% of milk weight so it is a good source of bioactive peptides
that can be produced by hydrolysis by applying different methods: enzymatic action,
chemical treatment (acid or alkaline), microbial fermentation with proteolytic bacteria,
ultrasound, thermal process, and others (Figure 1) [81,82].
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Figure 1. Different extraction methods of milk whey hydrolysates.

Hydrolysis of proteins by chemical processes using an alkaline or acidic media com-
monly using NaOH, KaOH, HCl at different concentrations is more difficult to control and
generates hydrolysates with modified amino acids. Table 3 shows that chemical treatment
presents several and important disadvantages: reduces nutritional quality, oxidizes cysteine
and methionine, destroys some serine and threonine, and the conversion of glutamine and
asparagine to glutamate and aspartate, respectively [83–85].

Fermentation of native whey proteins produces peptides or free amino acids valuable
for their functional properties [86]. Many lactic acid bacteria (LAB) such as Lactococcus lactis,
Lactobacillus helveticus, Lactobacillus delbrueckii ssp. Bulgaricus, Bacillus spp., and Bifidobac-
terium have proteolytic action in whey [87]. Fermentation has an advantage; hydrolysis
is carried out by proteases of microorganisms, and thus, bioactive peptides can be pu-
rified without further hydrolysis. However, during fermentation, some of the peptides
and/or amino acids released from the native proteins are used as a substrate for strain
growth [17,83,88]. Another treatment to obtain hydrolysates from whey is high-energy
power ultrasound. This method has been used successfully as it improves enzymatic
hydrolysis, producing bioactive peptides. Ultrasound (>20 kHz) generates high temper-
ature and pressure, causing physical and chemical changes at the molecular levels and
consequently, better access of enzymes to hydrolysis sites [89,90]. The ultrasound method
induces the unfolding of whey protein by high cavitation (20 kHz). This method also
changes the secondary structure of proteins, decreasing the content of α-helices and in-
creasing β-sheets and β-turn. Ultrasound treatment improves functional properties such
as in vitro angiotensin converting enzyme inhibitor (ACE) and immunomodulatory ac-
tivities [89,91,92]. The most common hydrolysis treatment is enzymatic; the functionality
of these hydrolysates depends on different factors such as the type of enzyme, pH, tem-
perature, time, and enzyme/substrate ratio [93,94]. Compared to chemical hydrolysis,
enzymatic hydrolysis usually takes place under relatively mild operating conditions (tem-
perature 20–70 ◦C, pH 6.0–8.0) [95]. The most widely used enzymes to produce whey
hydrolysates are proteases and are capable of promoting specific and selective protein
modifications. Trypsin is a commercial enzyme widely used for protein hydrolysis. This
enzyme is highly active, has elevated cleavage specificity, and is very stable under different
experimental conditions [93,96,97].

Not only are animal source enzymes used to obtain whey hydrolysates, some enzymes
from plant sources such as papain have also been used [98–101]. Additionally, plant crude
extracts were used for the hydrolysis of whey proteins, some examples are described as
follows: extracts from Citrus aurantium flowers, trompillo (Solanum elaeagnifolium) berries,
and melon (Cucumis melo) fruit [83,102]. However, enzymatic hydrolysis can modify the
nutritional value of the hydrolysates and other properties such as solubility, emulsification,
foaming, and gelation and bitter products [103].

Emerging technologies such as thermal treatments (>90◦C), high hydrostatic pres-
sure (100–1000 MPa), and even ultrasound can modify the characteristics of hydrolysates,
creating a large number of hydrophobic groups, increasing antioxidant, ACE inhibitory,
and immunomodulatory activities and also maintaining the original sensorial quality and
nutrients [92,104,105].
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These methods are environmentally-friendly (no generation of chemical waste) and
are very promising because they increase the amount of whey hydrolysates, functional
properties, and reduced time of hydrolysis [96,106–109].

Table 3. Advantages of different methods of the extraction of whey hydrolysates.

Methods of
Extraction

General Characteristics Advantages References

Chemical
Difficult to control and
generates hydrolysates

with modified amino acids.
Easy access to reagents. [83–85]

Fermentation
It involves some acid lactic
bacteria (BAL), no need to
use acid or alkaline media

Bioactive peptides obtained
can be purified without

further hydrolysis.
[17,88]

Ultrasound
>20 kHz induced the

unfolding of whey protein
by high cavitation

Improves the enzymatic
hydrolysis producing

bioactive peptides from
proteins presents in whey.

[89–92]

Enzymatic
Takes place under

relatively mild operating
conditions

Not addition of chemical
reagents, nutritional value
is maintained, control of

the process (time,
temperature and pH), most

common method.

[93–95,110]

Green
technology

Can be thermal treatments
and high hydrostatic

Reduce time of hydrolysis,
no generation of chemical

waste.
[96,106,107,109]

5. Functional Properties of Hydrolyzed Milk Whey Proteins

Milk whey biological functions are mainly related to the cardiovascular, digestive,
endocrine, immune, and nervous systems. However, many of the bioactive peptides are
encrypted in native whey protein, so in order to liberate these peptides, it is necessary to
apply hydrolysis methods that generate milk whey hydrolysates. In recent years, milk
whey hydrolysates have been studied due to their potential as a functional ingredient
capable of producing beneficial effects on health such as immunity, antioxidant, anticancer,
antiviral, and antihypertensive (Figure 2). At the same time, production of hydrolysates
can be an interesting approach in adding value to whey protein, while at the same time
protecting the environment from their pollutant effects [82,83,93,111].

Figure 2. Functional properties of milk whey hydrolysates.
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5.1. Antihypertensive

Management of hypertension is a multifactorial issue and must be accompanied by
different prevention-oriented activities such as ACE-inhibitory drugs prescription, lifestyle
changes including weight loss, quitting smoking, and reducing sodium and alcohol intake.
Aside from these recommendations, milk-derived peptides obtained by fermentation have
shown excellent ACE-inhibitory capacity, and thus a blood pressure-lowering effect [112].

Cardiovascular diseases are the main cause of death around the world. The
renin–angiotensin system is the pathway that exerts control over blood pressure. The
angiotensin converting enzyme (ACE) is responsible for altering blood pressure in the
body. ACE is responsible for converting angiotensin I into angiotensin II, providing a
vasoconstrictor effect [113,114]. The use of synthetic drugs to control these diseases causes
several side effects such as cough, taste disturbance, and skin rash, among others. There-
fore, an alternative for the prevention and/or treatment of arterial hypertension is the
use of bioactive components obtained from natural sources (animal or vegetable) such as
antihypertensive peptides [115–117].

Several studies have demonstrated the mechanism of action of peptides for ACE
inhibition [118]. It can be described in two different points. First, by physiologic importance:
oral administration of peptides reaches the bloodstream in an active form to exert their
antihypertensive effect, since gastrointestinal digestion and transport are the main barriers
to the bioavailability of peptides. Second, the digestion of peptides via gastrointestinal
proteases could be used as a process for the production of peptides with ACE inhibitory
capacity [116].

Miralles and co-workers [119] reported advances in the field of study of antihyperten-
sive peptides. They concluded that food derived antihypertensive peptides represent a
good source of functional agents in healthy diets. However, after oral intake, these peptides
are hydrolyzed during digestion and absorption, rendering shorter peptide forms that have
been revealed to exert a potent and more sustained antihypertensive effect. This peptide
biotransformation is the reason why the technique in in vitro ACE-inhibitory activity is not
sufficient to demonstrate their antihypertensive effect. Studies on whey peptides oriented
to inhibit ACE activity are very scarce; this might be because the structure of β-lactoglobulin
is resistant to digestive enzymes [120].

It is well-known that casein-derived tripeptides such as valyl-prolyl-proline (Val-Pro-
Pro) and isoleucyl-prolyl-proline (Ile-Pro-Pro) present excellent antihypertensive properties
as shown in vivo [121,122]. Additional benefits have also been reported such as when oral
intakes of these bioactive tripeptides including fermented milk and casein hydrolysates
attenuated atherosclerosis development in apolipoprotein E-deficient mice.

5.2. Antiviral

Peptides are considered as ideal alternatives for synthetic therapeutic agents. The
mechanism of peptide action depends on their structure and can be enhanced by mod-
ification of the native form. The antiviral action of peptides can be generated through
three mechanisms: (I) peptides that inhibit virus adhesion and cell membrane fusion; (II)
peptides that disrupt viral envelope; and (III) peptides that inhibit virus replication by inter-
acting with viral polymerase. Lactoferrin and its hydrolysates have antiviral multiactivity
against virus-like adenovirus, poliovirus, rotavirus, hepatitis B virus, Zika, dengue virus,
influenza virus A H1N1, and respiratory syncytial virus. The antiviral action depends
on the time of incubation with the virus, the concentration of the hydrolysates, and the
method of obtention. Hydrolysates, with a molecular weight under 10 kDa composed of
basic, aliphatic and polar amino acids with an isoelectric point greater than 10, present
excellent antiviral effect due to their capacity to form amphipathic structures. Their good
efficacy, safe, selectivity, and predictable metabolism are the main strengths of peptides in
drug production [123–127].
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5.3. Anticancer

Food-derived protein hydrolysates or isolated peptides possess anticancer activities
through various molecular mechanisms. This includes the stimulation of apoptosis, arrest
of cell cycle profession, cell membrane damage, inhibition of cell adhesion, topoisomerases,
modulation of immune response, and inhibition of intracellular signaling [128,129]. It has
been reported that some predominant hydrophobic amino acids of peptides such as proline,
leucine, glycine, alanine, and one or more residues of lysine, arginine, serine, threonine,
and tyrosine play an essential role in anticancer activities [130]. The anticancer activity
of peptides is based on their structural characteristics such as amino acid composition,
sequence, and hydrophobicity. The lower the molecular weight of peptides, the greater the
molecular mobility and diffusivity for interactions with cancer cell components and thus
stronger anticancer activity. Peptides obtained from lactoferrin decreased metastasis and a
significant delay in growing tumors [128,131,132].

5.4. Immunity

The mechanism of immunomodulatory activity occurs mainly through the activation
of macrophages, stimulation of phagocytosis, increased leukocyte count, increased induc-
tion of immune modulators such as cytosines, immunoglobulins, stimulations of NK cells,
stimulation effect on splenocytes, and activation of mitogen-activated protein kinase. This
mechanism depends on the amino acid sequence, composition, length, and structure that
peptides can modulate immune responses [128].

α-Lactoalbumin is a small protein composed of 123 amino acids and a molecular
weight around 14 kDa [5,133]. Hydrolyzation of this protein provides an antihypertensive
effect [134] as well as antimicrobial [135] and immunostimulatory properties [136]. Proteins
function as antigens that present regions called epitopes, which are identified by antibodies
and subsequently trigger an allergenic reaction [137–139].

Isothiocynates have been linked to health properties and result from the degra-
dation of glucosinolates, which is found in plants such as cauliflower, broccoli, and
cabbage [140–142].

Spötell et al. [143] carried out immunological staining in native untreated and benzyl
isothiocyanate (BITC)-modified α-lactoalbumin performed directly on the plate after their
separation using high performance chromatography-immunostaining (HPTLC-IS) analysis.
They reported that the HPTLC immune staining procedure did not destroy the tertiary and
secondary structure of the protein. The chemical modification of protein with BITC derived
from structural changes of the protein molecule and influenced the increase in allergenicity.

5.5. Antioxidant

The antioxidant activity of peptide fragments has been investigated in different veg-
etable sources such as soy bean [144] and pea seed [145]. In beverages, the combination of
nutritional properties of milk whey and banana passionfruit were reported to increase the
antioxidant properties of the beverage due to the presence of phenolic compounds. The
higher the content of pulp, the higher the antioxidant activity [146]. Additionally, healthy
functional beverages based on whey milk added with soursop [147] and raspberry were
reported to increase their antioxidant properties as well as antihypertensive activity [148].

6. Applications of Milk Whey Proteins Hydrolysates

Whey hydrolysates are commonly applied to a wide range of food applications (dairies,
bakeries, meet products, beverages, food supplements or functional foods) due to their
nutritional validity, functional activities, and cost effectiveness. Whey hydrolysates are also
used to replace other proteins, improving the functional properties of many food products.
Whey protein hydrolysates are important in food processing due to their technological
properties including oil and water holding, emulsifying capacity, foam capacity, and solu-
bility. They can promote the formation of volatile compounds in food products regardless
of whether they are added in small quantities [149–152].
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Whey-based beverages such as dairy, not dairy, fermented, or non-fermented show
functional activity because of their highly nutritional and digestible properties associated
with the presence of hydrolysates as well as their functional properties such as antioxidant,
antimicrobial, antihypertensive, and others (see Table 4) [153,154].

Mann et al. [154] prepared a flavored milk beverage with the addition of whey hy-
drolysates and good antioxidant activity attributed to the existence of several peptides
contained in it. Additionally, Arranz et al. [155] developed a whey protein-based bever-
age with the same characteristics and no effect on apparent viscosity and stability of the
beverage. Ferreira et al. [148] prepared a whey-raspberry flavored beverage that presented
antioxidant capacity and ACE inhibition. Some no dairy beverages have been developed
with hydrolysates that very often contain citrus fruits (mainly orange, followed by lemon,
rarely grapefruit) as well as mango, passionfruit, pear, apple, and strawberry. The addition
of milk whey hydrolysates in these types of beverages increased sensory and physicochem-
ical properties such as flavor, odor, low sedimentation, and storage stability [156–158]. The
addition of milk whey hydrolysates with antioxidant and antimicrobial activities into a
beverage appears to create an exciting link between food science and therapeutic nutri-
tion [153]. However, the use of high amounts of hydrolysate could result in negative effects
in appearance and aroma [152].

Several researchers have investigated the application of milk whey hydrolysates as a
food supplement. These studies have demonstrated that consumption of whey hydrolysates
and other sources of protein hydrolysates such as soy, casein, and wheat presented high
protein synthesis in the body [159–161]. Fassina et al. [162] demonstrated that milk whey
hydrolysates are an excellent source of nutritious and commercially available alternative
food sources commonly used as a food supplement by athletes. This supplement provides
them with essential amino acids and bioactive peptides. Lockwood et al. [163] concluded
that whey protein supplementation increased muscle mass after eight weeks in college-
aged males. Hansen and co-workers [164] demonstrated that consumption of whey protein
hydrolysates before an exercise session, followed by ingestion of more protein hydrolysates
plus carbohydrates for a training period of six weeks, improved specific mitochondrial
protein adaptations compared to the intake of carbohydrates. Additionally, milk whey
hydrolysate supplementation showed increments in muscle mass and strength over a
10-week experiment in older post-menopausal women [165]. Brown and colleagues [166]
reported that milk whey supplementation improved the recovery of muscle function and
flexibility, accelerating the repair of damaged skeletal muscle and thus its force generation
capacity. The consumption of this type of supplementation may contribute to reduced
immunosuppression and excessive inflammation, accelerating muscle function recovery
after heavy training [162,167].

Table 4. Applications of MWH and functionality.

Product Functionality Reference

Flavored milk beverage Antioxidant activity [154]
Whey MWH food supplementation in

post-menopausal women Increase muscle mass and strength [165]

Apple juice Low sedimentation [156]
Beverage enriched white flaxseed oil Increased of flavor, odor [157]

MWH food supplementation in
college-aged males

Increase mixed muscle and
protein synthesis [163]

MWH food supplementation Improved recovery of muscle function
and flexibility [166]

Whey-raspberry flavored beverage Antioxidant capacity and
ACE inhibition [148]

MWH food supplementation in athletes Excellent source of nutritious [162]
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Table 4. Cont.

Product Functionality Reference

Whey protein-based beverage Antioxidant and antimicrobial activity,
no affecting physicochemical properties [155]

Protein supplementation Increasing mixed muscle and protein
synthesis and lean body mass [164]

7. Future Considerations of Milk Whey Hydrolysates

The numerous treatments applied to whey proteins offer an opportunity for future
researchers to modify their textural and structural properties, improving the functionality
and obtention of low molecular weight hydrolysates. This includes enzymatic treatments,
emerging technologies such as ultrasound, high pressure, and thermal processes. Although
milk whey hydrolysates have been applied to a wide variety of food products oriented to
human health, most of the reported experimental data have been documented through
a series of studies based on in vitro models as well as animal systems. Scientists face
challenges in the near future in the implementation of clinical trials in humans. Additionally,
the commercialization of these natural polymers must comply with the health regulations
of different regions. The claims related to health effects should be supported by scientific
studies. Finally, the use of new enzyme selections with known specificity could offer new
functionality and applications to hydrolyzed whey proteins, for example, in the fields of
antigenic response, health maintenance, and healing.

8. Conclusions

Although considered as a waste product, the literature supports that milk whey has
relevant nutritional and functional properties that make it suitable for use in the food
industry. Whey presents an important content of proteins, group B vitamins, minerals, and
lactose. These proteins can be hydrolyzed by different methods (enzymatic, with LAB,
ultrasound, thermal process, and others) obtaining low molecular weight peptides. Several
studies have shown that its consumption as a food supplement helps protein synthesis in
the body and increases muscle mass. Furthermore, milk whey protein in its hydrolyzed
form possesses functional properties such as antioxidants, antihypertensive, anticancer,
antivirals, and immunomodulatory activity. The molecular weight and properties of whey
hydrolysates depend on the hydrolysis method and can be used in different industries
including functional foods. The applications of milk whey are not limited to the food
industry; this review confirmed the wide range of uses and advantages of milk whey
hydrolysates. Future investigations must be conducted under scientific methods, oriented
toward human trials for the elucidation of their benefits on the human system.
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cal Potential of Whey Protein Isolate in Production of Milk Beverages Fermented by New Strains of Lactobacillus helveticus.
Appl. Sci. 2020, 10, 7089. [CrossRef]

152. Scalone, G.L.L.; Ioannidis, A.G.; Lamichhane, P.; Devlieghere, F.; De Kimpe, N.; Cadwallader, K.; De Meulenaer, B. Impact of
whey protein hydrolysates on the formation of 2,5-dimethylpyrazine in baked food products. Food Res. Int. 2020, 132, 109089.
[CrossRef]

153. Jrad, Z.; Oussaief, O.; Khorchani, T.; El-Hatmi, H. Microbial and enzymatic hydrolysis of dromedary whey proteins and caseins:
Techno-functional, radical scavenging, antimicrobial properties and incorporation in beverage formulation. J. Food Meas. Charact.
2020, 14, 1–10. [CrossRef]

154. Mann, B.; Kumari, A.; Kumar, R.; Sharma, R.; Prajapati, K.; Mahboob, S.; Athira, S. Antioxidant activity of whey protein
hydrolysates in milk beverage system. J. Food Sci. Technol. 2015, 52, 3235–3241. [CrossRef] [PubMed]

155. Arranz, E.; Corrochano, A.R.; Shanahan, C.; Villalva, M.; Jaime, L.; Santoyo, S.; Callanan, M.J.; Murphy, E.; Giblin, L. Antioxidant
activity and characterization of whey protein-based beverages: Effect of shelf life and gastrointestinal transit on bioactivity. Innov.
Food Sci. Emerg. Technol. 2019, 57, 102209. [CrossRef]

156. Goudarzi, M.; Madadlou, A.; Mousavi, M.E.; Emam-Djomeh, Z. Formulation of apple juice beverages containing whey protein
isolate or whey protein hydrolysate based on sensory and physicochemical analysis. Int. J. Dairy Technol. 2015, 68, 70–78.
[CrossRef]
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Abstract: The present study deals with the valorization of corn stalks in an integrated processing
strategy targeting two products: extracted hemicelluloses (HC) and papermaking fibers. Preliminary
trials were conducted to assess the individual or the combined effects of biomass treatment on the
quality of the obtained hemicelluloses and papermaking fibers. Depending on the hot alkaline
extraction (HAE) conditions, the extracted HC had a xylan content between 44–63%. The xylan
removal yield ranged between 19–35%. The recovery of HC from the extraction liquor and final
black liquor was significantly affected by process conditions. The experimental approach continued
with the study of HAE conditions on the obtained paper’s mechanical properties. The optimization
approach considered conserving paper strength properties while achieving an equilibrium with the
highest possible HC extraction yield. The optimal values are sodium hydroxide concentration (1%),
process time (33 min), and temperature (100 ◦C). The xylan content in the separated HC sample was
~55%. An extended extraction of HC from the resulting pulp under hot alkaline conditions with
5% NaOH was performed to prove the HC influence on paper strength. The xylan content in HC
samples was 65%. The consequence of xylan content reduction in pulp leads to 30–50% mechanical
strength loss.

Keywords: corn stalks; xylan HC; papermaking pulp; hot alkaline extraction; tensile index; burst
index

1. Introduction

Developed at the dawn of this century, the Circular Economy (CE) [1–3] and Zero
Waste (ZW) [4–7] are two particularly attractive and popular management concepts that
can be easily implemented in agriculture to complete the relatively “mature” concepts of
Integrated Farming System (IFS) [8,9] and Integrated Crop Management (ICM) [10,11]. The
conversion of agro-waste into value-added products meets the requirements of all of these
management concepts. There are strong arguments that in the near future, this will be an
environmentally friendly activity and a profitable business venture [12–14].

There is an inherent relationship between global population growth and food demand,
and agriculture must develop to meet these needs. Although agricultural development does
not necessarily imply an increase in agro-waste production, forecasting major agricultural
products such as grains (maize, wheat, rice) indicates consistent growth. Consequently,
various straws and stalks that are sought after as raw materials and primary resources
will be readily available. Data Bridge Market Research shows that the wheat straw market
was valued at USD 643.6 million in 2021 and is expected to reach USD 1330.24 million
by 2029 [15]. The production of corn (maize) is even higher; according to Statista, the
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worldwide production of grain in 2022/23 places corn first with an estimated production
of 1151.36 million metric tonnes, followed by wheat with 783.8 and rice with 502.98 million
metric tonnes [16]. In Europe, wheat comes first in 2023, with an estimated production of
143.2 million tonnes, and corn second with 64.5 million tonnes [17]. Romania ranks fourth
among corn-producing countries in the European Union, trailing Ukraine, France, and
Italy [18].

The corn agro-wastes are typically made up of leaves (20%), husks (8%), cobs (14%),
stalks (42%), and other components (16%) [19]. The stalk is the main component of the corn
plant, and this, along with the volume of corn produced, places corn stalks (CS) among
the most prevalent agricultural waste worldwide. Following the various management
recommendations (CE, ZW, IFS, ICM), many different initiatives were made to increase the
value of this abundant and renewable agro-waste. The traditional “classic” valorization
methods mostly recommended by ICM and IFS management strategies include the use
of CS to prepare animal feed [20], as fuel [21], or as soil fertilizer [22]. The opportuni-
ties for CS valorization are expanded by the contemporary management strategies (CE,
ZW). Nowadays, CS residues may be recycled to produce cellulose/epoxy resin com-
posites [23], cellulose nanofibrils [24], cellulose composites [25], carbonaceous composite
adsorbents [19], levulinic acid and biocarbon electrode material [26], second-generation
bioethanol [27], biomethane [28], chemical pulp [29] and various biomaterials (plastics, hy-
drogels, fibers, composites) [30]. The use of agricultural waste biomass as fillers in different
bio-composites [31], bio-plastics, tires [32], and other reinforced polymers [33,34] is one of
the most promising directions to its conversion into value-added goods [34]. The CS fibers
in particular were tested as fillers for various composite materials such as: tire rubber pow-
der composite [35], polylactide composite [36], colorless and odorless bio-plastics [37] and
other green composites [38]. Moreover, various integrated biorefinery processes were pro-
posed to fully convert CS into value-added products [30,39,40]. A few examples include the
coproduction of: saccharides, pulp, and lignosulfonate [41]; biodegradable film, bioethanol,
and soda pulp [42]; fermented liquid feed and biologically modified biochar [43]; tissue
paper and glucose [44]; hemicellulose and ethanol [45]; ethanol, furfural, and lignin [46];
ethanol and L-lactic acid [47]; hemicellulose, lignin, and activated carbon [48]; hemicellu-
lose, lignin, cellulose (further processed to paper) [49]; cellulose, lignin, and xylose [50];
micro/nano-cellulose fibers, monosaccharides, and lignin fractions [51].

Such an ambitious level of corn stalk utilization (complete) to such a wide range of
products necessitates a wide range of methods and/or combinations of methods. Some
of the techniques are classic, e.g., alkaline extraction [52] or enzymatic hydrolysis [53–55],
in some cases improved with complementary physicochemical pretreatments such as
P-toluene sulfonic acid [54], mild alkaline presoaking (Na2S) and Organosolv [55], ammo-
nia [28] microwaves [53], ultrasound [51] and freeze/thaw cycles [28]. Combinations of
processes are frequently used to fully transform corn stalks into finished goods or useful
intermediates. To achieve the required yield and selectivity, most technological approaches
necessitate the adjustment of specific parameters (e.g., treatment time, temperature, pH,
solvent mixture) and process optimization. A few examples of technological processes in-
clude one-step aqueous formic acid fractionation [49]; two-stage fermentation (S. cerevisiae
and B. coagulans) [47]; solvent extraction (toluene/ethanol) followed by NaClO2/acetic
acid delignification and NaOH pulping [24]; hot water, alkali (NaOH), and modified al-
kali (NaOH and NaBH4) [42]; pre-hydrolysis (H2SO4) and alkaline sulfite cooking [41];
anaerobic fermentation (rumen inoculum) and pyrolysis [43]; hydrothermal pretreatment
and batch acid hydrolysis [26]; peracetic acid and maleic acid pretreatment and enzymatic
hydrolysis [50].

The current investigation focuses on coproducing hemicellulose polysaccharides and
pulp using corn stalks as raw material. This study follows: (i) the identification of the appro-
priate coproduction process and (ii) the optimization of hemicellulose extraction through
this process in a way that prevents the loss of specific paper qualities (tensile index and
burst index). Screening trials were conducted in order to develop the optimal coproduction
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procedure. Various sequences of hot water treatment (HWT), soda pulping (SP), and hot
alkaline extraction (HAE) were tested during trials. Treatment time, temperature, and alkali
concentration were the monitored process parameters during the trials and optimization
stage. Hemicelluloses were separated and characterized after each technical stage. The
controlled extraction of hemicelluloses aims at preserving the pulp and, consequently,
paper mechanical characteristics—tensile and burst indexes. The novelty of the work is
represented by the technical approach combined with the optimization technique that
establishes a successful method for producing acceptable yields of hemicellulose and paper
with satisfactory mechanical properties.

2. Materials and Methods

2.1. Materials

Corn stalks (a common Zea Mays hybrid) were provided free of charge by Romanian
farmers. After harvesting, the CS were dried at room temperature to 8% humidity. The
CS were then crushed and sieved to 0.2 mm particles per the standard chemical analysis
technique. The CS were cut into 50 mm pieces for hemicelullose (HC) extraction and/or
pulping studies.

All chemicals and reagents used are of analytical purity. Solutions of 99% purity
of cellobiose, glucose, xylose, galactose, and arabinose, provided by Flucka, were used
to obtain the calibration curves in the concentrations range of 0.1–1 g/L. Purified xylan
extracted from beechwood was purchased from Sigma Aldrich (X4252 10G; St. Louis, MO,
USA) and was used as reference material.

2.2. Equipment
2.2.1. Laboratory Reactor and Pulp Processing Equipment

The extraction and pulping experiments were conducted in a 10 L stainless steel
laboratory rotating digester that was electrically heated and equipped with a temperature
controller. The obtained pulps were refined at different revolutions in a Jokro mill, following
the procedure described by Danielewicz et al. [56]. The refined and non-refined pulps were
converted into paper sheets on a Rapid Koethen laboratory sheet former ISO 5269/2 [57].
The testing of the mechanical strength properties (tensile strength and burst strength)
and necessary calculations were performed according to ISO 1924-2:2008 [58] and ISO
2758:2014 [59] using a Zwick Roell Z0.5 testing machine (ZwickRoell GmbH & Co. KG
Headquarter, Ulm, Germany).

2.2.2. HPLC Analysis

A Shimadzu Nexera LC 40D liquid chromatography system equipped with a Shodex
SP0810 column (300 × 8 mm, particle size 7 μm) heated at 65 ◦C was employed to per-
form the required HPLC analysis. The refractive index detector (Shimadzu RID 20A,
Kyoto, Japan) was set at 40 ◦C. The flow rate of the mobile phase (ultrapure water) was
0.6 mL/minute. The injection volume was set between 20 to 40 μL to accommodate sugar
concentrations. Each sample and standard solution (containing cellobiose, glucose, xylose,
galactose, and arabinose of analytical grade) was filtered before injection using 0.2 μm
syringe PTFE filters.

2.2.3. Spectroscopy

The FTIR spectra of selected hemicellulose samples were recorded by Agilent Cary 630
(Santa Clara, CA, USA) using the potassium bromide pellets technique on disks containing
finely ground samples at 1% content.

The 1H NMR spectroscopy data were obtained by dissolving 16 mg of HC samples in
0.65 mL deuterated water and then pipetted into NMR tubes. Spectra were recorded on a
Bruker Avance NEO 400 MHz spectrometer (Billerica, MA, USA), operating at 400.1 MHz
for 1H nuclei, with a 5 mm four nuclei direct detection z-gradient probe using standard
pulse sequences, as delivered by Bruker with TopSpin 4.0.8 spectrometer control and
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processing software (version 4.0 8). Chemical shifts are reported in δ units (ppm) and
were referenced to the residual solvent signal at 4.7 ppm. 128 scans were used for spectra
registration.

2.2.4. Other Equipment

Sorvall GLC2 centrifuge equipped with an HL-4 rotor, CF value-2012, 3000 r.p.m. was
used for precipitate separation (lignin, respectively HC).

Ubbelohde and capillary (glass with jacket, PSL-Rheotek type C) viscometers were
used to determine the efflux time of pure solvent, HC, and cellulose solutions.

2.3. Experimental Approach

Screening trials (Figure 1) were utilized to determine the best strategy for achieving
high extraction yields in HC and pulp, which was then used to manufacture paper with
satisfactory mechanical qualities. The procedures used for HC extraction and pulp pro-
duction were hot water treatment (HWT), soda pulping (SP), and hot alkaline extraction
at low (HAElow) and high (HAEhigh) alkali charges. The selected sequence was further
optimized considering time, temperature, and alkali concentration as process variables.
The optimization goal was not to maximize the HC extraction yield but to produce an
extraction yield that preserved the pulp qualities (including HC content) to prepare paper
sheets with satisfactory mechanical properties (tensile and burst indexes).

 

Figure 1. The experimental approach. (SC = solid residue characterization; PC = pulp and paper
characterization; HCC = hemicellulose characterization; 1 = first extraction; 2 = second extraction).

All experiments were performed in triplicates unless otherwise stated by the men-
tioned standard methods. The accepted maximum relative standard deviation value was
less than 5%.
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The materials recovered from each experimental method (HWT, SP, or HAE), whether
solid or liquid (extraction liquor, black liquor), were analyzed for HC, cellulose, and lignin
content.

2.4. Extraction Methodology
2.4.1. HWT Treatment

Typical HWT experiments use 300 g of oven-dried (o.d.) corn stalks treated in the
laboratory reactor at a solid-to-liquid ratio of 1:10. The treatment lasted 60 min at 100 ◦C.
The heating time was 20 min. At the end of the HWT process, the resulting liquid phase
was saved for further characterization and HC separation. The HWT-treated corn stalks
were washed, dried to a suitable moisture content (8–10%), and then used for soda pulping.
The material loss was determined gravimetrically.

2.4.2. Soda Pulping

The control soda pulping process (using untreated CS) was carried out in the same
reactor (as HWT) under the following conditions: solid-to-liquid ratio of 1:20; heating time
of 20 min; and cooking time of 30 min at 140 ◦C. The pressure during pulping was kept
constant at 0.2 MPa. The active alkali charge was 12% expressed as NaOH units. The
corresponding white liquor had a 0.6% NaOH concentration. The HWT followed by SP
(Figure 1) treatments were performed in the same conditions as control pulping (SP). The
obtained pulps were washed and used for further analysis and sheet formation. The solid
yield was determined by gravimetric means.

The SP processes that followed HAEhigh and HAElow during trials were continued
in the same reactor by increasing the temperature to 140 ◦C. The pulping stage was set
for 30 min. After the pulping timer ran out, the heating was turned off, and the solid and
liquid phases (black liquor) were separated and processed separately.

2.4.3. Hot Alkaline Extractions of Corn Stalks

In the trial phase of this study, the hot alkali extraction of hemicelluloses was per-
formed using two different experimental approaches: high alkali charge (HAEhigh) and low
alkali charge (HAElow). After that, an optimized approach was identified and conducted
(HAEopt).

HAEhigh involves extracting hemicelluloses from corn stalks with solutions containing
5% NaOH and 3% NaOH, respectively. In both experiments, CS (200 g o.d.) were immersed
in NaOH solutions at a solid-to-liquid ratio of 1:20. The reactor was closed and heated
to 100 ◦C. The extraction time was set to 60 min. After the extraction, the liquid phase
(HAEhigh liquor) and the remaining solid material were separated, characterized, and/or
further processed.

HAElow was conducted for 60 min at 100 ◦C using a 0.6% NaOH solution. Following
treatment, samples of HAElow liquor were extracted for further hemicellulose separation.

HAEopt—an extended hemicellulose extraction from pulp was performed at optimal
process parameters. The following conditions were used for this hot caustic extraction
(HCE): 5% NaOH concentration, solid-to-liquid ratio 1:10, temperature of 100 ◦C, and
treatment time of 60 min. The recovered liquor was then processed for hemicellulose
separation using the procedure described in Section 2.4.4.

2.4.4. Separation and Purification of HC from WHT, HAE, and SP Liquors

The ethanol precipitation method was used to separate hemicellulose from the liquors
obtained during the experimental procedures. In brief, 50 mL liquor samples were neu-
tralized to pH 4.5 with acetic acid. A first centrifugation stage was performed to remove
the precipitated lignin. The supernatant was then mixed with 2 volumes of analytic purity
ethanol (96%) and stored at −18 ◦C for 60 min. The precipitated HCs were separated
by centrifugation at 3000 r.p.m. for 10 min. Next, two rounds of ethanol washing were
performed. Following each washing, a 5-min centrifugation was carried out at 3000 r.p.m
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to separate the solid from the ethanol. The crude HC samples were dried at 50 ◦C before
further investigation.

2.5. Characterization Methods
2.5.1. CS, Treated CS, and Pulp Chemical Characterization

Several analytical procedures were used to determine the chemical composition of
raw CS in terms of both major (polysaccharides and lignin) and minor components: ash–
TAPPI T 211 om-02, 2002 [60]; hot water extractives—TAPPI T 207 om-88 [61]; organic
solvent extractives T 204 cm-97 [62]; acetone extractives (AE)—TAPPI T280 pm-99 standard
(2000) [63]. While acid-insoluble lignin (AIL) and acid-soluble lignin (ASL) were determined
using the sulfuric acid two stages hydrolysis method specified by NREL/TP-510-42618
method [64], the major polysaccharide components (cellulose and hemicelluloses) of the
biomass and the obtained papermaking fiber were determined following an adapted
procedure of that described by Sluiter et al. [65]. The adaptation involved neutralizing the
hydrolysate from a G3 crucible filter to pH 5.6 before HPLC analysis.

2.5.2. HC Characterization

The carbohydrates present in liquor samples were analyzed after they were treated
with 4% sulfuric acid (60 min at 121 ◦C) according to NREL (LAP) TP-510-42623 [66].
Samples of 60 to 80 mg were suspended in 5 mL of 1 M NaOH and vigorously shaken for
at least 30 min to facilitate dissolution. The complete hydrolysis was achieved by treating
the samples with 4% sulfuric acid for 60 min at 121 ◦C. The acid treatment completes the
hydrolysis of the polymeric carbohydrates extracted during HAE. Following hydrolysis,
the samples were neutralized, and the concentration of monosaccharides was determined
using HPLC.

2.5.3. HC Recovery Yield, Solid Extraction Yield

The glucan, xylan, and arabinan content of the liquor were added to determine the
total amount of polysaccharides (PStot). The conversion of monomer concentrations to
their corresponding polymer concentrations was realized considering the ratio between the
molecular weight of the anhydro-sugar unit and sugar unit (162/180 = 0.9 for C6 sugars
and 132/150 for C5 sugars).

The HC recovery yield (HCRY) was then calculated using Equation (1) as the ratio
between the number of polysaccharides in recovered crude HC (o.d.) and the number of
polysaccharides theoretically determined in either extraction or black liquor.

HCRY(%) =
∑ MSi(%)·mHC

∑ CMSi ·V
× 100 (1)

where MSi (%) is the content of individual polysaccharides (glucan, xilan, arabinan) content
in the HC sample; mHC is the mass of the HC sample, in g; CMSi is the concentration of the
individual sugar in the analyzed sample, in g/L; V is the volume of liquor sample, in L.

The solid extraction yield (SY, %) was calculated using Equation (2).

SY (%) =
m f

mi.
× 100, (2)

where SY (%) represents the solid yield; mi is the o.d. weight of the initial CS biomass; mi.
is the o.d. weight of the CS after the treatment or treatment sequence.

2.5.4. Polymerization Degree (DP) of Obtained HC and Pulp

The degree of polymerization of HC was proven by using viscosity data as described
in literature [67]. In brief, the samples were dissolved in a 0.04 M cupriethylenediamine
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(CED) solution, and the intrinsic viscosity [η] was determined at 25 ◦C. The Staudinger–
Mark–Houwink equation of xylan in CED is (Equation (3)) [67–69]:

[η] = 2.2 × 10−2 × DP0.72 (3)

The obtained pulps’ DP was established after determining the intrinsic viscosity
(Equation (4)) in 0.5 M CED solution [70].

[η] = 2.28 × DP0.76 (4)

2.5.5. Pulp Refining and Laboratory Paper Strength

Following washing and refining (beating), the obtained pulps were transformed into
paper sheets that were subjected to analysis of tensile strength (ISO 1924:2008) [58] and
burst strength (ISO 2758:2014) [59].

2.5.6. The Severity Factor

The temperature and duration of extraction can be combined in a single parameter,
the severity factor (SF), to reduce the total number of experiments. The SF is defined as the
combination of extraction time and the temperature (Equation (5)) [71,72].

SF = log10(τ × e
T−100
14.75 ) (5)

where τ is the processing time at selected temperature T.

2.6. Optimization Procedure

The results obtained in the trial phase indicate that the sequence HAElow–SP–Paper
(Figure 1) generates the best equilibrium between HCRY and paper strength. Therefore, this
sequence was selected for further optimization. Response surface methodology (RSM) was
selected as an optimization procedure for modeling the HC extraction. The independent
variable parameters and their variation range (Table 1) were chosen based on previous
experience [52,73].

Table 1. Independent variables and their variation range for HAElow.

Independent Variables Units
Range

Symbol
From To

Temperature (◦C) X1 100 130 T
NaOH concentration % wt. X2 0.6 1.2 CNaOH

Duration (time) of HAE minutes X3 30 90 t

The model dependent variables were: Y1—xylan content in the recovered hemicel-
luloses (XHC, %); Y2—xylan removed from corn stalk biomass XRCS, (%); Y3—tensile
index of resulting paper sheets (TI, N·m/g); Y4—burst index of obtained paper sheets (BI,
kPa·m2/g). Experimental design and data processing were performed by using Stat-Ease
Design-Expert Software (version 7). The experimental data were then used to reveal the
equations describing the relationship between selected process parameters and model
responses.

3. Results

3.1. Chemical Composition of CS and HWT CS Solid Residue

According to the literature analysis, a wide range of factors influence the chemical
composition of CS (Table 2), including corn variety, precipitation/irrigation level, fertiliza-
tion, harvesting period, harvesting equipment, and others. These factors affect not only
the corn quality but also the HC, cellulose, lignin, and ash content of the CS (Table 2). A
relatively mild treatment such as HWT only slightly affects the chemical composition of the
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CS. Aside from xylan, which is partially extractable with hot water, the other polysaccharide
content appears slightly increased due to CS weight loss after HWT treatment (Table 2).
Kim and Lee also reported HWT selectivity for xylan extraction and glucan stability in such
treatment [74].

Table 2. Chemical composition (% wt.) of corn stalks and HWT solid residue.

Material Glucan Xylan Arabinan PStot AIL ASL AE Ash Ref.

CS 39.71 19.82 4.28 63.81 20.62 1.60 4.36 7.05
This workHWT CS 47.68 16.44 5.43 69.55 23.59 1.37 n.d. 1.50

CS 36.80 19.90 3.20 59.90 20.10 11.80 1.00 [75]
CS 34.40 15.88 n.d. - 14.10 2.48 11.84 3.04 [76]
CS 36.80 21.70 2.60 61.10 17.20 n.d. n.d. [77]
CS 42.10 22.90 2.90 67.90 17.50 - 9.80 4.20 [78]

n.d. = not determined.

3.2. Solid Residue and Pulp Composition—Trial Results

The raw CS soda pulping process generates the maximum solid yield. This is most
likely caused by the SP process’s lower alkali charge than other treatment procedures/
sequences. The HAElow–SP treatment sequence comes in second place, with a slightly
lower SY value (Table 3).

Table 3. Chemical composition (% wt.) of the obtained solid material—papermaking fibers (pulp).

Treatment Param. Glucan Xylan Arabinan SY (%) AIL ASL

HAEhigh, 5%NaOH 63.58 12.75 5.67 33.60 6.80 0.75
HAEhigh, 3%NaOH 64.50 13.90 6.55 35.50 8.80 0.95

SP, raw CS 68.70 18.9 2.74 48,30 9.95 1.05
HAElow–SP 67.50 16.47 3.30 47.13 10.71 1.12

HWT–SP 66.04 19.40 2.72 46.65 11.99 1.22

The SY value, in conjunction with the polymerization degree (Table 4), directly impacts
the paper’s qualities in terms of the tensile and burst index values. The increase in CNaOH
(HAEhigh, 3%NaOH; HAEhigh, 5%NaOH) reduces both the HC and lignin content of the
pulp and/or solid residue. The effects of light pretreatments (HAElow, HWT) carried out
before SP on the SY are minor (Table 3). Yet, the paper’s resistance qualities are acceptable
for the HAElow–SP treatment sequence (Table 4).

Table 4. Polymerization degree and paper properties as a function of treatment sequence.

Treatment Param. DP TI, (N·m/g) BI, (kPa·m2/g)

HAEhigh, 5%NaOH 750 72.40 2.56
HAEhigh, 3%NaOH 880 62.90 3.62

SP, raw CS 1047 83.20 4.71
HAElow–SP 925 75.50 4.35

HWT–SP 830 70.40 3.11

3.3. Liquor’s Chemical Composition (% wt.)—Trial Results

Samples of the liquid phase were collected after each individual and or sequential CS
treatment. Black liquor (BL) refers to the liquid phase acquired after soda pulping, while
extraction liquor (EL) refers to the liquid phase acquired after each primary treatment.

The amount of extracted xylan directly correlates with the NaOH concentration in the
liquid; the higher the concentration, the higher the xylan content (Table 5). However, the
cellulose produced under these circumstances (high alkali charge) has weaker resistance
properties and lower DP than cellulose obtained at low alkali charge (HAElow, EL). It is
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worth noting that the DP increases as the NaOH concentration increases (Table 5). The EL
produced in the absence of alkali (HWT) has a relatively low amount of xylan (7.7%) and a
usually low amount of sugars, primarily glucan oligosaccharides residue. The EL produced
at a low alkali charge (HAElow) gives a satisfactory level of xylan extraction (49.06%) that
can be further increased up to 61.82 by complementary SP treatment (HAElow–SP). The
chemical analysis of the reference material (xylan from beechwood) was also performed,
and the results in terms of DP are very close to those obtained for the HAElow–SP sequence
(255 vs. 262).

Table 5. Chemical composition ((% wt.) of the hemicelluloses isolated from HAE extraction liquors
and subsequent pulping black liquor.

Treatment Parameters Glucan Xylan Arabinan DP

HAEhigh, 5%NaOH, EL 3.11 65.14 5.24 290
HAEhigh, 3%NaOH, EL 2.85 62.47 8.95 285

SP, raw CS, BL 4.34 54.40 14.10 273
HAElow, EL 4.80 49.06 17.93 320

HAElow–SP, BL 5.70 61.82 14.51 262
HWT, EL 11.27 7.70 1.28 n.d.

HWT–SP, BL 3.35 57.20 12.24 230
X4252 10G 0.05 91.34 2.09 255

Since the sequence HAElow–SP allows the simultaneous production of two commodi-
ties (paper pulp and HC–xylan) with good resistance properties (Table 4) and acceptable
extraction yields (Table 5), this study was further focused on the optimization of this
particular extraction procedure.

3.4. Optimization of HAE Parameters: Influence on HC Xylan Content, Xylan Removal Yields,
and Pulp Properties

Table 6 shows experimental conditions (experiments programmed using the central
composite design) and their associated results in terms of: (i) xylan content of crude o.d.
hemicellulose samples recovered from extraction liquor (XHC); (ii) xylan extraction yield
from the CS (XRCS). The XRCS (%) values were computed according to Equation (6);
(iii) paper tensile index (N·m/g) and (iv) paper burst index (kPa·m2/g) (obtained after
beating at 1100 rpm)

XRCS (%) =
Cxliq·Vliq

X(%)·mCS
× 100 (6)

where Cxliq is the concentration of xylan determined in the HAE liquor by HPLC in g/L;
Vliq is the volume of the liquor existing in the reactor at a specific moment of the extraction,
in L; X (%) is the xylan content of the CS; mCS represents the o.d. weight of a working CS
sample, usually 200 g.

Only two experiments (no. 11 and 21 from Table 6) resulted in HC with a xylan content
greater than 60%. However, because the study’s goal was not to achieve the highest HC
extraction yields, but to generate an option that did not interfere significantly with paper
strength properties, the extraction parameter values provided by the experiments discussed
cannot be considered optimal.

The Equation (7) relates the independent variables: X1, X2, X3 (Table 1) to system
responses: Y1—XHC (%); Y2—XRCS (%); Y3—TI, (N·m/g); and Y4—BI (kPa·m2/g). The
terms β0, βi, βij, βii represent the equation constants. Table 7 presents the equation coeffi-
cients and statistical parameters.

Y1−4 = β0 +
3

∑
i=1

βiXi +
3

∑
i=1
j=1

βijXij +
3

∑
i=1

βiiX2
i (7)
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Table 6. Experimental planning and experimental results.

Exp No. T, (◦C) CNaOH, (%) T, (min) XHC, (%) XRCS, (%) TI, (N·m/g) BI, (kPa·m2/g)

1 100 0.6 30 44.74 19.22 70.90 2.62
2 100 0.6 60 54.53 22.91 75.50 3.46
3 100 0.6 90 54.53 25.62 74.30 3.49
4 115 0.6 60 41.29 21.60 68.92 4.24
5 130 0.6 30 41.16 27.43 63.80 4.56
6 130 0.6 90 45.26 29.25 74.29 4.85
7 100 0.9 60 52.41 25.32 75.61 4.48
8 115 0.9 60 51.62 26.91 67.90 4.25
9 115 0.9 30 50.96 26.68 67.30 3.82

10 115 0.9 60 42.88 27.31 67.20 4.35
11 115 0.9 60 62.74 27.53 68.11 4.29
12 115 0.9 60 57.57 27.21 69.10 4.32
13 115 0.9 60 54.40 29.02 68.20 4.10
14 115 0.9 60 52.28 26.34 70.20 4.45
15 115 0.9 60 52.15 25.93 66.91 4.25
16 115 0.9 90 53.21 27.62 64.52 4.19
17 130 0.9 60 48.04 34.80 71.89 4.27
18 100 1.2 30 53.34 18.40 76.60 4.53
19 100 1.2 90 53.47 22.80 71.70 4.02
20 115 1.2 60 57.71 28.10 75.54 4.10
21 130 1.2 30 63.53 35.40 62.20 3.27
22 130 1.2 90 55.06 35.20 71.40 2.73

Table 7. Model equation coefficients (actual factors) and statistical parameters (Model p value < 0.05).

Yi β0 X1 X2 X3 X1X2 X2X3 X1X3 X1
2 X2

2 R2 R2
adj

Y1 78.2 −0.511 −54.3 0.760 0.770 −0.00396 −0.309 - - 0.918 0.87
Y2 2.12 0.0306 −24.9 0.400 0.510 −0.0262 −0.0583 - −13.8 0.915 0.872
Y3 221 −4.31 245 3.59 −2.62 −0.0284 −4.85 0.0268 50.7 0.95 0.899
Y4 −53.3 0.368 84.3 0.747 −0.729 −0.0064 −0.947 0.000847 −0.13 0.93 0.84

The evolution of XHC% and XHCS% as a function of temperature and NaOH concen-
tration for constant time (30, 60, and 90 min) is shown in Figure 2. A first-order polynomial
describes how the xylan content of the separated hemicelluloses depends on the process pa-
rameters. The simultaneous rise in temperature and CNaOH caused a considerable increase
in XHC. The XHC is barely impacted by lengthening the course of treatment.

A second-order polynomial equation describes the xylan removal from corn stalk
biomass dependence on process parameters (Figure 2). It can be observed that the CNaOH is
the most important factor in the process, followed by temperature and time. The extraction
yield can be increased by increasing CNaOH and/or temperature. Extending the course of
treatment has little effect on the XRCS.

Produced pulp paper sheets’ TI is greatly affected by the sodium hydroxide content
(Figure 3). TI increases with CNaOH and decreases with increased treatment time. The
combined action of sodium hydroxide and temperature has a positive effect; however, the
cumulative interaction of CNaOH and treatment time has a negative effect, decreasing TI. BI
is negatively affected by the simultaneous increase in temperature and CNaOH (Figure 3).
Also, an increase in process time is accompanied by a BI decrease.

32



Polymers 2023, 15, 4597

 

 

  

Figure 2. The influence of process parameters (temperature and CNaOH) towards XHC% (left column)
and XRCS% (right column) after 30 min (1st row), 60 min (2nd row), and 90 min (3rd row). The color
ranges from green (low values) to yellow and orange (medium values) to red (high values).

The ANOVA analysis of the proposed models is presented in Tables S1–S4, which are
included in the Supplementary Material.

The optimum hot alkaline extraction (HAEopt) process parameters, considering max-
imizing HC extraction yield while maintaining the papermaking properties, are tem-
perature = 100 ◦C; sodium hydroxide concentration = 1 percent (wt.); and extraction
time = 33 min. Table 8 illustrates the experimental confirmation of the predicted values by
the proposed mathematical model.
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Figure 3. The influence of process parameters (temperature and CNaOH) towards tensile index (left

column) and burst index (right column) after 30 min (1st row), 60 min (2nd row), and 90 min (3rd
row). The color ranges from green (low values) to yellow and orange (medium values) to red (high
values).

Table 8. Model validation results.

System Responses XHC (%) XRCS (%) TI (N·m/g) BI (kPa·m2/g)

Predicted values 51.67 21.77 78.50 4.54
Experimental values 54.64 20.54 80.10 4.33
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3.5. Complementary Extraction Treatments—Hot Caustic Extraction: Influence of HC Content on
Refinability and Strength Properties of Paper Sheets

This experimental phase aimed to determine the impact of HC refinability and refining
degree on the paper’s mechanical strength characteristics. Therefore, the results of the
HAEopt were further compared with a more aggressive extraction treatment, hot caustic
extraction (HCE), expected to produce higher HC extraction yields (and, consequently, a
pulp with lower HC content). To highlight the contribution of the HC content in pulp on the
mechanical strength properties of paper, the TI and BI of the paper produced after HAEopt

and HCE treatments were compared. Based on the experimental results from the trial phase
and optimization stage, the selected HCE process parameters were temperature = 100 ◦C,
sodium hydroxide concentration = 5% (wt.), and extraction time = 60 min. The solid–liquid
ratio was 1:20.

Table 9 shows the chemical contents of the pulps obtained after HAEopt and HCE
extractions. The HCE treatment reduced the amount of xylan by around 50%.

Table 9. Chemical composition of HAEopt and HCE pulps.

Pulp Type SY (%) Glucan (%) Xylan (%) Arabinan (%) AIL ASL

HAEopt 42.74 67.10 20.10 2.60 6.50 1.10
HCE 64.10 80.41 11.05 1.40 4.30 0.70

After obtaining the chemical composition, the obtained pulp was refined. Refining is
recognized as a key unit process in the paper industry. It has a set of steps that are designed
to realize the best papermaking properties: (i) fiber swelling; (ii) fibrillation (internal and
external); (iii) formation of fines; and (iv) shortening of fibers [79–83]. Being one of the
most energy-intensive processes, improved refinability means achieving a specific, optimal
refining degree as fast as possible. Since xylan is the major HC constituent, the refining
degree, the TI, and BI are further reported (Figures 4–6) as a function of xylan composition.

Figure 4. Evolution of the refining degree as a function of the refining input energy.
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Figure 5. Tensile index vs. refining degree. Influence of HC (xylan) content.

Figure 6. Burst index vs. refining degree. Influence of HC (xylan) content.

Figure 4 displays the evolution of refining degree as a function of beating intensity
expressed as a total number of revolutions. It can be observed that the HAEopt pulp sample
has a higher initial degree of refining, even in the unbeaten state. This may be explained by
the increased swelling effect of acidic hemicellulosic groups [83].

The contribution of HC in enhanced fiber–fiber bonding and the diminished fiber
swelling effect on HCE pulp samples may be responsible for the differences among the
reported mechanical characteristics for the analyzed pulp samples in the unbeaten state [80].
Owing to its superior xylan content, the HAEopt pulp showed a faster increase in refining
degree than HCE pulp, supporting the existing literature [81].

The mechanical characteristics under investigation (TI, BI) exhibited similar evolutions
in relation to refining degree (Figures 5 and 6). For HCE pulp (low xylan content), the
TI-refining degree relationship is practically linear, whereas, for HCEopt, the dependence
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has a maximum point around 45 ◦SR (Figure 5). At this peak value, the TI of HAEopt pulp
is almost double in comparison with the HCE pulp. The BI showed a similar evolution.
The BI-refining degree dependence is almost linear (Figure 6) for the HCE pulp, with a
maximum value of ~50 ◦SR for the pulp with higher xylan content (HAEopt).

The slight decrease in TI and BI for the HAEopt pulp after reaching maximum values
at ~45, ~50 ◦SR could be attributed to the shortening of fibers through cutting effects in the
final refining stages [82]. Several explanations for the behavior of the investigated pulps
also center on the combined impacts of HC concentration and refinement [79–83].

3.6. The Influence of Severity Factor on HC Chemical Composition and Recovery Yields

The SF quantifies the combined effect of time and temperature (Equation (5)), and it
was introduced to compare pretreatment yields conducted using different conditions [84,85].
Such comparison is presented in Table 10, using samples recovered after various extraction
procedures presented in this study. It is important to note that small variations in the SF
value (from 2.12 to 2.65) might result in large variations in the HCRY (from 77.5% to 69.43%)
for the same extraction process.

Table 10. Hemicellulose recovery yields and chemical composition (% wt.) as a function of sever-
ity factor.

Sample Source SF HCRY (%) Glucan Xylan Arabinan Pstot (%)

HAE, 0.9% NaOH, EL
2.12 77.50 3.23 54.28 4.12 61.63
2.54 76.92 3.83 53.96 3.64 59.75
2.65 69.43 3.47 52.29 3.45 59.21

HAE, 0.9% NaOH, BL
3.39 73.09 4.01 63.26 5.49 72.76
3.45 72.82 3.69 68.97 5.60 78.25
3.55 65.92 5.94 61.80 6.09 83.82

HAEopt, EL 2.02 79.23 4.12 54.64 5.03 63.79
HAEopt, BL 3.31 67.48 3.02 67.84 4.85 75.71

HCE, 5%NaOH, EL 2.12 72.34 7.22 65.07 2.37 74.66

The highest HCRY% value was obtained at the lowest SF, for the hot alkaline treatment
from the extraction liquor. At the same value of SF (2.12), the total amount of extracted
polysaccharides increased significantly (from 61.63% to 74.66%) when the NaOH concentra-
tion was increased from 0.9% to 5% (HAE vs. HCE). This aligns with earlier results made
during the optimization phase, which indicated that the NaOH concentration is the process
parameter with the most significant impact.

3.7. Characterization of HC Samples by FTIR and 1H-NMR Spectroscopy

All of the analyzed infrared spectra of the HC presented bands occurring at ~3400 cm−1

(Figure 7) that were assigned to the stretching vibrations of the O-H groups and also
the band occurring at ~2950 cm−1 that is generally assigned to the -CH2 antisymmetric
stretching, while the band at 2850 cm−1 was a result of -CH2 symmetric stretching—this
portion of the spectra is not shown in the figure for a better view of the range 1600–400 cm−1.
All of the HC samples presented bands specific to polysaccharides: the band occurring
at ~1630 cm−1 was assigned to the absorbed water [86]; The bands occurring ~1560 and
~1414 were assigned to glucuronic acid carboxylates [87]; the minor band occurring at
about 1450 cm−1 in some samples could be assigned to the presence of the methyl groups;
spectral peaks that are visible at ~1070 and ~1045 cm−1 of C-O stretching in the C-O-C
ether linkages (the first is the inter sugar units and the second results from intra sugar
(in alcoholic functional group). The peaks at ~898 cm−1 were attributed to the stretching
vibration modes (both symmetric and antisymmetric) of C-O in the ether linkage and are
considered specific to the β-1-4 bonds between xylose units of the xylan chain [88]. Other
bands at lower wavenumbers, such as ~690 cm−1, are attributed to the out-of-plane C-H
deformations.
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Figure 7. FTIR spectra of separated HC.

NMR spectroscopy was used to study the molecular structure of hemicelluloses.
Figure 8 presents the proton NMR spectra of three samples of extracted HC and a com-
mercial xylan sample (X4252 10G). The spectral pattern typical for the proton in HC has
signals in the chemical shift region between 3.12–5.45 ppm due to xylose, arabinose, and
glucuronic acid residues [89]. The main spectral characteristics of the analyzed HC samples
and commercial xylan are shown in Table 11.

Figure 8. 1H-NMR spectra of the separated hemicelluloses.
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The protons from β-(1→4)-D-xylopyranose (β-D-Xylp or (X)) units have signals at
4.39 (H1), 4.01 (H5eq), 3.69 (H4), 3.45 (H3), 3.28 (H5ax) and 3.19 ppm (H2), being found
in a significant amount. As shown in Figure 8, the HC samples have more signals in the
range 4.9–5.5 ppm compared with the XSA spectrum. Thus, the signals at 5.44 (H1) and
3.34 (H3) ppm are due to the 2-α-L-arabinofuranosyl units (2-α-Araf) and the terminating
xylopyranose units (Xylp) from β-Xylp-(1→2)-α-Araf-(1→3), respectively.

The sharp peaks at 5.29 ppm (H1), together with signals at 4.18 (H4), 4.06 (H2)
and 3.83 ppm (H3) are attributed to α-L-arabinofuranosyl(1→3)-linkage with the mono-
substituted β-D-Xylopyranose unit in the main chain (4-O-methyl glucuronic acid residue
substituted xylose residues or (XG) [89], being in a significant proportion.

Peaks from 4.95–5.0 ppm and 4.53 ppm are attributed to H3 and H1 protons of 2-
O-acetylated internal xylose residues (Xylp-3Ac). The signal at 5.19 ppm is assigned to
the anomeric proton from 4-O-methyl-α-D-glucuronic acid (4-O-Me-α-D-GlcpA or (G)),
together with the resonances at 4.2 (H5), 3.66 (H3), 3.43 (H2), 3.36 (-OCH3) and 3.12 ppm
(H4), all these signals being observed also in XSA spectrum. The ratio of xylose units (X) and
4-O-methyl glucuronic acid (G) was determined using the integration of the corresponding
anomeric protons [90–92].

Table 11. Synthetic presentation of the 1H-NMR peak assignments.

Spectral Range/Chemical Shift Assignment in Samples Literature Data

non substituted xylose residues (X)

−4.39 ppm H1
−3.19 ppm H2

−3.28 ppm H5 axial
−3.45 ppm H3
−3.69 ppm H4

−4.01 ppm H5 eq

4.4 [89]
3.21
3.3
3.48
3.71
4.03

4-O-methyl glucuronic acid residue
substituted xylose residues (XG)

−5.29 ppm H1
−4.06 ppm H2
−3.83 ppm H3
−4.18 ppm H4

5.31 [89]
4.08
3.83
4.2

4-O-methyl-glucuronic acid residue (G)

−3.36 ppm –OCH3
−3.12 ppm H4
−3.43 ppm H2
−5.19 ppm H1
−3.66 ppm H3
−4.2 ppm H5

3.34 [93]
2.95 [94]
3.43 [95]
5.21 [89]
3.64 [95]

4.34/4.37 [95]

The different values of integrals for the range 4.2–4.4 ppm specific for the H1 XG
signals reside in the HC extraction condition or source. In the case of the HC(O)-EL sample,
a value of 3.2 was obtained. A smaller value is observable for the HC(O)-BL sample.
This suggests a decrease in the number of 4-O-methyl glucuronic acid residue substituted
anhydro-xylose residues as a result of the increase in the temperature (from 100 ◦C to
140 ◦C) in the reaction environment and intensification of the ether linkage cleavage in the
alkaline pulping environment. The increase in CNaOH from 1% to 5% causes liberation of
different structure HC—this is why integral values for the H1 XG signals are increased in
the sample denoted HC-HCE. The value of 6.0 of this integral obtained for the spectrum of
beechwood xylan XSA suggests an even higher presence of XG groups in this sample, a
feature which is common for hardwood hemicelluloses [96].

3.8. Comparison with Similar Studies

Several literature studies report similar attempts to produce both HC and/or HC
derivatives and paper pulp with satisfactory mechanical properties starting from agro-
wastes. Some focus on CS as raw material, but the extraction procedures differ from the
current study. However, the results are promising regardless of the pretreatment and
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extraction procedure used. The CS are an attractive raw material for the simultaneous
production of HC and/or HC derivatives and paper pulp (Table 12).

Table 12. Comparison with similar studies *.

Raw Material Extraction/Pretreatment HC Derivatives TI (N·M/G) BI (kPa·m2/g) Ref.

CS HAE 54.64% xylan 80.10 4.33 This work
CS One-step formic acid 61.00% xylose 50.10 3.00 [49]

CS and kash Soda-anthraquinone pulping - 56.00 4.70 [97]
CS Alkaline sulfite pulping - 62.40 3.80 [98]
CS Alkaline sulfite cooking 118.40 g xylose/kg CS 97.40 5.20 [41]

Corn cobs Hydrothermal pretreatment 52.35% furfural 43.00 - [99]

CS Acid pre-impregnated steam
explosion

acetone: 0.09 g/g,
butanol: 0.18 g/g,
ethanol: 0.04 g/g

24.00 0.99 [100]

* best results reported.

Our study’s findings corroborate those of other authors who have noted a decline in
paper quality in response to increasing extraction HC yields. Hot water extraction was
utilized by Chen and colleagues [101] to extract sugars from CS, yielding a yield of xylose
extraction of 70.2%; however, various paper quality indices, including brightness, BI, and
breaking length, were negatively affected.

4. Conclusions

This work aimed to identify the best-suited strategy for the complete valorization of
CS and focused on the optimum equilibrium between the amount of extracted HC and
paper quality. To reach this objective, two different stages were applied (screening and
optimization).

The screening phase revealed that conventional HAE at high alkali concentrations,
which yields better results in terms of HC extraction but suffers from lowered pulp yield
and papermaking properties, should not be considered as part of the pathway for the
co-production of HC and papermaking pulp by using CS as raw material. The significant
reduction in paper quality and DP directly results from the high CNaOH. Therefore, lower
alkali concentrations are recommended. The HWT treatment, although performed in
relatively low severity, also inflicts significant mechanical strength losses. In this aspect,
the preliminary HAE hemicellulose extraction using low alkali concentrations of liquors
similar to those used in soda pulping situations seemed to show the promised result.

The RSM strategy showed the influence of the chosen factors: temperature, CNaOH,
and time on the modeled system responses. Depending on the targeted yields’ values,
the model equation could be used to predict the system output under different circum-
stances. The resulting models were experimentally validated. A more aggressive extraction
procedure (HCE) was used for comparison purposes, showing that a high HC extraction
yield is detrimental to paper properties. The observed differences in pulp refinability and
papermaking properties directly result from HC participation in refining stages and in
developing sheet strength.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15234597/s1,: Figure S1: Corn stalks chopped and shredded;
Figure S2: The pulping reactor; Figure S3: Various stages of liquid phase processing; Figure S4:
Hemicelluloses samples (before and after drying); Figure S5: Paper sheets and preliminary strength
testing; Supplementary File S1: ANOVA; Supplementary File S2: 1H-NMR spectra; Supplementary
File S3: FTIR data.
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Abstract: The alkaline extraction of hemicelluloses from a mixture of three varieties of wheat straw
(containing 40.1% cellulose, 20.23% xylan, and 26.2% hemicellulose) was analyzed considering the
following complementary pre-treatments: freeze–thaw cycles, microwaves, and ultrasounds. The
two cycles freeze–thaw approach was selected based on simplicity and energy savings for further
analysis and optimization. Experiments planned with Design Expert were performed. The regression
model determined through the response surface methodology based on the severity factor (defined as
a function of time and temperature) and alkali concentration as variables was then used to optimize
the process in a multi-objective case considering the possibility of further use for pulping. To show
the properties and chemical structure of the separated hemicelluloses, several analytical methods
were used: high-performance chromatography (HPLC), Fourier-transformed infrared spectroscopy
(FTIR), proton nuclear magnetic resonance spectroscopy (1H-NMR), thermogravimetry and deriva-
tive thermogravimetry analysis (TG, DTG), and scanning electron microscopy (SEM). The verified
experimental optimization result indicated the possibility of obtaining hemicelluloses material con-
taining 3.40% glucan, 85.51% xylan, and 7.89% arabinan. The association of hot alkaline extraction
with two freeze–thaw cycles allows the partial preservation of the hemicellulose polymeric structure.

Keywords: wheat straw; severity factor; response surface methodology; xylan; hemicellulose;
extraction yields

1. Introduction

Biomass is recognized as a sustainable, renewable, and virtually limitless resource.
Therefore, biomass waste-to-energy valorization technologies are required [1–4]. Agri-
cultural biomass waste is equally appealing [2,3] as a source of energy [5] and/or basic
chemicals [6]. As a result, the biomass utilization pathway is critical for maximizing profits,
while covering the energy sector and chemical demand [7].

Wheat straws (WS) are a significant component of agricultural waste biomass [8],
available virtually worldwide in massive amounts and with multiple ways of valoriza-
tion, [8–13] such as bioethanol [9,14], biofuels [13,15,16], packaging materials [17], fertiliz-
ers [15], sugars [18,19], and others. Each WS utilization pathway, as with biomass in general,
corresponds to a specific technology, and each technology is based on a particular type of
pretreatment [20,21]. Some sequences may be similar for many technologies (e.g., mechani-
cal stages, such as chopping and sieving; washing; drying; mixing); however, others are
particular and correspond to the final, desired product (e.g., sol-gel and carbonization to
produce wheat straw-derived magnetic carbon foams [22]). The standard mechanical and
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physical steps are usually followed by more aggressive physical, chemical, and biochemical
pretreatments that are designed to (i) break down the covalent cross-linkages among lignin,
cellulose, and hemicellulose; (ii) reduce the crystallinity of the cellulose in the cell walls of
wheat straw [23,24]; and finally, (iii) separate the main components [21,25,26].

The separation of the three main constituents of lignocellulosic materials is generally
recognized as the most challenging stage of the lignocellulosic biomass valorization pro-
cess [27], regardless of the product sought or the technological sequence used [21,28,29].
Chemical pretreatments, such as acidic, alkaline, organic solvent, ionic liquid, ammonia,
and ozone, can be used. Each extraction procedure affects the structure of the obtained
material in a specific manner [21,25,29,30]. Recently, deep eutectic solvent-based method-
ologies attracted a lot of attention [31] for effective lignin extraction from various types of
biomass, including wheat straw [32], bamboo [33], and Triarrhena lutarioriparia [34].

For example, if the lignocellulosic biomass is used as a feedstock for biofuel production
lines, then the overall aim of such pretreatments would be a high removal rate of lignin,
known for its inhibitory effect [35]. Consequently, the use of relatively harsh conditions for
removing lignin is accompanied by removing hemicelluloses [36]. Alternatively, suppose
the objective of the biomass processing technology includes the potential recovery of hemi-
celluloses and of the remaining cellulosic fibers material for the production of papermaking
pulp. In that case, the pretreatment conditions must remain within a milder range to pre-
vent excessive hemicellulose degradation and preserve a portion of them in the remaining
pulp. This is due to the significance of hemicelluloses as paper-strength promoters [37–39].

Several benefits (efficient hemicellulose separation, effective removal of acetyl groups,
mild reaction conditions, less sugar degradation, furan derivatives formation, and relatively
low operation costs) [40,41] suggest that alkaline pretreatments are very effective for im-
proving extraction yields in the case of biofuels’ production processes [11,42–45]. However,
to make the process economically viable, the selectivity must be increased, the pretreat-
ment time reduced, and the chemicals recycled [41,45]. Furthermore, by separate usage
or combining the alkaline treatment with physical techniques, such as microwave [46–49],
ultrasound irradiation [18,19,41,49–51], or freeze–thaw (FT) cycles [44,47,52], the alkaline
extraction can be improved even further taking into account the final objectives.

The current study aims to optimize the extraction and separation of hemicellulose from
a highly available lignocellulosic crop residue biomass category—wheat straws (Triticum
aestivum L.). Chemical characterization of the raw materials was performed on straws from
three wheat varieties, which were mixed to simulate an authentic warehouse situation.
Three types of hemicellulose alkaline extraction were performed in the screening phase of
the study: (i) preceded by freeze–thaw cycles; (ii) ultrasound-assisted; and (iii) microwave-
assisted. The best results were obtained for two freeze–thaw cycles, followed by alkaline
extraction; thus, this strategy was chosen for further modeling and optimization. The selec-
tion of the wheat straw treatment sequence is justified by the possibility of industrializing
the process and integrating it into an agri-waste fractionation facility that produces both
xylan-based hemicelluloses and papermaking fibers.

The wheat-straw-separated hemicellulose’s chemical structure was analyzed using
high-performance chromatography (HPLC), Fourier-transformed infrared spectroscopy
(FTIR), proton nuclear magnetic resonance spectroscopy (1H-NMR), thermogravimetry,
and derivative thermogravimetry analysis (TG, DTG). Based on the results, the purity and
the content in terms of components such as xylan, arabinan, and glucan were established.

Response surface methodology (RSM) was used to model and optimize the selected
extraction procedure. In addition, to reduce the total number of experiments, the tempera-
ture and extraction time have been combined in a single parameter, which will be further
referred to as the severity factor [53].

The novelty of the current work is sustained by: (i) screening: trial analysis to deter-
mine the most effective complementary pretreatment for hemicellulose alkaline extraction
(Section 3.2), taking into account the technical and economic advantages, and disadvan-
tages of each tested combination (Section 3.6); (ii) experimental design (Section 3.3): the
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experimental analysis of the selected procedure to unravel the influence of parameters
on the process efficiency; and (iii) process optimization (Section 3.4): the identification
of the optimal conditions that lead to a maximization of extraction considering different
multi-objective criteria (simultaneous maximization of some outputs and minimization of
others). To the best of the author’s knowledge, such an approach for wheat straw alkaline
extraction has never been reported.

2. Materials and Methods

2.1. Analysis Methodology and Equipment

The raw materials used in this study consisted of Otilia, Sorial, and Izvor wheat
straw varieties collected from Romanian farmers. For further experimental work, equal
portions of the straw were mixed to avoid differences in results obtained by individual
processing of straws from the various mentioned varieties. This also helps find a situation
closer to the reality of the industry when different types are collected in the same ware-
house. Preliminary processing of the wheat straw included grinding and sieving. Classical
analytical procedures were involved in establishing the chemical composition in terms
of both significant (polysaccharides and lignin) and minor constituents: ash—TAPPI T
211 om-02 [54]; hot water extractives (denoted with HWT), which were determined by the
TAPPI T 207 om-88 method [55]; and organic solvent extractives T 204 cm-97 [56]. This
chemical characterization was performed for each wheat straw variety and its mixture. The
NREL method [57,58] for cellulose determination involves hydrolysis to glucose in two
steps of sample treatment: hydrolysis with sulfuric acid at 72% and post-hydrolysis after
dilution with sulfuric acid at 4%. The acetone extractives (AE) were determined according
to the ISO 14453:2014 procedure.

Acid-insoluble lignin (AIL) and acid-soluble lignin (ASL) were measured using the sul-
furic acid two-stages hydrolysis method specified by the NREL/TP-510-42618 method [58].
In addition, the major polysaccharide components (cellulose and hemicelluloses) were
determined following an adapted procedure to that described in [49].

The employed chromatography system—Agilent Infinity 1260 II—was equipped with
Phenomenex Rezex RPM-Monosaccharide Pb+2 (8%) 300 × 7.8 mm, heated at 65 ◦C. The
flow rate of the mobile phase (ultrapure water) had a value of 0.6 mL/min. The injection
volume was set to 5 μL. Before injection, each sample and the standard solution were
filtered using 0.2 μm syringe PTFE Roth filters. Calibration curves in the concentrations
range of 0.05–0.3 g/L were plotted using solutions of 99% purity glucose, xylose, and
arabinose (provided by Flucka). A Jasco V550 UV–Vis spectrometer was used to record the
absorbance values at 205 nm [59].

2.2. Screening Phase for Extraction of Hemicellulose from Wheat Straw

An initial screening set of experiments was performed to establish the effect of indi-
vidual pretreatments or alkaline extraction conditions on hemicelluloses’ removal yields.
This experimental stage included:

(i) trials on FT cycles. The freeze–thawing cycles were repeated up to four times to
test their impact on the efficiency of the subsequent hot alkaline (HA) extraction stage.
The freezing phase in the freeze–thaw cycle trials was performed by immersing 2 g of
oven-dried straw in water in polypropylene sampling vessels. The samples were frozen
in a conventional freezer (−22 ◦C) for 60 min. Then, they were removed from the fridge
and left to thaw at room temperature. After defrosting, the samples were reinserted into
the freezer to start a new cycle. The extraction yields were measured after a standalone FT
cycle and for FT cycles followed by HA. The HA procedure is described in our previous
work [40]. For the screening trials, a 5% sodium hydroxide (NaOH) solution was used as
an extractive agent at a temperature of 90 ◦C and 40 min at a solid-to-liquid ratio of 1:30.

(ii) ultrasound treatment. The ultrasonic extraction experiments were realized using
a custom-made ultra-sonication system with a generator and horn capable of supporting
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50 W at 40 kHz for 10 min. In this case, the treatment was performed in an alkaline
environment without supplementary heating.

(iii) extraction under microwave heating conditions. The microwave-assisted heating
was performed in an alkaline solution using a 700 W commercially available home oven
(Zanussi ZMC 19 MG, microwave frequency—2.45 GHz). This procedure was applied as a
potential replacement for conventional heating employed in classic HA.

2.3. Experimental Design of Alkaline Extraction of Hemicelluloses from Freeze–Thaw Pretreated
Wheat Straw

The RSM methodology with central composite design was used to model and optimize
yields after the best extraction method was determined during the screening phase. The
main parameters (Table 1) for modeling the extraction of hemicelluloses from the two
preliminary freeze–thaw-cycles-treated wheat straw were: (i) the severity factor is defined
as the combination of extraction time and the temperature, Equation (1) [53,60]; and
(ii) NaOH concentration:

SF = log10

(
τ ∗ e

T−100
14.75

)
(1)

where SF represents the severity factor; τ is the processing time at selected temperature T.

Table 1. Independent variables and variation range for hemicelluloses extraction from wheat straw.

Independent Variables Units Label
Range

Symbol
From To

Severity factor - X1 1 3 SF
NaOH concentration % wt. X2 3 7 CNaOH

The analyzed dependent variables are: the total extraction yield (TY), the homoxylan
extraction yield (XY), the total hemicellulose extracted yield (HCY), the acid-insoluble lignin
removal yield (YAIL), and the acid-soluble lignin removal yield (YASL). Equations (2)–(6)
indicate how the output was determined based on experimental data. Stat-Ease Design-
Expert (version 7) was used for the experimental design and processing of the experiments;

TY (%) =
m1 − m2

m1
× 100 (2)

where TY (%) represents the total extraction yield; m1 is the initial mass of the treated
samples, oven dried; and m2 is the mass of the solid residue remaining after the extractive
treatment, oven dried;

XY (%) =
mX1 − mX2

mX1
× 100 (3)

where XY (%) stands for the xylan extraction yield; mX1 is the absolute mass of the xylan
in the raw material sample; and mX2 is the absolute mass of the xylan, determined after
two-stage acid hydrolysis;

HCY (%) =
mAX1 − mAX2

mAX1
× 100 (4)

where HCY (%) stands for the hemicellulose extraction yield; mAX1 is the absolute mass
of the hemicellulose—arabinoxylan in the raw material sample; and mAX2 is the absolute
mass of the hemicellulose—arabinoxylan, determined after two-stage acid hydrolysis;

YAIL (%) =
mAIL1 − mAIL2

mAIL1
× 100 (5)
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where YAIL (%) stands for the acid-insoluble lignin extraction yield; mAIL1 and mAIL2 are
the absolute mass of the acid-insoluble lignin in the raw material and treated sample;

YASL (%) =
mASL1 − mASL2

mASL1
× 100 (6)

where YASL (%) stands for the acid-soluble lignin extraction yield; mASL1 and mASL2 are the
absolute mass of the acid-soluble lignin in the raw and treated sample, respectively. The
NREL/TP-510-42618 method was used to determine mAIL1, mAIL2, mASL1, mASL2 [58].

The plan consists of thirteen experiments, including five replications at the center
point. The range of parameters included in the RSM analysis (Table 1) was determined
based on a series of preliminary investigations and a previous study [40]. The experimental
results were then utilized to generate regression models describing the interdependence
between parameters and extraction yields.

After determining the regression models for each yield based on the experimental
data, process optimization was performed, considering the maximization of the total
extraction yield.

2.4. Separation and Characterization of Extracted Hemicelluloses

Separating hemicelluloses involves the preliminary lignin separation by acid precip-
itation at pH 5. The subsequent treatment of the supernatant with 96% ethanol leads
to hemicellulose separation. The purity of the obtained hemicelluloses depends on the
amount of lignin initially present in the alkaline extraction liquor, which depends on the
extraction conditions. The increased extraction time, temperature, and sodium hydroxide
concentration lead to higher amounts of lignin in the HA-produced liquor. At the same
time, during the hemicellulose extraction process, lignin is degraded into soluble products
at a pH below 5. This aspect leads to the co-precipitation of lignin with the hemicelluloses
during the graded ethanol method used to separate hemicelluloses.

In the graded ethanol precipitation method, volumes of 100 mL samples of alkali
extraction liquors were neutralized to pH 5.5 by using glacial acetic acid to precipitate
and remove some of the lignin co-extracted. The resulting liquor was centrifugated at
3000 rpm for 15 min in a Sorvall GLC2 equipped with an HL-4 rotor (100-mL bucket).
The remaining supernatant was mixed with 200 cm3 of analytic purity ethanol (96%) and
left to stand at 4 ◦C for 24 h. The precipitated hemicelluloses (HC) were separated by
centrifugation for 15 min and double-washed with ethanol. Furthermore, the resulting HC
samples were dried at 50 ◦C and prepared for HPLC analysis to determine the constituent
monosaccharides residues. The HPLC system and analysis conditions were described in
Section 2.1. The injection volume was increased to 20 μL to accommodate the concentration
of sugars in the hemicelluloses derived hydrolysate. The exact procedure for wheat straw
hemicelluloses processing before HPLC analysis was described in our previous work [40].

The FTIR spectra of the wheat straw extracted and separated hemicelluloses sam-
ples were recorded using potassium bromide disks containing finely ground samples at
1% content on an Agilent Cary 630 FTIR instrument (64 scans at 4 cm−1 resolution and
4000–400 cm−1).

Samples of 30 mg of hemicelluloses dissolved in deuterated water and pipetted into
NMR tubes were used for 1H-NMR spectroscopy analysis. The spectra were recorded
on a Bruker Avance NEO 400 MHz spectrometer, operating at 400.1 MHz for 1H nu-
clei, with a 5 mm four nuclei direct detection z-gradient probe using standard pulse
sequences, as delivered by Bruker with TopSpin 4.0.8 spectrometer control and processing
software. Chemical shifts are reported in δ units (ppm) and were referenced to the sodium
3-(trimethylsilyl)-(2,2,3,3-d4)-1-propionate (TSP) internal standard. For spectra registration,
128 scans were used.

Thermogravimetric analysis of hemicelluloses samples was carried out using a Toledo
TGA/SDTA 851 instrument at a heating rate of 10 ◦C·min−1 and a nitrogen flow rate of
20 mL·min−1, using a sample weight of 2–6 mg. Ceramic pans were used to heat the
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samples from 25 ◦C to 800 ◦C. Mettler Stare SW 9.10 TGA/DTG software was used for
data processing.

The surface morphology of the samples was studied with the help of a Vega-Tescan
LMH II type scanning electron microscope, using a secondary electrons (SE) detector and
an 8 kV filament voltage on a high-vacuum (HV) working module. First, the analyzed
samples were taken in a dry state at the end of each extraction stage. Then, without
further intervention, they were mounted directly on the holders using a double-copper
adhesive strip.

3. Results and Discussion

3.1. Wheat Straw Chemical Composition

The main chemical components are cellulose, hemicelluloses, and lignin. Several
methods of analysis were used (Section 2.1.) to estimate the amount of various constituents
of the raw materials (Table 2). The total amount of hemicelluloses (xylan and arabinan) is
denoted with HC. Table 2 is designed to compare the different types of constituents for the
three varieties of wheat straw and their mixture (1:1:1), and the results do not represent the
total chemical composition.

Table 2. Chemical composition of wheat straw varieties as raw materials in the study.

Variety
Cellulose
% (Std)

Xylan %
(Std)

HC % (Std)
AIL %
(Std)

ASL %
(Std)

AE % (Std)
HWT %

(Std)
Ash %
(Std)

Otilia 39.64
(0.98)

21.62
(1.14) 24.97 (0.38) 18.67 (1.12) 1.95 (0.12) 2.17 (0.03) 15.47 (0.02) 5.57 (0.06)

Sorial 39.73
(0.45)

18.79
(1.88) 26.01 (0.24) 15.8 (0.48) 2.45 (0.11) 4.09 (0.04) 18.08 (0.41) 6.44 (0.17)

Izvor 40.9
(0.59)

20.56
(1.37) 27.27 (0.31) 20.6

(0.11) 1.83 (0.16) 2.49 (0.05) 13.6 (0.5) 4.88 (0.14)

Mixture of
WS (1:1:1)

40.1
(1.12)

20.23
(1.1)

26.2
(1.78)

16.36
(1.1)

1.48
(0.22)

2.91
(0.15)

15.66
(0.18)

5.61
(0.35)

Results presented as mean of triplicates; std represents the standard deviation.

There are minor differences (1% variation) in cellulose content between the different
varieties, while for the hemicelluloses content, it ranged from 24.97% to 27.27%; and for
acid-insoluble lignin values, from 15.8% to 20.6%.

AE were lower than 3% for Otilia and Izvor varieties, while for the Sorial variety, a
value of 4% was recorded. This includes waxes, fats, resins, and sterols. The extraction
was performed using acetone; thus, the current study-reported-data have smaller values
than the standard ethanol–benzene mixture until recently [61,62]. The content of hot water
extractives indicates the biomass’s soluble organic materials (tannins, gums, soluble non-
structural sugars, starch, and coloring substances) or inorganics, such as salts or nitrogenous
material [63,64]; and the current obtained values are comparable to literature data [61].

The ash content is proportional to the amount of mineral substances present, and it is
higher in non-wood biomass samples than in wood biomass samples. The experimental
values obtained are consistent with those reported by other authors in similar studies [20].

3.2. Screening Phase for Extraction of Hemicellulose from Wheat Straw

The results displayed in Table 3 offer a comparative view of the proposed extractive
treatment results. FT represents the freeze–thaw pretreatment stage; the number of cycles is
given by the associated number (e.g., FT 2 indicates that the sample underwent two freeze–
thaw cycles). HA 40-90 is the hot alkali extraction stage, where the former represents the
time, while the latter represents the temperature, in Celsius degrees. US10-30 and US20-45
indicate ultra-sonication for 10 and 20 min at 30 ◦C and 45 ◦C, respectively. MW 10-100
represents microwave-assisted heating in an alkaline environment at 10 min and 100 ◦C.
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Table 3. The effect of freeze–thawing cycles on the subsequent yields obtained in alkaline extraction.

Sample Treatment TY (%) XY (%) HCY (%) YAIL (%) YASL (%)

HA 40-90 42.21 24.16 34.03 25.9 27.5
HA 40-100 44.2 36.1 35.8 32.08 35.1

FT2 7.50 3.72 3.08 2.68 0.89
US10-30 31.33 4.38 9.28 19.16 11.22
US20-45 34.40 21.67 21.96 24.85 18.9

MW 10-100 52.18 31.51 31.39 29.40 19.91
FT 1 HA 40-90 45.2 58.41 60.02 23.69 37.81
FT 2 HA 40-90 47.3 61.75 63.43 25.66 39.8
FT 3 HA 40-90 46.6 58.19 56.51 23.66 38.2
FT 4 HA 40-90 45.1 56.68 54.80 24.23 38.9

The data shows that the freeze–thawing cycles enhance the alkaline extraction process,
while the microwave heating or ultrasound treatment acts as a standalone extraction
process. Applying microwave heating or ultrasound irradiation in an alkaline solution
(with the mechanisms detailed in Section 3.6.) has similar effects to classic HA. However,
the yields strongly depend on the irradiation time and frequency. Both procedures reduce
the treatment time; however, temperature control is difficult and specialized equipment is
required, which limits its wide adaptation in various settings.

Freeze–thawing alone removes only a tiny amount of xylan and hemicelluloses, prob-
ably water-soluble fractions, together with some lignin. Regarding the number of freeze–
thaw cycles, the most effective extraction occurred after two cycles. Considering the
simplicity of the laboratory setup and its potential for up-scaling, the sequence consisting
of two freeze–thaw cycles, followed by hot alkaline extraction (FT 2 HA) was chosen for
modeling, optimization, and product characterization.

3.3. The Influence of Extraction Parameters

The central composite experimental design and results for FT 2 HA are displayed
in Table 4. First- and second-order polynomial regression equations were used to fit the
experimental data. The equations were simplified by removing some non-significant terms,
while maintaining the model hierarchy. The proposed relationships between the extraction
yields (total extraction yield, xylan extraction yield, total hemicelluloses removal and lignin
removal, and parameters are shown in Equations (7)–(11) (all p-values were less than 0.05).
The detailed ANOVA analysis and the statistical indicators for these models are presented
in Tables S1–S5.

TY ( %) = −6.01X2
1 + 0.267X2

2 + 31.8X1 − 0.676X2 − 0.264X1X2 + 10.4; R2 = 0.97 (7)

XY (%) = 21.4X1 + 11.4X2 − 2.08X1X2 − 30.5; R2 = 0.95 (8)

HCY (%) = 15.9X1 + 8.95X2 − 1.1X1X2 − 17.5; R2 = 0.94 (9)

YAIL (%) = 70.4 − 84.1X1 + 3.11X2 + 1.44X1X2 + 24X2
1 − 0.267X2

2; R2 = 0.97 (10)

YASL (%) = −4.99X1 − 0274X2 + 2.01X1X2 + 27.2; R2 = 0.89 (11)

Figure 1 shows the tridimensional surface obtained for the total yield variation due to
SF and sodium hydroxide concentration. Increasing both SF and CNaOH resulted in an
increase of TY (%). At a constant value of 3% NaOH, a variation of 1 unity for SF leads to a
nearly 27% rise in TY (%). The maximum value for the total extraction yield is obtained for
an SF of 2.5. Over this value, TY (%) slightly decreases regardless of the alkali concentration,
which can be explained by the NaOH consumption in concurrent reactions. To highlight the
effect of CNaOH, the SF was held constant. At SF = 1, the increase of alkali concentration
from 3 to 7 leads to a rise in TY (%) of 19.3%. The same rising trend is observed at higher
SF values; however, the % is lower (12.1% for SF = 2 and 9.6% for SF = 3). Overall, SF has a
higher impact on total extraction yield than CNaOH.
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Table 4. Experimental results and conditions of hot alkaline extraction of wheat straw.

Exp. SF CNaOH (%) TY (%) XY (%) HCY (%) YAIL (%) YASL (%)

1 1 3 34.86 15.24 19.24 19.67 28.42
2 2 3 49.79 34.75 34.87 13.65 24.66
3 3 3 49.58 50.15 48.28 56.05 28.77
4 1 7 41.60 52.57 50.72 27.55 32.19
5 2 7 56.01 63.84 61.70 26.24 45.89
6 3 7 54.21 70.84 70.98 75.46 48.56
7 1 5 40.22 49.65 49.06 38.59 31.44
8 3 5 51.43 55.60 57.23 60.21 44.86
9 2 5 49.76 48.44 46.98 20.97 36.30
10 2 5 50.55 54.32 52.23 21.03 34.93
11 2 5 49.73 49.68 42.46 20.77 39.04
12 2 5 50.36 45.11 47.10 25.94 35.62

113 2 5 50.22 49.18 48.45 19.67 36.30

Figure 1. Variation of the total extraction yield as a function of severity factor and alkali concentration
(the colours green-yellow-red indicate the shift from low to high values).

Figure 2 shows the response surface plot obtained for the homoxylan yield variation
in relation to alkali concentration and severity factor. As can be observed, the maximum XY
(%) value is obtained at SF = 3 and CNaOH = 7%. Distinctively from the TY (%) where the
maximum was at SF = 2.5, indifferent of alkali concentration, in this case, both parameters
have a significant influence on extraction yield. Due to the considerable impact of both
parameters, the homoxylan yield does not reach a plateau as for TY (%). The total effect of
the two parameters has a more substantial impact on XY (%) than either of them would
have on their own.

Figure 3 shows the response surface of the model for the total hemicelluloses extraction
yield. Similar behavior as in the case of XY (%) can be observed for HCY (%); the highest
extraction yield being obtained at maximum values for SF and CNaOH. However, the
individual influence of the considered variables is slightly different (indicated by the slopes
of the surface in relation to each parameter).

Figure 4 displays the variation of YAIL (%) on the model parameters. At lower values
of SF (interval 1–2), the variation has a non-linear trend; and the extraction efficiency is
minimum, the increase of SF to 2 leading to a decrease in extraction yield (negative slope).
On the other hand, the raise of SF to 3 leads to a rapid YAIL (%) increase (positive slope).
Although the CNaOH has a low influence on the overall performance, the maximum YAIL
(%) is reached at the highest alkali concentration (red-colored surface).

52



Polymers 2023, 15, 1038

Figure 2. Variation of homoxylan extraction yield as a function of severity factor and alkali concen-
tration (the colours green-yellow-red indicate the shift from low to high values).

Figure 3. Variation of the total hemicelluloses extraction yield with severity factor and alkali concen-
tration (the colours green-yellow-red indicate the shift from low to high values).

Figure 4. Variation of the acid-insoluble lignin removal yield on severity factor and alkali concentra-
tion (the colours green-yellow-red indicate the shift from low to high values).
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The response surface plot for the variation of the acid-insoluble lignin removal yield
is shown in Figure 5. In this case, it can be observed that the individual effects of SF
and CNaOH are reduced in comparison with their combined effect. When SF = 2, YASL
(%) ranges from 28.5% to 43.4% for the entire alkali concentration interval, while when
CNaOH = 5, the acid-soluble lignin removal yield varies from 30.9% to 40.9% for the entire
SF domain. The highest removal efficiency of the acid-soluble lignin is obtained for SF = 3
and CNaOH = 7.

Figure 5. Variation of the acid-soluble lignin removal yield as a function of severity factor and alkali
concentration (the colours green-yellow-red indicate the shift from low to high values).

Although the maximum extraction yields are obtained at the maximum values of SF
and CNaOH for all the analyzed outputs, the shape of the surface plots suggests a linear
dependence for homoxylan, hemicellulose, and the soluble acid lignin (Figures 2, 3 and 5). In
contrast, for total extraction and acid-insoluble lignin (Figures 1 and 4), there is a non-linear
dependence. This aspect can also be observed by analyzing the determined mathematical
models and the ANOVA reports (Tables S1–S5).

3.4. Process Optimization

After determining the models and the impact of each individual parameter was
analyzed, the process was optimized considering two cases: (i) the experimental limits
(this will be further referred to as O1); and (ii) extrapolation for CNaOH to 9 % (this will be
further referred as O2). In both cases, multiple objectives were considered in such a manner
to obtain a maximum TY (%), XY (%), HCY (%), and a minimum YAIL (%) of YASL (%). In
addition, the minimization of these two outputs was considered because higher amounts
of lignin in alkaline extraction liquors hinder the hemicellulose-graded ethanol separation
stage. The results obtained are presented in Table 5. For O1, a severity factor of 1.63 was
identified. The experimental parameters were set at 100 ◦C and 43 min to obtain this value.
For O2, the severity factor was 1.44, corresponding to 100 ◦C and 25 min.

Table 5. The optimized conditions of wheat straw hemicellulose extraction and obtained
experimental results.

TY (%) XY (%) HCY (%) YAIL (%) YASL (%)

O1
Predicted model parameters CNaOH = 7%; SF = 1.63

Predicted results 51.56 59.97 57.07 21.58 39.60
Experimental validation 49.94 62.56 61.25 20.72 38.63

O2
Predicted model parameters CNaOH = 9%; SF = 1.44

Predicted result 55.9 67.71 63.69 24.10 23.62
Experimental validation 50.34 52.20 52.05 19.64 19.70
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As can be observed from Table 5, in the case of extrapolation (O2), the errors be-
tween the predicted and the experimental values are higher than for O1. This is because
extrapolation has a higher uncertainty and assumes the same dynamic occurs as in the
experimentally verified interval, which is not necessarily true for real-world processes.

3.5. Product Characterization
3.5.1. Component Identification

Table 6 indicates the main components of the hemicelluloses obtained through the
experimental verification of the solutions provided by the optimization procedure. HC
stands for hemicelluloses obtained from the wheat straw by alkaline extraction using
optimized conditions and without performing the freeze–thaw cycles. The notations
HC_O1 and HC_O2 were assigned for the hemicelluloses separated from alkaline extractive
treatment liquor preceded by two freeze–thaw cycles for O1 and O2, respectively. As can
be observed from Table 6, the freeze–thaw cycle seems to favor the xylan extraction yield
versus the arabinan extraction yield.

Table 6. Main chemical components of hemicelluloses preparations isolated from wheat straw.

Sample Glucan (%) Xylan (%) Arabinan (%) Purity (%)

HC_C (control) 3.61 77.50 13.14 94.25
HC_O1 3.40 85.51 7.89 96.80
HC_O2 2.61 83.92 10.02 96.55

3.5.2. FTIR Analysis

The infrared spectra of wheat straw hemicellulose samples are presented in Figure 6.
Figure S1 shows the complete spectra for the analyzed samples. The band occurring at
~1645 cm−1 was assigned to the absorbed water [64]. The absorptions at ~1550 cm−1 are
probably caused by impurities such as co-separated lignin. Peaks shown at about 1460 cm−1

were assigned to the presence of the methyl groups. Peaks visible at ~1100 and ~1045 cm−1

result from C-O stretching in C-O-C ether linkages (the first is inter-sugar units; and the
second is from intra-sugar, in the alcoholic functional group). The ~898 cm−1 peak is specific
to β-1-4 bonds between xylose units of the xylan chain and is caused by the stretching
vibration modes (both symmetric and antisymmetric) of C-O in this linkage [41].

 

Figure 6. FTIR spectra of hemicelluloses separated from wheat straw by using different sequences.
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Other bands at lower wavenumbers, such as ~690 cm−1, were attributed to the CH
deformations—out of the plane. Peaks at ~3400 cm−1—stretching vibrations of O-H groups;
the ~2950 cm−1 to -CH2 antisymmetric stretching, while the 2850 cm−1 results from -CH2
symmetric stretching.

3.5.3. 1H-NMR Spectroscopy Analysis

Figure 7 shows the results obtained by 1H-NMR spectroscopy. The displayed spectra
include three regions: (i) the region of α-anomers in the range 5.5–4.9 ppm; (ii) β-anomers’
region assigned in the interval 4.9–4.4 ppm; and (iii) the β-(1-4)-D-anhidroxylopyranose units
heterocycle proton region 4.4–3.0 ppm [65]. The first region includes signals for α-L arafura-
nosyde residues assigned to the anomeric H1Ara at 5.4 ppm and for the H4Ara proton assigned
at 4.3 ppm. The second region displays signals for non-substituted xylose units (4.49 ppm) and
for glucuronic-acid-substituted β-xylose (4.64 ppm) [66–68]. For the third region, the assign-
ment was considered as follows: H2Ara—4.11 ppm; H3Ara—3.75 ppm; H5Ara—3.68 ppm for
the α-L arafuranosyde residues (Ara); and H5eq X—4.11 ppm, H4X—3.80 ppm, H3X—3.56 ppm,
H5ax—3.38 ppm, H2X—3.30 ppm for the β-D-xylopyranoside residues (X).

 

Figure 7. 1H-NMR spectra of hemicelluloses separated from wheat straw.

3.5.4. Thermogravimetric Analysis

As Nurazzi et al. noted in their literature review on TG analysis of cellulose fiber
and respective composites, hemicelluloses have typically lower decomposition tempera-
tures than lignin [69]. Similar conclusions were previously highlighted by other authors,
which showed that the biomass component decomposition temperatures increase in the
order of hemicelluloses (max. weight loss 220–315 ◦C) < cellulose (max. weight loss
315–400 ◦C) < lignin (degradation extended up to 900 ◦C) [70].

Regarding the results obtained for the analyzed hemicelluloses, several phases are
visible in the case of the mass variation graphs (Figure 8a,b). For the HC_C sample,
the water removal (dehydration phase) occurs in two steps: one between 48 ◦C and
120 ◦C (mass removed yielded ~8.57%), and a short secondary step between 120 ◦C and
132 ◦C (with a DTG peak at 126 ◦C). Samples HC_O1 and HC_O2 displayed a single-step
dehydration within the 50 ◦C to 101 ◦C range; and peaks on DTG curves occurring at 77 ◦C
and 70 ◦C, respectively. The computed values of the mass loss were 15.8% for HC_O1 and
12.8% for HC_O2.
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(a)

(b) 

 

Figure 8. Thermogravimetric analysis: (a) mass-variation curves; (b) DTG curves.

The second stage of the thermo-gravimetric test corresponds to the polymeric chain
degradation phase. For the HC_C sample, this occurs between 215 ◦C and 295 ◦C, with
a mass loss of ~41% and a peak at 234 ◦C. HC_O1 and HC_O2 showed a degradation
phase occurring in similar temperature ranges: (i) 248–303 ◦C for HC_O1 with a DTG peak
observed at 283 ◦C, 37.6% mass loss; and (ii) 258–309 ◦C for HC_O2 with a peak at 290 ◦C
and 39.3% mass loss. The higher temperatures of corresponding HC_O1 and HC_O2 peaks
during the second stage compared with HC_C indicate their better thermal stability.

In the final stage of thermal decomposition, the oxidation of the remaining char occurs.
The HC_C recorded range was 360–503 ◦C with a peak at 414 ◦C (~11% mass loss). The
analysis of HC_O1 and HC_O2 revealed a similar interval of 360–490 ◦C with peaks at
490 ◦C (~12% mass loss).

Peng and Wu [71] proposed a mechanism for the breakdown of the hemicellulose
polymer chain that involves dehydration, fragmentation of side chains, decarboxylation
and decarbonylation, and charring. Carbon dioxide, acetic acid, and pentanal are the most
widely encountered degradation products; and they are all released above 250 ◦C in varying
amounts during the various stages of decomposition [71]. In the current work, the identified
peaks are in accordance with literature data [69,71], and the hemicellulose samples showed
thermal stabilities comparable with xylan-based polysaccharides [40,72–74].

3.6. Mechanism of Complementary Pretreatments and Comparison with Similar Studies
3.6.1. Freeze–Thaw Cycles

Freeze–thaw effects are of a mechanical nature, based on the water’s property to
expand volume when frozen. Ice formation may expand, distort, and finally disrupt
biomass pores, hastening deterioration [75]. FT is considered a “green” procedure that

57



Polymers 2023, 15, 1038

does not require chemicals or a lot of energy. Furthermore, FT cycles occur naturally in
a variety of areas around the world without the need for energy [52]. Contrariwise, a
significant amount of energy is required in other parts of the world to achieve and maintain
the required temperature. Table 7 shows a comparative analysis of literature examples that
investigated FT potential as a complementary pretreatment method. As can be observed,
the results obtained in this study for two cycles of FT followed by alkaline extraction fit
the trends presented in the literature. In addition, the proposed method has the benefit
of a significantly reduced freezing time, which directly correlates with a reduction in
energy consumption.

Table 7. Comparison of freeze–thaw enhancement of agro-waste biomass pretreatments.

Biomass
Type

Extraction
Procedure

No. of FT
Cycles

Temperature
(◦C)

Freezing
Time (h)

Reported
Extraction Yields *

Reference No.,
Year

wheat straw
enzymatic
hydrolysis 1

−10

12, 24, 48, 96
57.06% cellulose,

70.66%
hemicelluloses

[75], 2022
−20
−40
−80

wheat straw enzymatic
hydrolysis 1 −20 48 75.95% cellulose

and hemicelluloses [52], 2012

wheat straw enzymatic
hydrolysis 2 −20 12 67% cellulose and

hemicelluloses [10], 2013

bamboo chips alkaline
extraction 1 −30 12 64.71%

hemicelluloses [76], 2021

bamboo
chips

alkaline
extraction

1

−20

12
73.26%

hemicelluloses
[77], 2022

−30
−40
−50
−60
−70

wheat straw
FT standalone

2 −22 1

3.8%
hemicelluloses

this work, 2023
alkaline extraction 34.03%

hemicelluloses
FT + alkaline

extraction
63.43%

hemicelluloses

* Highest reported values.

3.6.2. Microwave Pretreatments

Unlike conventional ovens that transmit heat by conduction–convection mechanisms,
exposure to a microwave field generates heat inside the material, the heat transfer and
energy yield being significantly higher. Microwaves do not directly affect the molecular
structure, and heat propagation is realized by two mechanisms: ionic conduction and dipole
rotation [78]. During microwave pretreatments of lignocellulosic biomass, the structure of
the biomass can be swelled and fractured due to microwave-generated oscillations: dipolar
rotation and molecular collisions [79]. The presence of water speeds up heat transfer and
improves the hydrolysis process. The “thermal” and/or “non-thermal” effects of MW
are still under debate [46,80]. The main advantages of MW complementary treatments
are: reduction in chemical consumption, energy, and reaction time [26,46,78]. However,
there are a few drawbacks related to the unequal distribution of microwave power inside
non-homogeneous materials that may generate hot spots (local overheating); the energy
absorption depends upon the dielectric properties of the material [78]. Table 8 presents
a comparative analysis of MW-assisted wheat straw alkaline extraction. The difference
in efficiency between the reported data and the results obtained in this work is because
no additional treatment was applied (HA), which indicates that MW can be used as a
standalone extraction procedure. It is worth mentioning that the reported yield was
obtained only after 10 min of MW.
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Table 8. Comparison of MW-assisted wheat straw alkaline extraction.

Alkali Concentration
Range (%wt)

Temperature Range (◦C) Time Range (Minutes) Reported Yields * Reference No., Year

0.5–2.5 120–200 5–25 69.48% of lignin
solubilized [79], 2019

1–5 60–140 5–80 90.66% purity
of cellulose [46], 2021

2–5 60–140 10–60 80% of hemicelluloses
90% of lignin [81], 2012

5 100 10 31.39% hemicelluloses this work, 2023

* Highest reported values.

3.6.3. Ultrasound Pretreatments

Ultrasound exposure can generate both physical and chemical effects. Cavitation phe-
nomena (formation, growth, and implosive bubble collapse) produce huge temperatures and
high pressures for extremely short periods [82]. The corresponding shock waves enhance
energy and mass transfer. Acoustic cavitation at high frequencies generates highly reactive
free radicals, such as hydroxyl, superoxide, or singlet oxygen [83]. The main features of
US employment as complementary pretreatment are reducing processing time, lowering
the temperature and pressure, and diminishing the amount of chemicals [41]. The main
drawbacks of US-assisted pretreatments are related to the sonic field’s uniformity and re-
duced possibilities of upscaling the procedure, caused by the transducers overheating [41,82].
Nevertheless, some modern ultrasound reactors equipped with multiple transducers can
surpass these inconveniences [41,82]. Table 9 shows that US pretreatment alone has a
reasonable extraction yield concerning the time used.

Table 9. Comparison of US-assisted wheat straw pretreatments.

Extraction
Procedure

US Frequency
(kHz) Power (W)

Time,
(Minutes) Solvent

Reported
Extraction

Yields *

Reference No.,
Year

enzymatic
hydrolysis

40 200
60,
120

water,
diluted H2SO4,
diluted NaOH

59.2% lignin
removal

[41], 202225 2000
3000

organosolv 20 100 5, 10, 15, 20, 25,
30, 35

solution
NaOH/methanol/

water

78.5% lignin
removal [84], 2002

deep eutectic
solvents

40 200 60, 120
acetic acid/glycerol/

choline chloride 27%
delignification [85], 2018

γ-valerolactone/
water

ammonia 20 180, 270, 450,
540, 650

15, 30, 45, 60,
90 water 92%

saccharification [19], 2017

alkaline
extraction 20 100 5, 10, 15, 20, 25,

30, 35 KOH
solubilization

91.6%
hemicelluloses,

91.4% lignin
[86], 2005

standalone
ultrasonic
treatment

40 50 10 NaOH
9.28%

hemicelluloses this work, 2023
20 21.96%

hemicelluloses

* Highest reported values.

3.6.4. SEM Analysis

The samples’ surface morphology, studied at 200 × magnification and at a working
distance of about 42 mm, are presented in Figure 9a–d. Figure 9a shows the secondary
electrons image of wheat straw without any treatment. The damaging effect of alkali on the
straw protective shell, exposing the inner fibers, is revealed in Figure 9b. Figure 9c demon-
strates the disruptive effects of ice formation during freezing, as discussed in Section 3.6.1.
Finally, the combination of freezing and alkali effects are displayed in Figure 9d, where it
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can be observed that the fibers and cells are exposed and fractured. Since freezing causes
mechanical damage, it sets the stage for alkaline action deep within the material.

  

(a)  (b)  

  

(c)  (d)  

Figure 9. SEM images of wheat straw after various treatments: (a) wheat straw without any treatment;
(b) wheat straw after alkali treatment; (c) wheat straw after the freeze–thaw cycle; (d) wheat straw
after freeze–thaw and alkali treatment.

4. Conclusions

The performance of three complementary pretreatments: freeze–thaw cycles, ultra-
sound, and microwaves, was investigated in an experimental trial for the hot alkaline
extraction of hemicelluloses from wheat straw. During trials, it was discovered that two
freeze–thaw cycles are sufficient to achieve satisfactory extraction yields.

The severity factor and alkali concentration were subsequently considered variables
in a multi-objective optimization study for two freeze–thaw cycles followed by hot alkaline
extraction. The predicted values were experimentally validated: (i) considering an optimal
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value within the range of process parameters; and (ii) considering an optimal value that
extrapolates the process parameters. For the first case, the optimal conditions are repre-
sented by CNaOH = 7% and SF = 1.63. The hemicelluloses obtained in these conditions
were then analyzed for purity (96.8%); and glucan (3.40%), xylan (85.51%), and arabinan
(7.89%) content.

Although microwaves and ultrasounds outperformed the freeze–thaw procedure
in terms of extraction yields, technical issues, such as temperature control, energy con-
sumption, simplicity, the possibility of preserving the polymeric structure of the resulting
materials, and upscaling perspectives, recommend the combination of classic hot alkaline
extraction with freeze–thaw pretreatments for wheat straw processing.
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https://www.mdpi.com/article/10.3390/polym15041038/s1, Figure S1: Complete FTIR spectra
of separated hemicelluloses; Table S1: ANOVA analysis results for the response model of the total ex-
traction yield TY (%);Table S2 ANOVA analysis results for the response model of the xylan extraction
yield XY (%); Table S3 ANOVA analysis results for the response model of the total hemicelluloses
extraction yield HCY (%); Table S4 ANOVA analysis results for the response model of the acid
insoluble lignin removal yield YAIL (%); Table S5 ANOVA analysis results for the response model of
the acid soluble lignin removal yield YASL (%).
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and Emulsions
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Abstract: Chickpeas are the third most abundant legume crop worldwide, having a high protein con-
tent (14.9–24.6%) with interesting technological properties, thus representing a sustainable alternative
to animal proteins. In this study, the surface and structural properties of total (TE) and sequential
(ALB, GLO, and GLU) protein fractions isolated from defatted chickpea flour were evaluated and
compared with an animal protein, ovalbumin (OVO). Differences in their physicochemical properties
were evidenced when comparing TE with ALB, GLO, and GLU fractions. In addition, using a simple
and low-cost extraction method it was obtained a high protein yield (82 ± 4%) with a significant
content of essential and hydrophobic amino acids. Chickpea proteins presented improved interfacial
and surface behavior compared to OVO, where GLO showed the most significant effects, correlated
with its secondary structure and associated with its flexibility and higher surface hydrophobic-
ity. Therefore, chickpea proteins have improved surface properties compared to OVO, evidencing
their potential use as foam and/or emulsion stabilizers in food formulations for the replacement of
animal proteins.

Keywords: plant proteins; chickpea; food ingredients; ovalbumin; total protein extraction

1. Introduction

In current times, the consumption of vegetable protein is increasing as consumers
seek healthy and lower-cost alternatives to animal protein without compromising product
quality, safety, and sustainability. This way, consumer groups, such as flexitarians, vegans,
and vegetarians, opt for a diet rich in pulses such as beans, lentils, peas, and chickpeas. In
addition, some consumers avoid common plant proteins, such as soy, due to their potential
allergenicity and celiac disease or sensitivity [1]. Therefore, the technological development
of protein concentrates and isolates derived from legumes, specifically from pulses, is
an excellent alternative to meet current consumer demands. These proteins with high
functionality could be required concerning stabilizing multiphasic systems, such as foams
(e.g., whipped cream and ice cream) and emulsions (e.g., mayonnaise and dressing).

The use of proteins from pulses has grown considerably in the food industry due to
their richness in essential amino acids (lysine, leucine, and arginine). Additionally, legumes
are an economical protein source and have low water requirements for crops [2]. Therefore,
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the future food market is focused on food security and the necessity for sustainable protein
sources. The Food and Agriculture Organization (FAO) describes legumes as “nutritional
seeds for a sustainable future” since crops, such as chickpeas, are resistant to drought and
do not require intensive irrigation, becoming a sustainable protein source [3].

Chickpea is the third most abundant pulse crop worldwide, with a high protein
content (14.9–24.6%) [4,5]. The literature has reported that chickpea seed proteins are
composed of globulin (salt soluble; 56%), albumin (water-soluble; 12%), a prolamin (alcohol
soluble; 2.8%), glutelin (acid/alkali-soluble; 18.1%), and residual proteins [4,6]. Compared
to other legumes, chickpea proteins have a higher bioavailability [7]; for that, they could
be an excellent potential alternative to animal proteins. Chickpea is currently used in
the food industry to make bread, sandwiches, soups, pasta, crackers, cakes, beverages,
mayonnaise-type dressing, and gluten-free pasta, among other foods [8,9].

The literature has reported three types of vegetable protein extraction techniques:
(i) conventional extraction, based on organic and alkaline solvents; (ii) biochemical extrac-
tion, based on the use of enzymes and (iii) physical extraction, based on ultrasound, pulsed
electric field, microwave or high pressure-assisted extraction [10]. Extraction based on
protein solubility using Osborne’s methodology and alkaline extraction is the most used
extraction technique in the food industry to obtain protein concentrates and isolates [11–13].
It is due to the low cost of chemical products, the relative simplicity of the critical apparatus,
and the use of environmentally friendly solvents.

Osborne’s methodology sequentially extracts proteins based on their solubility and
subsequent precipitation at the isoelectric point. Albumins are soluble in water; globulins
are insoluble in water but soluble in dilute salt solutions; glutelins are insoluble in the above
solutions but soluble in weak acid or basic solutions; and finally, prolamins are insoluble
in the above solutions but soluble in alcohol/water mixtures [14]. This methodology
was successfully used for the sequential extraction of proteins from rice, quinoa, and
chickpeas [4,12,15].

Using isolated and/or protein fractions from pulses in food matrices depends on
their composition and functional and structural properties [16,17]. However, the type and
variety of legume seeds and the extraction methods can alter the protein composition in
the final isolated or concentrated products [1,18]. Most studies on pulses protein isolates’
structural and functional properties have yet to consider the role of the individual protein
fractions (e.g., albumin, globulin, glutelin) compared to the total protein extracted. Chang
et al. [17] evaluated the structural and functional properties of protein fractions such as
globulin, legumin, and vicilin from green peas and chickpeas, observing differences in the
functionality of the protein fractions. However, the authors did not consider the behavior of
the total protein fraction. For that, evaluating the functional and structural properties of the
total and each protein fraction is essential to provide knowledge to manufacture suitable
pulse proteins according to the application area. Thus, it becomes a potential ingredient for
the total or partial replacement of animal proteins.

In this study, chickpea proteins were compared to ovalbumin, an animal protein widely
used as an emulsifying agent in the food industry, because of its intense surface activity
and emulsion stabilization properties [19]. In addition, due to its high foaming property, it
is used as a foaming agent to improve and maintain the quality (texture and volume) of
aerated foods, such as cakes, cookies, dessert shells, and chocolate mousses [20]. However,
it has disadvantages compared to vegetable protein due to the high cost, limited supply,
and direct relationship to climate change [10]. For that, it is crucial to obtain alternative
vegetable sources of proteins with functional properties similar to animal-origin proteins
to replace them and develop appropriate technologies for their profitable extraction and
incorporation as an ingredient in foods.

Today, the food industry calls for research and development in plant-derived protein
as a versatile and inexpensive substitute for animal protein in the human diet. Therefore,
this study aims to evaluate the surface and structural properties of protein fractions (by
total and sequential extraction) isolated from defatted chickpea flour, compared to an
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animal protein, ovalbumin, for its potential use as a food ingredient. For this purpose,
extraction, fractionation, and physicochemical characterization were performed for each
protein fraction to evaluate the quality of fraction proteins based on their amino acid profile
and potential food application.

2. Materials and Methods

2.1. Samples

Chickpea flour (Extrumol, Santiago, Chile) was characterized by proximal composition
(g/100 g): 8.4 ± 0.1 of moisture, 18.3 ± 0.3 of protein, 6.9 ± 0.1 of lipids, 2.9 ± 0.0 ash,
0.9 ± 0.0 crude fiber, and 62.6 ± 0.3 non-nitrogen extracts. This raw material was defatted
before the protein extraction process.

Commercial ovalbumin (OVO) with a protein value of 38.2 ± 0.1 g/100 g was pur-
chased from Cherry (Chile) for comparison as a control surface and structural properties.

Defatted chickpea flour: Hexane of analytical grade (Heyn, Santiago, Chile) was used
to eliminate the lipid fraction from the chickpea flour by solvent extraction at a ratio of 1:3
weight: volume (flour:solvent) for 1 h under stirring at 200 rpm. Subsequently, the mixture
was filtered and dried under an extractor hood at room temperature for 24 h. The defatting
process of the chickpea flour was repeated twice, according to the methodology described
by Karaca et al. [21]

2.2. Protein Extraction Processes from Defatted Chickpea Flour
2.2.1. Total Extraction (TE)

The total protein fraction (Figure 1) was obtained by isoelectric precipitation following
the protocol of Chang et al. [22] with some modifications. For this, 20 g of defatted chickpea
flour was mixed with 200 mL of NaOH 0.02% w/v (Heyn, Chile) at a pH of 11.5 and 400 μL
of protease inhibitor (Sigma-Aldrich, Darmstadt, Germany), according to the methodology
of Castellión et al. [12]. The mixture was stirred for 1 h with continuous stirring at a speed of
200 rpm (Boeco, model MSH 420, Hamburg, Germany). Then, the mixture was centrifuged
at 4130× g for 10 min (Restek, model sep-3000, PA, USA), and a recycling process was
carried out, where the sample was remixed with 200 mL of NaOH at 0.02% w/v for 1 h.
The supernatant was filtered with the help of a vacuum pump (Rocker, model 300C,
Kaohsiung, Taiwan). Subsequently, it adjusted the pH of the supernatant to 4.5 with 2 N
HCl (isoelectric point of legumin proteins). The supernatant was centrifuged at 4130× g
for 10 min, a process that was repeated twice, washing the pellet with purified water, and
then resuspending it in purified water. The total protein obtained was stored at −80 ◦C in
an ultra-freezer (Thermo Scientific, model 702, MA, USA) and then freeze-dried at −40 ◦C
and 27 Pa (Virtis SP Scientific, Benchtop Pro 9L ES-55, PA, USA). After the freeze-drying
process, the moisture and water activity of the TE sample were determined. Finally, the
freeze-dried proteins were stored in desiccators until further analysis.

Figure 1. Flow chart describing the total extraction method of chickpea protein.

2.2.2. Sequential Extraction (SE) of Proteins from Chickpea Flour

Albumin (ALB), globulin (GLO), and glutelin (GLU) fractions were extracted sequen-
tially according to the procedure of Chang et al. [4] with some modifications (Figure 2).
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A sample of defatted chickpea flour (50 g) was mixed with purified water (200 mL) and
1 mL of protease inhibitor (Sigma-Aldrich, Darmstadt, Germany), according to the method-
ology of Castellión et al. [12]. The mixture was magnetic stirred (Boeco, model MSH 420,
Hamburg, Germany) for 2 h and then centrifuged at 4130× g for 10 min (Restek, model
Q-SEP 3000, PA, USA). The supernatant was filtered using Whatman N◦1 paper and a vac-
uum pump (Rocker, model 300C, Kaohsiung, Taiwan), while the precipitate was reserved
for GLO extraction (pellet 1). The filtered supernatant was precipitated at pH 4.1 with
1 M HCl, centrifuged at 4130× g for 10 min (Restek, model Q-SEP 3000, PA, USA), and
subsequently freeze-dried (Virtis SP Scientific, Benchtop Pro 9L ES-55, PA, USA) obtain-
ing the ALB fraction. Pellet 1 was mixed with 200 mL of a NaCl solution (5% w/v) and
magnetically stirred for 2 h. It was centrifuged at 4130× g for 10 min, the supernatant
was filtered in the same way as carried out previously, and the precipitate was reserved
(pellet 2). The supernatant was precipitated at pH 4.3 with 1 M HCl, centrifuged again
at 4130× g for 10 min, and the precipitate corresponding to the GLO fraction was also
freeze-dried. Pellet 2 was mixed with 200 mL of a NaOH solution 0.1 M, stirred for 2 h,
and centrifuged at 4130× g for 10 min. The supernatant was filtered and precipitated at
pH 4.8 with 1 M HCl, centrifuged at 4130× g for 10 min, and freeze-dried, obtaining the
GLU fraction. Finally, all the freeze-dried proteins (ALB, GLO, and GLU) were stored in
desiccators until further analysis.

 

Figure 2. Flow chart describing the sequential extraction method of chickpea protein.

2.2.3. Moisture Content and Water Activity of Freeze-Dried Proteins

The moisture content of the freeze-dried proteins was determined gravimetrically by
the difference in mass before and after drying the samples in an oven (Memmert, model
WNB 22, Schwabach, Germany) at 105 ◦C until constant weight (AOAC, 1998). Results
were expressed as dry basis percentage (% d.b; g water/100 g solids). The water activity
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(aw) was determined by automatic measuring equipment (Novasina, model Lab Start,
Lachen, Switzerland) at 25 ◦C [23].

2.2.4. Protein Extraction Yield

The yield (Y) of the total and sequential extractions of chickpea proteins was estimated
by a gravimetric method based on the initial protein mass and the mass of freeze-dried
protein obtained after the extraction process, according to the following equation.

Y (%) =
mass of freeze − dried protein (g)

mass of protein in chickpea flour (g)
× 100% (1)

where the protein mass of the flour on a dry basis was 16.8 g/100 g of sample (corrected for
moisture content), according to its proximal analysis.

2.3. Physicochemical Characterization of the Protein Fractions
2.3.1. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Electrophoresis was carried out according to the methodology described by Laemmli [24].
The molecular weight of the proteins was estimated using SDS-PAGE polyacrylamide gels
(Bio-Rad, Mini-protein TGX 12% gel, CA, USA) compared to standard proteins (Precision
Plus Protein Kaleidoscope Standards, Broad Range, Bio-Rad Laboratories Inc., CA, USA).
Protein samples (0.3% w/w) were prepared by dissolving 50 μL of protein dispersion
in 50 μL of a loading buffer (50 μL of β-mercaptoethanol (BME) per 950 μL 2X Laemmli
sample buffer) (Bio-Rad Laboratories, Inc., CA, USA). The samples prepared in the previous
step were heated at 95 ◦C for 5 min in a water bath for protein denaturation. Samples
(20 μL) were loaded into each well. The electrophoretic migration was performed using
refrigerated running buffer (1 L), which was prepared using 1X Tris-acetate-EDTA (TAE)
buffer from 10X Tris R11 glycine/SDS buffer (Bio-Rad Laboratories Inc., CA, USA). This
process was monitored at a constant current (100 V) for 1.5 h using a Mini-Protean Tetra Cell
unit (Mini-PROTEAN® Tetra System, Bio-Rad Laboratories Inc., Richmond, CA, USA). The
gel was stained with a Coomassie blue solution (Bio-Rad, Coomassie Brilliant Blue R-250,
Bio-Rad Laboratories, Inc., CA, USA) for 12 h at room temperature. After the staining time,
the solution was removed, and 200 mL of the destain solution I (10% acetic acid v/v, 50%
methanol v/v) was added while gently stirring for 2 h. Then, it was removed, and 200 mL
of the destain solution II (7% v/v acetic acid, 5% v/v methanol) was added and stirred for
12 h at room temperature. Finally, gels are stored in distilled water until digital images
were taken. All reactive stains were of analytical grade (Heyn, Santiago, Chile).

2.3.2. Amino Acid Analysis by High-Performance Liquid Chromatography (HPLC)

The chickpea protein’s amino acids were identified and quantified according to the
methodology described by Janssen et al. [25]. Chickpea proteins (10 mg) were hydrolyzed
with 300 μL of a 6 N HCl solution at 110 ◦C for 24 h. The hydrolyzate obtained was
derivatized with 20 μL of phenylthiocyanate (10% w/v) to generate phenylthiocarbamyl
amino acids, which were separated and quantified by HPLC at 254 nm. A liquid chro-
matograph (Waters 600 controller, MA, USA) with a diode array detector (Waters 996)
and a Phenomenex (Los Angeles, CA, USA) RP18 column (150 mm × 4.6 mm, 5 μm)
was used. The gradient separation was performed using two solvent solutions: Solution
(A) composed by 94:6 v/v of 0.14 mol/L of HPLC-grade anhydrous sodium acetate (pH
5.9): HPLC-grade acetonitrile, and solution (B) by HPLC-grade acetonitrile: water (60:40
v/v) solution. The injection volume was 20 μL, the column temperature was 40 ◦C, and
the analysis time was 30 min. The quantification of amino acids was carried out with
external standards (Sigma-Aldrich, Darmstadt, Germany) and attributed to 17 amino acids
previously described in chickpeas [26].
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2.3.3. Zeta Potential of Protein Dispersions

The pH stability and isoelectric point determination were carried out through Zeta
potential measurements (Zetasizer Nano Series, Nano ZS90, Malvern Instruments, UK).
TE, ALB, GLO, and GLU dispersions (0.1% w/v) were prepared at the respective solubility
solvent; with ultrapure water, 5% (w/v) 0.1 M NaCl and NaOH, respectively. pH values were
adjusted in the range of 2 to 7, using NaOH or HCl (1 N). Samples of protein dispersions
(1 mL) were placed in a cuvette with electrodes (Malvern Instruments, cell type DTS1070,
UK), and Zeta potential was measured. Zeta potential versus pH was plotted to obtain the
isoelectric point (IP), which is the point where the value of the net surface charge of proteins
(and Zeta potential) is equal to zero, and +/−30 mV values are required for complete
electrostatic stabilization [27].

2.4. Surface and Structural Properties of Protein Dispersion
2.4.1. Surface Hydrophobicity

Protein fractions were measured using 1-anilino naphthalene-8-sulfonic acid (ANS) as
a fluorescence probe, as described by Kato & Nakai [28]. Samples were diluted between
0.002 and 0.01% (w/v) from a concentrated dispersion of proteins (TE, ALB, GLO, and
GLU) at 0.1 (w/v). Four milliliters of diluted samples reacted with 20 μL of ANS solution
(8 × 10−3 M). The fluorescence intensity was measured at the excitation wavelength of
365 nm and the emission wavelength of 484 nm on a fluorometer (Perkin Elmer, LS55,
Massachusetts, UK). Fluorescence intensity and the corresponding concentration of protein
were fitted using linear regression. The slope of the curve obtained was defined as the
surface hydrophobicity index of the protein.

2.4.2. Dynamic Interfacial (DIT) and Surface Tension (DST) Measurements

Interfacial or surface tension changes between protein dispersions (TE, ALB, GLO,
and GLU) were determined by an optical tensiometer (Ramé-Hart Inc., model 250-F4,
Succasunna, NJ, USA). Commercial ovalbumin (OVO) was used as a control. All proteins
were analyzed at a concentration of 0.1% (w/v), previously hydrated at 4 ◦C overnight, and,
subsequently, the pH value was adjusted at 7 before measurements. Measurements were
based on the pendant drop method using a lipid phase (sunflower oil) for DIT and air for
DST. In this method, an axisymmetric drop of protein dispersion (8.5–10 μL) was delivered
and allowed to stand at the tip of a steel needle inside a quartz cell with 30 mL of sunflower
oil or air at 25 ◦C to achieve protein adsorption at the oil-water or air-water interface,
respectively. For DIT measurements, commercial sunflower oil (Natura, Argentina) was
purified by resin mixing (Florisil® 60-100 mesh, 46385, Sigma-Aldrich, Germany) at a 10:1
ratio for 4 h, according to the methodology of Bahtz et al. [29].

The Coupled Charged Device (CCD) camera of the optical tensiometer captured
drop images at different time intervals. The interfacial or surface tension was calculated
by analyzing the image profile of the drops stabilized by the surfactant dispersions us-
ing image analysis (Ramé-Hart Inc., DROPimage Advanced software, Succasunna, NJ,
USA) and then by fitting the Laplace equation to the drop shape. To validate the DIT
methodology, the interfacial tension of the sunflower oil/pure water system was the same
as previously reported (26.6 ± 0.5 mN/m) for identical conditions [30]. For DST mea-
surements, it corroborated that the surface tension of the pure water/air system was
72.8 ± 0.2 mN/m [31].

Results obtained from the DIT and DST measurements were interpreted in terms of
interfacial pressure or surface pressure, respectively, which was defined as the decrease in
interfacial or surface tension of a pure solvent caused by the addition of the protein:

Π = τ− τp (2)

where Π is the interfacial or surface pressure of the protein dispersion (mN/m), τ is the
interfacial tension of the oil-pure water system (26.6 mN/m), or the surface tension of the
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air-pure water system (72.8 mN/m) at 25 ◦C, and τp is the interfacial or surface tension of
the protein dispersion (mN/m) at the same temperature.

The evolution of interfacial or surface pressure was fitted to an empirical kinetic model
based on the works of Azuara et al. [32] for the osmotic dehydration process and Moyano &
Pedreschi [33] for oil absorption during deep-fat frying. A balance in terms of the interfacial
or surface pressure at the interface is performed as follows.

Π = Π0 + Πeq − Π∗ (3)

where Π0 is the interfacial or surface pressure at time zero (mN/m), Πeq is the interfacial
or surface pressure at the equilibrium (mN/m), and Π is the interfacial or surface pressure
value needed to reach the equilibrium (mN/m). The limit conditions for interfacial or
surface pressure are:

(i) At t = 0 → Π* = Πeq and Π = Π0
(ii) At t = ∞ → Π* = Π0 and Π = Πeq

It is assumed that changes in the ratio Π*/Π are inversely proportional to protein
adsorption time:

Π∗

Π
=

1
k × t

(4)

Considering the above conditions, the empirical model proposed is:

Π =
Πeq × k × t

1 + k × t
+ Π0 (5)

where k is the specific rate constant for protein adsorption to the interface (s–1). Interfacial
or surface pressure curves were fitted to the proposed model. The specific rate constant (k)
and the interfacial or surface pressure at equilibrium (Πeq) were obtained by employing
nonlinear regression analysis performed with the Solver tool of Microsoft Excel, using as
an objective function the minimization of the root mean square (RMS) equation.

RMS (%) =

√
1
n
× ∑

(
Ve − Vp

Vp

)2
× 100% (6)

where n is the number of data points for each curve, Ve is the experimental value, and Vp
is the predicted value by Equation (6).

2.4.3. Structural Characterization by Fourier Transform Infrared-Attenuated Total
Reflectance (FTIR-ATR) Spectra Analysis

Chemical groups and bonding arrangement of components present in protein samples
were determined by Fourier Transform Infrared-Attenuated Total Reflectance (FTIR -ATR),
using a Jasco FTIR-4600 spectrophotometer equipped with an ATR PRO ONE (Jasco, Easton,
MD, USA). Measurements were performed in a spectral range of 4000 to 400 cm−1 at
a 4 cm−1 resolution and scan number 32. Fourier second derivative analysis was performed
for the Amide I region (1700–1600 cm−1) using the OriginPro 8.5 software (OriginLab,
Northampton, MA, USA). Curve normalization was developed at the highest intensity
peak and Gaussian peak fitting using OriginPro 8.5 software (OriginLab, Northampton,
MA, USA). The percentages of the secondary structures were determined by integrating
the areas of the fitted peaks. Intensity measurements were performed on the original and
the second-derived spectra by calculating the height of the absorbance bands from their
baseline. All chemical functional groups were identified using published reports [9,17,34].

2.5. Statistical Analysis

All experiments were run in triplicate. Data were reported as means with their corre-
sponding standard deviation. ANOVA test, at a confidence level of 95%, was performed
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to determine statistical differences using Statgraphics Centurion XVI® software (StatPoint
Technologies Inc., VA, USA). Differences between samples were evaluated using multiple
range tests, using the Least Significant Differences (LSD) multiple comparison method. The
significance of the differences was determined at a 95% confidence level (p < 0.05).

3. Results and Discussion

3.1. Protein Extraction Processes
3.1.1. Effect of Process Parameters in Protein Fractions

Since lipids can interfere as a barrier to solvent penetration during protein extrac-
tion [11], a defatting procedure was previously applied to the flour. The initial lipid content
of the flour was 6.9 g/100 g of wet basis sample (w.b.). The final lipid content of the
defatted flour was 0.82 ± 0.01 g/100 g of sample (w.b.). Therefore, the defatted process was
successful, and in this case, the lipid content was a process parameter not considered in the
extraction process yield.

Moisture content and water activity (aw) are relevant physical parameters to evaluate
the freeze-drying process of protein extracts since moisture content and aw influence their
stability and safety during storage. Table 1 shows the moisture content of the extracted
chickpea protein samples. All values were less than 4% w.b., which ensures stability while
storing freeze-dried proteins, preventing particle agglomeration and caking [35]. All freeze-
dried extracted protein samples (TE and SE) presented aw values lower than 0.22 (Table 1),
ensuring their preservation since most microorganisms grow at aw values higher than
0.6 [36]. Therefore, the freeze-drying process of the TE, ALB, GLO, and GLU samples
was optimal. Obtaining powdered protein extracts could allow their potential use as an
ingredient in food applications, suggesting stable storage.

Table 1. Moisture content and aw of lyophilized protein.

Sample Moisture (%) aw

Total extraction 3.65 d ± 0.11 0.22 c ± 0.030
Albumin 1.24 a ± 0.03 0.05 a ± 0.004
Globulin 1.91 c ± 0.44 0.10 ab ± 0.020
Glutelin 1.87 bc ± 0.29 0.15 b ± 0.004

Different letters (a, b, c, d) indicate significant differences (p < 0.05) between samples.

3.1.2. Protein Extraction Yield

Table 2 indicates no significant differences (p ≥ 0.05) in the process yield for both
extractions (TE and SE), which was 82 ± 3% (value obtained through the average of
both extractions). These results were superior to those reported by [37], ranging between
50.3–69.1%, which depended on the chickpea variety (Kabuli and Desi) or protein extraction
methodology. Sánchez-Vioque et al. [11] reported that protein recovery ranged from 62.1%
to 65.9% for two protein isolates from ground Kabuli chickpea seeds. The differences in
protein extraction yield values between authors can be attributed to raw materials, protein
solubility, and processing times. However, the high value obtained in this study confirms
this suitable methodology for TE.

Table 2. Protein extraction yield for total and sequential process extraction.

Sample Yield Dry Weight (%)

Total extraction 78.0 c ± 1.0
Total sequential extraction 85.0 c ± 5.7

Albumin 69.3 b ± 4.4
Globulin 8.7 a ± 1.0
Glutelin 7.1 a ± 0.9

Different letters (a, b, c) indicate significant differences (p < 0.05) between samples.
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In the SE (Table 2), ALB (64%) was the protein extracted with the highest proportion,
followed by GLO (8%) and GLU (6.5%), obtaining a total protein extraction of 85 ± 6%.
However, previous literature indicated that chickpea protein mainly comprises GLO (about
50%) [22,38,39]. In contrast, the highest percentage of ALB obtained (Table 2) could depend
on the extraction conditions and physicochemical procedures used [40]. In this sense, Liu
et al. [41] carried out ALB and GLO extractions from different chickpea varieties using
solutions of water and salt (K2SO4 and NaCl). They obtained high concentrations of ALB
(~60%) when using NaCl as an extraction solvent, similar to this study, because legumes
are a source of minerals, especially a richer source of calcium and phosphorus than most
cereals [2]. Therefore, the salts in the chickpea flour could convert the purified water used
as the extraction medium into a very dilute saline solution, extracting significantly higher
ALB and GLO content with distilled water.

3.2. Physicochemical Characterization of Total and Sequential Protein Extracted from
Chickpea Flour
3.2.1. Electrophoretic Pattern of Chickpea Protein Fraction Evaluated by SDS-PAGE

SDS-PAGE was used to determine the molecular weight (Mw) of the subunits of the
chickpea protein fractions. After electrophoresis of TE, ALB, GLO, and GLU proteins,
multiple bands were observed and compared to a Mw standard (Figure 3 lane 1), ranging
from approximately 97 to 12 kDa (Figure 3). These values agree with the characteristic
band patterns of legumes reported by several authors [4,6,22], which indicates the high
effectiveness of the protein extraction process from the chickpea flour.

Figure 3. SDS-PAGE of chickpea protein isolates from sequential extractions and ovalbumin.
STD: Standard protein markers; (2) Extraction total; (3) Albumin fraction; (4) Globulin fraction;
(5) Glutelin fraction.

In Figure 3, the SDS-PAGE patterns of the TE (lane 2) and of the ALB fraction (lane 3)
were very similar, observing the expected proteins for both fractions: legumin (11S), vicilin
(7S) and albumin (2S) [4]. Legumin protein (α and β subunits) were slightly observed at
~46 kDa and ~25 kDa bands, respectively [4,11]. Furthermore, estimated molecular weights
of ~49, ~35, ~33, ~19, and ~15 kD were identified as chickpea vicilin (7S) subunits reported
by Chang et al. (2011). Finally, low molecular weight bands ~12 kD were attributed to
albumin subunits (2S) [42]. These results indicate that the TE sample contains a high
percentage of proteins extracted on the ALB fraction due to the similarity in the band
pattern, which agrees with the extraction yield results (Table 2).

In the GLO fraction (Figure 3, lane 4), a ~98 kDa molecular weight (MW) band
was identified, compared to the chickpea lipoxygenase, as Clemente et al. [43] reported.
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However, a similar lighter band pattern was observed for GLO (lane 3) and GLU (lane 4)
fractions, attributed to the chickpea 11S and 7S subunits.

Therefore, as expected, the pattern of bands for the TE corresponds to the mixture
of the extracted proteins. The ALB, GLO, and GLU fractions present a similar pattern of
bands but with low resolution compared to other legumin proteins [17].

3.2.2. Amino Acid Profile of Extracted Chickpea Proteins

Proteins are chains of amino acids linked by peptide bonds; these amino acids pro-
vide nutritional value and influence their structure and functionality. Table 3 shows the
17 amino acids detected by HPLC-DAD for each extraction sample from chickpea flour. The
highest amino acids percentages in the TE, ALB, GLO, and GLU samples were glutamic acid,
aspartic acid, and arginine, where the glutamic acid presented the highest proportion in all
samples (TE: 14.5 ± 0.3; ALB: 11.5 ± 1.3; GLO: 8.3 ± 0.6, GLU: 9.7 ± 0.1 g/100 g protein).
These results agree with Ghribi et al. [44] since, in chickpea protein isolates, glutamic acid
showed the highest amount, varying from 15.04 to 19.23 g/100 g of protein. Furthermore,
the total essential amino acids content was similar to that reported by Chang et al. [17]
(~25 g/100 g protein).

Table 3. Amino acid profile of chickpea proteins.

Amino Acid
Total Extraction
(g/100 g Protein)

Albumin
(g/100 g Protein)

Globulin
(g/100 g Protein)

Glutelin
(g/100 g Protein)

Isoleucine 2.95 d ± 0.01 2.72 c ± 0.07 2.23 a ± 0.01 2.51 b ± 0.01
Leucine 5.40 d ± 0.08 4.99 c ± 0.11 3.82 a ± 0.07 4.55 b ± 0.11

Threonine 2.54 ab ± 0.04 2.44 a ± 0.08 2.43 a ± 0.05 2.83 b ± 0.13
Valine 2.69 b ± 0.09 2.62 b ± 0.09 2.15 a ± 0.08 2.56 b ± 0.07

Phenylalanine 4.09 c ± 0.05 3.30 b ± 0.01 2.65 a ± 0.00 3.27 b ± 0.00
Methionine 0.88 b ± 0.01 0.71 a ± 0.02 0.70 a ± 0.01 0.76 ab ± 0.10
Histidine 1.51 b ± 0.05 1.53 b ± 0.08 1.04 a ± 0.01 1.37 b ± 0.16

Lysine 5.35 b ± 0.23 3.83 a ± 0.11 3.75 a ± 0.20 4.02 a ± 0.13
Total essential amino acids 25.4 c ± 0.10 22.14 b ± 0.69 18.76 a ± 0.06 21.86 b ± 0.46
Essential amino acids (%) 33.61 a ± 0.26 32.85 a ± 1.62 35.91 b ± 0.05 35.92 b ± 0.17

Aspartic acid 10.74 c ± 0.46 10.00 c ± 0.11 7.01 a ± 0.04 7.86 b ± 0.20
Cysteine 1.87 b ± 0.27 1.27 a ± 0.00 1.01 a ± 0.05 1.35 a ± 0.07

Glutamic acid 14.54 c ± 0.33 11.51 c ± 1.30 8.31 a ± 0.57 9.74 b ± 0.14
Alanine 3.20 a ± 0.13 3.15 a ± 0.10 2.92 a ± 0.02 3.16 a ± 0.06
Serine 4.63 c ± 0.26 4.38 bc ± 0.18 3.30 a ± 0.08 3.96 b ± 0.09

Glycine 3.07 a ± 0.16 3.11 a ± 0.18 2.26 a ± 0.09 3.14 a ± 0.03
Tyrosine 1.53 a ± 0.13 1.22 a ± 0.05 1.29 a ± 0.05 1.56 a ± 0.17
Arginine 7.46 b ± 0.38 6.91 b ± 0.02 4.42 a ± 0.67 4.91 a ± 0.13
Proline 3.14 b ± 0.29 3.73 c ± 0.07 2.61 a ± 0.08 3.30 bc ± 0.03

Total non-essential amino acids 50.17 d ± 0.38 45.28 a ± 1.93 33.48 b ± 0.17 38.99 c ± 0.53
Non-essential amino acids (%) 66.39 b ± 0.26 67.17 b ± 1.62 64.09 a ± 0.05 64.08 a ± 0.17

Different letters (a, b, c, d) indicate significant differences (p < 0.05) between samples.

The percentage of essential amino acids (EEA%) of the chickpea proteins detected was
calculated (Sum of detected essential amino acids/total amino acids content × 100%). It
did not determine the content of Tryptophan because it was hydrolyzed during the acid
hydrolysis step of the methodology used. No significant differences were obtained between
GLO and GLU samples (36.0 ± 0.1%) and between TE and ALB (33.5 ± 0.9%). It is essential
to remark that the total essential amino acid determined for isolated chickpea after total and
sequential fractions could reach the FAO/WHO [45] requirement for the essential amino
acid for preschool children. Consequently, all protein fractions obtained in this study could
be potentially applied to food matrices as a good source of quality proteins.

The amino acid profile of the extracted proteins shows significant differences
(p ≤ 0.05) related to hydrophobic amino acids quantity (TE: 25.4 ± 0.2; ALB: 24.33 ± 1.27;
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GLO: 19.71 ± 0.03; GLU: 23.24 ± 0.42 g/100 g protein). The TE, ALB, and GLU samples
presented the highest values, which shows their potential use as foam and/or emulsion
stabilizers. The literature has indicated that globular proteins stabilize air/water interfaces
in foams and oil/water interfaces in emulsions, where hydrophobic amino acids play
a fundamental role [46,47].

Thus, the amino acid composition can affect the functional properties of proteins
because it determines the ratio of hydrophilic and hydrophobic groups and the balance of
positive, negative, and neutral groups, which affects their hydrophobicity at the surface
and electrostatic interactions. The presence of charged patches along proteins and/or poly-
electrolytes in the isolated fractions could also affect their stability [48]. These parameters
must be considered when characterizing the protein’s functional performance.

3.2.3. Zeta Potential of Extracted Chickpea Proteins

The measurement of the Zeta potential gives information on the dispersion stabil-
ity. The highest Zeta potential of suspensions (more positive than +30 mV or negative
than -30 mV) showed physical stability. It is due to charged particles repelling each other
and overcoming the natural tendency to aggregate [27,49]. Figure 4 shows the Zeta po-
tential of the protein fractions extracted from chickpea flour. The TE and ALB samples
at pH 7 and 3 present the highest absolute values, respectively (TE: |36.4| ± 0.6 mV;
|30.4| ± 1.4 mV and ALB: |30.0| ± 1.8 mV; |29.5| ± 1.4 mV), evidencing the stability
of protein dispersions at this pH and may have a potential application in food matrices at
neutral and acidic conditions.

Figure 4. Zeta potential of proteins extracted from chickpea flour. Protein concentration 0.1% (w/v).

On the other hand, the GLO fraction presented the lowest Zeta potential range (+7 and
–7 mV) for the range of pH studied, followed by the GLU fraction, where the literature has
established that potentials between |5| and |15| are in the limiting flocculation region [27].
This low stability for GLO and GLU fraction was expected, considering that extraction
solvents contained polyelectrolytes (NaCl and NaOH, respectively). Their presence could
affect protein stability attributed to the protein-polyelectrolytes complex mechanism based
on charge patch and charge regulation [48].

In parallel, Zeta potential results show an isoelectric point (IP) close to 4.5 for all
proteins (Figure 4), which confirms the choice of a pH = 4.5 for protein precipitation
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according to the method of extraction employed. This result also agrees with Vani &
Zayas [50], who indicate that most vegetable proteins have an IP between 4.0–5.0. It is
essential to consider that proteins could adsorb charges on their surfaces at their IP, even
when their net charge is neutral. Second or higher-order electrostatic factors could also
favor their adsorption/interaction and stability [48]. Based on the above, TE and ALB
would potentially apply in food formulations with pHs higher or lower than the IP.

3.3. Surface and Structural Properties of Vegetable Protein Dispersion Compared to Animal
Protein: Ovalbumin
3.3.1. Surface Hydrophobicity

Protein surface hydrophobicity characterizes the number of hydrophobic groups on
the surface of protein molecules in contact with the polar water environment. It can affect
many functional properties, such as emulsification, foaming, and gelation. It is an important
index for the physical, chemical, and functional properties [51], which can also measure
the degree of denaturation of proteins. This work compared the surface hydrophobicity of
the extracted chickpea protein fractions with the food industry’s most widely used animal
protein: ovalbumin. This protein showed similar characteristics to chickpea proteins, such
as a globular protein, high solubility in aqueous media, and isoelectric point at pH 4.6 [52].
The surface hydrophobicity was measured at pH = 7, considering potential applications in
foods, due to the high stability in all fractions observed at neutral and acidic pH (Figure 4).

All the extracted proteins showed a higher surface hydrophobicity index than oval-
bumin (OVO) (Figure 5). The index values for TE, ALB, GLO, and GLU were 3.7, 4.0, 5.7,
and 2.2 times higher than OVO. The higher surface hydrophobicity of plant proteins was
not expected because all fractions contain 11S subunits. Hexamers are hydrophobic and
located within the macromolecular assembly of the legumin, while the less hydrophobic
acid domains are located on the surface [53]. In this case, the balance of forces to maintain
the legumin structural domains is disturbed, for example, by the dehydration step of the
isolate preparation process, which modifies the final surface hydrophobicity of the protein.
This was demonstrated, since the protein presented some degree of denaturation during
the extraction process, which is corroborated by the SDS-PAGE (Figure 4, lane 4), where
the 11S subunit showed a light pattern.

Figure 5. Surface hydrophobicity of proteins extracted from chickpea flour. Different letters (a–d)
indicate significant differences (p < 0.05) between samples. Error bars indicate the mean and standard
deviation of triplicates.
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Figure 5 also indicated that GLO samples showed the highest surface hydrophobicity
index (30,110 ± 2248 a.u.) compared to other fractions. It is important to note that surface
hydrophobicity is a structure-related function. The above depends on the size and shape
of the protein molecule, amino acid composition, sequence, and intra- e intermolecular
cross-link [54,55]. So, in this case, it cannot be attributed to a high hydrophobic amino
acid concentration (Table 3) and sequence, considering that no significant differences were
observed between protein fractions. Although the GLO fraction is mainly composed of
11S protein, it is not enough to increase this parameter significantly. For that, the rela-
tionship between spatial conformations and surface hydrophobicity could be determined
by FTIR as a shift in the wavelength of amide II, which is related to secondary structural
conformation [56,57].

3.3.2. Dynamic Interfacial (DIT) and Surface Tension (DST)

Amphiphilic molecules, such as proteins, are recognized for their ability to reduce
interfacial and surface tension between the dispersed and continuous phases, which is
essential for stabilizing emulsions and foams. In recent decades, the literature has reported
the wide use of partially hydrophobic molecules for the stabilization of foams and emul-
sions due to their ability to adsorb at air-liquid strongly and liquid-liquid interfaces to
sterically hinder coarsening [58–60].

In this sense, the interfacial behavior of chickpea proteins (TE, ALB, GLO, and GLU)
was evaluated in comparison with the animal protein OVO. The pendant drop method
measured dynamic interfacial (DIT) and surface tension (DST). The results were expressed
as interfacial and surface pressure and fitted to a kinetic model with excellent performance,
with all RMS values ≤ 5.6% (Table 4). From this model, the specific rate constant for protein
adsorption at the interface (k) and the equilibrium pressure (Πeq) were obtained (Table 4).

Table 4. Comparison of the effect of surface and interfacial pressure of chickpea proteins concerning
ovalbumin.

Interfacial Pressure (mN/m) Surface Pressure (mN/m)

Sample k (s−1) Πeq (mN/m) RMS (%) k (s−1) Πeq (mN/m) RMS (%)

Ovalbumin 0.0099 c ± 0.0003 12.88 a ± 0.23 3.37 0.0123 d ± 0.0010 26.96 a ± 0.59 3.40
Total extraction 0.0038 ab ± 0.0006 15.97 b ± 0.17 5.60 0.0040 a ± 0.0001 31.46 c ± 0.10 3.87

Albumin 0.0033 a ± 0.0004 16.16 b ± 0.15 5.31 0.0064 bc ± 0.0009 29.12 b ± 0.61 2.75
Globulin 0.0046 b ± 0.0007 19.70 c ± 0.27 3.89 0.0049 ab ± 0.0006 32.01 c ± 0.48 3.32
Glutelin 0.0029 a ± 0.0002 18.12 d ± 0.53 1.17 0.0071 c ± 0.0009 34.29 d ± 0.42 1.83

Different letters (a, b, c, d) indicate significant differences (p < 0.05) between samples.

The rate at which proteins are absorbed in an interface is essential during emulsions
and foams’ formation. Concerning the interfacial pressure (Table 4), all the chickpea
proteins extracted in this work presented a lower absorption rate (k) than OVO. When
analyzing Πeq, GLO showed the highest value (19.70 ± 0.27 mN/m) (Figure 6b), indicating
that this protein may have potential use in stabilizing emulsions. For surface pressure
(Table 4), TE, ALB, GLO, and GLU fractions presented lower absorption rate values at the
interface than OVO. The protein that showed the highest Πeq value (34.29 ± 0.42 mN/m)
(Table 4) was GLU fraction, which could positively affect foam stabilization. It can explain
because chickpea proteins showed a rapid diffusion and absorption at the oil/water and
air/water interface compared to OVO, followed by a slower stage in which the conforma-
tional rearrangement of the proteins occurs at the interface.
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Figure 6. Changes in surface and interfacial pressure between protein dispersions extracted from
chickpea flour and commercial ovalbumin. (A): Total extraction interfacial pressure concerning
ovalbumin; (B): Interfacial pressure of albumin, globulin, and glutelin concerning ovalbumin;
(C): Total extraction surface pressure concerning ovalbumin; (D): Surface pressure of albumin,
globulin, and glutelin concerning ovalbumin. Protein concentration 0.1% (w/v), error bars indicate
the mean and standard deviation of triplicates.

Molecular weight has been reported to influence the adsorption kinetics of amphiphilic
molecules at the oil/water and air/water interface. Low molecular weight surfactants can
diffuse faster and lower interfacial tension to a greater extent than high molecular weight
surfactants. However, high molecular weight surfactants are more effective in forming
a viscoelastic film surrounding oil droplets or gas bubbles, which favors the stabilization of
emulsions and foams [61,62]. Those results agree with the results obtained in this study
since the Mw profile of the OVO was in the range of 103 kD and 38 kDa (data not shown),
values higher than the band profile for all chickpea proteins, which were concentrated
between 49 and 12 kDa (Figure 3). Hence, TE, ALB, GLO, and GLU had a lower Mw
than OVO. Therefore, chickpea proteins have improved surface and interfacial behavior
compared to OVO, evidencing their potential as foam and emulsion stabilizers for proteins
extracted (GLO and GLU) and may be a replacement alternative to animal protein.
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3.3.3. Structural Properties: Secondary Structure Analysis

FTIR spectra of OVO, TE, ALB, GLO, and GLU proteins are shown in Figure 7a.
A similar pattern was observed between samples, where the peak at 1050 cm−1 showed
the OVO characteristic band corresponding to the sulfoxide (S=O) bond [63], having
a significant intensity compared to plant proteins. All samples had a broad and robust
peak between 3300–3500 cm−1 called amide A, representing the intermolecular H-bonded,
O-H, and N-H stretching vibrations [64]. As expected in all the samples, FTIR showed
two intense bands around ~1633 cm−1 and ~1520 cm−1 corresponding to the amide I
(C=O stretching) and amide II (NH bending and CN stretching) regions of the proteins,
respectively [6,65]. In addition, it also identified a band around ~1233 cm−1 corresponding
to the amide III region (CN stretching, NH bending) [65].

β α β β

Figure 7. Fourier transform infrared spectra of ovalbumin (OVO), total extraction (TE), albumin
(ALB), globulin (GLO), and glutelin (GLU). (A) Full spectra and (B) Second derivative spectrum.
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The amide I absorption region in the infrared spectrum of a protein is helpful for
secondary structure elucidation since the amide I band is the sum of overlapping component
bands (α-helix, β-sheet, β-turn, and randomly coiled conformation). It is mainly related to
the C=O stretching of the peptide bonds influenced by their various environments in the
different kinds of secondary structures [65,66]. Therefore, knowing the secondary structural
composition of the proteins analyzed (OVO, TE, ALB, GLO, and GLU) is relevant to
understanding their behavior for technological applications. Previous studies have shown
that the α–helix and β–sheet protein secondary structures are responsible for emulsion and
foaming capacities [67].

It is important to note that a second derivative analysis is often performed before
deconvolution to identify the peaks required for peak fitting. The current study’s second
derivative peaks were attributed to the secondary structure peak assignments (Figure 7b),
following those reported by Chang et al. [17]. Normalization of the amide I region was
also performed to obtain a good peak shape for peak fitting and comparison between
samples, considering the highest intensity equal to 1. Later, it was deconvoluted using
“Gaussian peak fitting”. Each sample revealed 10 major Gaussian bands (Figure 7b) whose
wavenumbers corresponded to β-sheet (~1620, ~1625, and ~1630 cm−1), random coils
(~1641 cm−1), α-helix (~1651 and ~1659 cm−1), β-turn (~1668 and 1675 cm−1), anti-parallel
β-sheet (~1681 cm−1), and aggregates (~1692 cm−1) [9,17,34]. For all samples, amide I peak
deconvolution showed a secondary structure composition of β-sheet (~31%), followed by α-
helix (~20%), β-turn (~18%), and anti-parallel β-sheet (~10%). These results were consistent
with previous studies of chickpea protein [68]. Therefore, it is correct to compare animal and
plant proteins used in this study due to their similar composition of structural conformation.

However, changes in peak area (1700–1600 cm−1) were observed, which influenced the
secondary structure of proteins. Generally, the α-helix and β-sheets are buried inside the
polypeptide chains and utilize intermolecular hydrogen bonds between carbonyl oxygen
(-CO) and amino hydrogen (-NH) to stabilize the secondary structures [67].

Meanwhile, β-turn and random coils originate from unfolding highly ordered protein
structures and impart flexibility to proteins [69,70]. The ratio β-turn/random coil was
higher in legumin protein fractions (1.8–2.0) compared to OVO (1.5), demonstrating that the
extracted protein fractions could be more flexible than this animal protein. This behavior
was previously report using the ability of ultrasound to convert random coil and β-turn
into stable and orderly helical structures stabilized by hydrogen bonds but converted at
different rates [71,72]. It is important to remark that cavitation-induced protein unfolding,
and dissociation can coincide with aggregate formation [73]. The Amida I/Amida II
ratio [67] indicated a shifted wavelength for all fractions compared to OVO (1.077), the
highest shift for GLO of 1.067. Consequently, the most significant conformational changes
in secondary structure protein were observed in the GLO fraction due to Amida II shift
wavelength from 1516 (OVO) to 1530 cm−1 (GLO). This result confirms the highest surface
hydrophobicity of this fraction.

On the other hand, when comparing the intensity results of secondary structure for
α-helix, the samples TE, GLO, and GLU (20.3, 20.5, and 20.0%) present lower values than
OVO (21.1%). It could be related to differences in the level of flexibility and functional
properties [74,75]. Besides this, differences were observed in the intensity of the peak
attributed to the β-sheet comparing OVO and TE. The intensity ratio between peaks at
1633 and 1624 cm−1 were 1.7 and 1.36–1.44 for OVO and TE and fractions, respectively,
indicating significant differences between the conformational structure of the β-sheet of
animal and plant proteins. Studies by Zhu et al. [74] and Yan et al. [75] indicated that a low
content of α-helix provides high flexibility and good emulsifying and foaming properties
in vegetable proteins such as soybean, where flexible proteins showed more robust surface
activity than rigid ones. The above was related to the good results for interfacial pressure,
surface pressure, and surface hydrophobicity that chickpea proteins presented compared
to animal proteins. They significantly decreased the absorption rate at the oil-water and
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air-water interface (Table 4) and showed higher values of surface hydrophobicity (Figure 5)
than OVO.

The results could be explained by the high flexibility of the plant protein, which
contributes to absorption at the oil-water or air-water interface for a stable interface layer.
More high surface hydrophobicity contributes to the stability of foams and emulsions [74],
which is correlated with the results obtained for GLO and TE in this study.

4. Conclusions

This study applied two extraction methodologies to obtain the total protein fraction
(TE) and the individual fractions (ALB, GLO, and GLU) from defatted chickpea flour.
It showed that simple and low-cost extraction methods (alkaline solubility and solvent
solubility) could obtain a high protein yield with a significant contribution of essential
and hydrophobic amino acids. When evaluating their physicochemical characteristics,
a potential application of chickpea proteins in food formulations is for both acid and
neutral pH, where its high stability was evidenced due to their high Z potential values
under these conditions.

In this work, we observed differences in the physicochemical properties (yield, molecu-
lar weight, Z potential, and hydrophobic amino acids) of the total protein fraction compared
to the individual fraction obtained. It was emphasized by analyzing its surface and struc-
tural properties compared to the food industry’s most widely used animal protein. The
correlation between the secondary structure of proteins concerning their functional prop-
erties (formation of foams and emulsions) was evidenced, which is crucial for the food
industry when formulating products based on vegetable proteins in replacement of animal
protein with functional features.

Chickpea proteins have improved surface properties compared to OVO, evidencing
their potential use as foam and emulsion stabilizers. In addition, surface properties were
related to the secondary structure of chickpea proteins and their flexibility. Although the
best fraction for replacing OVO was the GLO fraction, the cost, yield, and time to obtain it
are high. So, the TE fraction could be a better choice for industrial applications.

The food industry is increasingly interested in protein sources with good functional
properties and less allergenicity. Therefore, based on our results, chickpea proteins could
be a potential replacement alternative to the most widely used animal protein in the food
industry, ovalbumin.
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80-180 Gdańsk, Poland

* Correspondence: monika.biernat@icimb.lukasiewicz.gov.pl

Abstract: Chitosan is one of the most commonly employed natural polymers for biomedical applica-
tions. However, in order to obtain stable chitosan biomaterials with appropriate strength properties,
it is necessary to subject it to crosslinking or stabilization. Composites based on chitosan and bioglass
were prepared using the lyophilization method. In the experimental design, six different methods
were used to obtain stable, porous chitosan/bioglass biocomposite materials. This study compared
the crosslinking/stabilization of chitosan/bioglass composites with ethanol, thermal dehydration,
sodium tripolyphosphate, vanillin, genipin, and sodium β-glycerophosphate. The physicochem-
ical, mechanical, and biological properties of the obtained materials were compared. The results
showed that all the selected crosslinking methods allow the production of stable, non-cytotoxic
porous composites of chitosan/bioglass. The composite with genipin stood out with the best of the
compared properties, taking into account biological and mechanical characteristics. The composite
stabilized with ethanol is distinct in terms of its thermal properties and swelling stability, and it
also promotes cell proliferation. Regarding the specific surface area, the highest value exposes the
composite stabilized by the thermal dehydration method.

Keywords: chitosan; crosslinking; stabilization; porous composites; genipin; vanillin; TPP; BGP

1. Introduction

The three most significant needs for biomaterials are biocompatibility, bioactivity, and
simplicity of supply. The applicable standard [1] specifies the in vitro biocompatibility
requirements that implant materials must meet. Porous implant materials for bone defect
filling and bone tissue regeneration should also have optimum pore size, biodegradability,
and strength qualities [2].

Chitosan is a naturally occurring polymer that has a broad application in tissue
engineering and regenerative medicine [3–6]. It is biocompatible, biodegradable, and non-
toxic. In addition, it has antimicrobial and osteoconductive properties, making it suitable
for application in tissue engineering [7,8].

Due to their poor mechanical properties, chitosan-based scaffolds are usually applied
in composites with ceramic particles such as hydroxyapatite or bioglass. Using such fillers
also enables the production of reinforced and biologically active composites. In order to
acquire the desired structure, chitosan biocomposites must be stabilized using a variety
of techniques and crosslinking agents. Polymer crosslinking permits the enhancement of
the biomaterial’s mechanical properties and chemical resistance, as well as the acquisition
of additional qualities such as elasticity, insolubility, and equilibrium swelling. Various
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methods of chitosan crosslinking/stabilization are known from the literature and have
been used depending on the form of biomaterial described [9]. Based on the literature
review, it can be concluded that some crosslinking methods are dedicated directly to one
selected structure of the chitosan-based biomaterial, while other structures can be obtained
using two or more crosslinking methods.

For crosslinking/stabilizing chitosan porous structures in the form of scaffolds,
genipin [10–13], L-aspartic acid [14,15], vanillin [16], sodium carbonate [17,18], sodium
alginate [19], ethanol [17,19–22], thermal dehydration [23,24], and sodium tripolyphos-
phate [16,25,26] have been described previously. All these methods (except genipin) are
inexpensive and simple and do not require the use of catalysts. However, methods us-
ing genipin or vanillin enable biomaterials with higher mechanical strength and better
structural reproducibility than, for example, methods using sodium tripolyphosphate or
disodium β-glycerophosphate. Some of the methods are able to stabilize chitosan scaffolds
by crosslinking via covalent bounds (genipin, vanillin) or ionic bounds (tripolyphosphate or
disodium β-glycerophosphate). Most of the crosslinking/stabilization methods of chitosan
have been described in detail in the authors’ previous review article [4].

Prior publications focused mostly on a detailed description of the features of chitosan
biomaterials generated using a particular crosslinking/stabilization technique.

No studies that compare chitosan material in the form of a porous biocomposite with
bioglass that were crosslinked/stabilized by the six methods described in this article have
been found. The issue seems to be particularly interesting regarding the variety in the
microstructure and physicochemical properties of biomaterials obtained by using different
crosslinking methods, as well as the impact of the crosslinking compounds themselves on
the biological properties of the obtained biomaterial.

Therefore, the authors of this paper undertook the effort of obtaining porous biocom-
posite scaffolds made of chitosan with a bioglass filler and crosslinking/stabilizing them
using several methods.

The aim of the study was to compare the microstructure, physicochemical, and strength
properties as well as the in vitro cytotoxicity of new porous composite scaffolds based on
chitosan and bioglass. The structures of composites were chemically or physically stabilized
using genipin, vanillin, disodium β-glycerophosphate, 5-hydrate sodium tripolyphosphate,
ethanol and thermal dehydration. Considering the potential application in medicine, the
researchers selected crosslinking/stabilization methods with zero or limited cytotoxicity.

The optimal crosslinking/stabilization techniques for porous composite scaffolds
produced by lyophilization with chitosan and bioglass will be discussed here.

2. Materials and Methods

2.1. Materials

To obtain the chitosan/bioglass composites in this research work, chitoceutical chi-
tosan 95/2000 (degree of deacetylation ≥92.6%) (HMC+-Heppe Medical Chitosan GmbH
company, Halle, Germany) was used. As a composites filler, a bioglass (BG) synthesized
by the sol-gel method from the system of 25% CaO-70% SiO2-5% P2O5 (ŁUKASIEWICZ
Research Network—Institute of Ceramics and Building Materials, Biomaterials Research
Group, Warsaw, Poland) was used. The particle size range of the bioglass was in the range:
d(0.1) 7.1 μm; d(0.5) 59.9 μm; d(0.9) 215 μm. As stabilizing and crosslinking agents, 99%
vanillin (VAN) (Sigma-Aldrich, Steincheim, Germany), ≥99.9% genipin (GEN) (Pol-Aura,
Olsztyn, Poland), 5-water disodium β-glycerophosphate (BGP) (Sigma-Aldrich, Steincheim,
Germany), 5-hydrate sodium tripolyphosphate (TPP) (Sigma-Aldrich, Steincheim, Germany),
and 96% ethanol (96%EtOH) (POCH, Gliwice, Poland) were used. In addition, 99.8% acetic
acid (POCH, Gliwice, Poland), NaOH (Chempur, Piekary Śląskie, Poland), PBS (phosphate
buffer) (Pol-Aura, Olsztyn, Poland), and deionized water were also used.
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2.2. Preparation of Porous Chitosan Composites

Porous chitosan composites were obtained by the lyophilization process of stable
dispersions of 2% wt. chitosan solution in acetic acid solution and the bioglass mixed in
such amounts that the bioglass/polymer weight ratio was 1:1. The obtained dispersions
underwent lyophilization process involving freezing and solvent sublimation for 28 h with
the use of 1–16 BETA lyophilizer, Christ. The lyophilization process involved a preliminary
stage with freezing dispersions to −35 ◦C; a main drying stage below the solidification
point with decreased pressure to 0.06 MPa and sublimation of solvent; and a final drying
phase performed through desorption with a pressure in lyophilizer chamber decreased to
0.005 MPa. The procedures used to obtain stable porous composites differed depending
on the stabilization/crosslinking method according to descriptions below and as shown
graphically in the Figure 1.

Figure 1. Procedures used to obtain stable porous composites with the use of different stabiliza-
tion/crosslinking methods: 1st procedure—for composites stabilized by ethanol, vanillin, TPP, or
thermal dehydration; 2nd procedure—for composites stabilized by genipin or BGP.

2.2.1. EtOH Stabilization

Freshly lyophilized samples of chitosan/bioglass composites prepared as above were
subsequently immersed for 6 h in ethanol and then for 1 h in 0.1 M NaOH. Afterward, the
samples were rinsed four times with distilled water, frozen to −35 ◦C, and again dried in
the lyophilizer.

2.2.2. Temperature Stabilization

Freshly lyophilized samples of chitosan/bioglass composites prepared as described
above were subsequently placed into a vacuum dryer in a temperature of 105 ◦C and a
pressure of ~0.17 bar for 24 h. Afterward, the samples were rinsed four times with distilled
water, frozen to −35 ◦C, and again dried in the lyophilizer.

2.2.3. TPP Stabilization/Crosslinking

Freshly lyophilized samples of chitosan/bioglass composites prepared as described
above were subsequently immersed for 24 h in 0.1 M TPP solution in deionized water, and
then the samples were rinsed four times with distilled water, frozen to −35 ◦C, and again
dried in the lyophilizer.

2.2.4. Vanillin Stabilization/Crosslinking

Freshly lyophilized samples of chitosan/bioglass composites prepared as above were
subsequently immersed for 24 h in 5 wt.% vanillin solution in ethanol, and then sam-
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ples were rinsed four times with distilled water, frozen to −35 ◦C and again dried in
the lyophilizer.

2.2.5. Genipin Stabilization/Crosslinking

Before the lyophilization process, 5 wt.% genipin solution in ethanol was added to the
chitosan/bioglass dispersion, keeping the chitosan/genipin weight ratio of 1/0.04. The
dispersion was mixed for 10 min (at a speed of about 200 rpm), placed in an incubator at
the temperature of 40 ◦C for 5 h, and then frozen to −20 ◦C. The gelled dispersion was
then lyophilized. Freshly lyophilized samples were rinsed four times with distilled water,
frozen to −35 ◦C, and again dried in the lyophilizer.

2.2.6. BGP Stabilization/Crosslinking

Before the lyophilization process, chitosan/bioglass dispersion was placed in an ice
bath, and 37.5 wt.% BGP solution in deionized water was added to the dispersion, keeping
the chitosan/BGP weight ratio of 1:2. The dispersion was mixed for 20 min (at a speed
of about 200 rpm), and then it was removed from the ice bath, placed in an incubator at
the temperature of 40 ◦C for 5 h until gelled, and frozen to −20 ◦C. The frozen dispersions
were then lyophilized. Freshly lyophilized samples were rinsed four times with distilled
water, frozen to −35 ◦C, and again dried in the lyophilizer.

2.2.7. Sterilization

Prior to biological evaluation, all composites were sterilized by fast electron radiation
at the Institute of Chemistry and Nuclear Technology (Warsaw, Poland). The set dose of
radiation was 25 kGy, the speed of the transporter was 0.462 m/min, and the set current
was 600 mA. This process was intended to destroy microbial contamination.

2.3. Methods
2.3.1. SEM Observations

Observation of the microstructure of the obtained composites was carried out using a
Nova NanoSEM 200 emission scanning electron microscope, FEI. The samples were coated
with conductive material (gold sputtering) before examination using a sputtering machine,
Leica EM SCD500. The ETD detector was set at an accelerating voltage of 10 kV. The SEM
method was used to determine the morphology of the samples.

2.3.2. ImageJ Analysis

This program was used to determine the average pore size in the resulting composites
and to determine the pore size distribution in the samples. The values were determined
from 300 pore measurements from SEM images (100 pores were measured in three ways—
length, width, and oblique diameter). For TPP method, only 37 pores were measured in
this way because of the undulating structure and its irregularity.

2.3.3. BET Analysis

The determination of the sample BET specific surface area was performed using a
Gemini VII (2390t) analyzer from Micromeritics. The study included the determination of
nine-point nitrogen adsorption and desorption isotherm points in the pressure range from
0.05–0.25 p/p◦.

2.3.4. Pycnometric Density

The absolute density of prepared composite materials was examined by the pyc-
nometric method using a helium pycnometer (Ultrapyc 1200e, Quantachrome, Boynton
Beach, FL, USA, ). Before measurements, samples were weighed and then put in the
chamber. The analyses were carried out in the helium atmosphere, which allowed for

88



Polymers 2023, 15, 2507

precise determination of the sample volume. Absolute density of sample was calculated
using equation:

ρ =
m
V

where: ρ—absolute density (g/cm3), m—mass (g), and V—volume (cm3) of the sample.
Analysis was conducted with five replicates, with a mean and standard deviation reported.

2.3.5. Compressive Strength

The spatial porous composites were subjected to compressive strength testing on a
Zwick Roell ProLine test machine with a 5 kN head mounted. The cylindrical molds were
compressed by applying a load of 5 N and a compression strain rate of 0.6 mm/min, and
the strength values were read at 50% strain of the mold. The number of trials for each type
of composite was a minimum of 4, and then the mean value and the standard deviation
were determined.

2.3.6. Swelling Test

The swelling capacity of the stable porous composites was evaluated by weighing the
scaffolds before and after placing them in the PBS solution. The crosslinked/stabilized
samples were weighed (w) and then incubated for two periods of time (1 day and 7 days).
After this time, the samples were taken out of the PBS solution, and the liquid on the surface
of the samples was removed with filter paper and weighed again (ws). The ratio of fluid
absorption was determined as the ratio of weight increase (ws-w) relative to initial weight
(w). Each value was calculated as the mean of 4 independent measurements.

2.3.7. Biological Assays

All biological assays in this study were performed as described previously [27,28].
Methods are described briefly below:

• Cell Culture. Immortalized human fetal osteoblastic cell line (hFOB 1.19 cells; ATCC
nr CRL-11372, Rockville, MD, USA) was cultured in 1:1 mixture of Ham’s F12 Medium
and Dulbecco’s Modified Eagle’s Medium with 2.5 mM L-Glutamine (without phenol
red; Thermo Fisher, Waltham, MA, USA). The medium was supplemented with
10 μg/mL of gentamicin and 0.25 μg/mL amphotericin B (Thermo Fisher, USA) and
Fetal Bovine Serum (FBS; Thermo Fisher, USA) at final concentration of 10%. Cells
were cultured at 34 ◦C and 5% CO2.

• Extract preparation. Prior to the experiment, extracts from the chitosan/bioglass
composites were prepared. For this purpose, the composites were placed into 24-well
plates (Sarstedt, Germany) and incubated for 24 h in 1.5 mL culture medium at 34 ◦C
and 5% CO2.

• Indirect cytotoxicity testing. A total of 1 mL of composite extract or fresh medium
(control cells) was added on hFOB cells seeded on 24-well plate a day prior. The plates
were incubated for 48 h at 34 ◦C and 5% CO2. Cell viability was determined by WST-1
test, and the cell cytotoxicity was measured by LDH cytotoxicity assay.

• Water Soluble Tetrazolium Salt-1 (WST-1) cell proliferation and mitochondrial activity
assay. The proliferation of hFOB 1.19 cells was determined by using WST-1 assay kit
(Abcam, Waltham, MA, USA) according to the supplier’s protocol. Briefly, 40 μL of
WST-1 reagent was added to the cells incubated with the extract of composites and
incubated for 2 h in 34 ◦C and 5% CO2. Conditioned media was collected from each
well and transferred to 96-well flat bottom plate (Sarstedt, Germany). The optical
density at 450 nm and 620 nm was measured using a plate reader Epoch (BioTek
Instruments, Winooski, VT, USA). Untreated cells, blank medium, and control of the
sterility of composites were included into each assay. Percentage of proliferation was
calculated as follows: proliferation = (sample absorbance/control absorbance) × 100%.

• Lactate Dehydrogenase (LDH) cytotoxicity assay. The test was performed using a
cytotoxicity detection kit (Roche Applied Science, Mannheim, Germany) according to
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the supplier’s protocol. Briefly, the dye solution was mixed with the catalyst solution
and added to the samples (culture media from hFOB cells incubated with the extract
of composites). After incubation in dark place, the optical density at 490 nm and 690
nm was measured using a plate reader Epoch (BioTek Instruments, USA).

As a positive control, cells treated with 1% Triton-X100 were used. Untreated cells,
blank medium, and control of the sterility of composites were included in each assay.

Percentage of the cytotoxicity was calculated as follows:

Cytotoxicity = (Sample absorbance − Control absorbance)/(Positive control absorbance − Control absorbance) × 100%

• Statistical analysis. GraphPad Prism (GraphPad Software, San Diego, CA, USA) was
used to analyze and visualize the data. The normality of the results distribution
could not be confirmed due to the small number of experimental samples. Thus,
statistical calculations for various amounts of data obtained in the experiments were
carried out using a mixed-effects model based on Restricted Maximum Likelihood
(REML) calculations (p = 0.05). The Benjamini, Krieger, and Yekutieli multiple com-
parison test (p = 0.05) was then used to control the false discovery rate. The results of
the experiments were compared for all composites in two data groups: cytotoxicity
and proliferation.

3. Results and Discussion

3.1. Preparation Conditions of Stable Porous Chitosan/Bioglass Composites

Porous chitosan/bioglass composites were produced by the lyophilization process of
stable dispersions chitosan solution and bioglass. The content of chitosan and bioglass in
all composites defined as the chitosan/bioglass mass ratio was 1:1 and resulted from the
authors’ previous experiences [21,22]. With the ratio of components used, the composites
were characterized by the highest rigidity and stability of the structure as well as open
porosity with pores sizes, appropriated for cell migration and proliferation. All porous
composites in this study were prepared under the same conditions of lyophilization, so
that the differences in the properties of the obtained composites were related only to the
stabilization method.

Six different stabilization methods were used to obtain stable porous chitosan/bioglass
composite scaffolds. These methods were selected in such a way that the obtained mate-
rials did not show cytotoxicity. Namely, ethanol method stabilization, thermal method
stabilization, and stabilization by crosslinking of chitosan chains with using genipin (GEN),
vanillin (VAN), disodium β-glycerophosphate (BGP), 5-hydrate sodium tripolyphosphate
(TPP) were used (Figure 2).

The stabilization/crosslinking processes were earlier optimized with respect to time,
temperature and/or concentration of crosslinker. The optimization procedure followed
the evaluation of the speed and efficiency of stabilization and the microstructure of the
obtained scaffolds. The effectiveness of stabilization/crosslinking of chitosan materials
was confirmed using FTIR spectroscopy and thermal analysis. The effective stabilization
procedures (specified in Section 2) were used for preparation of composites for further
characterization and comparison of the properties of porous materials obtained in various
stabilization methods.

3.2. FTIR Studies on Stabilization/Crosslinking Process of Chitosan in Composites

The FTIR spectra of chitosan and stabilized chitosan bioglass composites are presented
in Figure 3. The tested materials showed bands characteristic for chitosan, as well as
crosslinking agents, which confirms the effectiveness of crosslinking in this research.
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Figure 2. Chitosan crosslinking reaction scheme using genipin, vanillin, BGP, TPP.

Both for chitosan and its composites with the bioglass, the overlapping absorption
bands of stretching vibrations of hydroxyl groups and amino groups (3550–3100 cm−1) can
be observed in the FTIR spectra [29,30]. The previous research reported that in this range
of wavenumber, there is also a band attributed to water in silicate glass [31]. Additionally,
other bands are observed, such as C–H stretching bands (2912 and 2865 cm−1), carbonyl
C=O stretching mode of amide group at 1644 cm−1 and 1583 cm−1, and amine N–H bending
vibrations possibly related to the following group (–NH–CO–CH3) [13,30,32].

In the wavenumber range of 1463–1260 cm−1, there are a number of signals related
to vibrations in the (–CH2–OH) group of chitosan, i.e., bending –OH, bending C–H, and
stretching C–O [33]. Absorption bands at wavenumbers of 1150 cm−1, 1068 cm−1, and
1032 cm−1 can be assigned to the C–O–C asymmetric glycosidic bonds of chitosan [13,33].
The band at 895 cm−1 corresponds to the stretching vibrations of the glycosidic bonds,
while the bands in the wavenumber region of 775–806 cm−1 are related to vibrations of
Si–O–Si bonds in bioglass [34].

For composites stabilized with the use of ethanol (CHBG ETOH) and the thermal
method (CHBG TEMP), the FTIR spectra show clearly outlined bands at 3371 cm−1 and
3321 cm−1 (stretching vibrations of O-H groups and NH2 groups). A medium intense band
at 3453 cm−1 can be associated with intramolecular hydrogen bonds [32,35], while the band
at 3190 cm−1 is related to the stretching vibrations in O–H/N–H. Moreover, according
to Shamekhi et al. [23], during the thermal stabilization of chitosan, the Millard reaction
occurs, resulting in the formation of bonds between the amino and carbonyl groups, and
this can be confirmed by the high intensity of the amide I and II bands at 1642 cm−1 and
N-H bending at 1582 cm−1 in the spectrum of “CHBG TEMP”. In addition, the difference
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in relation to chitosan can be seen in the greater intensity of the C-H stretching vibration
band (2909 cm−1) and the C–C skeletal vibration band (997 cm−1).

Figure 3. FTIR spectra of chitosan and chitosan bioglass composites stabilized with various methods
and crosslinking agents.

For composites stabilized with genipin (CHBG GEN), the FTIR spectrum shows
changes as compared to chitosan in the wavelength range of 1700 cm−1 to 1500 cm−1. One
can be seen the broadening of the band derived from the carbonyl (C=O stretching) group
(1644 cm−1) as the band is related to acetylated units of chitosan, and it is also related to
the amide group formed by the reaction of chitosan with genipin [36]. At the same time,
a broadening of the band at 1586 cm−1 originating from N-H bending at amide can be
observed, which may result from the overlapping of a new band at 1558 cm−1 attributed to
tertiary amine according to Figure 2.

In composites with vanillin (CHBG VAN), the main confirmation of crosslinking
should be the appearance of absorption bands in the FTIR spectrum originating from the
formation of Schiff-base bond as the reaction of chemical crosslinking of chitosan with
vanillin is based on the Schiff reaction involving the amino groups of chitosan and the
aldehyde group of vanillin [29]. The FTIR spectrum (Figure 3) shows a clear, intense sharp
band at 1639 cm−1 corresponding to the stretching vibration of the imine linkage [29,37].
Crosslinking is also confirmed by the absorption band from intermolecular H-bonds for-
matted between vanillin and chitosan –OH group, according to Figure 2. This band is
partially overlapped by absorption bands from stretching vibrations of –OH and –NH2
groups (3600–3000 cm−1).

On the other hand, crosslinking of chitosan composites with BGP (CHBG BGP) and
TPP (CHBG TPP) may be a result of electrostatic interactions [25,30,38], as in the case of BGP
the formation of hydrogen bonds [38,39]. In both cases, however, no clear bands for ionic
bonds were observed in the FTIR spectrum compared to the spectrum of uncrosslinked
chitosan, while the results of the mechanical strength of the composites shown in the
next section of the paper clearly indicate effective stabilization. The interesting thing,
however, are the differences observed in C–O stretching bands at 1060/1024/989 cm−1

visible for chitosan.
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3.3. Thermal Analysis of Stabilized/Crosslinked Porous Chitosan/Bioglass Scaffolds

A thermal analysis of chitosan/bioglass composites stabilized by various agents pro-
vided information on their percentage weight losses with increasing temperature (Table 1).
The solid residue amount at 900 ◦C was also determined. TG-DTG curves of the chi-
tosan/bioglass composites stabilized with EtOH, TEMP, TPP, VAN, GEN, and BGP are
shown in Figure 4.

Table 1. Results of TG/DTA analysis of chitosan/bioglass composites stabilized with various agents.

Sample

First Stage Second Stage Third Stage Solid Residue
after

900 ◦C (%)T (◦C)
Weight

Loss (%)
T (◦C)

Weight
Loss (%)

T (◦C)
Weight

Loss (%)

CHBG EtOH 78 3.66 288 34.65 nd 17.39 44.28

CHBG TEMP 93 2.25 286/297 33.37 nd 18.30 46.07

CHBG TPP 91 4.73 253 22.61 ~625 25.76 46.90

CHBG VAN 74/86 2.42 281 29.71 nd 15.16 52.68

CHBG GEN 78 4.08 276 26.38 nd 17.33 49.80

CHBG BGP 74/87 4.36 264/288 26.28 ~626 28.96 40.40

nd—undetectable.

Figure 4. TG-DTG curves of the chitosan/bioglass composites stabilized with EtOH, TEMP, TPP,
VAN, GEN, and BGP.

For all chitosan/bioglass crosslinked composites, three main steps on the TG curve
can be observed, which is opposite to the observation made by Neto et al. [40] and
Gültan et al. [17] in which stabilized chitosan decomposed in a two and single-stage pro-
cess, respectively. The first stage on the TG curve is most probably related to the release of
water from the composite’s structure, while the next two correspond to the thermal degrada-
tion process. Above 400 ◦C, the slowest weight loss can be observed till the end of TG/DTA
measurement, indicating the stepped process of material decomposition and carbonization.
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The solid residue after the heating till 900 ◦C was in the range of 40.40–52.68 wt.% of the
neat chitosan/bioglass composites.

The first stage of weight loss in our research occurs in the temperature range of
30–140 ◦C and is estimated at 2.4–4.08 wt.%. This effect is most probably related to the
release of physically absorbed and loosely bonded water molecules, as chitosan is highly
hygroscopic and can be easily hydrated [41]. According to Kittur et al. [42] the primary
and supramolecular structure of polysaccharides affect their hydration ability, while Neto
et al. [40] stated that the differences in the water loss may be related to the crosslinking of
chitosan chains that causes physical and molecular changes in the structure. The moderately
low weight loss in the first stage was observed for composites stabilized with TEMP, VAN,
and EtOH, respectively. The stabilization of these composites occurs mainly through
crosslinking associated with the formation of intermolecular hydrogen bonds. It can
be stated that after crosslinking, the amount of free hydroxyl and amino groups in the
composite decreases, and therefore, the capacity of hydration and water holding in the
system is also reduced.

The thermal degradation of composites starts above 140 ◦C, and a clear step is observed
in the temperature range of 140–384 ◦C, corresponding to the weight loss in the range
of 24–35 wt.%. The second stage corresponds to the subsequent dehydration, as well as
deacetylation and depolymerization of the polymer backbone [17]. From the DTG curves
in the second stage of decomposition, it was observed that among the tested materials, the
most thermally stable composites are CHBG EtOH and CHBG TEMP, while the least is
composite stabilized with TPP. Two reasons may probably influence the obtained result.
As the second stage of thermal decomposition is connected with dehydration, thermal
stability can be related to the amount of bound water. The applied TPP and BGP cross-
linking compounds in the form of 5-hydrates contain the most amount of water in their
structure and result in the formation of composites with the lowest thermal stability. The
second probable reason may be the fact that after an efficient stabilization within and
between chitosan chains, connections are made due to various types of bonds (hydrogen,
covalent, and ionic). According to the FTIR analysis, in the case of stabilization with
ethanol, intermolecular hydrogen bonds between the hydroxyl groups as well as hydroxyl
and amino groups of adjacent chitosan chains appear, while in the case of stabilization by
thermal dehydration, both hydrogen and amide bonds appear. In the case of both of these
methods, the decrease in the free volume of the system by the molecular rearrangement of
polymer chains occurs during crosslinking, and as a result, the composites are characterized
by the highest thermal stability. In the case of covalent crosslinking involving genipin
and vanillin, molecules of crosslinking compounds are incorporated between the chitosan
chains and also provide some thermal stability to the crosslinked composites, but lower
than the hydrogen bonds of adjacent chitosan chains. The lowest stability is shown by
ion-crosslinked composites with BGP and TPP. In this case, large molecules of crosslinking
compounds separate the chitosan chains over a large distance, as a result of which no
additional bonds are formed to strengthen the structure. As the second step of the thermal
decomposition is also connected with depolymerization, we can conclude that in the
thermal depolymerization process, the ionic bonds formed as a result of crosslinking
with BGP and TPP are the first to break. The third weight loss occurs in a very wide
range of temperatures above 400 ◦C and for almost all tested materials does not end at
900 ◦C when the TG/DTA measurement is finished, except for CHBG BGP material. The
course of TG curves indicates that weight loss occurs continuously after exceeding the
temperature of 400 ◦C and constitutes of several subsequent reactions, which are impossible
to separate under this TG/DTA experimental method. The literature provides information
that this stage is probably related to the evaporation of volatile compounds from the
organic char (residual decomposition and evaporation of volatile by-products from the
chitosan burn-off) [43].
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3.4. Microstructure of the Obtained Composites

The porous structure of the composites discussed in this study was created at the stage
of freeze-drying, during which the composite took the form of a scaffold with pores that
could be a place for colonization, differentiation and proliferation of cells, transport of
nutrients and, as a result, the growth of new tissue. The average pore size of the composites
was from 40 μm (for CHBG TEMP and CHBG BGP) to 180 μm (for CHBG GEN) and was
within the range considered optimal [44].The resulting pores were open and interconnected
in almost all cases (Figure 5).

Figure 5. Microstructure of chitosan/bioglass composites stabilized or crosslinked by the use of
various methods: ethanol (CHBG EtOH); thermal treatment (CHBG TEMP); sodium tripolyphos-
phate (CHBG TPP); vanillin (CHBG VAN); genipin (CHBG GEN); β-glycerophosphate pentahydrate
(CHBG BGP).

It is known that the microstructure of chitosan/bioglass composites obtained in the
lyophilization method depends on the conditions and course of the process itself, as well as
the content and size of bioglass grains [21]. However, for the same amount and type of filler
addition in different composites, the method of stabilizing the composite also significantly
influences the microstructure.

In addition to SEM imaging, the average pore size was determined for the obtained
porous structures (excluding the TPP composite—due to the uniqueness of the results) and
an analysis of the pore size distribution was performed (Figure 6).
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Figure 6. Pore size distributions in chitosan/bioglass composites crosslinked/stabilized by
various methods.

The composites stabilized in our research with ethanol, the thermal method, and
with the use of crosslinking compounds such as genipin and vanillin had a slightly folded
structure, in which, however, individual pores could be clearly observed.

In the case of crosslinking with genipin, the obtained composites had the largest pores
among the materials presented in this study (Table 2). On the other hand, the smallest
pores had composites crosslinked with vanillin solution.

Table 2. Average pore sizes of the chitosan/bioglass composites crosslinked/stabilized by
various methods.

CHBG EtOH CHBG TEMP CHBG TPP CHBG VAN CHBG GEN CHBG BGP

mean ± std.
dev. [μm] 78.11 ± 32.84 74.76 ± 35.41 * 67.97 ± 25.80 116.35 ± 64.60 74.18 ± 35.17

min [μm] 15.07 12.90 18.87 16.66 13.89 10.29

max [μm] 184.11 216.7 520.99 174.9 450.36 192.56

* Structure too heterogeneous and shrunken to determine the average pore size.

It is known from the literature that high concentrations of the crosslinking agent result
in the formation of small pores [45,46]. This relationship is confirmed in our research, taking
into account the concentrations of genipin and vanillin used in this study and their content
in relation to chitosan. As demonstrated by Gorczyca [10], in the case of crosslinking with
genipin, it is possible to increase the pore size even with an increase in the concentration

96



Polymers 2023, 15, 2507

of genipin. This may be due to the more favorable conditions for genipin ring-opening
polymerization and its long-distance crosslinking [47].

Composites stabilized with ethanol, BGP, and the thermal method had pores almost
45% smaller than those crosslinked with genipin, and the structure of BGP stabilized
composites was additionally disturbed and heterogeneous.

Crosslinking/stabilization using TPP solutions makes the structure very heteroge-
neous, and the pore sizes and their distribution based on SEM imaging are difficult to
determine. Considering the SEM microphotographs, it was observed that the crosslink-
ing/stabilization methods using BGP or TPP make the repeatability of the obtained struc-
tures low, and in the case of TPP, the structure is additionally corrugated (rough, not
smooth) and shrunken. As shown in the literature [48], microfolding may be beneficial to
cell adhesion, but it is negative due to the movement of fibroblasts.

The shrinkage caused by stabilization with the TPP solution can be seen at first
glance when the samples are taken out of the solution in which they were immersed. The
comparison of the size of composite shapes subjected to various stabilization/crosslinking
methods is shown in Figure 7.

Figure 7. Shape and size of the chitosan/bioglass composites stabilized/crosslinked by various methods.

The obtained results for stabilization with the TPP solution are consistent with the
literature data [25]. Additional studies of the authors on the stabilization of composites with
the use of TPP solutions with a concentration below 0.1 M showed that the shapes shrink
only slightly less, and they are also soluble in water, which indicates the lack of stabilization
efficiency. The shapes, after stabilization with TPP solutions with a concentration above
0.1 M, underwent even greater shrinkage.

3.5. Density and Specific Surface Area

The density of the porous material is also related to the microstructure of composites.
As a rule, the greater the number of smaller pores in the composite, the greater the density of
the material due to the higher proportion of the material in a given volume. Such materials
should consequently have the best strength properties. The density values determined by
pycnometric method for the obtained composites are consistent with the above statement.
The composite crosslinked with vanillin, which has the smallest pores, has the highest
density, and the composite with the largest pores—crosslinked with genipin—has the
lowest density (Figure 8). The obtained results are also confirmed by specific surface
area tests.
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Figure 8. Pycnometric density values of porous chitosan composites stabilized with various methods.

In medical applications of porous composites for implantation, determination of the
degree of surface development may also be extremely important in terms of implant
morphology. The size of specific surface area may affect the amount of adsorption of
active compounds on the implant’s surface, such as drugs or active peptides, and thus, the
possibility of using the composite as an active substance carrier [22,49]. The size of specific
surface is alco crucial in the aspect of the release kinetics of active substances incorporated
into the composite [50,51].

The results of the BET specific surface area (SBET) for the obtained composites are
shown in Figure 9.

Figure 9. Specific surface area values (SBET) of porous chitosan composites stabilized with
various methods.

The specific surface area is equal to the sum of the external and internal surfaces. The
external surface corresponds to the geometric surface of the material per gram. The internal
surface consists of pore walls. Since, by definition, the pores must be open, the internal
surface area value does not include the area of the closed pore walls. A large specific surface
area indicates the presence of a large number of pores and thus a large surface area, while a
low specific surface area is characteristic of materials with a smaller number of pores of
larger dimensions.

98



Polymers 2023, 15, 2507

Among the tested composites, the smallest specific surface area was shown by the
genipin-crosslinked composite, which is consistent with the result of the pore size of this
composite. As the pore size in individual composites decreases, they show higher SBET
values. The vanillin-crosslinked composite (with the smallest pore size) achieved an SBET
value of 107.42 m2/g. The highest SBET value was determined for the thermally stabilized
composite, which, combined with the pore size results, may confirm that the largest number
of pores remained open for this composite.

3.6. Compressive Strength

The mechanical properties of porous scaffolds are of great importance in the aspect of
applications in tissue engineering due to the need for the structure to withstand stresses
during in vitro culture and as in vivo implants. Mechanical properties also influence
specific cell functions within modified tissues [52].

In the case of porous 3D composites, the determination of mechanical properties
consists in examining their compressive strength. The compressive strengths in a wide
range of strains from 1% to 50% were determined in the work (Table 3). To determine
Young’s modulus and to compare the obtained strength results, the values at strains in the
yield range (10% of strain) on the compression curves were taken into account (Figure 10).

Table 3. The compressive strengths in a wide range of strains from 1% to 50% and Young’s Modulus
of chitosan/bioglass composites stabilized with various agents.

Sample
Stress at x% Strain ± Std. Dev. [MPa] Young Modulus ± Std. Dev.

(Emod) [MPa]x = 1% x = 5% x = 10% x = 20% x = 50%

CHBG EtOH 0.064 ± 0.006 0.121 ± 0.014 0.153 ± 0.018 0.182 ± 0.019 0.332 ± 0.027 3.046 ± 2.050

CHBG TEMP 0.060 ± 0.002 0.093 ± 0.009 0.116 ± 0.015 0.148 ± 0.018 0.299 ± 0.028 2.244 ± 1.561

CHBG TPP 0.143 ± 0.014 0.571 ± 0.116 0.860 ± 0.110 1.039 ± 0.117 1.781 ± 0.287 9.085 ± 3.494

CHBG VAN 0.052 ± 0.004 0.086 ± 0.013 0.106 ± 0.018 0.127 ± 0.019 0.228 ± 0.023 1.869 ± 0.998

CHBG GEN 0.148 ± 0.038 0.531 ± 0.195 0.764 ± 0.146 0.805 ± 0.115 0.910 ± 0.149 7.927 ± 2.665

CHBG BGP 0.075 ± 0.016 0.155 ± 0.046 0.215 ± 0.064 0.268 ± 0.070 0.348 ± 0.056 4.594 ± 1.710

Figure 10. Compression curves of porous chitosan composites stabilized with various methods.

Figure 11 shows the results of compressive strength tests for the produced composites
at 10% of strain values. As can be seen, depending on the method of crosslinking, the
chitosan network can be strengthened to a greater or lesser extent. Regardless of the strain
value at which the stress is determined, the composite stabilized with TPP has the highest
strength (Table 3), which is justified by the microstructure obtained for this composite.
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Figure 11. Compressive strength at 10% strain of porous chitosan composites stabilized with
various methods.

The high shrinkage of the composite during its stabilization in the TPP solution and
the large corrugation of the walls inside the composite structure (Figure 4) caused its strong
hardening and strengthening, hence the high result of its stress.

In terms of microstructure, pore sizes also contribute to the strength properties of the
composite. As a rule, the greater the pore sizes, the lower the mechanical strength. Our
results of mechanical strength of the composite crosslinked with GEN, however, are in
contradiction with this statement. Despite the fact that this composite showed the largest
pore size, its compressive strength is at a high level and reaches a value of 0.76 MPa at
10% of strain. The reason for such strength of the composite with genipin may be the high
crosslinking density. Gorczyca showed in his work [10] that the mechanical compressive
strength of a genipin crosslinked chitosan composites increases with increasing degree of
crosslinking of the chains with increasing amount of crosslinking agent. The author also
demonstrated that in the case of crosslinking with genipin, it is possible to increase the
pore size even with an increase in the concentration of genipin. The opposite observations
were presented in the literature by Dimida [13], who showed that a double increase in the
amount of genipin used to crosslink chitosan scaffolds resulted in imperceptible changes
in the mechanical strength of the scaffolds. The author pointed out that the effect of the
chemical crosslinking is negligible if compared to the macroscopic structure. However, Bi
et al. [53] showed that the mechanical strength of the crosslinked porous scaffold is defined
by the balance between the reduced mechanical strength due to the gradual increase in
pore size and the increased mechanical strength due to the crosslinking reaction.

Compressive strengths for composites stabilized with EtOH, TEMP, VAN, and BGP
were at a similar level and ranged from 0.10 MPa to 0.21 MPa at 10% of strain.

In the case of composite materials composed of a polymer matrix and ceramic particles,
it is often also important to ensure adequate adhesion between the two phases. For this
purpose, both surface adhesives as well as bonding methods between the organic and
inorganic phases are used, e.g., in the case of class II polymer/bioglass hybrids. Such a
solution, apart from improving the mechanical properties, ensures the connection of two
phases and causes their simultaneous degradation in the composite during in vivo tests [7].

3.7. Swelling Capacity

An ideal scaffold for bone tissue engineering should also maintain sufficient me-
chanical strength as stability of the 3D structure during in vitro and in vivo growth and
remodeling process. However, an implant placed in water or physiological fluids absorbs
the fluid through adsorption processes, leading to swelling and changing dimensions.

The swelling ratio is an important factor used to assess the structural stability of a
scaffold. Depending on the type of biomaterial and the pH of the incubation medium, the
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degree of swelling may reach equilibrium at different times [54,55]. Since chitosan contains
hydroxyl and amine groups, it is easily hydrated in water, which affects the shape and
dimensions of the scaffold. Chitosan crosslinking may change the scaffold hydrophilicity
and reduce the swelling coefficient, which in turn will contribute to maintaining the
structural stability of the scaffold [56].

The results of the swelling ratio of the obtained composites during incubation in the
PBS solution are presented in Figure 12. All composites considered in this study showed
the highest swelling capacity within 1 day of incubation in PBS, and after 7 days, only small
further changes in PBS absorption were observed. As can be seen in Figure 12, composites
stabilized with TPP and GEN show the lowest swelling capacity. The reason for the obtained
result was most likely the high crosslinking density of chitosan chains in these composites,
as a result of which the polymer changed its hydrophilicity and became less absorbent. In
addition, polymer chains with high crosslinking density do not have the possibility to move
away from each other during immersion in PBS solution and do not swell. Slightly higher
PBS absorption was shown by the BGP crosslinked composite, and the highest results were
obtained for EtOH, TEMP, and VAN crosslinked composites. The results of the swelling test
stay in agreement with the above-mentioned compressive strength values, as the highest
values of strength for the TPP and GEN crosslinked composites can indicate the highest
degree of stabilization by crosslinking.

Figure 12. Swelling of composites depending on the stabilization method.

The swelling of implants, in turn, causes an increase in pore size. Larger pores can
facilitate cell adhesion, proliferation (multiplication), and growth because they contribute
to the penetration of cells deep into the internal structure of the scaffold. However, the
swelling capacity must be controlled within a certain range because further fluid absorption
can provide an increase in implant volume, which in turn can cause the scaffold to dislodge
from the defect site [57,58]. Accordingly, the most stable and controlled swelling in our
results is the ethanol stabilized composite, as it does not show changes in the swelling ratio
after the first day of incubation.

3.8. Cell Cytotoxicity

The cytotoxic effect of the chitosan/bioglass composites’ extracts (indirect method)
on hFOB 1.19 cells was tested using the LDH test, which is based on the lactate dehydro-
genase activity released from the cytoplasm into the environment through the damaged
cell membrane.

Our results show that cytotoxicity of each tested composite extracts did not exceed
30% (Figure 13). According to ISO 10993-5, this value is considered to be the threshold
value above which the material is considered toxic.
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Figure 13. Cell cytotoxicity of hFOB 1.19 cells incubated with the extracts of porous chitosan compos-
ites stabilized with 6 different methods.

3.9. Cell Proliferation

The proliferation of cells incubated with the extracts of bioglass/chitosan composites’
(indirect method) was measured using the WST-1 assay, which is based on mitochondrial
activity. All results were calculated as a percentage of control cells (arbitrarily set as 100%).
The analyses were performed according to ISO 10993-5:2009 guideline.

The obtained results showed that four of the tested composites did not decrease the cell
proliferation below 90% (Figure 14). For the composite crosslinked with genipin, the largest
proliferation value was obtained. The obtained result is in line with Gilarska et. all [59]
observation that hydrogels with genipin can support the proliferation and adhesion of
MG-63 cell line. Moreover, Mekhail et. all [60] observed that genipin in gels enhanced
fibroblasts’ attachment and cell viability was significantly improved after crosslinking with
genipin, so finally, proliferation was enhanced up to five times. It is worth emphasizing,
however, that for crosslinking with EtOH, TPP i BGP, the proliferation % of hFOB 1.19 cells
is only several % lower, and it also exceeds 90%.

Figure 14. Proliferation of hFOB 1.19 cells incubated with the extracts of porous chitosan composites
stabilized with six different methods.

Considering the largest pore sizes in the composite crosslinked with genipin, it can
be expected that the proliferation of cells in direct contact with this composite during
implantation will also be at the highest level. Szustakiewicz et. all [61] stated that the larger
pores, the higher viability/metabolic activity of hFOB 1.19 osteoblasts and that foams with
large pores promoted the adhesion and penetration of osteoblasts to the surface of the
biomaterial is more effective than for the scaffolds with smaller pores.

102



Polymers 2023, 15, 2507

3.10. Pre-Summary

In order to compare the crosslinking methods used, the authors performed a simple
summary of the studies performed on a scale of 0–5 (where 5 was the most favorable results
and 0 was the least favorable, without specifying validity of the test). The summarized
results are shown in Table 4:

Table 4. Comparing the cross-linking methods used by simply scoring the most favorable and least
favorable methods. In particular, for the TGA category: 5 points for the sample with the greatest
thermal stability; for the microstructure category: 5 points for the sample with the largest average
pore size; for the pycnometric density category: 5 points for the sample with the lowest pycnometric
density; for the BET surface area category: 5 points for the sample with the lowest BET surface area;
for the compressive strength category: 5 points for the sample with the highest compressive strength;
for the swelling category: 5 points for the sample with the lowest swelling; for the stability category:
5 points for the sample with the least change in swelling after 7 days; for the cytotoxicity category:
5 points for the sample with the lowest cytotoxicity; and for the proliferation category: 5 points for
the sample with the highest proliferation.

Sample/Category CHBG EtOH CHBG TEMP CHBG TPP CHBG VAN CHBG GEN CHBG BGP

TGA 5 4 0 3 2 1
Microstructure 4 3 0 1 5 2

Pycnometric
density 4 2 1 0 5 3

BET Surface area 4 0 2 1 5 3
Compressive

strength 2 1 5 0 4 3

Swelling 0 1 4 2 5 3
Stability 5 3 4 2 0 1

Cytotoxicity 0 2 4 5 1 3
Proliferation 3 1 2 0 5 4

Total 27 17 22 14 32 23

According to the scores resulting from our study, the methods from most favorable to
least favorable for a specific tests category are arranged as follows:

for TGA category EtOH > TEMP > VAN > GEN > BGP > TPP;
for microstructure category GEN > EtOH > TEMP > BGP > VAN > TPP;
for pycnometric density category GEN > EtOH > BGP > TEMP > TPP > VAN;
for BET surface area category GEN > EtOH > BGP > TPP > VAN > TEMP;
for compressive strength category TPP > GEN > BGP > EtOH > TEMP > VAN;
for swelling category GEN > TPP > BGP > VAN > TEMP > EtOH;
for stability category EtOH > TPP > TEMP > VAN > BGP > GEN;
for cytotoxicity category VAN > TPP > BGP > TEMP > GEN > EtOH;
for proliferation category GEN > BGP > EtOH > TPP > TEMP > VAN.
In total the comparison is GEN > EtOH > BGP > TPP > TEMP > VAN. Of course,

readers should not forget in this case the possible disadvantage of the method with genipin,
which is the black-blue color of the composites.

4. Conclusions

In this study, we compare the physicochemical, microstructural and strength proper-
ties as well as in vitro cytotoxicity of new porous chitosan/bioglass composite scaffolds. For
comparative studies, we used six different strategies for crosslinking/stabilizing composites
using: genipin, vanillin, disodium β-glycerophosphate, 5-hydrate sodium tripolyphos-
phate, ethanol, and thermal dehydration.

The effectiveness of each crosslinking method was confirmed by FTIR spectroscopy.
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The thermal analysis of the composites showed that the most thermally stable are the
composites stabilized with ethanol (TDTG02 in 288 ◦C) and thermal dehydration (TDTG in
286/297 ◦C), and the least stable is composite stabilized with TPP (TDTG in 253 ◦C).

All the crosslinking methods used allowed to obtain stable porous structures of chi-
tosan/bioglass composites. Microstructural studies of the composites showed that the
composite crosslinked with genipin had the largest (average pore size is 116.35 ± 64.60 μm)
and at the same time the best-developed pores, while the smallest pores were found in the
composite crosslinked with vanillin (average pore size is 67.97 ± 25.80 μm). Two of the
obtained composites (CHBG TPP, CHBG BGP) had a very irregular structure with inho-
mogeneous porosity, which may be a serious limitation in future applications. Moreover,
the genipin crosslinked composite had a characteristic dark blue color, which also may not
be visually favorable for implantation. The composite with the smallest pores was charac-
terized by the highest density and almost largest specific surface area, but unexpectedly
showed the lowest mechanical compressive strength.

Among the obtained composites, the composite with the smallest specific surface area
(CHBG GEN, SBET = 28.55 m2/g) had the best compressive strength (stress at 10% strain
limit = 0.764 ± 0.146 [MPa]).

Composites crosslinked with genipin and TPP showed the lowest swelling coefficient,
but the most stable in terms of swelling is the composite crosslinked with ETOH.

All crosslinking methods allowed to obtain non-cytotoxic for hFOB 1.19 cells com-
posites that met the requirements of the PN EN ISO 10993-5 standard. Cell proliferation
exceeded 90% for four obtained composites: CHBG GEN, CHBG BGP, CHBG EtOH, CHBG,
TPP and was the highest for the genipin-crosslinked composite.

The obtained test results allowed for the comparison of the crosslinking strategies
suitable for the design of particular biomaterials. Based only on the data in this article, the
arrangement of methods from most favorable to least favorable are arranged as follows:
GEN > EtOH > BGP > TPP > TEMP > VAN. However, it should be remembered that
this comparison does not reflect the entire scale of complexity of various technological
and application limitations. There is also no doubt that in terms of future applications,
it would be necessary to choose a material that would meet the current requirements in
terms of a given feature, or choose the golden mean, depending on the current needs in a
given application.
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Abstract: Tea polysaccharide (TPS) is the second most abundant ingredient in tea following tea
polyphenols. As a complex polysaccharide, TPS has a complex chemical structure and a variety of
bioactivities, such as anti-oxidation, hypoglycemia, hypolipidemic, immune regulation, and anti-
tumor. Additionally, it shows excellent development and application prospects in food, cosmetics,
and medical and health care products. However, numerous studies have shown that the bioactivity
of TPS is closely related to its sources, processing methods, and extraction methods. Therefore,
the authors of this paper reviewed the relevant recent research and conducted a comprehensive and
systematic review of the extraction methods, physicochemical properties, and bioactivities of TPS
to strengthen the understanding and exploration of the bioactivities of TPS. This review provides a
reference for preparing and developing functional TPS products.

Keywords: tea; polysaccharides; extraction method; chemical composition; bioactivity; gut microbiota

1. Introduction

As a traditional drink, tea has been cultivated and consumed for thousands of years,
and it is deeply loved by consumers from many countries, such as China, Japan, and South
Korea. Tea not only creates a lot of wealth but also generates tea culture and tea cere-
mony [1]. As a result, tea has become one of the most popular beverages in the world after
water [2–4].

The unprecedented popularity of tea is due not only to its unique aroma and taste but
also to the health benefits of drinking it. The primary bioactivities of tea, including anti-
oxidation, hypoglycemic, antibacterial, hypolipidemic, and anti-cancer activities, have been
studied and explored. Tea has also been broadly utilized in the food, medical, and health
care industries [5,6]. Tea’s biological and pharmacological activities are mainly attributed
to the diversity of its chemical components. The chemical features of tea mainly include tea
polyphenols (TPPs), tea polysaccharides (TPSs), tea proteins, catechins, theanine, and in-
organic elements [4]. Tea polyphenols have long received attention for their excellent
antioxidant properties for which accumulating evidence has been presented [7]. Modern
pharmacological studies have shown that TPS, an important bioactive component along
with TPP, is also the main tea compound that helps lower blood glucose and lipids, resist
oxidation, and enhance the body’s immune function [8–10]. It also has excellent potential
for development and application in the cosmetic industry [11]. In general, the content of
TPS decreases with increases in tea quality or grade [12]. Wang et al., reported that the TPS
content in low-grade tea was twice that of high-grade tea [13]. Therefore, using low-grade
tea as a raw material to extract TPS is conducive to the full utilization of tea resources and
has important implication for preventing diseases and promoting human health.
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Therefore, the authors of this paper conducted a detailed comparison and summary
of the current research on tea polysaccharide’s extraction, preliminary physicochemical
properties, and in vitro and in vivo bioactivities in order to provide new insights for the
better utilization and development of TPS or TPS-related functional foods.

2. TPS Extraction

Tea leaves, flowers, and seeds are the three primary sources of TPS extraction materials.
The current production process of TPS mainly includes hot water extraction, ultrasonic-
assisted extraction, microwave-assisted extraction, and enzymolysis extraction (Table 1).
Its conventional preparation process is shown in Figure 1.

Table 1. Comparison of extraction methods of tea polysaccharide (TPS).

Extraction Method TPS Origin Extraction Step Ref

Hot water extraction Green tea leaves and flowers Pre-extraction with 95% ethanol at 40 ◦C for 2 h,
repeated three times; a water bath extraction at 60 ◦C for

2 h, repeated 3 times

[14]

Fuan Baicha and
Pingyang Tezaocha

Extraction at 80 ◦C for 1.5 h, repeated two times [15]

Fuzhuan tea 2 h extraction time, 1:20 solid–liquid ratio, and 95 ◦C
extraction temperature; repeated three times

[10]

White tea 8 min extraction time, 54.1 ◦C extraction temperature,
12.48 L/g material–water ratio; repeated four times

[16]

Green tea Heating in a water bath at 90 ◦C for 2 h with
continuous stirring

[17]

Green tea Pre-extraction with absolute ethanol for 24 h and
extraction with deionized water at 60 ◦C for 90 min

[18]

Chin brick tea 80% ethanol pretreatment and continuous stirring with
distilled water (1:20, w/v) at 90 ◦C for 2 h

[19]

Liupao tea 80% ethanol pretreatment for 24 h and extraction with
deionized water at 70 ◦C for 2 h; repeated three times

[20]

Tea flowers Extraction at 90 ◦C for 1 h (2 times) [21]
Green tea 80% ethanol pretreatment at 70 ◦C for 1.5 h, extraction

with ethanol at 40 ◦C for 3 h
[22]

Green tea Pretreatment with two times volume of 95% ethanol at
50 ◦C for 4 h, 1:8 solid–liquid ratio, and extraction with

stirring at 50 ◦C for 120 min

[23]

Green tea Pretreatment with 95% alcohol (1:5, w/v) for 2 h,
extraction in hot water (1:10, w/v) at 80 ◦C; repeated

3 times for 1 h each time

[24]

Green tea 95% ethanol (1:6, w/v) pretreatment at 60 ◦C for 4 h and
extraction with distilled water (1:10, w/v) at 80 ◦C for

4 h; repeated 3 times

[25]

Keemun black tea Pretreatment with 95% ethanol (1:6, w/v) at 80 ◦C for 2 h
and immersed in distilled water (1:10, w/v) at 80 ◦C for

4 h; repeated four times

[26]

Ultrasonic-assisted
extraction

Low-grade green tea 80 ◦C extraction temperature, 60 min extraction time,
400 W ultrasonic power, and 22 mL:g liquid–solid ratio

[27]

Coarse tea Pretreatment in an ultrasonic bath (50 ◦C, 200 W) for
30 min followed by extraction in a water bath for 90 min;

repeated three times

[23]

Green tea flowers Ultrasonic power (25 ◦C, 100, 150, 200, 250, and 300 W)
extraction for 5 min; repeated 2 times

[21]

Yellow tea 95% ethanol pretreatment for 6 h, 90 ◦C water bath
extraction for 55 min (repeated twice), and sonication

(20 kHz, 500 W) for 55 min

[21]
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Table 1. Cont.

Extraction Method TPS Origin Extraction Step Ref

Microwave-assisted
extraction

Green, black, and oolong teas 1:20 solid/liquid ratio, 200–230 ◦C extraction
temperature, and 2 min extraction time

[28]

Green tea flowers Extraction at controlled microwave power for 5 min
followed by extraction with distilled water for 5 min at

the same microwave power

[21]

Green tea Extraction in a 600 W microwave apparatus for 30 min,
followed by stirring in a water bath for 90 min; repeated

three times

[29]

Enzymolysis extraction Green tea Extraction at 100 ◦C for 3 h and aqueous extraction with
pectinase and tannase at 35 ◦C for 2 h

[30]

Green tea Extraction with complex enzymes
(cellulase:pectinase:glucanase = 1:1:2) at 50 ◦C for

30 min, boiling at 90 ◦C for 10 min, and then extraction
in a water bath at 50 ◦C for 80 min

[29]

Green tea leaves and flowers 95% ethanol pretreatment at 40 ◦C for 2 h (repeated
3 times), treatment with 0.5% (m/v) pentosan complex
enzyme solution (45 ◦C, pH 5.5) for 2 h, and extraction

in 45 ◦C water bath for 2 h

[14]

Green tea Heating in a water bath at 90 ◦C for 2–4 h, repeated
twice; incubating with 0.5% pectinase

(260,001 PGU/mL, v/w) at 40 ◦C for 30 min; and heating
at 90 ◦C for 1 h to inactivate the enzyme

[31]

Hydro/solvothermal
extraction

Chinese tea Zhongcha 108 Extraction at 120 ◦C for 1 h [1]

Alkali-assisted extraction Fuzhuan brick tea Extraction with 0.1 M NaOH solution (pH = 10.0) at
60 ◦C, repeated 3 times

[32]

Supercritical fluid
extraction

Green tea 380 μm particle size, 20% absolute ethanol, 35 MPa
extraction pressure, 45 ◦C extraction temperature,

and 2 h extraction time

[33]

Anionic reverse micelle
extraction

Green tea pH = 4.6, 0.06 M guanidine hydrochloride, 7% methanol,
and 0.05 M NaCl; forward extraction

[34]

Figure 1. The conventional process of TPS preparation.
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2.1. Hot Water Extraction

Most bioactive polysaccharides are polar, so polar solvents such as hot water or
alkaline solutions are usually used for polysaccharide extraction [33]. Hot water extraction
is a classic method widely used to prepare polysaccharides in food, medicine, and other
industries [34]. Chen et al., used water bath heating (70 ◦C, 60 min) to extract three kinds
of crude TPSs from black, oolong, and green tea leaves [35]. Xu et al., prepared TPS from
Pu-erh tea three times for 180 min in hot water at 70 ◦C [36]. Fan et al., extracted TPS twice
in Fuan Baicha and Pingyang Tezaocha by adding double-distilled water and heating in
a water bath at 80 ◦C for 1.5 h [37]. Zhu et al., used the response surface methodology to
explore the extraction process of Fuzhuan tea crude polysaccharide (CDTPS) and found
that the optimal extraction conditions (repeated four times) were as follows: an extraction
time of 2 h, a solid–liquid ratio of 1:20, and an extraction temperature of 95 ◦C. Under
these conditions, the yield of CDTPS was 6.07% [10]. The response surface methodology
used by Jin et al., predicted the optimal extraction conditions of TPS via repetition four
times in white tea: the optimal extraction time was 97.8 min, the extraction temperature
was 54.1 ◦C, and the material–water ratio was 12.48 L/g [14]. Wang et al., pretreated dried
green tea leaves and flowers in 95% ethanol and 40 ◦C for 2 h, then repeated the process
three times to remove pigments and other substances. Then, 2 L of distilled water was
added to the filtered tea samples for extraction in a water bath at 60 ◦C for 2 h. After
filtration, 2.5 L of distilled water was added, and the hot water extraction was repeated
again (60 ◦C, 2 h) [38]. Similarly, Cai et al., pretreated green tea leaves with absolute ethanol
for 24 h to remove some small-molecular pigments and polyphenols, and then they dried
the tea samples with deionized water for 90 min at 60 ◦C [16]. Li et al., also pretreated
Chin brick tea powder with 80% ethanol, centrifuged it, and then continuously stirred it
with distilled water (1:20, w/v) for 2 h at 90 ◦C to extract TPS [17]. Qin et al., pretreated
Liupao tea samples with 80% ethanol for 24 h. After filtration and drying, the samples
were extracted with deionized water at 70 ◦C for 2 h, and the process was repeated three
times [18]. Wei et al., performed the hot water extraction of dried tea flower polysaccharides
(TFPSs) and then extracted TFPSs twice with distilled water (1 h each). They found that
the yield of TFPS increased with the extraction temperature, and 90 ◦C was the optimal
extraction temperature for TFPS. The yield at this condition was close to 35% [19]. Though
hot water extraction is a commonly used method for TPS extraction, conventional hot
water extraction has disadvantages such as a low extraction efficiency, long extraction time,
and high extraction temperature, all of which limit its availability [33,39]. For example,
Wang et al., further compared the yields of hot water extraction, boiling water extraction,
and enzymolysis extraction for TFPS, and they found that the yield of TFPS obtained
with enzymolysis extraction was the highest (2.01%), followed by boiling water extraction
(1.91%) and finally hot water extraction (1.83%) [20]. Zhu et al., compared the yields
of crude green tea polysaccharides (CTPSs) under hot water extraction (WE), enzymatic
extraction (EE), microwave-assisted extraction (MAE) and ultrasonic-assisted extraction
(UAE), and they found that the four yields of CTPS under these extraction methods were
3.98%, 4.17%, 4.31%, and 4.52%, respectively [21]. Numerous studies have verified that
although hot water extraction has strong practicability, its obtained TPS yield is relatively
low and easily leads to the unnecessary waste of raw materials. Therefore, many researchers
have also improved the technology on the basis of hot water extraction and developed other
auxiliary extraction methods, such as ultrasonic-assisted extraction, microwave-assisted
extraction, and enzyme-assisted extraction, to improve the extraction efficiency of TPS [40].

2.2. Ultrasonic-Assisted Extraction (UAE)

UAE can accelerate the rupture of plant cell walls by the high-speed movement of
molecules in samples caused by high-frequency ultrasonic vibration, thereby dissolving
and releasing intracellular substances. Karadag et al., used UAE to extract low-grade green
tea polysaccharides (GTPSs) and then reported the optimal extraction parameters through
response surface optimization as follows: 80 ◦C for extraction temperature, 60 min for
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extraction time, 400 W for ultrasonic power, and 22 mL/g for liquid–solid ratio. Under
these conditions, the yield of GTPS was 4.65%, which was higher than that of the hot water
extraction method (1.83%) without ultrasound [25]. In addition, they also found that the
Mw of GTPS obtained with ultrasonic-assisted extraction was lower, which may have
been due to the partial degradation of TPS caused by the ultrasonic process. Zhu et al.,
prepared TPS from coarse green tea leaves, placing the tea leaves in an ultrasonic bath
(50 ◦C, 200 W) for pretreatment for 30 min and then performing extraction in a water
bath for 90 min. The TPS yield obtained with this method was higher than other tested
methods [21]. To explore the effects of ultrasound on the structure and activity of yellow
tea polysaccharide (YTPS), Wang et al., treated a YTPS fraction obtained after hot water
extraction and deproteinization with ultrasound (20 kHz, 500 W) for 55 min. The results
showed that ultrasonic treatment basically did not change the main chemical composition
of YTPS but did cause it to degrade [26]. Wei et al., mixed dried green tea flower blocks
with distilled water and extracted them for 5 min at 25 ◦C under ultrasonic powers of
100, 150, 200, 250, and 300 W. This process was repeated twice to obtain crude TFPS [19].
Overall, the UAE method has the advantages of saved time, simple operation, experimental
safety, low cost, and high extraction rate. Still, it may degrade soluble TPS and affect
its bioactivity.

2.3. Microwave-Assisted Extraction (MAE)

Recently, microwave-assisted extraction (MAE) technology has become widely used
to analyze and extract active components in plants. MAE is a new extraction technology
that uses high-frequency electromagnetic waves (0.3–300 GHZ) with strong penetrabil-
ity and heating effect to extract active plant components. High-energy microwaves can
penetrate solvents and plant cell walls, transfer energy to the cytoplasm, and interact
with polar components to generate heat, which increases the temperature and pressure
inside cells. When the pressure reaches a certain level, the cell wall expands and ruptures,
releasing intracellular polysaccharides and other substances [41]. Shuntaro et al., used
MAE technology to extract TPS from tea residues (green tea, black tea, and oolong tea).
When the extraction conditions were a solid/liquid ratio of 1:20, an extraction temperature
of 200–230 ◦C, and an extraction time of 2 min, the yield of tea residue TPS was 40–50% [27].
Wei et al., used MAE equipment to extract TFPS twice, for 5 min each time. They found that
the yield of TFPS changed irregularly with the increase in microwave power. In addition,
with increases in microwave power, the content of neutral sugars in TFPS increased while
the content of acidic sugars increased and then decreased [19]. Li et al., used a 600 W
microwave instrument to extract coarse green tea crude TPS (CTPS), and the extraction pro-
cess was repeated three times. After extraction with MAE, the content of soluble protein in
CTPS was the highest of all tested methods, reaching 5.93%. Furthermore, they found that
MAE treatment had little effect on CTPS chains with high Mw but resulted in the drastic
degradation of small-Mw CTPS. According to related reports, small-Mw polysaccharides
tend to have better bioactivities than their high-Mw counterparts [42]. The subsequent
in vitro activity test of CTPS prepared by the MAE method by Zhu et al., also confirmed
this conclusion [21]. Compared to other extraction methods, the MAE method has the
advantages of high extraction efficiency, high purity, non-degradable active ingredients,
convenient operation, saved time, and environmental friendliness. It is a “green extrac-
tion process”, which has made it popular. Although MAE has favorable prospects in
TPS extraction, it also has disadvantages such as complex extract components, difficult
separation and purification in the later stages, and the necessity of polar solvents [43].
Therefore, in addition to the basic closed and open systems, several improved microwave
extraction technologies, such as vacuum microwave-assisted extraction, nitrogen-protected
microwave-assisted extraction, ultrasonic microwave-assisted extraction, and dynamic
microwave-assisted extraction, have been developed [41].
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2.4. Enzymolysis Extraction

The enzymolysis method refers to the destruction of plant cell walls with enzymatic
hydrolysis. The cell wall is decomposed into small molecular substances readily soluble in
the extraction solvent, thereby accelerating the dissolution of active ingredients. The yield
of TPS extracted with enzymatic hydrolysis is usually higher and the effect of mixed
enzymes is better than that of a single enzyme. However, the enzyme’s activity is easily
affected by the reaction temperature, pH, and concentration, so the requirements for
experimental conditions and costs are usually higher. Baik et al., investigated the effect
of the simultaneous treatment of pectinase and tannase on TPS extraction from green tea.
They found that the concurrent treatment of the two enzymes was an effective method for
TPS extraction and could significantly improve TPS’s free radical scavenging activity [28].
Chang et al., used pectinase-assisted extraction to obtain green tea TPS, and the primary
extraction process was as follows: the ground tea powder was heated in a water bath
at 90 ◦C for 2–4 h, 0.5% pectinase (260,001 PGU/mL, v/w) was added and incubated
at 40 ◦C for 30 min, and then the enzyme was inactivated by heating at 90 ◦C for 1 h.
The prepared TPS presented excellent immune stimulation and protection against immune
cells [30]. In addition to bioactivity, yield is also a concern for enzymolysis extraction.
Zhu et al., used mixed enzymes (cellulase:pectinase:glucanase = 1:1:2) for crude green tea
polysaccharide (CTPS) extraction at 50 ◦C (30 min), followed by boiling to inactivate the
enzyme (10 min) and extracting in a water bath at 50 ◦C for 80 min. The whole process was
repeated three times. The CTPS obtained with this method had a high total sugar content
(71.83%), which could mainly be attributed to the gentle and efficient destruction of the cell
walls by mixed enzymes [21,44]. Wang et al., used a 0.5% (m/v) pentosan complex enzyme
solution (45 ◦C, pH 5.5) to extract TPS from green tea leaves and flowers pretreated with
95% ethanol for 2 h. After filtration, the same extraction process at the same temperature
was repeated. The yields of two TPSs obtained with this method were 4.08% and 6.88%,
respectively, which were much higher than those obtained with hot water extraction under
the same conditions (1.28% and 2.93%, respectively) [38]. Compared to the conventional
solvent extraction method, the enzymolysis extraction method has the advantages of a high
extraction efficiency, strong specificity, and high extraction rate. In addition, it can reduce
the environmental pollution caused by using a large amount of solvent and thus has broad
application prospects. However, since the price of the enzyme is relatively high and its
activity is affected by various factors, the extraction conditions for enzymolysis extraction
must be strictly controlled to effectively obtain a higher extraction rate.

2.5. Other Extraction Methods

Some new methods for TPS extraction in addition to the above-mentioned common
extraction methods have also been reported. For example, Xu et al., optimized extraction
conditions using a hydro/solvothermal method. They used high temperature and pressure
(120 ◦C, 0.1 MPa) to infiltrate water into the tea leaves of Zhongcha 108 to destroy the
cell structure, thereby separating TPS [1]. The extraction rate of crude polysaccharides
obtained with this method was 4.7%, which was much higher than that of TPS obtained with
ordinary hot water extraction, such as Ziyang green tea (3.46%) [22], Huangshan Maofeng
tea (2.3%) [23], and Keemun black tea (3.2%) [24]. Sun et al., used alkali-assisted extraction
to extract Fuzhuan brick tea polysaccharide (FBTPS); the extraction conditions were a
60 ◦C extraction temperature and a 0.1 mol/L NaOH solution (pH = 10.0). Compared
to hot water extraction, the yield of FBTPS by alkaline extraction was found to have a
greater impact on the monosaccharide composition and yield [30]. In addition, emerging
extraction technology supercritical fluid extraction (SFE) has also been used to extract
polysaccharides in recent years. Many researchers have used SFE to extract various plant-
derived polysaccharides, though there are still few applications of this process for TPS
extraction. Chen et al., extracted TPS with a CO2-based SFE method, and they determined
the optimum parameters of this method in TPS extraction as a particle size of 380 μm, 20%
absolute ethanol, an extraction pressure of 35 MPa, an extraction temperature of 45 ◦C,
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an extraction time of 2 h, which enabled a TPS extraction rate of up to 92.5%. Moreover,
the TPS obtained with this method was significantly bioactive [31]. Although the SFE
method is impressive, manageable, efficient, and environmentally-friendly, it is still not
as common as other extraction methods in practical applications due to its expensive and
time-consuming equipment. In addition, Li et al., found that extraction via a anionic reverse
micelle system exhibited the advantages of a fast mass transfer, high selectivity, and low
cost [32]. In short, various auxiliary methods for TPS extraction are able to improve the
bioactivity of polysaccharides, shorten extraction times, and improve extraction yields.

3. Preliminary Physicochemical Properties of TPS

3.1. Monosaccharide Composition

The monosaccharide composition of TPS is usually analyzed using gas chromatogra-
phy (GC) and GC mass spectrometry (GC–MS) after the hydrolysis of glycosidic bonds with
trifluoroacetic acid and derivatization with acetic anhydride [45]. It has been reported that
TPS is formed by linking 2–10 monosaccharides in different arrangements with glycosidic
bonds (Table 2). Zhu et al., detected and compared the monosaccharide compositions
of CTPS obtained with four different extraction methods (WE, UAE, MAE, and EE) [21].
The results showed that the monosaccharide compositions of the four CTPS were the same.
They all contained rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose (Glc), xylose
(Xyl), mannose (Man), fucose (Fuc), and galacturonic acid (GalA); the molar ratio of Glc was
the highest at 29.22%, 36.05%, 31.09%, and 44.24%, respectively, for WE, UAE, MAE, and EE.
These results were the same as those of Wang et al., [46], indicating that although different
extraction techniques can affect the composition of monosaccharides, Glc in CTPS may be
the main monosaccharide component [21]. Zhu et al., also obtained two homogeneous TPSs
(ASe-TPS2 and NSe-TPS2) from natural selenium-enriched and artificial selenium-enriched
green teas, respectively, with uronic acid contents as high as 65.45% and 69.98%, respectively,
confirming that they were typical acidic polysaccharides [47]. Further monosaccharide
composition analysis by ion chromatography (IC) showed that ASe-TPS2 mainly contained
Rha, Ara, Glc, Xyl, and GalA with a molar ratio of 1.93: 7.05: 1.00: 1.05: 26.12, respectively,
while NSe-TPS2 was mainly composed of Ara, Gal, glucuronic acid (GlcA), and GalA at
a molar ratio of 0.59: 1.00: 0.49: 1.24, respectively. These results suggest that different
selenium-enriched methods may also lead to differences in the monosaccharide compo-
sition of TPS, and differences in uronic acid content may affect its chemical properties
or bioactivity. Wang et al., also used the IC method to detect the purified components
of selenium-enriched green tea polysaccharides (Se-TPS1, Se-TPS2, and Se-TPS3). They
found that the three purified components were also acidic polysaccharides [48], and though
their monosaccharide composition was the same as that of NSe-TPS2, their molar ratios
were different. Yang et al., extracted crude tea polysaccharide (CTPS) and two fractions,
TPS-1 and TPS-2, from Qingzhuan brick tea. TPS-2, with the lowest uronic acid content
(24.45 mg/g), showed stronger ferric ion-reducing antioxidant power (FRAP) and in vitro
scavenging capability against 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) ABTS radicals [49]. According to related reports,
a large amount of uronic acid in polysaccharides may lead to a stronger ABTS free radical
scavenging capability [50], whereas the monosaccharide composition of TPS may have
a huge impact on its FRAP properties [51]. The crude Fuzhuan brick tea polysaccharide
(FBTPS) obtained with the hot water extraction method (1:10, w/v; 70 ◦C) by Chen et al.,
contained 37.78% uronic acid content, and its monosaccharide composition comprised
D-ribose (Rib) (1.69 mol%), Man (3.66 mol%), Ara (11.83 mol%), Rha (12.11 mol%), Gal
(19.15 mol%), Glc (21.97 mol%), GlcA (1.41 mol%), and GalA (28.17 mol%) [52]. Wang et al.,
further purified FBTPS and found that FBTPS-3 was the main component of FBTPS (the
yield was 37.7%), and its monosaccharide composition included Man, Rha, GalA, Gal,
and Ara at a molar ratio of 8.7: 15.5: 42.2: 19.7: 13.9, respectively [53]. Among them,
the high GalA composition of FBTPS-3 corresponded to its high uronic acid content (40.4%),
indicating that FBTPS-3 is an acidic polysaccharide. Ke et al., obtained crude green tea
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polysaccharide (CGPS) by extraction with boiling water at 100 ◦C and then further purified
it to obtain homogeneous GTP consisting only of Glc [54]. Li et al., also used boiling water
to extract Yingshan Cloud Mist green tea polysaccharide (GTPS) [55], a neutral polysaccha-
ride composed of Rha, Ara, Xyl, Man, Glc, and Gal at a molar ratio of 11.4: 26.1: 1.9: 3.0:
30.7: 26.8, respectively. Although there was no uronic acid in the studied GTPS, it also had
certain in vitro anti-radical activity, which may have been related to its high Glc and Gal
contents. Gu et al., isolated and purified two selenium-enriched polysaccharides, SeTPS-1
and SeTPS-2, from green tea crude leaves by extraction at high temperature and high
pressure (150 ◦C, 6 MPa) [56]. Component content and monosaccharide detection showed
that their selenium contents were 23.50 μg/g and 13.47 μg/g, respectively. SeTPS-1 did
not contain any uronic acid, and its monosaccharide composition mainly comprised Glc
and Gal with a molar ratio of 80.1:2.3, respectively. The uronic acid content in SeTPS-2 was
found to be 15.77%, and its monosaccharide composition mainly comprised Glc and Gal
with a molar ratio of 80.1:2.3, respectively. Importantly, SeTPS-2 had stronger antioxidant
capacity in vitro, which may have been related to its rich uronic acid content. Wang et al.,
analyzed the monosaccharide composition of yellow tea polysaccharide (YTPS) before and
after sonication by HPLC and found that sonication did not change its monosaccharide
composition but did have a slight effect on the molar ratio. Both YTPSs mainly consisted
of Rha, with small amounts of Man, Rib, GlcA, Gal, and Ara [26]. Chen et al., explored
the effect of an ultra-high pressure (200–600 MPa, 25 ◦C) treatment on the monosaccharide
composition of large-leaf yellow tea polysaccharide (LYTP) [57]. LYTP was mainly com-
posed of Ara, Gal, GalA, Rha, Glc, GlcA, and Man. After ultra-high pressure treatment,
the content of GlcA in LYTP significantly increased and the contents of Ara, Gal, and GlcA
significantly decreased. The shear force generated by ultra-high pressure was able to break
the glycosidic bonds connecting Ara, Gal, and GlcA in the main chain or side chain, thereby
promoting TPS degradation. However, fragments linked by a large amount of GalA were
more stable, thus increasing the proportion of GalA [58]. In addition, numerous studies
have shown that acidic polysaccharides generally have high bioactivity [59,60].

Table 2. Monosaccharide composition of different TPSs.

TPS Origin Monosaccharide Composition and
Molar Ratio

Ref

Green tea WE, Rha: Ara: Gal: Glc: Xyl: Man: Fru:
GalA = 4.11: 9.96: 28.05: 29.22: 3.46: 4.62:
4.14: 16.43, respectively; UAE, 2.27: 9.22:

27.54: 36.05: 5.38: 4.75: 6.72: 8.07,
respectively; MAE, 4.03: 11.84: 27.06:

31.09: 3.64: 6.17: 6.84: 9.33, respectively;
EE, 5.40: 8.86: 12.32: 44.24: 3.15: 4.38:

11.78: 9.87, respectively

[21]

Green tea Ara: Xyl: Fuc: Glc: Gal = 6.49: 2.60: 6.53:
43.27: 41.11, respectively;

[46]

Natural and artificial selenium-enriched
green teas

ASe-TPS2, Rha: Ara: Glc: Xyl: GalA =
1.93: 7.05: 1.00: 1.05: 26.12, respectively;
NSe-TPS2, Ara: Gal: GluA: GalA = 0.59:

1.00: 0.49: 1.24, respectively

[47]

Selenium-enriched green tea Se-TPS1, Fuc: Rha: Ara: Gal: Glc: GlcA:
GalA = 0.07: 0.21: 0.58: 1.00: 0.47: 0.17:

1.75, respectively; Se-TPS2, Fuc: Rha: Ara:
Gal: Glc: GlcA: GalA = 0.07: 0.28: 0.59:

1.00: 0.10: 0.49: 1.24, respectively;
Se-TPS3, Fuc: Rha: Ara: Gal: Glc: GlcA:
GalA = 0.07: 0.38: 0.72: 1.00: 0.30: 0.19:

0.88, respectively

[48]
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Table 2. Cont.

TPS Origin Monosaccharide Composition and
Molar Ratio

Ref

Fuzhuan brick tea FBTPS, Rib: Man: Ara: Rha: Gal: Glc:
GlcA: GalA = 1.69: 3.66: 11.83: 12.11:
19.15: 21.97: 1.41: 28.17, respectively

[52]

Fuzhuan brick tea FBTPS-3, Man: Rha: GalA: Gal: Ara = 8.7:
15.5: 42.2: 19.7: 13.9, respectively

[53]

Green tea GTP consisting only of Glc [54]
Yingshan Cloud Mist green tea GTPS, Rha: Ara: Xyl: Man: Glc: and Gal

= 11.4: 26.1: 1.9: 3.0: 30.7: 26.8, respectively
[55]

Selenium-enriched green tea SeTPS-1, Glc: Gal = 80.1: 2.3; SeTPS-2,
Glc: Gal = 80.1: 2.3, respectively

[56]

Yellow tea YTPS-N, Man: Rib: Rha: GlcA: GalA: Glc:
Gal: Ara = 1.65: 1: 10.95: 1.06: 2.03: 5.49:
3.50: 4.02; YTPS-U, 1.72: 1: 11.05: 1.09:

2.13: 5.36: 3.62: 4.17, respectively

[26]

Large-leaf yellow tea LYTP, Ara: Gal: GalA: Rha: Glc: GlcA: Man [57]

3.2. Molecular Weight (Mw)

Mw is one of the most important physical properties of polysaccharides. Numerous
studies have shown that Mw is not only an essential indicator for judging the chemical
properties of polysaccharides but may also affect their bioactivity. The Mw size of TPS
is closely related to the type of tea and the purification process [61,62]. In most studies,
gel permeation chromatography (GPC), gel filtration chromatography (GFC), and multi-
angle laser light scattering (MLLS) detection methods have been employed to determine
the Mw of TPS [45]. Zhu et al., used high-performance gel permeation chromatography
(HPGPC) to determine the Mw of crude TPS obtained with four different extraction methods
(WE, UAE, MAE, and EE) [21]. The results showed that the Mw of WE-CTPS was mainly
distributed at 2558 kDa, accounting for 59.46% of the area. However, the Mw distribution
curves of UAY-CTPS and EE-CTPS shifted to the right, the number of peaks at 1000 kDa
and 3000 Da significantly increased, and the Mw of UAE-CTPS was smaller than that
of EE-CTPS. In addition, MAE treatment resulted in the vigorous degradation of small-
Mw TPS but had little effect on high-Mw TPS chains. MAE treatment will damage the
cell structure and accelerate the collision between small molecules, easily leading to the
fragmentation of small-Mw polysaccharides [63]. In addition, polysaccharides with smaller
Mw values may find it relatively easier to enter the cell interior to escape the stress of
the immune system, thus showing better bioactivity than large-Mw polysaccharides [42].
Another study by Zhu et al., also proved this conclusion by detecting the in vitro inhibitory
activities of α-glucosidase and α-amylase on four CTPSs [21]. In their other study, it was
found that different selenization methods also affected the Mw of Se-TPS. Among them,
the Se-TPS obtained with the natural Se-enriched method had a higher Mw of 244.32 kDa
than that of NSe-TPS2 (6.73 kDa) [47]. The Mw of three purified selenium-enriched green
tea polysaccharide fractions (Se-TPS1, Se-TPS2, and Se-TPS3) obtained under WE (70 ◦C)
were tested by Wang et al., Under WE at 90 ◦C, Se-TPS1 and Se-TPS2 (as homogeneous
polysaccharides,) had lower Mw values of 110 kDa and 240 kDa, respectively, compared
to NSe-TPS2. At the same time, Se-TPS3 was found to be a polysaccharide polymer
with an Mw range of 250–920 kDa [48]. Chen et al., conducted a study on the digestion
of TPS in the gastrointestinal tract, and they found that the initial Mw of FBTPS was
828 × 103 g/mol and that the Mw of FBTPS did not change after the “digestion” treatment
of in vitro digestive juice. However, after being acted on by microorganisms in the large
intestine, FBTPS’s Mw decreased with the prolongation of treatment time [52]. Wang et al.,
found similar results when exploring the purified components of FBTPS with an Mw of
741 kDa [53]. Li et al., obtained GTPS with an Mw of 96.9 kDa by boiling water extraction,
and they found that GTPS showed better in vitro antioxidant activities in a dose-dependent
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manner [55]. Previous studies have shown that polysaccharides’ antioxidant activity is
related to their Mw and that the Mw is mainly distributed between 10 and 1000 kDa [64].
Sun et al., found various antioxidant activities of green tea TPSs (TPS1, TPS2, and TPS3)
with different Mw values (8.16, 4.82, and 2.31 kDa, respectively); TPS2, with a medium Mw,
had the strongest hydroxyl-radical, ABTS free radical, and hydroxyl-radical scavenging
capabilities [65]. Compared to those with smaller Mw values, large-Mw TPSs were found
to have tighter spatial structures, resulting in fewer active groups being exposed to the
outside and weakening their capacity to terminate free radical chain reactions [66,67].
Zhao et al., obtained similar results and found that the cellular repair capacity of TPSs was
positively correlated with their antioxidant activity [67]. Gu et al., separated and purified
two Se-enriched polysaccharides, SeTPS-1 and SeTPS-2, under high-temperature and high-
pressure conditions, resulting in Mw values of 17 and 13 kDa, respectively. SeTPS-2 had
a stronger antioxidant capacity in vitro, which may have been related to its lower Mw
content [68]. By sonicating YTPS, Wang et al., found that the Mw of YTPS-3 purified with
30% ethanol decreased from 37.7 to 15.1 kDa, proving that ultrasonic irradiation promotes
the fragmentation of polysaccharides and results in a decrease in Mw [69]. The YTPS
after ultrasound showed more substantial antioxidant capacity than pre-ultrasound YTPS,
further confirming that a low Mw could promote antioxidant capacity, which may be
attributed to the larger surface area and number of reaction sites of degraded YTPS [26].
Chen et al., found that UHP treatment significantly reduced the Mw of large leaf yellow
tea TPS [70], and turbulent flow and high shear forces formed during UHP processing
may cause cell deformation or even rupture and lead to fragmentation and degradation of
polysaccharides [57,71].

3.3. Solubility

Since TPS contains a large number of polar groups [47,72], it has a strong affinity
for water molecules, which allows it to restrict the flow of water. The hydrophilicity of
TPS is related to its Mw. The smaller-Mw and less-branched chains of TPS have higher
water solubility. Usually, proper heating would promote the dissolution of polysaccharides.
Zhu et al., compared the solubility of coarse green tea polysaccharide (CTPS) obtained
with different extraction methods. They found that the time for a complete dissolution of
CTPS decreased with increasing temperature. At the same temperature, the dissolution
time of CTPS obtained with hot water extraction was always the longest [21]. In addition,
they also investigated the solubility of TPSs (DTPS-1, DTPS-2, DTPS-3, DTPS-4, DTPS-5,
and DTPS-6) from dark tea, and the time for the complete dissolution of DTPS was also
negatively correlated with the heating time. When the temperature exceeded 80 ◦C, the sol-
ubility of different DTPSs was almost the same. Additionally, at the same temperature,
the dissolution time of DTPS-3 was always the shortest, probably because its structure was
more fragmented and then increased the surface area for its reaction [10].

3.4. Viscosity

Due to the particularity of the solubility of polysaccharides, polysaccharides have high
viscosity in aqueous solutions and even form gels [73]. The principle is that polysaccharide
molecules exist in the form of random coils in solution, and their tightness is related to the
composition of monosaccharides and their connection form [74]. When polysaccharide
molecules are stirred and rotated in the solution, they need to occupy a large space. At the
same time, the collision probability between polysaccharide molecules is elevated and the
friction force is enhanced, thus generating a higher viscosity [74]. Due to their specific
structural compositions, different polysaccharides produce a high viscosity even at low
concentrations. Generally, the viscosity of polysaccharide molecules is not only related to
the composition and connection form of monosaccharides but also their Mw. Wang et al.,
performed intrinsic viscosity analysis on four purified fractions of oolong tea polysaccha-
rides (OTPSs) with different Mw values: OTPS1 (>80 kDa), OTPS2 (30–80 kDa), OTPS3
(10–30 kDa), and OTPS4 (<10 kDa) [75]. The intrinsic viscosities of the four OTPS com-
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ponents were 239.56, 162.63, 7.75, and 2.57 mL/g, respectively, which indicated that their
intrinsic viscosities increased with relative decreases in Mw. Xu et al., isolated and purified
six TPS components with different Mw values from green, oolong, and black teas, and then
they performed an intrinsic viscosity analysis [76]. The Mw values of GTPS1, OTPS1,
and BTPS1 were less than 80 kDa, while the Mw values of GTPS2, OTPS2, and BTPS2 were
greater than 80 kDa. Their intrinsic viscosities were 53.96 mL/g, 60.28, 60.29, 106.95, 106.76,
and 104.67 mL/g, respectively. The intrinsic viscosity of TPS1s was found to be lower than
that of TPS2s, which may have been related to the decrease in Mw.

3.5. Emulsifying and Stability

Emulsifiers are a crucial material in the production of food, cosmetics, and pharmaceu-
ticals. Emulsifiers contain hydrophilic and hydrophobic regions and are rapidly adsorbed
at the oil–water interface, stabilizing emulsion through steric hindrance or electrostatic
interactions [77]. Currently, the most commonly used emulsifiers are mainly chemically syn-
thesized ones, such as fatty acid monoglycerides, Tween-80, and sucrose esters [78]. With
consumers’ increasing pursuit of “green products and healthy life”, the development of
natural emulsifiers has received great attention [79]. Polysaccharide-based emulsifiers are
some of the most commonly used natural emulsifiers in the food industry [49]. The emulsi-
fication of polysaccharides improves with increases in solution viscosity, but viscosity is not
the main factor affecting emulsification [80]. The Mw of polysaccharides is related to the
viscosity, interfacial activity, and hydrophobic groups of polysaccharide solutions. Thus,
the Mw of polysaccharides may also affect their emulsification. Studies have shown that
increases in Mw can increase polysaccharides’ steric hindrance, prevent droplets’ aggrega-
tion and flocculation, and improve emulsification [81]. The effects of chemical modification
on the Mw of polysaccharides can be divided into two types: when the alkyl chain is short
and the degree of substitution is low, the degradation of polysaccharides is dominant and
the Mw is reduced; when the alkyl chain is long and the degree of substitution is high,
the Mw and hydrophobicity of the polysaccharide are increased, resulting in a reduction in
the particle size of the emulsion and an improvement of the emulsification [82]. The Mw of
acetylated pectin polysaccharides was found to first decrease and then increase with the rise
in substitution degree, and the viscosity was found to first decrease and then increase with
the rise in substitution degree [83]. At this time, the emulsifying properties are improved,
so the degree of substitution can increase the emulsifying properties of the polysaccharide.
The stability of an emulsified polysaccharide solution is also closely related to the structure
of the polysaccharide molecule itself. Uncharged linear polysaccharides can be combined
with hydrogen bonds after forming a colloidal solution. With extensions of time, the degree
of association becomes stronger and precipitation or molecular crystallization will occur
under the action of gravity. Branched polysaccharide colloids also become unstable due
to molecular aggregation, though at a slower rate. In addition, charged polysaccharide
colloids have higher stability due to the repulsion of the same charge between molecules.
In addition, the protein–polysaccharide conjugate formed by the distribution of the protein
part along the polysaccharide chain combines the characteristics of proteins and polysac-
charides, which is also beneficial to improving emulsification and stability to a certain
extent [84]. In a report by Chen et al., an alkali-extracted tea polysaccharide conjugate
(TPC-A) was used to stabilize oil-in-water emulsions, and TPC-A was shown to have a
favorable protective effect on catechins and could be used as a natural emulsifier [85].
Li et al., also obtained a TPS conjugate with good emulsifying properties and excellent an-
tioxidant activity from Chin brick tea [86]. The effects of a certain degree of heat treatment
on the physicochemical and functional properties of TPC were also investigated. The heat
treatment of TPC (TPC-3d) at 110 ◦C for three days significantly improved its emulsification
activity and stability but did not affect its antioxidant activity [45]. Chen et al., studied
the emulsifying properties and emulsifying stability of polysaccharide conjugates (TPC-C)
from Chin-Brick Tea. They found that TPC-C had no effect on the dynamic interfacial ten-
sion and particle size formation of emulsions or storage, and it showed excellent potential
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as a natural emulsifier in terms of stability; the TPS part mainly provided pH stability for
the TPC-C stabilized emulsion [87]. In another study, Chen et al., extracted a TPS conjugate
(gTPC) from low-grade green tea and obtained two purified components: gTPC-1 and
gTPC-2 [88]. The high-Mw gTPC-1 fraction exhibited a higher emulsion stability than the
low-Mw gTPC-2, which may be attributed to differences in polysaccharide chain length and
conformation in the conjugates. Compared to the lower-Mw polysaccharides, higher-Mw
polysaccharides were able to more efficiently coat the droplet surface. At the same time,
the high-Mw polysaccharide conjugates improved the emulsion’s salt and thermal stability,
which may have been due to the capability of high-Mw polysaccharides to form thicker
charged coatings, causing an increased steric hindrance between droplets and a greater
electrostatic repulsion compared to low-Mw polysaccharides [89,90].

4. In Vitro Bioactivity of TPS

As a bioactive polysaccharide, TPS has been reported to show favorable performance
in various in vitro activity evaluation models (Figure 2).

Figure 2. In vitro and in vivo bioactivities of TPS.
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4.1. Glycosidase Inhibition

Alpha-glucosidase is an essential enzyme in carbohydrate digestion. In a regular diet,
starch is first cleaved into oligosaccharides by α-amylase. The oligosaccharides are hy-
drolyzed by α-glucosidase to release glucose, which is absorbed into the blood by intestinal
epithelial cells. Thus, the inhibition of α-glucosidase, an enzyme that has been proposed as
a therapeutic target for regulating postprandial hyperglycemia, prevents excess glucose
absorption in the small intestine and controls postprandial hyperglycemia [91]. Acarbose
can inhibit alpha-glucosidase and prevent elevated postprandial blood glucose levels, and it
is widely used in treating patients with type 2 diabetes. However, synthetic chemicals have
various side effects, such as flatulence and diarrhea [92]. Therefore, natural α-glucosidase
inhibitors without side effects have attracted more and more attention. Chen et al., isolated
three TPS fractions—GTPS, OTPS, and BTPS—from green, oolong, and black tea, respec-
tively, and then compared their in vitro α-glucosidase inhibitory activities [35]. Among
them, BTPS could inhibit α-glucosidase activity in dose-dependent manner (14.3–91% with
an increase from 25 to 200 μg/mL), whereas the inhibitory activities of GTPS and OTPS
on α-glucosidase were lower. This may have been due to differences in the conformation
and composition of polysaccharides, which lead to differential interactions between amino-
glycosides and the hydrophobic pockets of enzymes. Xu et al., prepared crude TPSs of
GTPS, OTPS and BTPS according to the same method as above, and they further performed
ultrafiltration to obtain six TPS components: GTPS1 (<80 kDa), GTPS2 (>80 kDa), OTPS1
(<80 kDa), OTPS2 (>80 kDa), BTPS1 (<80 kDa), and BTPS2 (>80 kDa). BTPS1, BTPS2, OTPS1,
and OTPS2 were found to have a dose-dependent inhibitory effect on α-glucosidase activ-
ity, and BTPS1 exhibited the most robust α-glucosidase inhibitory activity. Additionally,
the inhibitory activities of GTPS1 and GTPS2 against α-glucosidase were weaker than
those of other TPS fractions, results consistent with those of Chen et al., In addition to
the type of tea, the degree of fermentation of tea can also affect its glycosidase inhibitory
activity. The aging (light fermentation) process was found to significantly enhance the
antioxidant and α-glucosidase inhibitory activities of Pu-erh TPS [76]. Xu et al., extracted
three TPSs (PTPS-1, PTPS-3, and PTPS-5) from Pu-erh tea with different fermentation years
(first, third, and fifth) and then tested their α-glucosidase inhibitory activity [36]. Based on
EC50 (concentration for 50% of maximal effect), PTPS-5 inhibited α-glucosidase at least
3 times more than the positive drug (acarbose), PTPS-3 inhibited α-glucosidase comparably
to acarbose, and the inhibition of PTPS-1 was the weakest. These results suggest that the
aging time of Pu-erh tea TPSs may be positively correlated with the inhibitory effect of
PTPS on α-glucosidase. Notably, processing technology also plays a significant role in
the inhibition of glycosidase activity by TPS. Wei et al., investigated the effects of differ-
ent extraction methods, including WE, UAE, and MAE, on the bioactivity of TFPS [93].
TFPS extracted with the UAE and MAE methods had almost no inhibitory activity on
β-glucosidase, while the TFPS extracted with the TWE method had little inhibitory activity
on β-glucosidase. The inhibitory activity of glucosidase (83.3% inhibition rate) for TFBS
extracted with WE was significantly higher than that of TPS from tea leaves. At the same
time, Wang et al., compared the effects of different drying methods on the bioactivity of
TPS. They found that the TPS obtained with freeze drying (TPS-F) had 92.8% and 82.75%
inhibition rates of α-amylase and α-glucosidase, respectively. Its inhibitory activity was
significantly more substantial than that of TPS obtained with vacuum drying (TPS-V) and
spray drying (TPS-S) [94]. In addition, the species of TPS may also affect its glycosidase
inhibitory activity. Wang et al., isolated the acidic TPS fraction (TP-1) from Maofeng tea via
acid extraction, and its inhibitory activities (IC50, the half-maximal inhibitory concentra-
tion) against α-glucosidase and α-amylase were 394.3 and 90.1 μg/mL, respectively [95].
Recently, a study by Zhu et al., showed that the inhibition of α-glucosidase and α-amylase
activities by coarse green tea TPS might be related to the Mw of TPS [21]. They pointed out
that the Mw of TPS was negatively correlated with the inhibition of glycosidase activity.
Accordingly, they also found that the inhibitory activity of dark tea TPS on glycosidase
may have a significant positive correlation with its uronic acid content [10]. Further reports
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by Fan et al., showed that higher purities of TPS led to weaker inhibitory activities on
α-glucosidase and α-amylase [96].

4.2. Free Radical Scavenging

Oxidative stress caused by the transition of oxygen-derived free radicals is an im-
portant cause of the occurrence and development of many diseases, such as cancer, hy-
poglycemia, atherosclerosis, and rheumatoid arthritis, as well as degenerative diseases
related to aging [97]. The free radical scavenging activity of TPS has also been widely
reported. Chen et al., compared the in vitro free radical inhibitory activities of GTPS, OTPS,
and BTPS from green, oolong, and black teas [35]. They found that the three TPSs showed
significant antioxidant activities on DPPH free radicals, hydroxyl radicals, and lipid per-
oxidation (p < 0.05). Among them, the scavenging effects of GTPS and BTPS were better
than that of OTPS, and GTPS showed the strongest lipid peroxidation inhibitory activ-
ity (IC50 = 75 μg/mL). Sun et al., extracted a water-soluble polysaccharide (KBTP) from
Keemun black tea and evaluated its in vitro antioxidant capacity. The KBTP showed strong
DPPH free radical scavenging, superoxide anion-radical scavenging, and iron-reduction
capacity in a dose-dependent manner, though with lower values than the positive control
benzyl alcohol (BHT) [24]. Xiao et al., investigated and compared the DPPH free radical
scavenging activity of four corresponding crude tea polysaccharides—XTPS, TTPS, CTPS,
and HTPS—prepared from four types of expired tea leaves on the market—Xihu Longjing,
Huizhoulvcha, Chawentianxia, and Anxi Tieguanyin, respectively [13]. The scavenging
activities of the four TPSs against DPPH showed a similar effect. In the concentration
range of 25–200 g/mL, the scavenging effects of the four TPSs were enhanced with the
increase in the concentration, but all were lower than that of Vc. Among them, the content
of polyphenols in CTPS was relatively low (6.53%), but its DPPH free radical scavenging
activity was similar to that of TTPS, indicating that the main antioxidants in CTPS are
polysaccharides. Xu et al., prepared crude tea flower polysaccharides (TFPS) and obtained
three purified components: TFPS-1, TFPS-2, and TFPS-3 [98]. In vitro antioxidant testing
revealed that all TFPS samples had appreciable scavenging activities of DPPH, superoxide
anion, and superoxide anion free radicals in a concentration-dependent manner. Among
them, TFPS-1 had the strongest in vitro antioxidant capacity. Xu et al., compared the free
radical scavenging capability of six TPS samples (GTPS1, GTPS2, OTPS1, OTPS2, BTPS1,
and BTPS2), and they found that the fermentation process and the Mw of TPS had sig-
nificant impacts on the DPPH free radical scavenging [76]. Another study by Xu et al.,
indicated that PTPS-5, with the highest studied proportion of low-Mw polysaccharides,
had the strongest free radical scavenging capability [99]. Likewise, Sun et al., showed that
a green tea TPS fraction with a moderate Mw exhibited the strongest in vitro free radical
scavenging activity and reducing power of studied fractions [65]. Thus, the Mw of TPS may
play an important role in its antioxidant activity, and low-Mw TPSs generally exhibit higher
radical scavenging capacities [97]. In addition, the hydroxyl groups in polysaccharides are
also an important factor affecting their free radical scavenging activity [100]. Other studies
have shown that the content of uronic acid is closely related to the antioxidant activity of
TPS [10,101]. In addition, changes in the spatial structure of TPS caused by ultrasound can
also enhance its scavenging activity to DPPH, superoxide, and hydroxyl radicals [26].

4.3. Antitumor Activity

In recent years, TPS has received extensive attention due to its broad therapeutic
properties and relatively low toxicity to normal cells, and it is expected to become an
alternative or adjunct to traditional anticancer drugs [102]. Liu et al., isolated and purified
a water-soluble homogeneous polysaccharide (DTP-1) from dark brick tea, and then they
evaluated the cytotoxic activity of DTP-1 on cancer cells and normal cells in vitro [103].
The results showed that DTP-1 had significant in vitro anti-tumor effects, especially on
A549 and SMMC7721 cells, and the inhibitory effect of DTP-1 on cancer cell proliferation
was positively correlated with its dose. In addition, DTP-1 could effectively inhibit the

121



Polymers 2022, 14, 2775

proliferation of cancer cells, induce apoptosis, and inhibit migration. At the same time,
it hardly affected the growth and viability of normal cells. Wang et al., isolated a selenium-
enriched TPS (Se-ZYTP) from Ziyang selenium-enriched green tea and investigated its
in vitro antitumor activity against human osteosarcoma cells (U-2 OS). Both MTT and
lactate dehydrogenase (LTH) assays demonstrated that Se-ZYTP could significantly inhibit
the proliferation of U-2 OS cells in a concentration-dependent manner [104]. Zhou et al.,
extracted a green tea polysaccharide (GTPS) from crude green tea and tested its inhibitory
effect on the viability of colon cancer cells (CT26). The results showed that the inhibitory
effect of GTPS on CT26 cells was concentration-dependent and time-dependent. At the
highest concentration (800 μg/mL), the anticancer effect of GTPS was stronger than that of
the positive control Lentinus edodes (LNT). Additionally, GTPS was not toxic to normal
rat intestinal epithelial cells. This study also showed that GTPS intervention significantly
up-regulated signal transduction pathways related to apoptosis, lysosomes, mitochondria,
and cell death, suggesting that GTPS might target lysosomes and activate caspase −9/−3-
inducing apoptosis of CT26 cells, thereby exerting anti-cancer effects [105]. In addition,
Xu et al., conducted an anticancer evaluation on tea flower polysaccharide (TFPS) and
its purified fractions (TFPS-1, TFPS-2, and TFPS-3). They found that these samples could
significantly inhibit human gastric cancer cells (BGC-823) in a concentration- and time-
dependent manner. Among them, TFPS-1 and TFPS-3 exhibited higher in vitro antitumor
activities than TFPS-2, possibly due to their differences in monosaccharide composition,
sulfate content, and antioxidant activity [98]. Yang et al., investigated the effect and possible
mechanism of green tea polysaccharide (GTP) in anti-prostate cancer (PC). They found that
GTP could promote PC cell apoptosis by increasing Bcl2-associated X protein (Bax)/B-cell
lymphoma-2 (Bcl-2) ratio and caspase-3 protein expression while decreasing micro RNA-93
(miR-93) expression. Of these, miR-93 might be a key target of GTP in PC treatment [54].

4.4. Bacteriostatic Activity

The human body has a diverse microflora that contain more cells than the body,
and these microbiotas are mainly composed of bacteria. The ordinary microbial communi-
ties in the respiratory tract, gastrointestinal tract, and skin interact with the human body’s
innate immunity. These microbial communities also produce metabolites that serve as
essential nutrients for human cells and play a protective role by inhibiting pathogenic bacte-
ria [106]. There is growing evidence that interactions between humans and their symbiotic
flora may play an essential role in human health. However, bacterial attachment to human
epithelial cells may also lead to skin infections, inflammation, and some pathogenic dis-
eases [107]. For example, Helicobacter pylori is a micro-aerophilic Gram-negative bacterium
that exclusively colonizes the gastric mucosa of humans and primates, causing chronic
active or type B gastritis, duodenal ulcers, gastric cancer, and mucosal-associated lymphoid
tumors [108]. Propionibacterium acnes (P. acnes) is an anaerobic Gram-positive bacterium
that is common in microscopic studies of adult skin and predisposes one to the formation
of human cutaneous acne [109]. Staphylococcus aureus is an aerobic Gram-positive bacteria
that mainly hides on the skin and mucous membrane surfaces, resulting in atopic dermati-
tis [110]. In addition to being a healthy drink, tea has been regarded as an anti-cancer and
antibacterial herb since ancient times. As an essential active ingredient in tea, TPS has also
been reported to show favorable antibacterial activity. Lee et al., obtained an acidic TPS
(ATPS) from green tea and analyzed its anti-adhesion effect against pathogenic bacteria
(Staphylococcus aureus, P. acnes, and Helicobacter pylori) [111]. The results showed that ATPS
had a significant inhibitory effect on pathogenic bacteria-mediated hemagglutination, with
a minimum inhibitory concentration of between 0.01 and 0.1 mg/L. In addition, ATPs had
no inhibitory effect on beneficial commensal bacteria such as Staphylococcus epidermidis,
Escherichia coli, and Lactobacillus acidophilus, suggesting that ATPs could be applied as selec-
tive natural antiadhesive polymers to some pathogenic bacteria. However, there have been
few reports on the significant bacteriostatic activity of TPS, and more studies are needed to
support this evidence of this property.
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5. In Vivo Bioactivity of TPS

In addition to the presented in vitro bioactivities, TPS also showed favorable in vivo
bioactivities (Table 3 and Figure 2), and its potential regulatory mechanism is presented in
Figure 3.

Table 3. In vivo bioactivity of different TPSs.

Bioactivity TPS Origin Regulatory Mechanism Ref

Antioxidant and
hepatoprotective

activity

Ziyang green tea Ameliorating high-fructose diet-induced pancreatic β-cell
damage and inhibiting hepatic steatosis and

oxidative damage

[112]

Ziyang green tea Mediating antioxidant and free radical scavenging, thereby
effectively preventing liver damage

[113]

Green tea Promoting superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GPx) activity in blood, liver,

and heart

[114]

Huangshan Maofeng Inhibiting lipid peroxidation while promoting the body’s
antioxidant activity to protect the liver

[23]

Longjing 43 tea flower Inhibiting the elevation of serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
levels, reducing the formation of malondialdehyde (MDA),

and simultaneously enhancing the activities of SOD and
GPx to reduce liver damage

[98]

Keemun black tea Improving the enzymatic and non-enzymatic antioxidant
defense system to protect the liver, thereby effectively

alleviating the production of free radicals in the body and
inhibiting lipid peroxidation in liver tissue

[24]

Antitumor activity Dark brick tea Inhibiting cancer cell proliferation and migration and
inducing cancer cell apoptosis

[103]

Ziyang green tea Inhibiting the proliferation of human osteosarcoma cells
(U-2 OS)

[104]

Green tea Targeting lysosomes and activated caspase-9/-3 via the
lysosome-mitochondrial pathway to induce apoptosis in

colon cancer cells (CT26)

[105]

Tea flowers Inhibiting the proliferative activity of human gastric cancer
cells (BGC-823)

[98]

Green tea Increasing the levels of SOD, CAT, and GPx while inhibiting
lipid peroxidation and pro-inflammatory cytokine levels

from attenuating oxidative damage and inflammatory
responses

[115]

Ziyang green tea Inhibiting the proliferation of osteosarcoma cells in vitro
and the growth of tumor volume and tumor weight in vivo

[104]

Green and black teas Inhibiting pulmonary neutrophil recruitment and oxidative
tissue damage, resulting in higher anti-inflammatory effects

and resistance to murine sepsis

[116]

Oolong tea Inhibiting tumor growth, reducing liver toxicity and
nephrotoxicity, stimulating the body’s antioxidant activity
and immune function, and finally achieving an anti-liver

cancer effect

[75]

Green tea Increasing the Bcl2-associated X protein (Bax)/B-cell
lymphoma-2 (Bcl-2) ratio, elevating caspase-3 protein

expression, and decreasing miR-93 expression in prostate
cancer cells

[54]

Immunostimulatory
activity

Green tea Activating the TLR7 receptor and enhancing the
macrophage activity

[117]

Green tea Improving the serum IgG level, thymus index, macrophage
activity, and lymphocyte transformation rate in broilers, as
well as increasing the serum antioxidant enzyme activity

[118]
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Table 3. Cont.

Bioactivity TPS Origin Regulatory Mechanism Ref

Selenium-enriched green tea Enhancing the regulatory mechanism involved in free
radical scavenging, synergistically improving immune

function, and reducing oxidative stress

[9]

Green tea Enhancing the body’s cellular immunity and
humoral immunity

[119]

Fuzhuan brick tea In vitro: promoting the in vitro proliferation activity and
phagocytic capability of macrophages and enhancing the

activity of acid phosphatase; in vivo: promoting the release
of tumor necrosis factor (TNF-α), interleukin-1β (IL-1β),
and nitric oxide (NO) and then inhibiting decreases in

thymus/spleen index and colon rupture

[30]

Selenium-enriched green tea Improving the spleen and thymus index, promoting the
lymphocyte proliferation and NK cell activity in the spleen,

promoting the CD4 T cell proliferation, and reducing
oxidative stress

[9]

Gut microbiota
modulating activity

Fuzhuan brick tea Reducing the disease activity index (DAI) in mice with
enteritis, alleviating the colonic tissue damage and
inflammation, and simultaneously promoting the

proliferation of beneficial gut microbiota and the increase in
short-chain fatty acids (SCFAs)

[120]

Wuyi rock tea Improving gut microbiota composition and microbial
structural dysbiosis in type 2 diabetic rats

[121]

Fuzhuan brick tea Promoting the secretion and mRNA expression of mucin 2,
occludin, and zonula occludens 1 (ZO-1); altering gut

microbiota composition; and stimulating the proliferation of
beneficial bacteria and production of SCFAs

[30]

Fuzhuan brick tea Increasing the phylogenetic diversity of the gut microbiota,
suppressing the increase in the relative abundance of

pathogenic bacteria, and altering key OUTs associated with
metabolic syndrome

[8]

Fuzhuan brick tea Altering the gut morphology and ZO-1 expression,
increasing the relative abundance of Muribaculaceae,

and decreasing the relative abundance of Lachnospiraceae,
Helicobacteraceae, and Clostridaceae

[122]

Tea flowers Protecting the intestinal barrier function and promoting the
increase in the number of beneficial microorganisms and

their metabolites, thereby maintaining intestinal health and
improving adaptive intestinal immunity

[123]

Glucose and lipid
metabolism-
regulating

activity

Pu-erh tea Inhibiting intestinal alpha-glucosidase activity [36]
Green, oolong, and black teas Enhancing in vitro free radical scavenging activity and

α-glucosidase inhibition in skeletal muscle cells
[76]

Tea flowers Protecting cell membranes from peroxidative damage and
reducing oxidative stress

[124]

Pu-erh tea Inhibiting the intestinal alpha-glucosidase activity [125]
Green tea Adjusting body weight, reducing serum triglyceride (TG)

and leptin (LT) levels, inhibiting fatty acid absorption,
improving anti-inflammatory activity, and treating obesity

[126]

Black tea Inhibiting the formation and accumulation of fat, promoting
the decomposition of fat, and promoting the expression of

essential genes involved in fat metabolism

[127]

Oolong tea Decreasing serum LT levels in obese rats, improving blood
lipids and antioxidant levels, and affecting lipid metabolism

pathways

[128]

Fenggang zinc selenium tea Improving oxidative stress, inhibiting lipid peroxidation,
and enhancing liver protection

[129]

Anticoagulant activity Green tea Inhibiting the intrinsic and common coagulation pathways
of fibrinogen-to-fibrin conversion without inhibiting the

extrinsic pathway

[16]
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Table 3. Cont.

Bioactivity TPS Origin Regulatory Mechanism Ref

Bacteriostatic activity Green tea Destroying the cell wall of Escherichia coli and increasing the
permeability of the cell membrane and the content of

intracellular ROS

[130]

Anti-fatigue activity Ziyang green tea Preventing lipid peroxidation by modification of GPx
activity

[22]

Skincare activity Green tea Promoting skin’s moisturization and enhancing fibroblast
proliferation capability

[11]

Figure 3. A potential mechanism by which TPS exerts its in vivo bioactivity.

5.1. Antioxidant and Hepatoprotective Activity

Oxidative stress has been reported to be associated with many diseases, such as cancer,
Alzheimer’s disease, nephritis, arteriosclerosis, and diabetes, due to the overproduction of
oxygen free radicals [4]. The liver is a vital detoxification organ in the human body and
plays a key role in the metabolism of various endogenous and exogenous harmful sub-
stances [3]. Many in vivo studies in mouse models for the antioxidant and liver-protective
effects of TPS have been reported. Ren et al., fed healthy male Kunming mice with 20%
fructose water for eight weeks and then provided different concentrations of Ziyang
selenium-enriched green TPS (Se-TPS) for eight weeks. Se-TPS was shown to be able to
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significantly attenuate hepatic steatosis and oxidative stress injury in mice [112], and Se-TPS
could substantially attenuate hepatic steatosis and oxidative stress injury in mice [112].
Wang et al., explored the hepatoprotective effect of Ziyang tea polysaccharide (ZTPS) on
CCl4-induced oxidative liver injury in mice [113]. They found that the administration of
ZTPS (100, 200, and 400 mg/kg) to mice prior to CCl4 treatment significantly inhibited CCl4-
induced elevations in liver MDA levels, AST, lactate dehydrogenase (LDH), and serum ALT.
In addition, ZTPS-treated mice exhibited regular SOD and glutathione peroxidase (GPx)
activities compared to a CCl4-induced group. Sun et al., studied the antioxidant activity of
TPS in exhaustive exercise mice. They found that MDA levels in the heart, liver, and plasma
were reduced after 30 days of TPS treatment compared to a control group [131]. Lu et al.,
investigated the antioxidant and hepatoprotective effects of Huangshan Maofeng acid
polysaccharide (HMTPS) on CCl4-induced oxidative liver injury in mice [23]. The results
showed that HMTPS could significantly regulate the serum markers of triglyceride (TG),
total cholesterol (TC), aspartate aminotransferase (AST), and alanine aminotransferase
(ALT) in mice with liver injury induced by CCl4. In addition, HMTPS could significantly
increase the antioxidant levels of SOD and hepatic glutathione and could reduce the for-
mation of the hepatic lipid peroxidation products 15-F2t isoprostanes and MDA. Similarly,
a study by Xu et al., indicated that TFPS could significantly reduce the serum levels of ALT
and AST in mice with CCl4-induced hepatotoxicity in a dose-dependent manner while
considerably reducing the level of MDA in the liver and enhancing antioxidant enzyme
activity (SOD and GPx) [98]. Sun et al., reported that Keemun black tea polysaccharide
(KBTP) intervention in mice prior to CCl4 injection significantly prevented CCl4-induced
elevations in serum ALT, AST, TG, TC, and MDA levels [24]. Compared to CCl4-induced
liver injury mice, KBTP-pretreated mice exhibited better liver body indexes and higher
GSH and SOD activities. Accumulating evidence has revealed that TPS can reduce ox-
idative stress in the body and may be a potent antioxidant in medicines and functional
foods. However, some researchers hold the opposite view on the antioxidant activity of
TPS. Wang et al., separated TPS components from a crude TPS extract and then compared
their DPPH free radical scavenging, reducing power, and hydroxyl radical scavenging
activities. They found that the purified TPS had almost no antioxidant activity and that
the primary antioxidants in crude TPS may be polyphenols [132]. Importantly, single TPS
fractions should be isolated and purified to test their antioxidant and hepatoprotective
effects individually, which would help clarify TPS’s main antioxidant and hepatoprotective
components and help improve TPS preparation.

5.2. Antitumor Activity

In cellular models, TPS has been reported to play an essential role in tumor and cancer
prevention. Several experiments in mouse models have also been investigated to analyze
the antitumor activity of TPS. Pharmacological experiments in mice with gastric cancer
showed that TPS could increase the serum levels of interleukin-2 (IL-2), interleukin-4
(IL-4), interleukin-10 (IL-10), Immunoglobulin M (IgM), Immunoglobulin M (IgG), and Im-
munoglobulin A (IgA) in mice and reduce the level of MDA in gastric tissue and the levels
of interleukin-6 (IL-6) and TNF-α in serum, which suggests that TPS might be a potential
modulator in the intervention of gastric cancer [132]. Another study by Wang et al., showed
that Se-ZYTP could significantly reduce tumor volume and weight in U-2 OS-xenograft
model mice [104]. Scoparo et al., found that two TPS interventions from green and black
tea significantly reduced mortality in septic mice (40% and 25%, respectively), as well as
reduced neutrophil entry into the lungs and tissue damage, which may have been due to the
difference in uronic acid content in TPSs [116]. In addition to the solid anticancer activity
of TPS in experimental animals, studies have shown that other tea-active substances can
have synergistic effects when combined with TPS. Combining polysaccharides with other
substances could bring several advantages, such as enhanced lethality, reduced toxicity,
increased solubility, and reduced drug resistance and immunogenicity [133]. Wang et al.,
found that the co-administration of oolong tea TPS and polyphenols had a synergistic effect
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on inhibiting the proliferation and growth of liver tumors of mice, and the antioxidant and
immune levels of mice were shown to be significantly increased [75].

5.3. Immunostimulatory Activity

The immune system plays a vital role in defending against pathogen invasion and
maintaining human health. Generally speaking, polysaccharides mainly regulate the
body’s immunity through two pathways: one is to kill pathogens directly, and the other is
to enhance the immune system by improving the activity of macrophages and T lympho-
cytes [134]. Immunostimulatory activity is one of the most remarkable biological functions
of natural polysaccharides, and it is related to their active role as a critical basis for an-
titumor effects [39,135]. Numerous studies have demonstrated the potential regulatory
impacts of TPS on immune system stimulation and activation. Monobe et al., investigated
the phagocytic activity of macrophages after crude TPS treatment [118]. They found that
crude TPS enhanced macrophage activity by stimulating Toll-like receptor 7 (TLR7) and
that immature (not fermented by microorganisms) TPS had higher immunostimulatory
activity than mature TPS. In addition, studies have found that high-Mw TPS had a stronger
immunostimulatory activity than low-Mw TPS. Hu et al., explored the effect of TPS on
the immunostimulatory activity of broilers, and they discovered that TPS could signifi-
cantly increase the serum IgG level; thymus index; serum CAT, GPx, and SOD activities;
macrophage activity; and lymphocyte transformation rate in broilers [118]. Yuan et al.,
studied the synergistic effects of selenium-enriched green tea polysaccharide (Se-TPS) and
Huo-ji polysaccharide (HJP) on immune stimulation [9]. The results showed that they could
enhance the body’s free radical scavenging ability, improve immune function, and reduce
oxidative stress, thereby exhibiting solid immunostimulatory activity. Sun et al., found
that two Fuzhuan tea TPSs obtained with hot water and alkali-assisted extraction could
promote the proliferation and phagocytosis of macrophages and enhance the activity of
their signaling enzymes (acid phosphatase) [31]. In addition, they both showed the positive
regulation of cyclophosphamide (CTX)-induced immunosuppression in mice by promoting
TNF-α, IL-1β, NO release, inhibiting thymus/spleen index reduction, and inhibiting colon
fragmentation. Similar results were reported by Yuan et al. [9]. In addition, chemical mod-
ification was found to affect the immune activation of TPS. Glycosidase-modified green
tea polysaccharide (ETPS) has been reported to significantly increase NK cell activity and
serum hemolysin (HML) levels, delay ear swelling, and increase peritoneal macrophage
index, peritoneal macrophage phagocytosis, and splenic phagocytosis [119].

5.4. Gut Microbiota-Modulating Activity

The structure and homeostasis of the gut microbiome (GM) are closely related to hu-
man health, so the GM is known as the “second genome” of the human body [136]. Recently,
it has been increasingly recognized that GM composition and homeostasis are disease modi-
fiers, fundamental components of immunity, and functional entities for metabolism, and an
imbalanced GM may contribute to various intestinal diseases [137]. The distribution of the
GM in the human body can be modulated by diet, which can influence the composition of
the GM by altering the gut environment (e.g., pH) or the activity of certain microbial en-
zymes [138–140]. After GM fermentation, dietary products can regulate certain life activities
through the metabolic cycle [141]. Generally, TPSs cannot be degraded or absorbed in the
upper gastrointestinal tract, as they mainly metabolized and utilized by the GM in the ileum
or colon. Not only does TPS affect the structure and diversity of the GM, but its metabolites
in the gut, such as SCFAs (especially acetate, propionate, and butyrate), can also have
beneficial effects on gut health [142]. Yang et al., used 16S rDNA amplicon sequencing and
metabolomics to analyze the protective effect of Fuzhuan brick tea polysaccharide (FBTP)
on dextran sulfate sodium (DSS)-induced ulcerative colitis (UC) in mice [143]. The results
showed that the oral administration of FBTP reduced the disease activity index (DAI),
prevented colon shortening, and alleviated colon tissue damage and inflammation in UC
mice. Furthermore, FBTP intervention also promoted the proliferation of beneficial micro-
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biota (such as Lactobacillus and Akkermansia) and significant increases in SCFAs, especially
butyrate content in the cecum. Butyrate, a type of SCFA, has anti-inflammatory properties
and can be absorbed by colon cells as an energy source [144]. This report suggests that FBTP
may exert its anti-inflammatory effects by producing SCFAs while improving UC by pro-
moting beneficial bacterial abundance to repair the intestinal epithelial barrier and reduce
immune stress [120]. In addition, FBTP intervention was shown to improve tryptophan
metabolism in the gut [143]. Tryptophan can be decomposed into indole derivatives by the
gut microbiota, which further activates the immune system and ultimately affects the in-
tegrity of the intestinal barrier in mice [145]. Wu et al., found that acid TPS from Wuyi rock
tea could significantly alter the composition of intestinal flora and improve the dysbiosis of
microbial structure in type 2 diabetic rats [121]. Sun et al., reported that the early intake of
FBTPs was beneficial to the secretion and mRNA expression of mucin 2, occludin, and ZO-1,
thereby preventing and relieving CTX-induced intestinal mucosal damage and protecting
intestinal barrier function. In addition, FBTP could improve gut microbiota composition
and then promote the proliferation of beneficial bacteria (especially Lactobacillus) and the
production of SCFAs [31]. Bai et al., established a mouse model of immunosuppression
induced by cyclophosphamide and explored the regulatory effect of FBTPS on its immune
function and gut microbiota [122]. They found that crude and pure FBTPS could improve
the immune organ index, immune cytokines, and immunoglobulin A levels in mice to play
an immunoregulatory role. In addition, intestinal injury was ameliorated by improving
intestinal morphology and ZO-1 expression. Additionally, they modulated the gut micro-
biota structure by increasing the relative abundance of Muribaculaceae and decreasing
the abundance of Lachnospiraceae, Helicobacteraceae, and Clostridaceae. Chen et al., also used
FBTPS as a raw material to study the effect of FBTPS on metabolic syndrome (MS) and
gut microbiota dysbiosis in high-fat diet (HFD)-fed mice. The results showed that FBTPS
treatment could increase the phylogenetic diversity of the HFD-induced microbiota and
significantly inhibit the HFD-induced increase in the relative abundance of pathogenic
bacteria such as Erysipelotrichaceae, Coriobacteriaceae, and Streptococcaceae. In addition, FBTPS
may also play a key role in the prevention of MS by significantly affecting 44 key OUTs
that are negatively or positively correlated with MS [8]. A study by Chen et al., showed
that the long-term intake of Longjing tea flower polysaccharide (TFPS) is beneficial to the
protection of the intestinal barrier and could promote increases in the number of beneficial
microorganisms and their metabolites, thereby maintaining intestinal health [123].

5.5. Glucose and Lipid Metabolism-Regulating Activity

Diabetes mellitus (DM) and obesity caused by long-term glucose and lipid metabolism
disorders are the two most common and complex metabolic diseases, and their morbidity,
chronic course, and disabling complications are increasing [3]. Controlling postprandial
blood glucose and inhibiting oxidative stress are considered effective methods for treating
diabetes [4]. One treatment for reducing postprandial hyperglycemia is to delay glucose
absorption by inhibiting carbohydrate hydrolase enzymes in the digestive organs, such as
alpha-amylase and alpha-glucosidase [146]. In China and Japan, coarse tea was used
to treat diabetes, and its hypoglycemic activity increased with increasing TPS content
in coarse tea [147]. Studies have shown that the hypoglycemic effect of polysaccharides
can mainly be implemented through oral or injection therapy. When polysaccharides are
administered via injection, they can directly act on target cells through blood circulation;
when polysaccharides are orally administered, they usually enter the intestine directly to
be decomposed and absorbed due to the high Mw of polysaccharides, thereby exerting
indirect hypoglycemic effects [76]. Many studies has revealed the hypoglycemic activity of
TPS. Xu et al., extracted TPSs (PTPS-1, PTPS-3, and PTPS-5) from Pu-erh tea with different
fermentation years and then compared their effects on postprandial blood glucose in
alloxan-induced diabetic mice [36]. The results showed that all PTPSs significantly inhibited
postprandial blood glucose in diabetic mice (p < 0.05). PTPS-5, with the most prolonged
fermentation period, had the strongest inhibitory effect on postprandial hyperglycemia in
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diabetic mice, and it had no significant difference with acarbose (p > 0.05). Similar results
were also reported by Deng et al., [125]. In addition, Wei et al., found that TFPS could
effectively reduce alloxan-induced hyperglycemia in Sprague-Dawley (SD) rats, maybe due
to the superior hydrogen-donating capability of TFPS, which can protect cell membranes
from peroxidative damage and alleviate oxidative stress [124]. Altogether, the possible
mechanisms of the antidiabetic activity of TPS include: (1) preventing the hydrolysis and
absorption of carbohydrates by inhibiting the activity of digestive enzymes in the digestive
tract; (2) regulating the structure and diversity of gut microbiota, thereby affecting the
types and levels of its metabolites and then regulating intestinal homeostasis and body
inflammation; (3) affecting the interaction of the “gut–liver axis”, thereby promoting
glucose and lipid metabolism and improving insulin resistance; (4) improving β-cell
dysfunction and promoting insulin secretion; and (5) improving oxidative stress and
oxidative damage [148,149].

The weight loss and lipid-lowering activities of TPS have also been widely reported.
Xu et al., investigated the effects of TPS, caffeine, polyphenols, and the TPS–polyphenol
complex in green tea on high-fat diet-fed rats. The results showed that TPS and polyphenols
presented apparent blocking effects on fat accumulation and weight gain, and they could
inhibit the absorption of fatty acids, reduce serum leptin and blood lipid levels, and reduce
the protein expressions of IL-6 and TNF-α. Additionally, a synergistic effect of TPS and
polyphenols in lipid-lowering activity was also observed [126]. The weight loss mecha-
nisms of black tea TPS and polyphenols were investigated in male, obese, Sprague-Dawley
rats. The results showed that black tea TPS and polyphenols could increase fecal fatty
acid content and reduce body weight, adipocyte size, visceral fat weight, and Lee’s index,
thereby achieving weight loss. In addition, the black tea TPS also promoted the expression
of multiple genes involved in fat metabolism (such as Aqp1, Ugt2b, and Gck), exerting an
obesity-suppressing effect [127]. Wu et al., found that oolong tea TPS could effectively
reduce serum leptin and lipid levels in obese rats. In addition, it could also inhibit obesity
through the effects of pathways affecting fatty acid biosynthesis, steroid hormone biosynthe-
sis, unsaturated fatty acid biosynthesis, glycerolipid metabolism, and glycerophospholipid
metabolism [128]. Mao et al., studied the hypolipidemic effect of Chinese Liupao dark
tea polysaccharides (CLTPS). It was found that the body weight gain of the high-fat diet-
induced rats was significantly inhibited after four weeks of CLTPS intervention [150].
Additionally, the rats’ serum lipid levels, lipid oxidation, and antioxidant enzyme activities
were greatly improved in a dose-dependent manner. Accordingly, CLTPS was shown to
be able promote the bile acid synthesis pathway and cholesterol catabolism to further
prevent atherosclerosis.

5.6. Others

In addition to the above-mentioned activities, there have also been some reports on
the excellent regulation of TPS in anticoagulant, antibacterial, antifatigue, and skincare
activities. Cardiovascular diseases, including cerebral/pulmonary thrombosis and stroke,
have recently become the leading causes of death in patients [151]. Of the mentioned
activities, anticoagulants can effectively prevent thrombus formation by inhibiting phys-
iological coagulation [134]. Cai et al., investigated the anticoagulant effect of purified
fractions of green tea TPS (TPS-1, TPS-2, TPS-3, and TPS-4). It was found that the hetero-
geneous acidic polysaccharide TPS-4 could exert anticoagulant activity by significantly
inhibiting the endogenous and common coagulation pathways of fibrinogen-to-fibrin con-
version [16]. Regarding the bacteriostatic activity of polysaccharides, previous reports have
shown that polysaccharides have anti-biofilm properties and that they might also inhibit
bacterial growth by blocking the input of nutrients [152]. Cai et al., found that green tea
polysaccharide conjugate (gTPC) had an antibacterial effect on Escherichia coli (E. coli) [130].
The morphology of E. coli cells treated with gTPC was found to be significantly changed,
and some of the E. coli cell walls had cytoplasmic leakage due to rupture. At the same time,
the permeability of the cell membrane was increased, and the level of intracellular ROS was
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also significantly increased. A further study revealed that the destruction of the cell wall
may be the critical mechanism for gTPC to exert its antibacterial effect. The anti-fatigue
activity of Ziyang selenium-enriched green tea (Se-TP) was investigated by Chi et al., [22],
who found that Se-TP treatment could prolong the fatigue time of fatigue model mice;
reduce serum urea, blood lactate, and lactic dehydrogenase levels; and increase the an-
tioxidant capacity. The anti-fatigue effect of Se-TP may be achieved through enhancing
GPx activity to effectively inhibit lipid peroxidation. The appearance of the skin can often
provide a rough estimate of a person’s age and health [153]. Water retention is an essential
function of skincare cosmetics, and the skin’s moisturizing tissue is damaged with age
and exposure to the external environment. Furthermore, ultraviolet (UV)-induced pho-
toaging is the primary factor of the numerous external factors that promote skin aging.
Wei et al., studied the protective effects of TPS and TPP on the skin from four perspectives:
water absorption and retention, sun protection, the promotion of fibroblast proliferation,
and tyrosinase inhibition [153]. The results showed that both TPS and polyphenols had
positive skin protective capabilities; TPS (with higher purity) had better hygroscopicity and
moisturizing properties, as well as the capacity to promote the proliferation of fibroblasts,
whereas TPP could strongly absorb UV-A and UV-B, thereby better reducing ultraviolet
damage to the skin. Accordingly, it also showed potent tyrosinase inhibition. However,
further human clinical validation is still required.

6. Conclusions and Prospects

As an essential ingredient in tea, TPS has attracted more and more attention due to
its excellent bioactivity and great development potential. The authors of this review fully
discussed the extraction process, preliminary physicochemical properties, and bioactivities
of TPS. Among the preparation methods of TPS, hot water extraction is the most widely
reported, but the yield of polysaccharides obtained with this method is low. Therefore,
the development of other auxiliary methods combined with hot water extraction can signif-
icantly improve the yield of TPS. For the preparation of TPS, the extraction and isolation of
active TPS with high purity, maximum extraction yield, and complete structure is a major
future focus because the functional food and pharmaceutical industries require simpler,
more efficient, and cheaper methods for the large-scale production of high quality TPS.
The analysis of physicochemical properties showed that the physicochemical properties of
TPS, especially the uronic acid content, molecular weight, and monosaccharide composi-
tion, had significant effects on its bioactivity. Thus, more research on the physicochemical
properties of TPS (especially regarding the availability of its bioactivities) is needed to
broaden its biological applications. Over the past decade, the potential application of TPS
in functional foods or medicines has attracted increasing attention due to its excellent
bioactivities such as biodegradability, nontoxicity, and biocompatibility. TPS has shown
its inherent advantages in intervening in the formation and development of metabolic
diseases, anti-tumor activities, and skincare activities. The current study shows that TPS
has many excellent bioactivities, but its bioactivity is likely to be significantly affected by
the origin of its tea, the variety of its tea trees, its tea-making process, and its extraction
method. Therefore, the specific effects of TPS preparation and source on its bioactivity
need comprehensive research. In addition, the underlying mechanism of how TPS exerts
its favorable bioactivity is unclear. Many reports have revealed that TPS likely acts as a pre-
biotic, exerting its health care activities through direct interactions with the gut microbiota
and indirect effects by affecting the “gut–liver axis” or “gut–pancreas axis”. However, this
area still needs further exploration, as all current work is based on cell models or rodent
models. Whether a similar function will be observed after human intervention remains
unknown. Therefore, clinical trials should be carried out to further evaluate the bioactivity
and mechanism of TPS on the basis of animal experiments. It is believed that either the
exploration mechanism of its population cohort or the specific exploration of its application
scope and conditions will become a hot spot in future work on TPS.
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Abstract: Hyaluronan (HA) has various biological functions and is used extensively as a dietary
supplement. Previous studies have shown that the probiotic effects of polysaccharides are closely
associated with their molecular properties. The intestinal microbiota has been demonstrated to
degrade HA; however, the regulatory effects of different molecular weights (MW) of HA on gut
microbiota and metabolites are unknown. In the present study, we performed in vitro fermentation
of human-derived feces for three MWs of HA (HA1, 32.3 kDa; HA2, 411 kDa; and HA3, 1510 kDa)
to investigate the differences in the fermentation properties of HA with different MWs. We found
that gut microbiota can utilize all HAs and, consequently, produce large amounts of short-chain
fatty acids (SCFAs). In addition, we showed that all three HA MWs promoted the growth of
Bacteroides, Parabacteroides, and Faecalibacterium, with HA1 being more effective at promoting the
growth of Bacteroides. HAs have various regulatory effects on the structure and metabolites of the
gut microbiota. Spearman’s correlation analysis revealed that alterations in gut microbiota and their
metabolites were significantly correlated with changes in metabolic markers. For instance, HA1
enriched α-eleostearic acid and DL-3-aminoisobutyric acid by regulating the abundance of Bacteroides,
and HA3 enriched Thymidin by regulating Faecalibacterium. Collectively, the fermentation properties
of HA vary across MW, and our results provide insights into the potential association between the
MW of HA and its fermentation characteristics by the gut microbiota. These findings provide insights
into the influence of the gut microbiota and HAs on the health of the host.

Keywords: hyaluronan; molecular weight; in vitro fermentation; gut microbiota; metabolomics

1. Introduction

Hyaluronan (HA), an endogenous linear glycosaminoglycan, consists of repeating
disaccharide units composed of N-acetyl-glucosamine and β-glucuronic acid [1]. HA is a
high-molecular-weight (HMW) polymer found in synovial fluid and the extracellular matrix
of several tissues [2]. Despite its simple chemical composition, HA plays important roles in
tissue remodeling, inflammation, and cancer formation and has been extensively applied
in medicine, food, and healthcare [3]. A growing body of evidence has shown that the
biological activity of HA is intricately linked to its molecular weight (MW) [4]. HMW-HA
(MW ≥ 100 kDa) has good viscoelasticity, moisturizing properties, and promotes wound
healing [5]. In contrast, low-molecular-weight HA (LMW-HA) (1–100 kDa) is more readily
absorbed by the host than HMW-HA and plays a significant role in the formation of HA
cross-linking products and chronic wound healing [6]. In addition, HA oligosaccharides
play a crucial role in promoting fibroblast proliferation, inflammatory mediator expression,
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and tumor growth inhibition [7]. Recent studies have shown that HA has the potential to
modulate intestinal barrier function. Multiple MWs of HA have been shown to alleviate
dextran sodium sulfate (DSS)-induced colitis [8,9].

Orally administered HA can be degraded into oligosaccharides by the gut micro-
biota [10] and the genus-level relative abundance of Bifidobacterium, Faecalibacterium, Di-
alister, and Bacteroides can be modulated by HA fermentation [11]. The effect of HA as a
popular dietary supplement on the composition of the gut microbiota, as well as degrada-
tion and metabolism of HA by the gut microbiota, has become an important topic. The
gut microbiota is a highly complex microbial community and it can affect host health,
including obesity, metabolic syndrome, and cardiovascular disease, which are associated
with alterations in the gut microbiota. Oral administration of HA can improve resistance to
pathogenic bacterial infections and inhibit DSS-induced intestinal inflammation in mice by
regulating the structure and composition of the gut microbiota, promoting the abundance
of Akkermansia muciniphila, and increasing short-chain fatty acid (SCFA) levels [12]. These
results suggest that oral administration of HA may directly interact with the gut microbiota,
increasing the abundance of beneficial bacteria such as Bifidobacterium and Akkermansia
muciniphila, promoting the production of SCFAs, maintaining intestinal homeostasis, and
indicating that HA has the potential to be developed as a novel prebiotic. However, the
interactions between the gut microbiota and different MWs of HA are still poorly under-
stood, severely hindering the development of HA. Polysaccharides’ biological activity is
strongly related to their MW; for example, LMW blackberry polysaccharides are more
easily degraded and used by the gut microbiota [13]. Therefore, it is important to determine
the fermentation characteristics of HA with different MWs during intestinal digestion.

In this study, we investigated the fermentability characteristics and prebiotic functions
of HA with different MWs in six healthy gut microbiota using in vitro fermentation. To
examine HA degradation, we assessed HA consumption and the amounts of SCFAs. In
addition, we applied untargeted metabolomics in combination with 16S rRNA gene high-
throughput sequencing to investigate the impact of the three MWs of HA on the modulation
of the gut microbiota during metabolism. In conclusion, we investigated whether there
are differences in the effect of different MWs of HA on the structure and metabolites of
the gut microbiota by in vitro fermentation. This information is useful for understanding
the relationship between MW and function of polysaccharides and provides guidance for
potential prebiotic applications of HA with different molecular weights.

2. Materials and Methods

2.1. Materials

Hyaluronan (HA1, 32.3 kDa; HA2, 411 kDa; and HA3, 1510 kDa) was generously
provided by Topscience Biotech Co., Ltd. (Shandong, China). Standard SCFA reagents were
sourced from the China National Medicines Corporation Ltd. (Beijing, China). Ultrapure
water was used in all the experiments. The organic reagents were purchased from Thermo
Fisher Scientific (Waltham, MA, USA).

2.2. Sample Preparation for Stool

Fresh fecal samples were collected from six individuals (three from women and three
from men, ages: 22–30 years, BMI: 18.5–24), who had not been prescribed antibiotics or
probiotics for at least 3 months and without digestive disease. The study protocol was
approved by the Medical Ethics Committee of the Affiliated Hospital of Jiangnan University
(approval number: JNU20220901IRB07). All participants provided informed consent before
participation. The information on volunteers were shown in Table 1.

Immediately after collection, each fresh fecal sample was homogenized at a ratio
of 1:7 (m/v) in 100 mM sterile phosphate-buffered saline (PBS; 0.1% cysteine, pH 7.4).
Sieves (0.4 mm) were used to filter the combinations, and the resulting suspension was
transferred to an anaerobic incubator (Whitley DG250 Anaerobic Workstation, Bradford,
West Yorkshire, UK) for fermentation.
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Table 1. Information on volunteers.

Volunteers Gender Age BMI

A Female 24 21.5
B Female 26 22.7
C Female 25 20.2
D Male 24 21.8
E Male 30 21.8
F Male 22 23.2

2.3. In Vitro Fermentation

The fermentation process simulated the fermentation of HA in the colon [14]. A
commonly used gut microbiota medium was used as the in vitro fermentation medium.
However, instead of glucose, 5 g/L HA was used as the carbon source [15]. The medium
was autoclaved and placed in an anaerobic incubator to maintain an anaerobic state. The
10 mL fermentation culture medium was inoculated with 2 mL stool suspension, and
the mixture was then anaerobically maintained at 37 ◦C. Parallel tests were performed in
triplicate. The fermentation broth was collected at 0, 24, and 48 h for subsequent assays.

2.4. HA Degradation Analysis

Supernatant of the fermentation broth after being centrifuged at 4 ◦C (12,000× g for
10 min) was used to analysis the degradation of HA. The HA concentration was measured
using the carbazole-sulfuric acid method, with glucuronic acid serving as the reference
standard [16]. Parallel tests were performed in triplicate. The results are expressed as the
average quantity of HA remaining during fermentation versus the control at 0 h.

2.5. SCFAs

The concentration of SCFAs was determined using gas chromatography-mass spec-
trometry (GC-MS) [17]. After centrifugation at 4 ◦C (12,000× g for 10 min), 500 μL of
sample supernatant was acidified by adding 20 μL of 10% H2SO4. Anhydrous ether (1 mL)
was added and the mixture was centrifuged at 4 ◦C (18,000× g for 15 min). The resultant
supernatant was combined with anhydrous sodium sulfate (0.25 g), left to stand for 30 min,
and centrifuged at 4 ◦C (18,000× g for 15 min). Finally, the upper layer was transferred to a
gas-phase vial for GC-MS analysis (QP2010 Ultra, SHIMADZU, Kyoto, Japan). Extracts
were measured using a Rtx-Wax capillary column with 0.89 mL/min of helium as the
carrier gas. The initial oven temperature was 100◦C, while the input temperature was
240 ◦C. Following injection, the oven temperature climbed to 140◦C at a rate of 7.50 ◦C/min,
then to 200 ◦C at a rate of 60 ◦C/min for three minutes. The following parameters were pro-
grammed into the mass spectrometer: temperature of the ion source: 220 ◦C; temperature
of the interface: 250 ◦C; solvent delay: 2.5 min; m/z scan range: 2 to 100 [18].

2.6. Gut Microbiota Analysis

The fecal samples were centrifuged at 4 ◦C (12,000× g for 10 min) to remove the
supernatant. The FastDNA SPIN kit for feces was used to extract bacterial DNA from
the sediments. The V3-V4 gene section of 16s rRNA was amplified using the universal
primers 341F and 806R. The quality of the extracted DNA was assessed by agarose gel
electrophoresis. Following gel detection using the kit (Biomiga, San Diego, CA, USA), the
PCR products were recovered. Genomic DNA was accurately quantified using a Nano
Photometer N60 Touch [19]. The Illumina MiSeq platform was used for the paired-end
sequencing of purified and merged amplicon libraries.

2.7. Untargeted Metabolomics Analysis

Culture media were centrifuged at 4 ◦C (10,000× g for 5 min) and 0.1 mL of the re-
sulting supernatants was added to 0.4 mL of organic liquid chilled at −20 ◦C (methanol:
acetonitrile = 1:1). To precipitate the proteins, the mixture was vortexed vigorously, soni-
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cated in an ice bath for 10 min, and then stored at −20 ◦C for 1 h. After the proteins were
precipitated, the samples were centrifuged at 4 ◦C (15,000× g for 15 min). The supernatant
was then transferred to a new 1.5 mL centrifuge tube and dried using a rotary evaporator.
The dried samples were re-solubilized in 200 μL of solvent (water: acetonitrile = 1:1) and
vortexed. After another centrifugation under the same conditions, the supernatant was
filtered through a 0.22-μm filter membrane into an injection bottle. To generate quality
control (QC) samples, identical volumes of samples were transferred to fresh injection vials
and thoroughly blended. An Atlantis Hilic Silica (3.0 μm, 100 × 2.1 mm) was used as
sapartation column. The MS was operated in the ESI ionization mode and scanned from
70 to 1050 with a resolution of 70,000. The mobile phases were as follows: Positive mode,
consisting of 10 mM ammonium acetate (0.1% formic acid) and ACN:H2O at a ratio of
95:5 for phase A and 50:50 for phase B; Negative mode,10 mM ammonium acetate and
ACN:H2O at a ratio of 95:5 (pH 9.0 with ammonia) for phase A and 50:50 (pH 9.0 with
ammonia) for phase B. Compound Discovery 3.1 (Thermo Fisher Scientific, Waltham, MA,
USA) was used to analyze raw data files.

2.8. Statistical Analysis

All tests were performed in triplicate and data are expressed as mean ± standard
deviation (SD). Statistical significance was set at p < 0.05 was determined with analysis
of variance (ANOVA) tests followed by Tukey’s multiple cormparisons test. Data were
analyzed using GraphPad Prism software (version 9.0).

3. Results

3.1. Degradation of HA

HA is a new food ingredient that is widely used in the health food industry [20].
However, the poor absorption of HA by oral administration means that its bioavailability
is low [21]. HA has previously been shown to not be degraded by gastrointestinal enzymes
but can be degraded by the gut microbiota [10]. In the present study, we measured the
pH of the fermentation supernatant and determined the HA utilization curve for each
sample using the carbazole-sulfuric acid method. There were no significant differences in
pH or HA utilization among the fermentation samples of the three sugars. After 24 h of
fermentation, the pH values of all samples were at their lowest (Figure 1A) and gradually
increased over time. Figure 1B shows the changes in the total HA concentration in the
culture media during in vitro fecal fermentation. Relative HA content was determined after
24 and 48 h of fermentation. After 24 h, the HA utilization of all three sugars exceeded 85%,
and the utilization of HA3 exceeded 90%. After 48 h, HA utilization by the three sugars
reached >90%. The six stool samples showed strong HA degradation at all three MWs, as
most of the HA was utilized during the first 24 h. This is consistent with the trend of pH
change during fermentation. In addition, the amount of HA utilization increased as the
MW increased, and we hypothesized that the gut microbiota in the collected stool samples
preferred to utilize HMW-HA.

3.2. SCFAs Production during Fermentation

SCFAs are fatty acids with fewer than six carbons in their aliphatic tails, and the three
most abundant carbons in the intestine are acetate (C2), propionate (C3), and butyrate
(C4) [22]. SCFAs are produced by the anaerobic intestinal microbiota by saccharolytic fer-
mentation of complex carbohydrates (for example, dietary fiber, resistant starch, and inulin)
that cannot be digested and absorbed by the small intestine [23]. Figure 1C,D show the
SCFA variables every 24 h during the fermentation process. The total SCFAs concentration
increased substantially after 24 h of fermentation, with an increase of 30–40 mM. By 48 h of
fermentation, only HA2 produced a significant amount of SCFAs, which was much less
than the 24 h yield. From 24 to 48 h, the production of SCFAs decreased, as most of the
HA was utilized in the first 24 h. This is consistent with the trend of HA utilization during
fermentation. The main components of SCFAs produced by the anaerobic fermentation
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of HA in vitro include acetate, propionate, and butyrate. During fermentation for 24 h,
HA1 produced significantly (p < 0.05) higher levels of acetate and propionate than HA2,
whereas there was no significant difference in the level of butyrate among the three HA
MWs. Studies have shown that SCFAs can maintain intestinal homeostasis, prevent obesity,
and ameliorate colitis and diabetes [24–26]. Oral acetate improves glucose tolerance [27],
whereas butyrate and propionate could prevent diet-induced obesity and regulate intestinal
hormones [28]. In summary, all three MWs of HA promoted the production of SCFAs,
and the effect of MW was mainly reflected in the levels of acetate and propionate. Small-
molecular-weight HA produced comparable or slightly more SCFAs than larger molecules,
which is consistent with previously reported results [29].

 

Figure 1. Human feces microbiota fermentation and degradation of HAs in vitro. (A) pH fluctuations
in fermentation medium. (B) HAs utilization during fermentation. (C) Changes in the SCFAs concen-
tration by HAs fermentation 24 h compared to that at 0 h. (D) Changes in the SCFAs concentration
by HAs fermentation 48 h compared to that at 24 h. Significant differences were marked based on the
p-value (* p < 0.05).

3.3. Changes in Microbial by Fermentation of HA

Human microbiota comprises trillions of microorganisms, with bacteria being the
most abundant [30]. The gut microbiota is significantly associated with numerous physio-
logical processes in the host, such as intestinal epithelium and immune system homeosta-
sis [31,32]. It affects the metabolic system and may influence the liver, inflammation, and
the cardiovascular system [33]. The consumption of specific dietary components, such as
polysaccharides, can serve as a means to modulate the microbial community’s structure
and metabolic activity, thereby maintaining intestinal homeostasis [34]. High-throughput
16S rRNA gene sequencing technology was employed to analyze the microbiota structure
of fecal samples both pre- and post-fermentation to investigate the interaction between
different MWs of HA and the gut microbiota. As most of the HA was degraded at 24 h,
the microbiome profiles at 24 h of fermentation were assessed. The Chao1 and Shannon
indices were used to estimate community diversity. After 24 h of fermentation, the al-
pha diversities of HA1, HA2, and HA3 were not significantly different from that of the
control group (Figure 2A). Cluster analysis based on evolutionary trees and non-metric
multidimensional scaling (NMDS) were used to analyze global structural alterations in the
intestinal microbiota before and post-24 h of HA fermentation (Figure 2B,C). Figure 2C
shows an obvious taxonomic difference in the microbiota between HAs and control groups
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at the genus level. In each individual, a distinct separation was observed between HA1,
HA2, and HA3. However, due to inter-individual variation in the quantity and diversity of
the gut microbiota, no significant differences were observed between HA1, HA2, and HA3.
In addition, the distance between the control and HA1 groups was greater, indicating that
HA1 significantly influenced the intestinal microbiota.

Figure 2. Analysis of microbial diversity in samples following HAs fermentation (A) Alpha-diversity
analysis, (Chao1 and Shannon indexes). (B) Clustering analysis of gut microbiota. (C) NMDS.

Alterations in the gut microbiota were examined at the genus level following HA
fermentation (Figure 2C). At the genus level, the fermentation of HA of all MWs led to an
increase in the abundance of Bacteroidetes, Faecalibacterium and Parabacteroides. Previous
studies have shown a consistent conclusion; Pan et al. [11] found that fermentation with
1.3 MDa HA increased the frequency of Bacteroides and Faecalibacterium. These discrepancies
may be due to variations in the composition of the medium and gut microbiota used. In
addition, it can be concluded from Figure 3C that HA1, HA2, and HA3 are more prominent
in promoting the growth of Bacteroides, Parabacteroides, and Faecalibacterium respectively
after 24 h fermentation. It has been reported that Bacteroides is known to produce acetate
and propionate, and Faecalibacterium is butyrate producing bacteria [35–38]. This could
explain the differences in the SCFA levels between HA1, HA2, and HA3 after 24 h of
fermentation. In addition, structural differences in the gut microbiota of HA1, HA2, and
HA3 at the genus level are shown in Figure S1, and 15 differential genera were identified.
These findings indicate that the intestinal microbiota is capable of fermenting HA with
different MWs. Different MW of HA have various regulatory effects on the structure of the
microbiota.
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Figure 3. Reaction of the gut microbiota following HA fermentation. Bacterial taxonomic profiling
of gut bacteria at the phylum (A) and genus (B). Change in relative abundance of (C) Bacteroidetes,
Faecalibacterium, and Parabacteroides by HA fermentation after 24 h compared to after 0 h. Significant
differences were marked based on the p-value (* p < 0.05, ** p < 0.01). “ns” means “no significant
differences”.

3.4. Changes in the Fecal Metabolism

Metabolomics is the analysis of small molecular intermediates and end products in
biological samples that provide a valuable characterization of the biological profile and
reflect the metabolism of the colony [39]. In this study, untargeted metabolomics of the
fermentation broth supernatant was used to investigate the modulatory effects of the
three MWs of HA on the metabolite profiles of the intestinal microbiota. The metabolite
profiles were evaluated after 24 h of fermentation, and 146 active substance peaks were
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detected. In addition, the similarity of the principal components and overall metabolic
differences between the sets of samples were examined using principal component analysis
(PCA; Figure 4A) and orthogonal partial least squares discriminant analysis (OPLS-DA;
Figure 4C). The PCA score plot showed that the QC group clustered together, signifying
consistent instrument performance and minimal reliable data errors, whereas the HA1,
HA2, and HA3 groups showed significant differences. This result further demonstrates
that different MWs of HA have various modulatory effects on microbiota composition as
well as the profiles of microbiota metabolites. The accuracy of the prediction was 0.645
(Q2), which satisfied the requirements for a precise prediction. (Figure 4B). Similar studies
demonstrated that different MWs of guar gum have different abilities to regulate bile acid
levels in the cecum [40].

Figure 4. Alterations in metabolism caused by HAs fermentation. (A) PCA. (B) OPLS-DA. (C) OPLS-
DA score plot.

Molecular properties of polysaccharides affect microbiota metabolism. Thus, there is
the potential for different MWs of HA to target the modulation of the intestinal microbiota
metabolome. By further screening the matches based on the VIP values obtained from
OPLS-DA (red dots indicate VIP > 1), the metabolites with VIP > 1 were selected as potential
biomarkers (Figure 4B). Overall, 38 variables were identified as biomarkers (Table S1), which
serve as characteristic biomarkers with high intragroup confidence. Metabolomic analysis, as
shown in Figure 5A, revealed that HA1 increased the content of N-acetyl-α-D-glucosamine,
citric acid, 5-aminovaleric acid, Cyclo(leucylprolyl), linoleic acid, N,N-dimethyl-9H-purin-6-
amine, 2’-deoxyadenosine, N-acetylanthranilic acid, cyclo(phenylalanyl-prolyl), acrylic acid,
adenosine, guanine, N-Butyl-N’-(2-phenoxyphenyl)urea, DL-3-aminoisobutyric acid, and
α-eleostearic acid. HA2 increased the content of 5-aminovaleric acid, cyclo(leucylprolyl),
2-hydroxyphenylalanine, taurochenodeoxycholic acid, and adenosine 3′5′-cyclic monophos-
phate. HA3 increased the content of N6-Me-Adenosine.
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Figure 5. (A) Heat map of differential metabolite clustering among the groups after HAs fermentation.
(B) Correlation analysis between the altered gut microbiota and metabolites. (C) Relative abundance
of DL-3-aminoisobutyric acid, linoleic acid, thymidine, and α-eleostearic acid after 24 h of HA
fermentation. Significant differences were marked based on the p-value (* p < 0.05, ** p < 0.01,
*** p < 0.001.).

3.5. Association of Gut Microbiota and Metabolites

The influence of the gut microbiota on the host is intricately linked to the microbial
metabolic axis. Previous studies have shown that Poria cocos oligosaccharides ameliorate
the development of glucolipid metabolism disorders in HFD-fed mice, and correlation
analyses have demonstrated that changes in the gut microbiota and metabolites induced
by Poria cocos oligosaccharides are significantly associated with changes in metabolic mark-
ers [41]. To elucidate the link between microbes and metabolites, Spearman’s correlation
analysis was performed on the significantly altered microbiota taxa and metabolites after
the fermentation of the three HAs. The correlation analysis of the 15 gut bacteria that dif-
fered in the three HAs with 38 altered metabolites is shown in Figure 5B. The α-eleostearic
acid, DL-3-aminoisobutyric acid, and linoleic acid levels were strongly positively corre-
lated with the abundance of Bacteroides, and Thymidine levels were strongly positively
correlated with the abundance of Faecalibacterium. The levels of α-eleostearic acid and DL-
3-aminoisobutyric acid were significantly higher in HA1 than in HA2, providing further
evidence that the levels of these metabolites corresponded to the abundance of Bacteroides in
the samples (Figure 5C). The present study suggests that HA of different MWs can further
influence bacterial community metabolites by affecting the structure of intestinal colonies.
Meanwhile, DL-3-aminoisobutyric acid can reduce liver inflammation in obese mice and
hepatocyte apoptosis in diabetic mice [42,43], and can function as a protective metabolite
in the intestine to alleviate Clostridium difficile infection in mice [44]. α-eleostearic acid
reduces the severity of mice with inflammatory bowel disease by stimulating the peroxi-
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some proliferator-activated receptor-γ [45]. Chrysanthemum polysaccharides and luteolin
ameliorate colitis in rats by modulating linoleic acid and purine metabolism [46,47].

A recent study showed that HA (34 KDa) induces alterations in the intestinal mi-
crobiome and protects mice from Citrobacter rodentium infection and intestinal inflamma-
tion [12]. We speculate this MW of HA attenuates intestinal inflammation in pathogenic
and chemically induced intestinal mucosal injury by modulating the levels of DL-3-
aminoisobutyric acid as well as α-eleostearic acid in intestinal colony metabolites. Studies
have also reported that the therapeutic effects of chitosans on ulcerative colitis vary by
MW [48], as they exhibit variations in antioxidant, anti-inflammatory, immunoglobulin
modulation, and intestinal microbiota regulation. In conclusion, HA of different MWs can
target the regulation of intestinal microbiota and metabolites, and differences in MW may
cause different therapeutic effects in diseases such as colitis. These findings shed light on
the effects of MW on the prebiotic potential of HA in vitro and contribute to its future use
as a functional food. The conclusions of this study are based on an in vitro fermentation
system, which is farthest from physiological conditions and needs to be further validated
by clinical trials.

4. Conclusions

In conclusion, an in vitro fermentation procedure was used to investigate the interac-
tion between HA of different MWs and the intestinal microbiota. These findings suggest
that, under anaerobic conditions in the colon, HMW-HA is more readily degraded by the
gut microbiota, whereas LMW-HA produces a higher amount of SCFA. Different MWs
of HA were fermented by the microbiota in human feces and differed in their effects on
the microbiota, metabolites, and metabolic pathways. HA1 can increase the abundance
of α-eleostearic acid and DL-3-aminoisobutyric acid promoting the growth of Bacteroides,
and HA3 can increase the level of Thymidin by promoting the growth of Faecalibacterium.
Differences in fermentation properties due to MW confer more possibilities for the develop-
ment of HA products. Our research provides the scientific basis for the targeted regulation
of gut microbiota by oral HA. In addition, oral HA1 as well as HA3 may have the potential
to attenuates intestinal inflammation, which would facilitate the development of new
therapies for many critical diseases with broad and important public health implications.

Supplementary Materials: The following supporting information can be downloaded at: https:
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biomarkers with high intra-group confidence.
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Abstract: Currently, natural materials represent a sustainable option for the manufacture of biopoly-
mers with numerous industrial applications and characteristics comparable with synthetic materials.
Nopal mucilage (NM) is an excellent natural resource for the synthesis of bioplastics (BPs). In the
present research, the fabrication of biopolymers by using NM is addressed. Changes in the plasticizer
(sorbitol and cellulose) concentration, in addition to the implementation of two sources of starch (corn
starch (CS) and potato starch (PS)) to obtain the surgical thread, were analyzed. The NM extracted
was close to 14% with ethanol. During the characterization of the extract, properties such as moisture,
humidity, viscosity, and functional groups, among others, were determined. In the CS and PS analysis,
different structures of the polymeric chains were observed. BP degradation with different solvents
was performed. Additionally, the addition of sorbitol and cellulose for the BP mixtures presenting the
highest resistance to solvent degradation and less solubility to water was conducted. The obtained
thread had a uniform diameter, good elasticity, and low capillarity compared to other prototypes
reported in the literature.

Keywords: biopolymer; degradation; mucilage; bioplastic; surgical thread; solvents

1. Introduction

The environmental damage derived from anthropogenic activity has accelerated the
change in the planet’s climate, and the use of fossil hydrocarbons contributes significantly
to this process since they produce greenhouse gases [1,2]. The manufacture of synthetic
materials (mainly polymers) from oil refining represents a large part of the products
used in homes, industries, shops, and medicines, among other applications [2–4]. These
plastics cause serious damage to the environment because they are mainly non-reusable
products, generating large amounts of solid waste which require decades to degrade [1,2].
Due to this situation, in recent years there has been an increased interest in polymers
obtained from renewable sources with features similar to synthetic plastics, giving rise
to the development of BPs [3,5]. These BPs are biocompatible, biodegradable, non-toxic,
and recycle organic matter from agricultural waste, animals, microorganisms, and plants.
Therefore, they are considered cheap, sustainable, and widely available materials [1,2,5].
These advantages allow their use in different industries such as food, medicine, and
agriculture, among others [2,3,5]. In the medical industry, BPs are widely used to pack and
control the supply of medicine, fixation equipment, adhesion, and biomedical polymers
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used for suture wounds, cuts, tissue engineering, etc. [3,5,6]. Biomedical polymers are
products employed to reproduce the function of living tissues in biological systems in a
safe, mechanically functional, and physiologically acceptable way [7]. They are implanted
in the body (temporarily or permanently), and they try to restore the existing defect by
activating tissue regeneration, decreasing the probability of infection, and minimizing
patient discomfort [7,8]. In the case of sutures, many factors must be considered, such
as the required tension and the biological reaction to the material that occurs in sutures
based on synthetic polymers. Furthermore, natural polymers such as starch and cellulose
fulfill these characteristics to achieve a natural thread useful in suture wounds [5,9]. For
manufacturing surgical threads, the source of the biopolymer and plasticizers conferring
the appropriate properties for a particular application has to be analyzed [10–13]. Glycerol
is a plasticizer in the manufacture of starch films preventing cracking during handling and
storage; moreover, it has a good sorption capacity due to water permeability. Therefore,
adding glycerol as a plasticizer is essential to improve the toughness of the films [12]. On
the other hand, sorbitol is a polyalcohol employed as a plasticizer because it confers better
elasticity and resistance to films compared to glycerol [13]. Cellulose is a polysaccharide
composed of D-glucose units and is the main component of various plants such as cotton
and flax. Cellulose derivatives have several applications due to their mechanical properties
and biocompatibility; in addition, cellulose is considered a non-harmful component of the
environment. These features are why cellulose fibers have stood out in tissue reconstruction
and regenerative medicine [11].

For the manufacture of biopolymers, fibrous polysaccharide materials are preferred. There
has been an increasing interest in the nopal, a fruit tree in the arid and semi-arid zones of Mexico,
with physiological and morphological characteristics that allow its adaptation to extreme
temperature and water scarcity [14–17]. Nopal leaves excrete mucilage, a highly branched
fibrous polysaccharide, whose molecular weight is around 13 × 106 g/mol [18–20]. It is a
complex carbohydrate since it contains approximately 35–40% arabinose, 20–25% galactose and
xylose, and 7–8% rhamnose and galacturonic acid [21–25]. The proportion of these monomers in
their composition changes depending on factors such as variety, age, environmental conditions,
and structure (fruit, shell, or cladode) used for extraction [22,23]. Nonetheless, mucilage is
considered a residue commonly discarded by consumers [8,14,18].

In this work, thread for medical applications was obtained by the mixture of NM,
potato starch, and glycerol as a base to form molecular networks. Modifications in the
proportion of the components in this mixture led to changes in viscosity, elasticity, hardness,
resistance, texture, tension, water retention, and degradation in different solvents of the
thread. Additionally, its physical properties (diameter, malleability, and color) changed.
Moreover, the effect of adding sorbitol and cellulose as a plasticizer on the properties of the
thread was studied.

2. Materials and Methods

2.1. Reagents and Nopal Harvest

All chemicals used were analytical grade. Two different potato starches (PSs) were
employed, one from Sigma Aldrich (St. Louis, MO, USA) (CAS: 9005-25-8) and the other one
from Baker Analyzed (CAS: 9005-84-9). Sorbitol (C6H14O6) and cellulose were purchased
from Merc (100%, CAS: 50-70-4) and J.T. Baker (DEAE, CAS: 9004-34-6), respectively. The
water used for the preparation of all the solutions was deionized. The cladodes (leaves) of
nopal (Opuntia ficus indica) were collected from a producing area in Silao city, Guanajuato,
Mexico, at an altitude of 1780 m above sea level with two types of a sub-humid temperate
climate with summer rains and semi-dry. Through the PlantNet identifica®, PlantSnap®,
and PictureThis® applications, which are databases of images and plant data, it was
identified whether the nopal collected belonged to the species Opuntia ficus indica.
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2.2. Nopal Mucilage (NM) Extraction

For the NM extraction, the nopal should be two years old because the tissue contains
a considerable amount of mucilage [17–19,24]. The collected cladodes were brushed to
remove spines, washed, and disinfected by immersing in 10% (v/v) sodium hypochlorite
(NaClO) solution for 10 min. The cuticle and epidermis were subsequently removed [18,19].
The remaining material was cut into cubes, submerged in deionized water with a ratio
of 1:7 (wt/v) for 48 h, and was stored in a refrigerator (Thermo Scientific (Waltham, MA,
USA) FRGL 1204V) at a temperature of 4 ◦C. Subsequently, the mixture was crushed in an
industrial blender (Tapisa 12 L) and then sieved through filter no. 16 (1.18 mm stainless
steel mesh) to remove the rest of the plant tissue. Small plant debris was removed from the
viscous fluid with a vacuum pump (THOMAS QR-0080), and then this fluid was heated
in a water bath (Julabo Ecotemp TW20) at 80 ◦C for 1 h. Next, the viscous liquid was
allowed to cool at room temperature, followed by the addition of ethyl alcohol (J.T. Baker,
≥96%) in a 1:2 (v/v) ratio. The resulting solution was heated at 80 ◦C for 1 h. Finally, the
mixture was centrifuged (HERMLE Z383K) for 20 min at 2240 rpm to extract the sediment
corresponding to the mucilage [18,19,25]. The efficiency of the extracted NM was calculated
with an equation based on the recovered weight of mucilage as follows:

RNM =
WMO

WP
× 100 (1)

where RNM is NM efficiency (%), WMO is the mucilage weight (g), and WP is the initial
nopal weight (g).

2.3. Starch Extraction from Corn Grains

In the CS extraction, 250 g of corn grains were dried, grounded, and immersed
in a 0.1 M NaOH solution for 18 h. Afterward, the mixture was poured and mixed in
an industrial blender (Tapisa 12 L) and sieved (0.15 mm) to separate big particles from
the solution. These big particles were washed several times with deionized water until
the washing water remained crystalline. The solution and the washed particles were
centrifuged (HERMLE Z383K) for 30 min at 5000 rpm to discard the supernatant. In the
solid phase, there was a gray coloration in the upper zone, indicative of proteins, lipids,
and small CS granules. In the lower region, it had a white coloration, allegedly by the
presence of starch [23,24]. The obtained starch was submerged in a 0.1 M HCl solution
until reaching a pH of 6.5 to neutralize the NaOH in CS. Subsequently, the CS was washed
with deionized water to remove the remaining HCl. Then, the solution was centrifuged
again under the above-mentioned conditions. Finally, it was filtered with a vacuum pump
(THOMAS QR-0080) and dried in a forced convection oven (Shel Lab CE5F) at 45 ◦C for
24 h, for later storage until needed.

2.4. Bioplastics (BPs) Elaboration

The extracted NM was slowly poured into deionized water at 25 ◦C with vigorous
stirring for 24 h and then heated at 35 ◦C for 12 h. Immediately after, each component (NM,
glycerol, CS, and water) was added to the mixture (350 mL) while maintaining the glycerol
(0.5 mL) and CS (1 g) constant and modifying the proportions of water, as indicated in
Table 1. In each experiment, the solution was heated to 90 ◦C for 30 min and homogenized
for 10 min. After this time, the mixtures were cooled to 25 ◦C, and the pH was adjusted
(between 4.5 and 7.5) with 0.1 M citric acid (C6H8O7) [26]. The BP obtained was poured
into Petri dishes and placed in a forced convection oven (Shel Lab CE5F) at 40 ± 2 ◦C for
approximately 24 h to reduce the humidity of the mixtures. Following this, resistance tests
of the BP (0.2 g) were carried out using 10 mL of different solvents (water, ethyl alcohol,
acetone, HCl (0.1 M) and CH3COOH (0.1 M)) by observing the BP solubility in each of the
solvents for 12 h.
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Table 1. Mixtures employed to generate the BP.

Experiment Mucilage (mg) H2O (mL)

1 1.05 10
2 1.03 20
3 1.04 30
4 1.01 5
5 1.02 15
6 1.53 30
7 1.51 10

To perform the experiments of BP solubility in water, first, the material was cut into
4 cm2 squares, dried at 100 ◦C for 24 h, and weighed. Subsequently, the samples were
immersed in 100 mL of deionized water for 24 h. Finally, the remaining films were recovered
by filtration and dried (100 ◦C in an oven for 24 h) to determine the non-solubilized dry
mass. The solubility percentage was obtained with the following equation [10,26,27]:

Solubility (%) =
Wds − Wdf

Wds
× 100 (2)

where Wds and Wdf are the initial and final dry weight (g) of the bioplastic, respectively.

2.5. Surgical Thread (ST) Preparation

To the bioplastic with the highest resistance to solvent degradation, sorbitol and cellulose
with different concentrations were added. The amounts of plasticizers and starch are shown
in Table 2. Finally, this mixture is placed in a syringe (Plastipak 10 mL pharmaceutical grade
syringe and hypodermic nursing needle) to produce the thread [5,11,27,28].

Table 2. Components and proportions employed during the preparation of surgical thread.

Starch Sorbitol (mg) Cellulose (mg)

Corn (CS)

10
10
50

100

20

10
20
50

100

30

10
20
50

100

Potato of Sigma Aldrich
(SAPS)

10
10
50

100

20

10
20
50

100

30

10
20
50

100
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Table 2. Cont.

Starch Sorbitol (mg) Cellulose (mg)

Potato of Baker Analyzed
(BAPS)

10
10
50

100

20

10
20
50

100

30

10
20
50

100

2.6. Characterization of Nopal Mucilage and Bioplastic Additives

Attenuated total reflectance-Fourier transform spectroscopy (ATR-FTIR) analyses
on NM, CS, SAPS, and BAPS were conducted in a Thermo Scientific Nicolet iS10 ana-
lyzer; 32 scans were obtained with a resolution of 4 cm−1 over the wavenumber range
of 4000–400 cm−1. X-ray diffraction (XRD) patterns were obtained in a diffractometer
(Ultima IV Rigaku). Scanning electron microscopy images and X-ray energy dispersion
spectroscopy (SEM-EDS) were obtained in a JOEL spectrometer (6510 pus). Adsorption
spectra in the UV-Vis region (1100–200 nm) were performed in a UV-Vis-NIR (Near IR)
spectrophotometer (Cary 5000 Varian). Textural properties of the different starches were
determined using the BET equation (Micromeritics Tristar II plus). The apparent viscosity
of NM was measured by a digital Brookfield Viscometer (Generic DH-DJ-8S Model). The
mechanical properties of the selected bioplastics were determined using a Texture Analyzer
(Shimadzu EZ-LX Short Model). The diameter of the obtained thread was measured with a
Digital Vernier (Mitutoyo 150 mm 500-196-20 model).

3. Results and Discussion

3.1. Nopal Mucilage (NM) Extraction

The cladodes of the nopal were cleaned, disinfected, cut into small cubes, and placed
in distilled water (1 g/1 mL ratio), and then the solution was crushed, sifted, and filtered.
The solid was suspended with ethyl alcohol (ratio 1:2 v/v). Figure 1a shows the mixture
of NM and ethanol, which was centrifuged to separate the supernatant and then dried
(Figure 1b), obtaining a yield of 11.1%.

Figure 1. Images of the mucilage extraction: (a) ethanol blended with NM and (b) sediment.

The NM yield can be affected by different variables, including temperature, washing,
solvent, and the age of the nopal [12,19]. The yield of NM in this work was ~62%, a value
higher than reports in the literature [12] due to cleaning, washing, cutting the nopal into
cubes at a pH of 4.45, and NM separation after the addition of ethanol. These modifications
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were crucial to increase the yield. It is worth mentioning that it was not required to dry
the precipitate obtained because the aqueous solution of NM can be directly used. In the
particular case of the use of solvents for the precipitation of NM, yields between 18.8 and
20.9% have been reported using isopropanol (1:4, v/v ratio) and ethanol (1:3, v/v ratio) [17].
In comparison, the results of the present study are slightly higher than those reported in
the literature [12].

The apparent viscosity obtained for the NM in this study was 55.2 mPa·s at a pH of
5.8. In the literature [29,30], a direct relationship between the pH value and the viscosity
of the extract is mentioned, in which increasing the pH increases the viscosity value.
A liquid with this behavior is considered a non-Newtonian fluid with characteristics of a
pseudoplastic fluid [29,30].

3.2. Characterization of the NM and Starch

The textural properties of the NM extracted had a surface area of 1.76 m2/g, with
a pore volume and diameter of 0.0081 cm3/g and 5.79 nm, respectively, characteristic
of a mesoporous structure [31]. These properties are comparable with those reported
by Abdullah et al. [32]. Figure 2 shows the ATR-FTIR spectrum of the NM, where the
bands observed at 3400 cm−1 are attributed to the stretching vibration of the hydroxyl
groups (O–H) while at 2925 and 1642 cm−1 they are assigned to the symmetric stretching
vibrations of the –CH group and polysaccharide molecules, respectively [18,19]. The
shoulder at 2870 cm−1 is attributed to the symmetric extension vibration of the –CH groups.
The band at 1414 cm−1 corresponds to the carboxylic acid and peptide bond with the
vibrations of deformation C–H and deformation N–H bonds of NM [18,19]. The bands at
1242, 1038, and 890 cm−1 are related to the functional groups of polysaccharides and are
known as the NM fingerprint [14,15]. The structure (Figure 2), morphology (Figure 3), and
surface area of the NM allowed an excellent interaction with the plasticizers and starch, a
requirement for the manufacture of the surgical thread [18,19].

Figure 2. Characterization of NM by ATR-FTIR.

154



Polymers 2023, 15, 2112

Figure 3. SEM images of NM.

The ATR-FTIR characterization of SAPS and CS can be seen in Figure 4. For the
PS, the bands appearing at 3575 and 3215 cm−1 correspond to the stretching vibrations
of the hydroxyl group (–OH); meanwhile, the band at 2935 cm−1 is attributed to the
stretching vibrations of C–H bonds. The signal at 1660 cm−1 is assigned to the extension
vibrations of C=O, and the band at 1467 cm−1 is due to the extensional vibration of N–H
bonds. The bands at 1364 and 1161 cm−1 appear due to symmetric C–H bending and
asymmetric C–O–C extension, respectively. The signals at 1082 and 982 cm−1 are related
to the stretching vibrations of C–O–C bonds. The bands at 925, 862, and 769 cm−1 are
generated by the vibrations of the carbohydrate ring in the C–O–C bond [32,33]. In the
case of CS, the bands at 3400 cm−1 correspond to the extension vibration of the hydroxyl
group (–OH), while the signal at 2935 cm−1 is attributed to the extension of C–H bonds.
The band at 1655 cm−1 is associated with OH groups. The bands at 1460 and 1421 cm−1 are
consistent with the deformation and symmetric scissoring of CH2, respectively. The signals
at 1360 and 1168 cm−1 are assigned to the symmetric bending of C–H and the asymmetric
extension vibration of C–O–C. At the bands at 1075 and 991 cm−1, the stretching vibrations
of C–O are observed; and at 928, 856, and 762 cm−1, the carbohydrate ring vibrations due
to the C–O–C bonds appear in the spectra [33].

The micrographs of CS and SAPS are shown in Figure 5. Predominantly, polygonal
spherical morphology with a size > 5 μm is observed for the CS. An ellipsoidal oval shape
with a size > 20 μm is observed for PS. The shape and size of the starch particles are directly
dependent on amylopectin. In the case of CS, there are small starch granules, which allows
the structure to have short chains with several ramifications, while for the PS, its chains
are long with few ramifications due to its larger granules [23,34]. These characteristics
are important because they transcend the physical–chemical, functional, and nutritional
properties. For example, there is better digestibility in CS since the size of the granules is
related to the viscosity; with smaller granules, there is a lower viscosity. Therefore, the small
CS granules are digested at a higher speed when compared to the PS granules [23,33,35].

In Figure 6, the diffractograms of CS and PS are shown. The CS has a type A pattern,
and the PS is consistent with a type B pattern. In the diffraction patterns of CS (Figure 6b),
there are peaks at 15.2◦, 17.4◦, 18.0◦, 19.9◦ and 26.7◦, characteristic of a crystalline structure
of double helixes forming a cell monoclinic unitary type [23,27,33,36,37]. The peaks between
15.0◦ and 23.0◦ are related to the amylose content and the degree of crystallinity of the starch
granules [23,27,33,36,37]. For the PS diffractogram (Figure 6a), peaks at 5.7◦, 15.2◦, 17.1◦,
19.9◦, 22.2◦, and 24.1◦ appear and are characteristic of this tuber indicative of a hexagonal
symmetry due to the hydrated double helix of amylopectin [33,36]. The peak at 5.7◦
suggests a more hydrated and open structure of the polymorphism type [23,27,33,36,37]. In
addition, PS has semicrystalline starch granules because a part of the structure consists of
amylopectin, and the other part is related to the amorphous crystalline structure of starch
(between 25◦ and 35◦) [33,36].
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Figure 4. ATR-FTIR characterization of starch from (a) potato and (b) corn.

Figure 5. SEM images of starch from (a) potato and (b) corn.

PS and CS have similarities and differences in their structure, observed by ATR-FTIR,
SEM, and XRD analysis. This characterization allowed the selection of starch to obtain a
BP with better features [10–13]. Based on this analysis, the most suitable choice is CS to
elaborate the BP with the designated plasticizers (glycerol, cellulose, and sorbitol).

3.3. Manufacture of the Bioplastics (BPs)

For the elaboration of the bioplastic from the NM, CS was added in the proportions
shown in Table 1. The resulting bioplastics from these combinations can be seen in Figure 7.
In experiments 1, 2, and 4, the bioplastics are almost transparent with a weak adhesion and
brittle texture. In test 7, a high presence of humidity caused less malleability and resistance
to the tension of the bioplastic. In test 6, the bioplastic presented good hardness, rigidity,
resistance, and low malleability, which are not desired features for a bioplastic [2,3,5,28,34].
The properties of the BP discussed so far are not the most appropriate complicating its
implementation in the medical industry, specifically in the case of threads for medical
use. Furthermore, the BP obtained in experiments 3 (E3) and 5 (E5) had the appropriate
malleability, adhesion, and elasticity. These characteristics are essential when the bioplastic
is considered for surgical thread use [2,3,5,28].
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Figure 6. XRD patterns of starch from (a) potato and (b) corn.

Figure 7. Images of the BP prepared with NM, CS, and glycerol at different proportions and dried at
40 ◦C for 24 h. The label number corresponds to the experiment number in Table 1.

The bioplastics with unfavorable characteristics for surgical thread manufacture are
due to the hydrophilic nature of the starch-containing films, which causes a fragile appear-
ance due to weak intermolecular forces [27,38]. In the elaboration of the polymeric films
from NM, glycerol, and starch, as the concentration of the plasticizer rose, the solubility of
the biofilm increased. According to the properties required for a surgical thread mentioned
in the literature, the bioplastics E3 and E5 had the best characteristics; nonetheless, the
thermoplastic properties of the CS and NM film still need to be improved to obtain a
more appropriate BP for its application in wound suturing [2,3,5,28,35]. Thus, a plasticizer
was added to promote molecular disruption or interruption, triggering film flexibility by
reducing the internal hydrogen bonds in the polymer chains while increasing the space
between the molecules [27,39].
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3.4. Analysis of Solubility in Solvents

The mechanical resistance of bioplastics is studied by analyzing the polymeric degra-
dation of the material by processes including hydrolytic agents [3,40,41]. Here, the decom-
position of the polymer chains of the bioplastics was examined by hydrolysis of the amide
bonds. To accomplish this, the resulting bioplastics of experiments 3 and 5 (E3 and E5)
were placed in contact with different solvents (Figure 8) at room temperature for 12 h. With
this, the mechanical behavior was investigated.

Figure 8. Tests conducted to explore the solubility of the biofilm, (I) E3 and (II) E5 after 12 h of
contact with different solvents at 25 ◦C. Solvents: (A) distilled water, (B) ethyl alcohol, (C) acetone,
(D) hydrochloric acid, and (E) acetic acid.

Table 3 contains the results of the solubility of the biofilm. The manufactured bioplas-
tics E3 (B1) and E5 (B2) had high resistance to solubility in ethyl alcohol; on the other hand,
the bioplastic was dissolved entirely in acetic acid. With these results, it is possible to men-
tion that the biofilm solubility increases as follows: ethyl alcohol > acetone > hydrochloric
acid > water > acetic acid. The depolymerization occurring in the biofilms was due to the
hydrolysis reaction (breaking of hydrogen bonds) between the polar groups of the amide
ester or urethane bonds of the polymer chains [4,40–43].

Table 3. Comparison of the bioplastic solubility with different solvents.

Solvent
Solubility

B1 B2

(A) Distilled water Completely soluble Completely soluble
(B) Ethyl alcohol Insoluble Insoluble
(C) Acetone Slightly soluble Slightly soluble
(D) Hydrochloric acid (0.1 M) Completely soluble Slightly soluble
(E) Acetic acid (0.1 M) Highly soluble Highly soluble

To know which of the two bioplastics is a better choice during the elaboration of surgi-
cal thread, measurements of water solubility were conducted. The bioplastic solubility with
water is an important property to measure in biodegradable films since some applications
of these materials require the preservation of the integrity and resistance to corrosion. The
percentage of water solubility for each bioplastic is listed in Table 4. A lower solubility was
observed in B2 with water and solvents (except for acetic acid); therefore, it is considered
suitable for surgical thread applications.

When comparing our bioplastics solubility results in water, the literature has reported
similar values (between 23.20 and 33.37%) with different starch sources. Several studies have
reported the water solubility of bioplastics containing glycerol and starch of different origins,
such as cassava, wheat, potato, corn, and yam, with solubility values of 24%, 30.2–33.2%,
33.88%, 34.37%, and 32%, respectively. In other studies, the obtained bioplastics used sorbitol
and starch extracted from sugar palm, mango, and rice seeds, obtaining a solubility of 31.56 to
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37.05%, 29.12 to 37.05%, and 24.70 to 31.60%, correspondingly [4,10,40–43]. The presence of
sorbitol as a plasticizer in the bioplastic increases the solubility and diffusion in water because
it changes the mobility chain and makes the polymeric matrix more flexible [4]. Hence, the
solubility of the bioplastic containing glycerol, sorbitol, starch, and NM obtained in this study
presents a suitable solubility for consideration in thread manufacture for medical applications.

Table 4. Experimental results of water solubility of the manufactured bioplastics.

Bioplastic
Initial Weight

(g)
Initial Dry

Weight (Wds; g)
Final Dry

Weight (Wdf; g)
Solubility (%)

B1 0.367 0.347 0.110 68.30

B2 0.253 0.170 0.118 30.59

3.5. Mechanical Properties of Bioplastics

The analysis of the breaking or bending stress (σi) and Young’s modulus (Ei) per-
formed on B1 and B2 is shown in Table 5. It was observed that B2 has a bending greater
than B1. This indicates that there are structural changes in bioplastics due to the formation
of agglomerates between the protein and amylase/pectin, which can decrease the plasti-
cization of the biopolymer and reduce the mechanical resistance of the material [44]. It was
also observed that the bending of the bioplastic depends directly on the pressure applied to
the material. The results of the Young’s modulus of the bioplastics (Table 5) indicate that
B2 has a greater capacity to resist the stresses that can deform it, which would prevent it
from breaking when handled. Bioplastics obtained with materials of natural origin with
glycerol and starch have been reported in the literature, where it is mentioned that this
behavior may be due to the adherence of the materials that make up the bioplastic due
to its manufacturing process that favors its mechanical resistance [43,45,46]. Based on the
results obtained from the bioplastic prototypes obtained, B2 is the best option to produce
the thread because it presents greater resistance to traction, tension, and bending, and it
must have a lower solubility in water.

Table 5. Mechanical properties of bioplastics.

Bioplastic σF, MPa EF, MPa σT, MPa ET, MPa

B1 2.71 278.4 1.87 340.1
B2 4.12 333.2 3.97 373.2

3.6. Preparation of BP with Starch from Different Sources

Another relevant factor in the manufacture of surgical thread is the origin of the starch,
the basis of the bioplastic, given that this source determines the size and shape of the granules,
originating modifications of some functional and nutritional properties [19,36]. Figure 9 shows
the resulting bioplastics made with starch from different sources of origin. The bioplastic
with the best perceptible physical properties was prepared with CS, followed by SAPS. This
behavior is due to the shape of the starch granules, which depends directly on the structure
of the amylopectin ramification since amylopectin can have long chains with few branches
(large granules) and short chains with several branches (small granules) [23,34]. There are
reports in the literature stating that corn starch granules have a smaller size than potato starch
(ratio 1:4); in addition, the shape of the granules is very different since corn has a polygonal
shape and potato starch a spherical oval shape [23].

The plasticizer can be related to structural modifications of the resulting network
between the starch and NM. The films become denser when the plasticizer concentration is
decreased [4,27]. Lower plasticizer concentration hinders the movement of the polymeric
chains, increasing the solubility of the biofilm. Glycerol has been used as a plasticizer for
starch biofilms due to its compatibility with amylose, improving the mechanical properties
of the biofilm by directly interfering with the ordering of amylose. This arrangement
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reduces intermolecular forces [4,27,41–43] due to the hydroxyl groups (–OH) in its structure,
allowing glycerol to join through hydrogen bonds with the starch chains, completing their
order and avoiding the fragility of the biofilm [42]. During the synthesis of BP, the most
commonly used plasticizer is glycerol [4,27,39]; however, with sorbitol, better mechanical
resistance to the obtained film is conferred since its moisture content is lower compared
with the formed films with glycerol [42]. In the elaboration of BP with sorbitol, an increase
in the resistance of the biomaterial is found when mechanical stress is applied, suggesting
that sorbitol concentration in the bioplastic should be high to obtain a thread for medical
applications [4,27,42].

Figure 9. Bioplastic production using different starch sources (a) SAPS, (b) CS, and (c) BAPS.

3.7. Preparation of Surgical Thread with Different Plasticizers

The manufacture of thread with the proposed methodology (Table 2) resulted in materials
with different characteristics. In the resulting prototypes with SAPS, the materials contained
high humidity and viscosity. The excessive water in these materials was hard to remove by
drying (at low or high temperatures) or increasing the evaporation time; hence, the materials
were discarded. The thread prototypes made from the bioplastic with CS, sorbitol, and
different cellulose concentrations (Figure 10a) showed greater tensile strength and consistency
(1) when adding the same amount of sorbitol to the mixture (0.58 wt%). In another prototype
(2), where the amount of cellulose was increased (0.97 wt%) while maintaining the sorbitol
amount in the mixture, the threads had greater flexibility and moisture. For the last prototype
(3), the amount of cellulose was 1.93 wt% (twice as much as prototype 2), and these threads
were more rigid; nevertheless, the tensile strength diminished. These results suggest that with
an increment in cellulose concentration of the mixture, the resulting material is more flexible
and humid. However, if the cellulose concentration is higher than 0.97 wt%, resistance to
mechanical stress is lost, and the thread becomes hard.

The prototypes made without sorbitol (Figure 10b) and different cellulose concentra-
tions (1.93 wt%, 2.90 wt%, and 3.89 wt%) with CS presented different characteristics in
terms of cellulose content since there is better consistency and resistance to tension in the
prototype thread (1). In the other prototype (3), the cellulose concentration varied from
1.93 wt% to 2.9 wt%, and better texture and malleability were observed. Finally, when
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the cellulose concentration was 3.89 wt%, the thread prototype (2) presented fragility in
its structure. Based on the USP classification, which is based on suture diameter, knot
security, and the nature of the suture material structure, among other properties, threads
manufactured with different concentrations of sorbitol and cellulose can be considered
suture material, suture USP 4 (diameter between 0.7 and 0.79 mm) [45–47].

Figure 10. Manufacture threads with CS and cellulose: (a) with sorbitol and (b) without sorbitol.
(1) Cellulose 0.58 wt%, (2) Cellulose 0.97 wt% and (3) Cellulose 1.93 wt%.

Based on the results, the thread prototypes require the presence of sorbitol and cellu-
lose. Nevertheless, after a given value of cellulose concentration, it should not be increased
since the flexibility, hardness, and solubility become inadequate. Therefore, the cellulose in
the threads should be less than 0.58 wt%. Another three prototypes were manufactured
(Figure 11) with CS, 0.58 wt% of sorbitol, and three concentrations of cellulose (0.19 wt%,
0.29 wt%, and 0.39 wt%). By modifying the cellulose concentration, the characteristics of
the threads changed. With a higher cellulose concentration, excellent consistency, texture,
malleability, and tensile strength were obtained (1). Decreasing the cellulose concentration
by half, the thread presented greater flexibility with good elongation capacity (2). When
having a concentration greater than 50% of the initial, a thread with greater rigidity, low
malleability, and little resistance to the tension was obtained.

Figure 11. Manufacture of thread with sorbitol, cellulose, and CS. (1) Cellulose 0.19 wt%, (2) Cellulose
0.29 wt% and (3) Cellulose 0.39 wt%. The best thread is marked in the square.
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The thread prototypes that presented the best physical properties and good mechanical
characteristics were obtained with 5.03 wt% corn starch, 19.34 wt% mucilage, 0.58 wt%
sorbitol, 0.97 wt% cellulose, and 9.67 wt% glycerol in 64.41 wt% in water. Moreover,
the thread formed a monofilament suture; having multifilament saturation in the thread
is not desired due to the passage of microorganisms being favored [3,42]. Moreover,
a monofilament suture benefits the healing process of wounds by having less rigidity
and fragility, avoiding loss of tension, and being an absorbable biological thread; these
are necessary features in medical applications [3,39,42,43]. The selected surgical thread
prototype complies with most of the characteristics mentioned, except for good tensile
strength or toughness. To avoid this, sorbitol and cellulose were employed as a plasticizer
in the surgical thread synthesis.

Currently, natural cellulose fibers are mainly used for internal gastric sutures. They
are characterized by gaining tensile strength when wet, losing between 50% of their tensile
strength at six months, and retaining between 30 wt% and 40 wt% at two years [5,42].
Moreover, biological characteristics such as bacterial adherence and tissue reaction, or
histocompatibility, were considered for the selection of biopolymers and type of thread [3,
34,35]; considering that the bioplastic obtained for the elaboration of the thread is of organic
origin (NM), it is expected that it will not have an adverse reaction in the patient [3,34,35].

The physicochemical, functional, and rheological differences between cereal and fruit
starches (in this research cereal starch was employed) are due to their different size, shape,
and crystalline arrangement, the reason for which they can have diverse applications.
Cereal starch presents a better alternative to making bioplastics or solid materials, while
fruit starch works better for making gels or emulsifiers. Regarding the prototype thread
and the possibility for biomedical use (suture thread), there is still a need to improve the
tensile strength or use some class of coating (wax or paraffin) to prevent the tendency
to desquamation (release of suture particles in the wound), or adding chitin, since it
contributes with advantages for healing wounds (accelerated healing).

4. Conclusions

In this study, the extraction of NM was carried out using ethyl alcohol as a solvent; the
experimental conditions allowed us to obtain a 50% higher yield than the yields reported in
the literature. The bioplastics obtained were based on NM, CS, and glycerol as the plasticizer.
The variation in concentration of NM and CS resulted in eight prototypes. From these, B1
and B2 have the appropriate characteristics for consideration in surgical thread manufacture.
The resistance to solvents and solubility with water of these biopolymeric films (B1 and B2)
were also analyzed, showing a lower degradation and solubility for B2 when compared to B1.
Therefore, the concentrations of the base reagents (starch, glycerol, and mucilage) were similar
to B2, and the incorporation of cellulose and sorbitol was studied for surgical thread synthesis.
The thread prototype that presented the best physical properties (tensile strength and flexibility
for good handling) was obtained using 5.03 wt% corn starch, 19.34 wt% mucilage, 0.58 wt%
sorbitol, 0.97 wt% cellulose, and 9.67 wt% glycerol in 64.41 wt% distilled water. Compared
to other prototypes reported in the literature, a surgical thread with uniform diameter, good
elasticity, and low capillarity was obtained. In addition, the fact that its components are inert
materials reduces the probability of an allergic reaction by the patient. These results indicate
that it is possible to perform in vitro and in vivo tests with the obtained thread to evaluate its
biocompatibility and viability in medical applications.
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Abstract: The evolution of green technology for the simple and ecological formation of silver nanopar-
ticles (AgNPs) inspired the present work for simple and efficient detection of reducing sugars (RS) in
foods. The proposed method relies on gelatin as the capping and stabilizing agent and the analyte
(RS) as the reducing agent. This work may attract significant attention, especially in the industry,
for testing the sugar content using gelatin-capped silver nanoparticles as it not only detects the
sugar in food, but also determines the content (%), which could be an alternative technique to the
conventionally used DNS colorimetric method. For this purpose, a certain amount of maltose was
mixed with a gelatin-silver nitrate. Different conditions that may affect the color changes at 434 nm
owing to the in situ formed AgNPs, such as gelatin-silver nitrate ratio, PH, time, and temperature,
have been investigated. The 1:3 mg/mg ratio of gelatin-silver nitrate dissolved in 10 mL distilled
water was most effective in color formation. The development of AgNPs color increases within
8–10 min at PH 8.5 as the selected optimum value and at the optimum temperature of 90 ◦C for
the evolution of the gelatin-silver reagent’s redox reaction. The gelatin-silver reagent showed a fast
response (less than 10 min) with a detection limit for maltose at 46.67 μM. In addition, the selectivity
of maltose was checked in the presence of starch and after its hydrolysis with α-amylase. Compared
with the conventionally used dinitrosalicylic acid (DNS) colorimetric method, the proposed method
could be applied to commercial fresh apple juice, watermelon, and honey to prove its viability for
detecting RS in fruits; the total reducing sugar content was 287, 165, and 751 mg/g, respectively.

Keywords: reducing sugar; spectrophotometry; gelatin-AgNPs; DNS; maltose; glucose

1. Introduction

Carbohydrases (glycoside hydrolases or O-glycosidases) are a significant class of
enzymes that hydrolyze polysaccharides and low-molecular-weight glycosides. They
belong to the hydrolase family of enzymes. Amylase, cellulases, xylanases, mannanases,
pectinases, chitinases, and other carbohydrases are categorized according to their selectivity
toward natural glycoside substrates. In biotechnology, many carbohydrates have found
extensive applications [1]. The majority of carbohydrase activity measurement techniques
depend on the examination of reducing sugars (RS) generated as a result of the enzymatic
cleavage of a glycosidic bond between two carbohydrates or between a carbohydrate
and a noncarbohydrate component [2,3]. In addition to performing particular roles in
vital processes, carbohydrates are significant macronutrients that function as a primary
source of energy in human nutrition [4]. Deoxyribose and ribose in nucleic acids structure,
lactose in milk, and galactose in some oils are a few examples. The four categories of
carbohydrates are monosaccharides, disaccharides, oligosaccharides, and polysaccharides.
Free-form monosaccharides and disaccharides are commonly referred to as sugars, and
depending on how they react chemically, they can be divided into reducing and non-
reducing sugars [5]. Sugars are a marker for several nutritional qualities, including flavor,
naturalness, and taste [6]. Reducing sugar is essential for biological samples, such as tissue,
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blood, plasma, and serum. European law regulates the sugar level of some products and
beverages [7]. Since sugars are known to be crucial in developing severe diseases (such as
obesity and diabetes), determining their identity is a complex analytical challenge. Sugar
measurement is required in several intricate biological systems and food and beverage
matrices. Soft drinks with added sugar should be given extra attention because they
are the primary source of calories in the American diet and raise the risk of obesity [8].
Advanced analytical methods for determining carbohydrate concentrations have been
developed as a result of the wide variety of carbohydrates present in these areas, including
capillary electrophoresis [9], chromatography [10], infrared (IR) spectroscopy [11], nuclear
magnetic resonance (NMR) spectroscopy [12], and light scattering detection [13]. These
techniques demand a substantial financial investment, sophisticated analytical abilities,
and effort. The colorimetric method, based on a redox reaction in which a reducing sugar
acts as the reductant and the reagent as the oxidant leading to the production of color
that could be measured by the spectrophotometric method, is one of the most flexible,
reasonably simple, and affordable methods for determining reducing sugar. Different
techniques for evaluating RS have been used in carbohydrate activity estimations. The
Somogyi–Nelson [2], phenol-sulfuric acid [14], anthrone-sulfuric acid [15], Fehling [16],
and dinitrosalicylic acid (DNS) [17] methods were evaluated for the determination of
RS. The Fehling approach involves several analysis steps (including precipitation and
titration). The phenol–sulfuric acid method has a variety of significant limitations. Multiple
health risks are associated with phenol employed in this approach. The prolonged or
repeated inhalation of phenol fumes brings on lung edema. Long-term phenol exposure
seriously impacts the central nervous system [18]. The Nelson–Somogyi assay and the
3,5-dinitrosalicylic acid (DNS) assay described are the most popular methods used by
many researchers. Although the DNS assay is known to be approximately 10 times less
sensitive than the Nelson–Somogyi assay and it does not provide stoichiometric data
with oligosaccharides, giving significantly higher values of RS than the actual number of
hemiacetals reducing groups [19–21], it has been recommended by the International Union
of Pure and Applied Chemistry (IUPAC) commission on biotechnology for measuring
standard cellulase activities against filter paper and carboxymethylcellulose (CMC) [22].
Our goal was to develop a visible spectrophotometric method for quantifying RS with high
sensitivity. We have developed a new and simple method for determining reducing sugar.
Gelatin-silver reagent was found to be suitable for the determination of reducing sugar. In
previous literature, gelatin-silver nanoparticles were utilized for several purposes. Gelatin-
silver nanoparticles were used as antimicrobial composite films [23], and gelatin-silver
nanoparticles coating for polycaprolactone was used for wound healing [24]. Composite
films made of chitosan/gelatin-silver nanoparticles were used in biodegradable food
packaging [25]. Gelatin, an abundant biopolymer, is both biocompatible and biodegradable.
It can be extracted from animal tissues such as muscle, bone, and skin. Gelatin is widely
employed in pharmaceutical, cosmetics, food, and medical applications due to its natural
abundance and inherent biodegradability in physiological conditions [26]. The most
common nanoparticles used in food and other industries are silver nanoparticles. A
nanoparticle is described as a tiny item or particle that behaves as a whole unit in terms
of its transport and properties. Nanotechnology makes use of the fact that when the size
of a solid material shrinks, its surface area grows, enhancing its reactivity and quantum-
related phenomena. Nanomaterials’ physical and chemical characteristics can change
dramatically from those of the same substance in its bulk size [27]. Consumer products,
food technology, textiles/fabrics, and the medical industries are all interested in silver NP
due to its chemical and biological qualities. Silver NP also has special optical and physical
characteristics that are not found in bulk silver and are said to offer a lot of potential in
medicinal applications [27]. Generally, the formation of nanoparticles such as AgNPs
has been made possible ecologically using reducing sugars such as glucose [28–32]. As a
capping agent, gelatin in the presence of glucose was used for the green preparation of
AgNPs [33]. The appearance of visible color due to the surface plasmon resonance (SPR) of
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nanoparticles has caught the attention of many researchers. The AgNPs SPR appear around
400 nm and, thus, could be applied as an analytical tool for detecting grallic acid [34],
o-phenylenediamine [35], formaldehyde [36], and RS using Tollens’ reagent [37]. Gold
nanoparticles were also used for the determination of RS [38].

Given the benefits that AgNPs provide, such as their high SPR across a broad spec-
trum [39], low cost, and environmentally friendly production, it was intended in this work
to exploit the SPR of AgNPs that can be formed via a redox process with RS for its detection
in the presence of gelatin as a capping agent for the in situ formed AgNPs.

2. Experimental

2.1. Materials

Silver nitrate, gelatin, maltose, starch, tris(hydroxymethyl)aminomethane, nitric acid,
α-amylase from porcine pancreas, and 3,5-dinitrosalicylic acid (DNS) were purchased from
Sigma-Aldrich (Saint Louis, MO, USA) and then used as obtained. Watermelon, apple, and
honey juice samples were purchased from local market, Jeddah, KSA.

2.2. Effect of Gelatin-Silver Reagent Ratio

To determine the gelatin-silver nitrate ratio for effective color formation, the gelatin-
silver nitrate reagent was prepared in 10 mL distilled water at a ratio weight by weight
(for example, 100 mg/100 mg for 1:1 ratio) 1:1, 2:1, 1:3, 1:2, and 2:2. The conditions
at which the best chemical treatment yield obtained was 1:3 gelatin-silver nitrate. A
1 mL of reaction mixture contained 250 μL maltose (0.1 mM), 250 μL Tris–HNO3 buffer
PH 8.5 (0.2 M) (prepared by 0.2 M of tris(hydroxymethyl)aminomethane then adjust PH
by dilute HNO3 to the appropriate PH), and 500 μL gelatin-silver reagent. The reaction
mixture was incubated for 10 min at 90 ◦C in a boiling water bath before cooling then the
absorbance was recorded at 434 nm. The recorded optical density (OD) at 434 nm was used
to determine the relative OD (%).

Relative OD (%) = (ODx/ODmax) × 100 (1)

where ODmax is the maximum OD and ODx is OD for a sample with OD less than the
maximum OD.

2.3. Effect of Time

To determine the effect of time on the evolution of color, a 1 mL of reaction mix-
ture contained 250 μL maltose (0.1 mM), 250 μL of 0.2 M Tris–HNO3 buffer PH 8.5, and
500 μL gelatin-silver reagent (1:3). The reaction mixture was incubated for different times
(2–20 min) at 90 ◦C in a boiling water bath then cooled to room temperature to measure the
absorbance at 434 nm. The recorded OD was used to determine the relative OD (%).

2.4. Effect of PH on the Silver-Gelatin Reagent

The following buffers were used to determine the optimal PH, 50 mM Tris–HNO3
(PH 6.0–8.5). A 1 mL of reaction mixture contained 250 μL maltose (0.1 mM), 250 μL of
different Tris–HNO3 buffers (0.2 M), and 500 μL gelatin-silver reagent (1:3). The reaction
mixture was incubated for 10 min at 90 ◦C in a boiling water bath before cooling then the
absorbance was recorded at 434 nm. The recorded OD at 434 nm was used to determine
the relative OD (%).

2.5. Effect of Temperature

Different scales (30–90 ◦C) were applied to the reaction mixture containing 250 μL
maltose (0.1 mM), temperature 250 μL of different Tris–HNO3 buffers, and 500 μL gelatin-
silver reagent (1:3) to assess the impact of temperature on the gelatin-silver reagent. The
reaction mixture was incubated for 10 min at different temperature scales in a boiling water
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bath before cooling then the absorbance was recorded at 434 nm. The recorded OD at
434 nm was used to determine the relative OD (%).

2.6. Maltose Selectivity

The gelatin-silver method was validated as selective toward reducing sugar as follows;
in the Eppendorf tube, 185 μL of maltose (0.1 mM) was added to 185 μL of starch (1%) and
125 μL of Tris-HNO3 buffer (0.2 M, PH 8.5). In another tube, 185 μL of maltose (0.1 mM)
was added to 190 μL distilled water and 125 μL Tris-HNO3 buffer. The third tube contained
185 μL of starch (1%), 190 μL distilled water, and 125 μL Tris-HNO3 buffer. A volume of
500 μL of gelatin-silver reagent (1:3) was added to all tubes. It was then incubated for
10 min at 90 ◦C in a boiling water bath and then cooled to room temperature to measure
the absorbance at 434 nm.

2.7. Hydrolysis of Starch with α-Amylase

The hydrolysis of starch was carried out using α-amylase to ascertain the impact of
gelatin-silver reagent on the reducing sugar content generated by carbohydrase enzymes.
Thus, in the Eppendorf tube, 10 units of α-amylase were incubated for 30 min with 0.06,
1.25, and 1.9% starch (1 mL prepared in 50 mM Tris–HNO3 buffers, PH 7.0) at 37 ◦C. After
that, 1 mL of gelatin-silver reagent (1:3) was added and heat for 10 min at 90 ◦C to help
develop the color. After cooling, the absorbance was recorded at 434 nm. One unit of
α-amylase activity was defined as the amount of enzyme producing 1 μmol reducing sugar
as maltose per min under the standard assay conditions [17].

2.8. Effect of Maltose Concentration and Detection Limit

Different concentrations of maltose (0.2–1.2 mM) were applied, and OD values
were recorded following the reaction condition described above. A sample of different
concentrations of maltose, 0.2 M Tris–HNO3 buffer PH 8.5, and 500 μL gelatin-silver
reagent (1:3) was incubated for 10 min at 90 ◦C in a boiling water bath before cooling.
Then the absorbance was recorded at 434 nm ten times to determine the standard
deviation from which and the linear relation of maltose concentration versus OD, the
limit of detection (LOD), was obtained.

2.9. Real Samples Analysis

Watermelon, apple, and honey juice samples were used as models to determine the
effect of gelatin-silver reagent on reducing sugar content in some food samples. The
watermelon, apple, and honey samples were supplied from a local market in Jeddah. The
fruit of the watermelon and apple were rinsed, skinned, and eliminated waste. One gram
of watermelon and apple flesh was crushed separately on a glass grater. The watermelon
and apple juices were extracted from the pulps by centrifugation at 6000 rpm for 5 min and
filtering using a PTFE filter with a pore size of 0.45 μm. The honey sample was generated by
weighing 1.0 g of honey, homogenizing it with distilled water, and then diluting it to 100 mL
with distilled water. Reducing sugar was determined as follows: 250 μL of each sample was
mixed with 250 μL of different Tris–HNO3 buffers (0.2 M, PH 8.5) and 500 μL gelatin-silver
reagent (1:3). The reaction mixture was incubated for 10 min at 90 ◦C in a boiling water bath
before cooling then the absorbance was recorded at 434 nm. A standard curve of maltose
concentrations was used to determine the total reducing sugar contents. The total reducing
sugar contents were recorded as mg maltose Eq. g−1 of the studied sample.

DNS reagent was utilized to determine each sample’s total reducing sugar contents and
compare it with our method. DNS reagent was prepared according to the Miller method [17]
as follows: 20 g of potassium sodium tartrate was dissolved in 20 mL distilled water and
stirred to totally dissolved, then sodium hydroxide (1 g, 20 mL) was added, followed by
1 g of 3,5-dinitrosalicylic acid prepared in 60 mL of distilled water. While the solution was
mixed by magnetic stirrer with a hot plate at 90–95 ◦C, 50 mg of sodium sulfide was added
followed 200 mg of phenol. After the components were dissolved entirely, the final solution
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was filtered with filter paper, then transferred the solution in dark glass bottles and stored
at ambient temperature. Reducing sugar was determined according to DNS reagent: 250 μL
of each sample was mixed with 250 μL of different Tris–HCl buffers (0.2 M, PH 7.0) and
500 μL DNS reagent. The reaction mixture was incubated for 10 min at 95 ◦C in a boiling
water bath before cooling then the absorbance was recorded at 560 nm. A standard maltose
concentration curve was used to determine the total reducing sugar contents.

3. Results and Discussion

3.1. Gelatin-Silver Method Optimization

The proposed method for RS detection was optimized, considering some crucial
factors, including gelatin-silver nitrate ratio, time, PH, temperature, and color formation.
Maltose was selected as a representative RS for the method optimization. Figure 1 shows
the effect of the gelatin-silver ratio on the developed optical density (OD) value that was
measured at the SPR of the in situ formed AgNPs. As shown in the figure, the ratio 1:3 w/w
of gelatin-silver nitrate ratio was most effective in color formation owing to the in situ
AgNPs. The inset color image reveals the intensity of the SPR color of AgNPs.

Figure 1. Effect of gelatin- silver reagent ratio on the color evolution. Conditions: A 1 mL of the
reaction mixture contained 250 μL maltose (0.1 mM), 250 μL Tris–HNO3 buffer PH 8.5 (0.2 M), 500 μL
gelatin-silver reagent (1:1, 2:1, 1:3, 1:2, and 2:2), incubated for 10 min at 90 ◦C, cooling read absorbance
at 434 nm. Each point represents the mean of three experiments ± SE.

The UV-visible spectrum of the in situ-formed AgNPs is shown in Figure 2. The SPR
peak is displayed at 434 nm to confirm the formation of AgNPs due to the occurrence of a
redox reaction between silver nitrate and maltose-reducing sugar. The successful appear-
ance of stable color due to gelatin-capped AgNPs confirms their formation in agreement
with other similar green syntheses of AgNPs [33].
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Figure 2. Wavelength of AgNPs produced after gelatin-silver reagent (1:3) react with maltose.
Conditions: A 1 mL of the reaction mixture contained 250 μL maltose (0.1 mM), 250 μL Tris–HNO3

buffer PH (0.2 M), 500 μL gelatin-silver reagent (1:3), incubated for 10 min at 90 ◦C.

The effect of time on the evolution of color was monitored spectrophotometrically at
the SPR peak. As shown in Figure 3, the development of AgNPs color increases by time up
to 8–10 min above, after which there was no further increase, indicating fast response for
RS detection in about 10 min. In addition, the OD values remain the same over the studied
time, indicating the stability of the in situ-formed AgNPs. Therefore, compared with the
conventional DNS method [17], the short-time response and the stability of AgNPs suggest
the suitability of the gelatin-silver method for detecting RS.

 
Figure 3. Effect of time on the color evolution of gelatin-silver reagent. Conditions: A 1 mL of the
reaction mixture contained 250 μL maltose (0.1 mM), 250 μL of 0.2 M Tris–HNO3 buffer PH 8.5, 500 μL
gelatin-silver reagent (1:3), incubated for different times at 90 ◦C in a boiling water bath, cooling, recorded
the absorbance at 434 nm. Each point represents the mean of three experiments ± SE.
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The PH of the reaction mixture was varied to obtain the optimum PH. As shown in
Figure 4, the formation of AgNPs needs a slightly alkaline medium to form the intensive
color of AgNPs. The inset color image reveals the color-PH dependent on the SPR color of
AgNPs. The results agree with our previous studies and those found in literature [28,29,37].
Subsequently, PH 8.5 was selected as the optimum value of the gelatin-silver reagent. This
alkaline PH is favorable for reducing silver nitrate with RS by enhancing the addition of
water molecules on the carbonyl groups, as shown in Scheme 1.

Figure 4. Effect of PH on the color evolution of the gelatin-silver reagent. Conditions: A 1 mL of the
reaction mixture contained 250 μL maltose (0.1 mM), 250 μL Tris–HNO3 buffer with deferent PH
(0.2 M), 500 μL gelatin-silver reagent (1:3), incubated for 10 min at 90 ◦C, cooling read absorbance at
434 nm. Each point represents the mean of three experiments ± SE.

Scheme 1. Possible mechanism for the formation of gelatin (Gl) stabilized AgNPs.
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The impact of temperature on AgNPs’ color is depicted in Figure 5. Therefore, the
detection of RS works well at a temperature close to 90 ◦C. As a result, 90 ◦C was used to
conduct the gelatin-silver reagent’s redox reaction.

 
Figure 5. Effect of temperature on the color evolution of gelatin-silver reagent. Conditions: A 1 mL
of the reaction mixture contained 250 μL maltose (0.1 mM), 250 μL of 0.2 M Tris–HNO3 buffer
PH 8.5, 500 μL gelatin-silver reagent (1:3), incubated at different temperature, cooling, recorded the
absorbance at 434 nm. Each point represents the mean of three experiments ± SE.

3.2. Possible Mechanism for Gelatin-Capped AgNPs

The presence of the aldehyde-containing compound in an aqueous alkaline medium
may lead to the addition of water molecules on the carbonyl group and, subsequently,
the formation of an oxysilver complex that ultimately converted to silver nanoparticles
and carboxylic-containing compound via a redox reaction. The presence of gelatin help
stabilizes the nanoparticles, as shown in Scheme 1.

3.3. Maltose Selectivity and Starch Hydrolysis

Three samples were tested to validate whether the gelatin-silver method is selective
toward RS. The first sample was maltose, the second was a mixture of maltose and starch,
and the third was starch only. To these samples, gelatin-silver reagent, as described in the
experimental section, was mixed, and the evolution of the color was tracked. Figure 6
shows the OD values of the samples, and the inset shows an image of their colors. It is
indicated that the reagent is selective toward maltose-reducing sugar but not starch.

Furthermore, starch hydrolysis was made using α-amylase, and the RS obtained was
detected by gelatin-silver reagent, as shown in Figure 7. It is shown that the higher the
content of starch, the higher the activity of the α-amylase in increasing the production of
RS, as evidenced spectrophotometrically by the gelatin-silver reagent.
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Figure 6. Selectivity for gelatin-silver reagent (1) maltose; (2) maltose: starch; (3) starch. Conditions:
A 1 mL of the reaction mixture in sample 1 contained 185 μL of maltose (0.1 mM),190 μL distilled
water, 125 μL of Tris-HNO3 (0.2 M, PH 8.5); sample 2 contained 185 μL of maltose (0.1 mM), 185 μL
of starch (1%), 125 μL of Tris-HNO3 (0.2 M, PH 8.5); sample 3 contained 185 μL of starch (1%), 190 μL
distilled water, 125 μL Tris-HNO3 (0.2 M, PH 8.5); all samples incubated for 10 min at 90 ◦C, cooling
read absorbance at 434 nm. Each point represents the mean of three experiments ± SE.

Figure 7. Reduced sugar produced after starch hydrolysis by α-amylase. Conditions: A 1 mL of
reaction mixture contained different concentrations of starch (0.06, 1.25, and 1.9%), Tris–HNO3 buffers,
PH 7.0, incubates at 37 ◦C, 1 mL of gelatin-silver reagent (1:3), heated for 10 min at 90 ◦C, recorded
absorbance at 434 nm. Each point represents the mean of three experiments ± SE.
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3.4. Limit of Detection of Maltose

The following equation calculated the limit of detection (LOD); LOD = 3.3 σ/S
(40 and elsewhere), where σ is the standard deviation of 10 repeated readings of the
measured optical density at 434 nm for a selected sample and S is the slope of the cal-
ibration curve (Figure 8) of maltose concentration versus OD values. The LOD obtained
is LOD = 46.67 μM. Table 1 shows a comparative LOD limit of reported reagents with
the present work. Gelatin-silver reagent reveals higher sensitivity than the conventional
time-consuming DNS method. As we know, DNS methods are multistep and complicated
processes that take more than 1 h. [17].

Figure 8. Calibration curve of maltose concentration versus OD. Conditions: See the conditions
under Figure 5 using different concentrations of maltose.

Table 1. Comparative LOD of reducing sugar with other reported work.

Reference Method Analyte LOD

[17,40] DNS Glucose 80 μM
[37] Tollens’ Reagent Glucose 40 nM
[41] DNS Honey 83.3 μM
[40] Alkaline Cu(II)-Nc Glucose 0.6 μM
[42] Electrochemical Biosensor Maltose 100 μM
[43] Benedict’s reagent Maltose 96.49 μM
[17] DNS Maltose 80 μM

This work Gelatin-silver Maltose 46.67 μM

3.5. Real Samples Analysis

Real sample analysis was made for selected commercial samples, namely, honey,
watermelon, and fresh apple juice. The total reducing sugars were determined by the
conventional DNS method and the developed gelatin-silver method. Table 2 shows that the
gelatin-silver method produced similar analysis data made by the DNS method to suggest
its viability for food industries.

Table 2. Total reducing sugar content (as mg maltose Eq. g−1) of studied samples. Each point
represents the mean of three experiments ± SE.

mg Maltose Eq. g−1

Sample Gelatin-Silver Reagent DNS

Fresh apple juice 287 ± 1.05 284 ± 0.84

Watermelon 165 ± 0.95 169 ± 0.76

Honey 751 ± 1.12 723 ± 0.92
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4. Conclusions

This work is devoted to developing a method for measuring reducing sugars using
nanoparticles based on silver nitrate and gelatin. The developed approach was improved
by considering many essential aspects, including the amount of reagent, reaction interval,
PH, temperature, and the gelatin-silver reagent’s selectivity for starch and maltose. For
optimization studies, maltose was selected as the representative reducing sugar. The
gelatin-silver reagent showed a fast response (less than 10 min) with a detection limit for
maltose at 46.67 μM more sensitive than DNS conventional method. Gelatin-silver nitrate
in a ratio of 1:3 w/w produced the best results for color formation. The development of
AgNPs color increases within 8–10 min at PH 8.5 as the selected optimum value and at
the optimum temperature of 90 ◦C for the evolution of the gelatin-silver reagent’s redox
reaction. In addition, the selectivity of maltose was checked in the presence of starch
and after its hydrolysis with α-amylase. Compared with the conventionally used DNS
colorimetric method, the proposed method could be applied to commercial fresh apple
juice, watermelon, and honey to prove its viability for detecting reducing sugar in food
products. The present work explored a viable method for determining the reducing sugar
in food industries. Furthermore, the color-based AgNPs would inspire future success in
exploiting other colorful nanomaterials to detect reducing sugars.
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Abstract: The recycling of biomass into high-value-added materials requires important developments
in research and technology to create a sustainable circular economy. Lignin, as a component of
biomass, is a multipurpose aromatic polymer with a significant potential to be used as a renewable
bioresource in many fields in which it acts both as promising biopolymer and bioactive compound.
This comprehensive review gives brief insights into the recent research and technological trends on
the potential of lignin development and utilization. It is divided into ten main sections, starting
with an outlook on its diversity; main properties and possibilities to be used as a raw material
for fuels, aromatic chemicals, plastics, or thermoset substitutes; and new developments in the
use of lignin as a bioactive compound and in nanoparticles, hydrogels, 3D-printing-based lignin
biomaterials, new sustainable biomaterials, and energy production and storage. In each section
are presented recent developments in the preparation of lignin-based biomaterials, especially the
green approaches to obtaining nanoparticles, hydrogels, and multifunctional materials as blends
and bio(nano)composites; most suitable lignin type for each category of the envisaged products;
main properties of the obtained lignin-based materials, etc. Different application categories of
lignin within various sectors, which could provide completely sustainable energy conversion, such
as in agriculture and environment protection, food packaging, biomedicine, and cosmetics, are
also described. The medical and therapeutic potential of lignin-derived materials is evidenced in
applications such as antimicrobial, antiviral, and antitumor agents; carriers for drug delivery systems
with controlled/targeting drug release; tissue engineering and wound healing; and coatings, natural
sunscreen, and surfactants. Lignin is mainly used for fuel, and, recently, studies highlighted more
sustainable bioenergy production technologies, such as the supercapacitor electrode, photocatalysts,
and photovoltaics.

Keywords: lignin; raw material; bioactive compound; nanoparticles; nanofibers; hydrogels; green
composites; applications

1. Introduction

At present, in all countries, priority is given to the good quality of the environment and
its preservation. Because of the exhaustion of fossil product resources, both research and in-
dustry units search for environmentally friendly materials manufactured independently on
petroleum products, which means, in other words, the development of new biomaterials for
the possible replacement of existing products, like conventional plastics. New materials will
be developed by combined green chemistry and engineering technology [1]. Nowadays,
bioplastics represent annually only around one percent of the total plastic produced, but it
is expected that the demand for bioplastics will increase [2–4]. As a consequence, numerous
studies have been conducted to develop natural alternatives, starting from biodegradable,
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renewable resources, which are safer and cleaner for the environment, as precursor materi-
als instead of petroleum and also using innovative technological approaches developed to
control pollution [5].

The biomass of living organisms in the global biosphere is expressed in gigatons
of carbon, with 1 Gt C = 1015 g of carbon [6]. Plant biomass as a renewable resource
constitutes ~80% of the 550 GtC of total biomass, as an abundant available resource in the
biosphere [6]. The biomass distribution on Earth indicates that the dominant kingdom
primarily comprises terrestrial plants with ≈450 Gt C; animals with 2 Gt C are mainly from
the seas and oceans, while bacteria (≈70 Gt C) and archaea, as microorganisms that define
the limits of life on Earth, (≈7 Gt C), are predominantly located in deep subsurface environ-
ments. The terrestrial biomass is about two orders of magnitude higher than the aquatic
biomass and it contains more consumers than producers [7,8]. The enormous potential
of biomass as a petroleum alternative is exemplified by its availability as in the United
States alone; it accounts for ~1 billion tons/year of dry biomass [9]. Thus, the demand for
development of environmentally friendly and sustainable production/consumption/waste
management systems for both plastics and biodegradable materials has changed in recent
years because of modifications in consumer habits; preferences for single-use products,
fresh food, and ready-to-eat packed food; awareness of the need for a healthy life and
environment; and the growing need for fabricating packaging, medical devices, healthcare
products, and others in a more environmentally friendly way. Biomass-based materials
are extensively studied, with recent research being focused on them because they present
biodegradability, compostability, low carbon footprint, and recyclability and appropriate
physical, mechanical, and barrier properties [10].

Plant lignocellulosic biomass is one of the most abundant raw materials and sustain-
able resources in the world, with a production rate of 2 × 1011 tons/year. Lignocellulosic
biomass (LCB), a complex heterogeneous mixture comprising carbohydrate polymers,
namely cellulose (40–45% w/w) and hemicellulose (25–35% w/w) and lignin (15–30 wt%),
includes agricultural residues, energy crops (temperate grasses), and wood residues. Its
abundance in nature could potentially solve the problem of the rapidly depleting resources
if it is used as renewable resource or valorized to higher value materials. LCB is by far
the largest proportion of the natural material available on terrestrial earth for sustainable
production of energy and chemicals. Global demand for biofuels is set to grow by 41 billion
liters, or 28%, over 2021–2026 [11–13]. Conventionally, they are used in second-generation
biofuel plants, for production of ethanol, diesel, methane, etc. The Energy Security and
Independence Act of 2007 called for the annual production of nearly 80 billion L of second-
generation biofuels by 2022, which implies roughly 62 million tons of lignin byproduct.

Lignin, an organic polymer is potentially an import market product as a raw material
for chemicals and life science industries. Lignin, the second-most abundant renewable
biopolymer on Earth, is one of the largest natural renewable sources of aromatic structures
and the second-largest renewable source of carbon, with a heating value similar to carbon.
Its aromatic compounds have multiple special chemical properties and show important
bioactive effects. Some studies on the energy need in bioethanol plants show that the energy
content of lignin is higher than the need for ethanol production; this will always lead to
an energy excess which can be used for other purposes like external uses or as a chemical
raw material. A computer simulation has been developed to evaluate the efficiency of
lignin separation from lignocellulosic raw materials, like straw and spruce, for bioethanol
production and purposes other than energy [14].

Lignin exhibits impressive properties, including good mechanical and physicochemi-
cal properties, low weight, antioxidant and antimicrobial properties, and excellent thermal
stability, and it can undergo a range of modifications to tailor or impart special charac-
teristics, such as improved compatibility and processability, that explain the interest in
extending its applicability in various domains. Since lignin has intra- and intermolecular
hydrogen linkages, it exhibits thermoplastic properties at low temperatures, being useful
for lignin-derived biobased polymers and film materials, and can also serve as a thermoset
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at high temperatures (T > 200 ◦C) because of its substantial crosslinking. At elevated
temperatures, significant degradation could arise [15]. Therefore, lignin possesses huge
potential for the production of a variety of materials because of its high carbon content, low
cost, and bio-renewability [16]. It can be considered an excellent alternative for developing
novel green functional and sustainable materials as plastic substitutes, considering its
availability, excellent environmental friendliness, ecological adaptability, degradability,
reinforcing ability, etc. The interest in lignin from the scientific and industrial communities
increased over the last decade because of the growing concern over climate change and the
need to decrease industrial pollution [17]. Therefore, lignin is a viable alternative to fossil
nonrenewable resources for energy, chemicals, polymers, and various materials [18–20].

The main technical lignin resources are pulp and paper mills and emerging cellulosic
biorefineries, as well as agricultural and forestry residues. The annual production of
industrial lignin is approximately 1.8 × 109–2 × 1010 tons, which is mainly obtained as a
byproduct from the pulp or paper industry and emerging cellulosic biorefineries, while
a cellulosic ethanol plant can generate 100,000–200,000 tons lignin/year [21]. Presently,
only ~2% of lignin as a byproduct is recovered, while 98% is burned for energy or dumped
in landfills, this alternative creating a major disposal issue [22]. Lignin as a byproduct
of pulp and paper production processes is available commercially. The major fraction
of lignin is used in boilers to generate steam and satisfy the heating requirements of the
biomass processing plants (thermal recycling) and recover inorganics. The small fraction
of lignin (~2%) is used for manufacturing of vanillin, dispersants, animal feed, cement
fillers, carbon fibers, agglomerates, adhesives, renewable materials, etc. Therefore, it is still
underutilized. Biorefineries generate green energy through well-established processes such
as fermentation of corn, sugar cane, and wheat to obtain bioethanol, and also biodiesel can
be produced by the transesterification of rapeseed and soybean oil. The sustainability of
these processes is debatable because the utilization of the edible crops competes with food
production. To avoid a potential increase in food price and deforestation, a new generation
of biorefineries is being developed by utilizing nonedible lignocellulosic biomass. There
are several types of technical lignins, such as kraft lignin, lignosulfonate, alkali lignin,
acid hydrolysis, steam explosion lignin, and organosolv lignin (see below). Recently,
new treatments have been applied, such as steam-assisted or solvent-assisted biomass
fractionation, which produce lignins for targeted applications. Annually, lignin production
with the kraft process, with approximately 130–170 kton, produces the largest amount of
lignin compared to other production processes.

Lignin valorization involves both the use and application of the whole polymer and
the exploration of low-molecular-weight oligomers [23–28].

Lignin applications in the field of polymer materials started in 2010 and include the
use of lignins as dispersants, phenolic resins, components of thermoplastics, polyurethane
(PUR) foams, epoxy resins, and asphalt or concrete modifiers [29], where lignin could act
as a superplasticizer. Lignin as a dispersant improves viscosity and fluidity of bioasphalt,
concrete, drilling mud for oil recovery, and dyes for textile and agricultural chemicals [30].
Modified lignins are used as concrete modifiers as lignin-derived plasticizers [31].

Lignins provide a physical-strength-forming water-conducting vascular network and
protect plants against attacking organisms and insects. Lignin also acts as a natural ad-
ditive/bioactive compound. The role of natural additives and other components with a
concentration smaller than 15% raises interest because they assure quality and functionality
of many products. Their role in various materials as natural additives, including lignin
and lignans, is to improve physicochemical properties: mechanical, barrier, sealing, optical,
biodegradability, hydrophobicity, sensory, etc. Bioactive compounds (BCs) or “active ingre-
dients” used in many advanced materials for food packaging, medical devices, cosmetics,
etc., induce desired functionalities such as antimicrobial, antifungal, and antioxidant ac-
tivities. Bioactive compounds can be used as antimicrobial agents to inhibit the harmful
activity of bacteria, fungi, and viruses, being very interesting not only in terms of their
biological activities but also for their biocompatibility, renewability, and biodegradability,
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etc. Active compounds are very important in tailoring the advanced polymeric material
properties, assuring their applications in many fields especially if they are used with a
corresponding concentration and they show a modulated controlled release. They can
be developed and implemented in industries as adhesives, biosurfactants, antimicrobial
agents in packaging and textiles, antioxidants, adhesives, anticorrosion agents, carbon fiber
or carbon black, cosmetics, reinforcing agents, hydrogels, phenolic resin, flame retardants,
polyurethane, foam composites, compatibilizers, and new biomedical materials. Function-
alities of lignin and its derivatives include binding, dispersing, crystal growth modification,
emulsion stabilization, antioxidant and antimicrobial activities, UV-absorbing capabilities,
biocompatibility, and low cytotoxicity, confirming its role as a bioactive compound. Soda
lignin plays a significant role in antifungal and antibacterial activity since it contains vari-
ous functional groups, i.e., carboxylic acid and hydroxyl groups [32]. In new bioasphalts,
a part of bitumen is replaced by renewable resources as demonstrated in a study in the
Netherlands, where 50% bitumen was replaced by three lignins, namely soda, kraft and
hydrolysis, with the technology being in TRL5-7 stage [33]. Many applications are in the
development stage; therefore, the studies are still in the patent stage.

Applications have been found for nanostructures based on natural biopolymers in-
cluding lignin in multiple fields, including bioactive/smart packaging, cosmetics, medical
fields, pharmaceutics, drug delivery systems, textiles, food, adhesives, plastics, paper, and
the environment [34].

Lignin-based biomaterial delivery systems, consisting of microparticles, nanoparticles,
hydrogel, bio(nano)composites, and blends, offer the possibility to improve the efficiency of
drug delivery, as they protect drugs from degradation, increase their absorption and trans-
port, and, in the case of tailor-designed nanoparticles, favor targeting [35–38]. Therefore,
lignin is a multipurpose/multifunctional raw material with important roles/applications
in the various fields.

The review papers published in this field are related to such applications as produc-
tion of chemicals and fuels [7,9]; lignocellulosic bioethanol plants [14]; lignin biopoly-
mers [18–20,23]; agricultural applications of lignin [25]; bio-oil, bio-binder, and bio-asphalt
materials [30]; valorization in medicine, cosmetics, and environmental remediation [35];
food packaging [36]; and r additives [39]. This review highlights the recent develop-
ments in lignin use, both as a raw material and bioactive compound in new types of
high-performance materials, emphasizing on the multiple applications of lignins and their
role in sustainable development to evidence their role as promising renewable biopolymer
sources and bioactive compounds. It is divided into ten main sections, starting with an out-
look on lignin diversity; main properties and possibilities to be used as a raw material for
fuels, aromatic chemicals, plastics, or thermoset substitutes; and new developments in the
use of lignin as a bioactive compound and in nanoparticles, hydrogels, 3D-printing-based
lignin biomaterials, new sustainable biomaterials, and energy production and storage. In
each section are presented recent developments in the preparation of lignin-based materials,
especially the green approaches to obtaining nanoparticles, hydrogels, and multifunctional
materials as blends and bio(nano)composites, by selecting the most suitable lignin type
for each category of the envisaged products/applications and the main properties of the
obtained newly developed lignin-based materials, etc. Different application categories of
lignin within various sectors, which could provide completely sustainable energy conver-
sion, such as in agriculture and environment protection, food packaging, biomedicine, and
cosmetics, are described. The medical and therapeutic potential of lignin-derived materials
is evidenced in applications such as antimicrobial, antiviral, and antitumor agents; carriers
for drug delivery systems with controlled/targeting drug release; tissue engineering and
wound healing; and coatings, natural sunscreen, and surfactants. Lignin is mainly used for
fuel, and, recently, studies highlighted more sustainable bioenergy production technologies,
such as the supercapacitor electrode, photocatalysts, and photovoltaics.
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2. Lignin Structure and Properties

Lignin is a three-dimensional, amorphous, randomly crosslinked network consisting
of both aliphatic and aromatic components of methoxylated and hydroxylated phenyl-
propanoid units, the main ones being p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S)
units, derived from p-coumaryl, coniferyl, and sinapyl alcoholic precursors, respectively
(Figure 1). Lignin deconstruction results in these three major aromatic motifs, as fundamen-
tal monolignols of lignin. Their composition and properties depend on different extraction
processes as well as the deconstruction method and source [39]. These three units are
repeatedly linked by various chemical bonds, such as β-O-4, 4-O-5, β-5, β-1, β-β, 5-5,
spirodienone, and dibenzodioxocin [40].

 

Figure 1. Primary monomer units used for lignin sequence generation: (a) p-coumaryl alcohol or
H monomer, (b) coniferyl alcohol or G monomer and (c) syringyl alcohol or S monomer.

Based on the different number of the main lignin units, wood can be classified into
three groups, namely softwood, with a high preponderance of guaiacyl lignin (G); hard-
wood, with a certain composition of G and syringyl units (S) and a very small proportion
of p-coumaryl alcohol or p-hydroxyphenyl units (H); and herbaceous, containing mainly
G units and a smaller proportion of H units [41].

2.1. Analytics and Structure

Lignin must be analyzed to identify its composition and molecular constitution, to de-
termine the proportions of its main building blocks (guaiacyl, syringyl, and p-hydroxyphenyl),
and, based on these possible reaction strategies, to utilize some chemical/biological pre-
treatments and to achieve a final conversion to useful desired compounds [42]. All protocols
for lignin characterization have been summarized by the International Lignin Institute (ILI)
and have been reviewed during July 2009 and updated in 2023 [43]. Each type of lignin
should be characterized from structural and morphological perspectives and with respect
to various properties to evidence its particularities required to define the application do-
main [44–48]. Pyrolysis–gas chromatography/mass spectroscopy (Py-GC/MS) provides a
“structural fingerprint” of H-, G-, and S-substituted phenols as constituents of lignin. Lignin
with a large number of G units has a more condensed structure because the aromatic C5
position is available for coupling, resulting in strong C-C bonds, while S-units are mainly
linked by more labile ether bonds at C4 positions of aromatic rings. The average molecular
weight of lignin and its distribution affects biomass recalcitrance, lignin valorization and
mechanical properties, and melt viscosity, etc. It is determined by gel-permeation chro-
matography (GPC) or size-exclusion chromatography. Spectroscopic methods are used
to assess the detailed structure of polymers [46]. Thermal behavior of lignin as a special
biopolymer indicates that Tg of lignin varies with water content and varies between 95 and
162 ◦C depending on lignin type and applied pretreatment [49,50]. Thermal decomposition
temperature depends on the heating rate and atmosphere. Lignin decomposition begins at
about 280 ◦C with a maximum rate occurring between 350 and 450 ◦C and the completion
of the reaction at 450 ◦C and 500 ◦C [51].
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Natural polyphenols, such as lignins, lignans, and tannins, represent important struc-
tural materials in the support tissues of plants and valuable products of secondary plant
metabolism that have a fundamental role in different stages of plant life.

Lignans are compounds with a 2,3-dibenzyl-butane structure. Lignans possess a
steroid-like chemical structure, being defined as phytoestrogens. They are minor con-
stituents of many plants, including higher plants (gymnosperms and angiosperms), such
as whole grains, legumes, vegetables, and seeds, with the highest concentrations of lignans
found in flax seed [52,53], where they form the building blocks for the formation of lignin
(as distinguished from lignans) found in the plant cell wall. The bioactive properties of
lignans as human health-promoting molecules include a lowered risk of heart disease,
menopausal symptoms, osteoporosis, and breast cancer.

2.2. Technical Lignins

Cellulose/lignin is obtained from wood and non-wood plants as lignocellulosic
biomasses, lignin being the second-most abundant biopolymer of terrestrial biomass. Lignin
is an important source for biobased products; its valorization can also contribute to reduc-
ing greenhouse gas (GHG) emissions. As already mentioned, pulp and paper mills and
second-generation biorefineries produce large quantities of low-value technical lignin as a
byproduct.

Several physical, chemical, and physicochemical fractionation methods of lignins
from LCB have been developed. The commonly used lignin extraction processes are the
kraft process (kraft lignin or alkali lignin), sulfite process (lignosulfonates), and organosolv
process (organosolv lignin), while for medical uses the enzymatic hydrolysis process
(hydrolytic lignin) is preferred. Each method alters the chemical structure and molar mass
of native lignin in a different way, thus conferring different characteristics that result in
various levels of performance as a substrate for chemical/biochemical transformations.
Technical lignins have particular chemical structures with respect to their functional groups
and properties, and therefore they differ by structure, composition, molecular weight,
water solubility, and purity, with covalently bonded sugars residues or sulfur, degree
of condensation, and content of functional groups, such as –OH aliphatic or aromatic,
methoxyl, and carboxyl groups (Table 1).

The difference between technical lignins is the uniqueness of the functional groups
present in each of them [57]. Differences in molecular structure are also found in lignins re-
sulting/extracted from different sources (plant family and species, their culture conditions,
part of plant, age, climate, etc.) and extraction procedures [58,59], as evidenced for kraft
lignin and lignosulfonates in Figure 2. They can contain different amounts of carboxyl,
carbonyl, phenolic, and aliphatic hydroxyl groups. The properties and main applications
vary with lignin type; soda lignin possesses superior mechanical properties, being suitable
for the production of phenolics, animal nutrition, dispersants, and polymer synthesis, while
organosolv lignin exhibits improved water retention ability and is sulfur-free, also being of
high purity, quality, and chemical reactivity, which makes it ideal for direct use or upgra-
dation into high-value chemicals. Lignosulfonates are randomly branched polyaromatic
polyelectrolytes that are water-soluble and exhibit surfactant-like behavior. They are mostly
used as emulsifiers, antistatic agents, dispersants, and in the electronics sector.

Following the sulfite pulping process, where sulfite base can differ (e.g., Na, Ca, NH4
+,

Mg) and aqueous SO2 (pH 1–2) is used for delignification of the lignocellulosic biomass, the
differences include changes in molecular weight, solubility, variations in aromatic content,
and the presence of impurities, ash, and sulfur. Lignosulfonate has mostly been used in
manufacturing wearable electronics mainly due to high methoxy and carbonyl groups on
the lignin backbone. Lignosulfonate has been produced at a rate of 1 million tons/year.

In soda and alkali lignin, sulfur is absent, but the content of methoxy groups is
very high at 10–19%, enabling their use in the synthesis of phenolic resins and making it
possible to obtain bioplastics and biocomposites. Compared with kraft and lignosulfonate,
organosolv lignin is more hydrophobic and has a low glass transition, being considered a
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high-value biochemical for obtaining elastomers, polyesters, polyurethanes, carbon fibers,
binders, and coating resins. The kraft method is recognized as the primary source of
commercial-grade lignin [57].

Recently developed processes to separate kraft lignin are LignoBoost (1997), Domtar
(2003), and LignoForce (2008). Soda and alkali lignins were obtained by GreenValue SA,
India, in 2003 and by North Lignin Chemical in 2010. In 2019, in Limeira, São Paulo, Suzano
began a pioneering initiative in lignin and its derivatives—ECOLIG0 as the first plant for
lignin derived from 100% certified Eucalyptus planted and grown from selected clones and
harvested in Brazil with a production capacity of 20,000 tons/year. The LignoBoost plant
for lignin separation is now operational in Stora Enso’s Sunila mill, Finland, separating
lignin from black liquor by treating the black liquor with carbon dioxide and a strong
acid. This lignin extraction process replaces a large amount of natural gas with dried
lignin, so the carbon dioxide emissions are reduced. The LignoBoost plant is the second
commercial-scale manufacturing center in the world. Lignin powder can be used as a raw
material, or it can be converted into other materials and products.

Acid-hydrolyzed lignin has a wide molecular weight and high methoxy group content,
being suitable for synthesis of various types of polymers. Avantium (NL, 2000) and ST1
(FI, 1995) produced such lignin. New producers of organosolv lignins are Biomass Indus-
trial Company CIMV, France (2006); the Fibria/Lignol Pilot plant 2010; Fortum/Chempolis
(FI) 2009; and Frauhofer LEUNA Park (DE). Steam explosion lignin resembles native lignin
due to mild extraction conditions being preferred in the phenolic resin synthesis [56].

Table 1. Characteristics of technical lignins adapted from [54–56].

Characteristic/
Technical

Lignin

Soda and
Alkali Lignin

Kraft Lignin

Acid
Hydrolysis/
Enzymatic

Lignin

Organosolv
Lignin

Lignosulfonates
Ionic Liquid

Lignin

Steam
Explosion

Lignin

Lignin
separation

For non-woody
biomass;

13–16% NaOH
140–170 ◦C

Na2S and
NaOH 150–180

◦C Thermo-
chemical

conversion of
black

liquor-small
alkali soluble

fragments

Diluted or
concentrated

acids as H2SO4,
HCl, HNO3,

H3PO4, maleic
acid

Hydrothermal
treatment of
biomass with

water and
organic solvent

SO2 and water
at 140–160 ◦C

and carbonates
and hydroxide

salts

Ionic liquid

Mild
hydrolysis;

steam at high T
temperature
and pressure

Ash, % 0.7–2.3 0.5–3.0 1.0–3.0 1.7 4.0–8.0 0.6–2.0 5–8

Moisture
content, % 2.5–5.0 3.0–6.0 4.0–9.0 7.5 5.8 -

Carbohydrates,
% 1.5–3.0 1.0–2.3 10.0–22.4 1–3 - 0.1 2.5–4

Acid soluble
lignin, % 1.0–11 1–4.9 2.9 1.9 - -

Nitrogen, % 0.2–1.0 0.05 0.5–1.4 0–0.3 0.02 -

Sulphur, % 0 1.0–3.0 0–1.0 0 3.5–8.0 1.5/ 0–0.5

Phenolic
hydroxyls, % 2.9–5.1 2.6–5 3–9 3.7–3.4 2–2.5 4.5–7

Acids, % 5.4–13.6 4.1–6 6–10 7–8 4.6 1.0–5

Methoxy, % 10–19 11–14 −19 −15 9 −13

Purity Moderate–
High High Moderate–

Low High Low–
moderate

Moderate–
Low

Molecular
weight, Mw

1000–3000 (up
to 15,000)

1500–5000 (up
to 25,000) 5000–10,000 500–5000 1000–50,000

(up to 150,000) ≈~2000 3500–15,000

Polydispersity 2.5–3.5 2.5–3.5 4.0–11.0 1.5–4.2 7.0 -
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(A) (B) 

Figure 2. Structures of kraft pine lignin (A) and lignosulfonate lignin (B) [56].

Networking groups of scientists and experts devoted to lignin valorization for
large/industrial application of materials containing lignin, production of chemicals, etc.
have been assembled, such as the International Lignin Institute (1991, Lausanne, Switzer-
land), Lignin Club Ecosystem, LignoCOST, LIGNOVAL, and Wageningen UR Lignin
Platform.

2.3. Other Sources of Lignin

Agricultural waste contains approximately 80 wt% of lignocellulosic materials. It
includes straw, husk, stalks, stover, and cobs as the largest known sources of wasted lignin.
As recent preoccupations have shifted toward greener solutions, agricultural crop residues
have been considered highly valuable as bioenergy and biorefinery materials [60,61]. The
extraction of lignin is one of the major barriers in the reclamation and reuse of lignin from
waste. The following principles have been considered: (1) make full use of the lignin from
the waste source, (2) effectively avoid the loss of carbon, and (3) decrease the impact on the
environment caused during combustion. Natural resources, such as plants, animals, and
the aquatic medium, are envisaged, but if huge quantities are used, competition with the
food industry will result. To avoid this competition and to direct main activities toward
sustainability and environment protection, the valorization of byproducts and biowastes
is exploited. Valorization of the residual products or byproducts and biowaste as sources
of biopolymers and BC is a feasible strategy for ecofriendly, biobased, good-performance
materials and could be an important solution enabling a transition from a polluting, fuel-
based to a circular, biobased economy. Food-grade and suitable materials acting as matrices
in various materials and ingredients are abundant in biowastes and byproducts. Better-
controlled composition and properties of the obtained products is necessary.

3. Biobased Products from Lignin

Lignin can be a matrix and/or additive in various fields. Common uses of lignin-based
compounds are as flame retardants, wood adhesives, flocculants, lubricants, dispersant me-
dia, prebiotics, animal feed supplements, food additives, natural antioxidants and antimi-
crobial agents, reinforcement for polymers, components in biocomposite/nanocomposites
materials, adsorbents for heavy metals and toxic organic compounds from the environment,
biobased thermoplastics, platform chemicals, BTX, hydrocarbons, carbon fibers, aromatic

185



Polymers 2023, 15, 3177

monomers, renewable chemicals, smart materials, biofuels, and battery electrode fuels,
including production of carbon materials and energy storage materials. The vast recent
research developments in the application of lignin consist of creating lignin nanoparticles,
hydrogels, and lignin for 3D printing, biocomposites, surfactants, electrodes for energy
storage devices, and chemical deconstruction of lignin for the production of platform
chemicals. As final polymeric compounds, phenolic resins and polyurethanes have already
been mentioned. For specific uses, certain qualities/characteristics of lignin are required.
A low content of inorganic and hemicellulose moieties is preferable for lignin-based fuels.
High S lignin content is desirable for lignin as a food additive and in food applications
due to higher hydroxyl substitution in the lignin units. Low molecular weight and high
presence of carboxyl (C=O) and alkyl hydroxyl (OH–) groups are suitable properties for
lubricants in polyethyleneglycol. For the production of aromatic compounds, a low degree
of condensation (or a high degree of hydration) is necessary [62]. The utilization of low-
quality/high-quantity lignin (e.g., kraft lignin) to produce high-added value compounds is
achieved via two methods: by deconstruction (sometimes named depolymerization) into
smaller fragments and specific chemical modification/functionalization. Valorization of
lignin as a raw material to obtain oils or fine chemicals by deconstruction involves several
routes of reactions/techniques, such as [63] thermochemical/pyrolytic methods; direct
liquefaction at elevated temperatures [64] producing complex product mixtures; base/acid-
catalyzed techniques such as reductive, oxidative, and solvolytic chemical modifications
occurring in organic solvents in the presence of acids, bases, metals, or ionic liquids [65];
and biological or enzymatic degradation [66]. All of these methods should be followed by
upgrading [67].

However, the valorization of lignin to high-performance and cost-competitive mate-
rials remains a challenge. It has been demonstrated that the biopolymers better adhere
to ”green design” principles in comparison to petroleum counterparts, but their proper-
ties rank below those of several common petrochemical plastics (e.g., polyolefins) with
respect to environmental impact considering a full life-cycle analysis [68]. Moreover, lignin
valorization has encountered a series of constraints related to heterogeneous polymeric
nature/composition, intrinsic recalcitrance, strong smell, dark color, some problems en-
countered in lignocellulose fractionation, recalcitrance to depolymerization/deconstruction,
and a complex mixture of aromatic compounds resulting during degradation, etc. However,
lignin-based compounds are excellent candidates for greenhouse gas diminution in compar-
ison to many petroleum-based chemicals [69,70]. Selected criteria to assess the sustainability
of lignin valorization by applying such techniques include waste generation, atom and
energy efficiency, usage of safer solvents, biocatalytic methodology, environmental factor
(E factor), and atom economy. The greenness evaluation provides a quantitative base for
strategic decisions. It was concluded that future collaboration between industry, academia,
and policy regulators is needed to assess optimal processing and manufacturing routes
of lignin-based polymers and to realize the potential of lignin in this regard. A suitable
valorization of lignin waste streams from the pulp and paper industry and biorefinery
processes could be a crucial step for the development of a circular sustainable economy.

3.1. Aromatic Chemicals

There are many opportunities for producing fine chemicals and pharmaceuticals
from biomass. Due to the high content of aromatics, lignin is a prospective natural
source to produce a range of aromatic chemicals, such as phenol, guaiacol (1-hydroxy-2-
methoxybenzene), and vanillin (4-hydroxy-3-methoxybenzaldehyde). The difficulties in
lignin use to obtain aromatic chemicals or building blocks chemicals mainly derive from its
complex variability in chemical composition, molecular weight, and impurities, depending
both on natural source and methods used in biorefineries/separation. Lignin as a feedstock
for producing fuels, chemicals, and other materials is already an advanced-stage process.
Technical lignins result in large quantities as low-cost industrial resources directed to obtain
renewable aromatic chemicals. The conversion routes of technical lignins and other LCBs to
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biobased aromatics are (non-catalytic) lignin pyrolysis, direct hydrodeoxygenation, and hy-
drothermal upgrading. The products generated are mixed oxygenated aromatic monomers,
light organics, heavy organics, and biochar. Hydrodeoxygenation was found to be the most
promising [71] because of the highest return on investment. Hydrothermal liquefaction
of lignin occurring in near-critical water conditions produces a bio-oil that is suitable for
co-feeding into a petroleum refinery hydrotreatment unit to obtain water-soluble organics,
gaseous products, and char. Lignin decomposes into phenolic compounds as the main
products when the process is conducted under high-temperature and supercritical water
conditions, which may be followed by liquid–liquid extraction and hydrotreatment to
produce benzene, toluene, ethylbenzene, and xylenes (BTEX) compounds..Coproduction of
BTEX and biofuel did not reduce the biofuel cost. Lower bio-oil oxygen content and de-
creased capital and operating costs are necessary to make hydrothermal liquefaction-based
fuels competitive with fossil fuel-based options [72,73]. At low temperatures (<300 ◦C),
methoxyphenols are the most commonly obtained monomers, whereas, when the reaction
is developed at high temperatures (T > 300 ◦C), catechol and alkylcatechols are the main
products [74,75].

Oxidative depolymerization using heterogeneous catalysts is a viable upgrading
option to produce aromatic monomers. Base-catalyzed depolymerization/deconstruction
is extensively studied because of its simplicity and efficiency. It has been established
that the cleavage of ether bond of lignin leads to phenolic oil generation, but unstable
reaction intermediates participate in repolymerization reactions through reformation of
carbon–carbon bonds.

Production of Benzene, Toluene, and Xylenes (BTX) from lignin, as coproducts of biorefin-
ing, started in 1970, and an increasing interest still exists, as evidenced by the high number
of publications and patents [76–78]. The processes applied to low-quality lignins are hy-
drothermal liquefaction operating in critical water conditions, fast pyrolysis (T > 600 ◦C),
catalytic fast pyrolysis from agroindustrial biomass blended with PVC, and the use of
NaZSM-5 and HZSM-5 as catalysts [79]. Reductive catalytic fractionation generates pheno-
lic fractions, which, via deoxygenation, lead to specific chemicals such as BTX. Catalytic
fast pyrolysis of biomass indicates that oxygen-containing compounds decreased, whereas
aromatics increased, and, at the same time, the increase in the formation of mono-aromatics
and reduction in polyaromatic hydrocarbons occurred. All mentioned technologies are
in R&D stages, and many improvements are still being studied. Olive pomace and al-
mond shell valorization through this process is inexpensive. BTX yield varies between 10
and 30%. BTX are used to obtain both polymers and other chemicals with a wide range
of applications, such as healthcare and pharmaceutics, the automotive industry (parts
of cars), packaging, electronics, textiles, sport, and construction. Benzene is used to ob-
tain polystyrene (PS) and toluene for polyurethanes and as an additive in gasoline and
para-xylene for production of polyethyleneterephthalate (PET) and polyamides, etc. The
increasing use of biobased BTX is expected to open new market opportunities, and their
quantity will increase in the next 10 years by 50%, reaching 220 million tons in 2030 (in
accordance with EC directives).

3.2. Phenolic Compounds

Catalytic reductive deconstruction of lignin is a promising and effective method for val-
orization to obtain phenolic monomers [80,81]. As an example, liquefaction/fragmentation
of lignin using biochar-derived, activated-carbon-supported metal catalysts as bimetallic
catalyst Ni-Co/AC (5 to 20 wt %), and various solvents (water, ethanol, methanol) was
tested for alkali lignin at 260 to 300 ◦C for a 15 min reaction time. The process, using an
ethanol solvent system at 280 ◦C, gave the highest bio-oil yield (72.0 wt %) [82]. In the
liquefaction/fragmentation of lignin using chloride (MClx) and Pd/C, biochar-derived,
activated-carbon-supported catalysts produced a phenolic monomer (namely 85.6% lignin
liquefaction with 35.4% phenolic monomer yield [83]) and vanillin (34.8%) [82].
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Phenolic compounds are known as natural compounds with several beneficial bi-
ological effects, such as antioxidant and anti-carcinogenic activities. Their antioxidant
activity is dependent on their structure, as it is affected by the reduction in or inhibition of
free radicals via transfer of a hydrogen atom (hydrogen atom transfer—HAT) from their
hydroxyl group or by single-electron transfer (SET). The reaction of a phenolic compound
with a peroxyl radical (ROO•) involves the transfer of the hydrogen cation from the phenol
to the radical, forming a transition state of a H-O bond [84]. Phenolic compounds are useful
for various industrial applications, such as in foods, cosmetics, and pharmaceutics. The
major drawbacks are their low bioavailability and pH, temperature, and light. Nanotech-
nology and lipidic encapsulation systems are alternatives to overcome these limitations, to
protect molecules from external factors, and to improve their bioavailability. The loading of
polyphenols into lipid nanocarriers (NCs) is an efficient way to increase their bioavailability,
for reducing degradation, and protecting antioxidant activity of the polyphenols [85,86].

Because of the multiple possibilities in conduction biorefinery and lignin valorization,
the simulation of biorefinery processes for the design of manufacturing processes to ob-
tain value-added chemicals from lignocellulosic resources has been conducted, involving
phenols from lignin [87], biochemicals [88], and eugenol and phenolic products [89].

Due to the complex structure of lignin, it cannot be degraded by commonly known
degradation methods. Specific microorganisms, such as bacteria and certain fungi such as
wood-rotting Basidiomycetes fungi can degrade lignin by producing enzymes both in the
presence and absence of oxygen; under this effect, lignin can be broken down into simpler
compounds and used as a carbon source for growth. The main microbial degraders of lignin
are white-, brown-, and soft-rot fungi and soil fungi, which produce several extracellular
enzymes, such as laccases, lignin peroxidases (LiP), manganese-dependent superoxide
dismutase peroxidase (MnP), dye-decolorizing peroxidase (DyP) multicopper oxidase,
and polyphenol oxidoreductases and versatile peroxidase, which are effective for lignin
degradation via the generation of free radicals. The lignolitic enzymes from bacteria and
fungi are useful in delignification of biomass and depolymerization of lignin [90]. Similarly,
white-rot fungi such as Ceriporiopsis subvermispora, Phlebiopsis gigantea, and Coriolus hirsutus
are used in the biological pulping process. Phanerochaete chrysosporium a lignin-degrading
fungus produces various oxidoreductive enzymes, including lignin peroxidase (LiP) and
manganese peroxidase (MnP). Bacteria lignin and lignin-derived aromatic compounds
are transformed into valuable products such as vanillin; monolignols; pyrogallol; lipids;
furfural, cis,cis-muconate; pyruvate; lactate; succinate; polyhydroxyalkanoate, ferulate;
pyridine-2,4-dicarboxylic acid; and pyridine-2,5-dicarboxylic acid [91]. However, lignin
valorization using the microbial approach is still not feasible at an industrial scale, and
many studies are necessary to understand the biochemical mechanisms.

Phenols are important precursors for a range of pharmaceuticals, herbicides, plastics,
epoxy- and polyurethane resins, and various cosmetics. Organosolv depolymerization is
considered the most feasible solution to increase yield in catechol derivatives for direct
depolymerization processes resulting from the liquors. Catechol is a model compound for
solid fuels, as is present in biomass tar and tobacco smoke, and its chemical structure is
related to those of lignin and brown coal.

3.3. Vanillin

Vanillin is a mono-aromatic compound used as a food-flavoring agent in pharmaceuti-
cals and in the fragrance industry. It is extracted from vanilla beans, but its consumption
exceeds that of the vanilla resulting from this procedure. Therefore, synthetic methods have
been developed. However, the need for alternatives to non-renewable raw materials used
in these syntheses has encouraged research on the use of renewable feedstocks for vanillin
production. The production of vanillin on an industrial scale occurs via the oxidative
depolymerization of lignin derived from the pulp and paper industry and was commenced
in 1937 by the Salvo Chemical Corporation. Lignin extracted by sulfite pulping was used,
but this production ceased due to a decrease in the number of sulfite pulping facilities,
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and the kraft pulping process was implemented. Vanillin has increasingly been produced
from the cheap petrochemical guaiacol, and its production now covers about 85% of the
vanillin demand. Oxidative lignin depolymerization using oxygen as the oxidizing agent
in alkaline media enables the selective production of aromatic aldehydes (i.e., vanillin and
syringaldehyde), and their respective acids acetovanillone and acetosyringone as oxida-
tion products in low yields have been produced [92]. The presence of the catalyst and
solvent increased the cleavage of β-O-4 bonds, resulting in increased selectivity toward
vanillin (32.3–36.2%). Kraft lignin undergoes sequential solvent fractionation using acetone
aqueous mixtures. The obtained lignin fractions exhibit specific structural characteristics
and low content of impurities [93]. Developing an efficient and environmentally friendly
separation process is one of the most important tasks toward the industrial application of
lignin-derived aromatics. The Norwegian company Borregaard has produced vanillin from
lignin extracted by the lignosulfonate pulping process for more than 50 years together with
other lignin-based high-performance chemicals. Stable and robust catalytic systems for
oxidative lignin conversion should be developed.

3.4. Adipic Acid from Lignin

The conversion of lignin residue to adipic acid occurs via its base-catalyzed depoly-
merization to low-molecular-weight fragments, followed by microbial conversion of these
to cis,cis-muconic acid by genetically engineered Pseudomonas putida separation, and pu-
rification of the muconic acid and catalytic upgrading to adipic acid are necessary as final
steps [94].

3.5. Carbon Fibers

Lignin-derived carbon materials, such as carbon fibers, carbon mats, activated car-
bons, carbon films, and templated carbon, can be obtained. Lignin from a lignocellulosic
biorefinery is an ideal potential precursor of carbon fibers (CFs). Its application in this
direction offers some advantages such as abundant reserves, renewable and high carbon
content, and low associated environmental impact, and could have a substantial impact if
some important processing and quality hurdles can be overcome [95].

Heterogeneity and purity of lignin are critical challenges in carbon fiber production.
The first step in lignin-derived carbon fiber production consists of lignin being processed
into fibers. Lignin-based fibers are prepared by melt spinning, wet-spinning solvent-
swollen gel, solution spinning, and electrospinning [96], followed by thermal stabilization
and carbonization. Spinning temperature (100–230 ◦C) varies with lignin type, glass
transition temperature, and melt viscosity. Nanofibers result from electrospinning [97].
Such nanofibers are used in batteries, supercapacitors, fuel cells, structural composites,
and filtration devices. During thermal stabilization, dehydration, CO and CO2 elimination,
additional crosslinking, and other reactions take place; thus, the oxygen, hydrogen, and
nitrogen are eliminated by evolution of the HCN, H2O, CH4, O2, H2, CO, and NH3.
Carbonization occurs at T ≈ 2000 ◦C in an inert atmosphere. By variation of the heating
rate, it is possible to control the brittleness and the morphology of the carbon fibers. Lignin-
based carbon fibers are composed of >98% graphene carbon in highly ordered structure,
but their mechanical strength is low due to impurities and low molecular weight of lignin,
as in the case of kraft lignin [98,99].

Lignin-based CF quality could be profitable only for lightweight vehicles and in
association with biorefinery developments. To achieve this, improvements in lignin quality,
such as chemical modification; increased purity; blending of various types of lignin or with
polymers such as PET, PEO, PP, PLA, and phenolic resins; and addition of chlorinated PVC
and diisocyanate, should be carried out. In this direction, there have been reported studies
on phenolated hardwood, acetylated softwood kraft lignin, pyrolytic lignin, organosolv
hardwood, etc. In Europe, Research Institutes of Sweden, in collaboration with other
research organizations and industries, have made an important contribution with a proposal

189



Polymers 2023, 15, 3177

of a plant with 50,000 t capacity [100], while in the USA, Oak Ridge National Laboratory
and Michigan State University has also made an important contribution in this field.

3.6. Biochar

Biochar has been produced from LCB and technically hydrolyzed lignin as a byproduct
through pyrolysis (T = 500–700 ◦C) or hydrothermal carbonization (T = 180–300 ◦C). During
heating at high temperatures, the functional groups are gradually lost, resulting in materials
with polycyclic aromatic structures and a high condensation degree. The second step of the
process is physical and/or chemical activation at high temperatures [101].

Biochar characteristics correspond to a solid biofuel with reduced H and O amounts,
while N and S contents are below the detection limit. The biochar obtained at 600 and
700 ◦C has a good quality, and it behaves as a microporous adsorbent, being suitable for
selective adsorption; primary, secondary, and tertiary wastewater treatment; as a catalyst;
etc. [102].

4. New Developments in Lignin Use as Raw Material for Some Polymeric Materials

Borregaard (Norway) is the world’s leading producer of lignin-based biopolymers as
green alternatives to synthetic polymers from wood derived from sustainably managed
forests. These environmentally friendly products can be used in a range of industrial
applications and markets. They are nontoxic with a documented, favorable environmental
footprint and are based on a sustainable raw material and thus do not compete with food
production [103,104].

The chemical and structural recalcitrance of lignin, especially technical lignin, limits
processability and chemical reactivity. Deconstruction of lignin is one route to obtaining
aromatic building blocks as, oligomeric fragments for the synthesis of new polymers. The
resultant products contain several functional reactive alkenes, aldehydes, and phenolic
residues that provide sites for chemical modifications to impart polymerizability. The crude
lignin, lignin-derived oils, or depolymerized lignins of reduced molecular weights and
improved reactivity have been used to produce lignin-based phenolic resins/adhesives,
polyphenolic/polyurethane foams, and epoxy resins and others.

4.1. Phenolic Resins

The phenolic structure of lignin is exploited to obtain phenol–formaldehyde resins,
which are mainly used as wood adhesives, but a pretreatment should be applied to increase
its reactivity toward formaldehyde. The replacement ratio of phenol with lignin should be
less than 50 wt%. Purified organosolv lignin and softwood lignin are recommended [105].
Lignin reactivity in condensation reactions can be increased by methyllation, phenolation as
well as enzymatically (in the presence of laccase and oxidase) [106] and thermochemically
by mild hydrogenolysis or pyrolysis [107]. Costs and non-recyclability of enzymes are
limiting factors. A report published in 2018 indicated a TRL = 8 level for biobased phenolic
resin production, with many patents registered in China.

4.2. Polyurethanes

In order to develop high-performance polyurethane (PUR) materials containing lignin,
it was used not only as macromonomer to substitute petroleum-based polyols but also
as blending filler for the PUR industry. Applied pretreatments involve both extraction
of lignin fractions with various solvents and chemical modifications, e.g., depolymer-
ization/deconstruction/liquefaction, hydroxyalkylation, dealkylation, and esterification,
which are performed to obtain a more reactive lignin suitable for synthesis of PUR prod-
ucts. Lignin/PUR blends were also prepared to enhance properties of PUR. A higher
bio-substitution (20–25 wt %) lignin ratio demonstrated the potential industrial application
of lignin for high-value-added sustainable PUR materials [108] such as PUR foams contain-
ing lignin, which are already on the market. Developments required in the use of lignin in
PUR production and materials are depolymerization and fractionation of lignin into well-
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defined oligomonomers, avoiding chemical modifications, improved dissolution of lignin
into polyols, and modulation of the properties of flexible PUR foams obtained by green
synthesis from liquefied lignin, which should be achieved using the most efficient chain
extenders. Applications have been found for PUR foams in packaging of furniture and for
the interior parts of car seats [109]. Increasing lignin reactivity via its prefunctionalization
with isocyanates is sometimes necessary [110]. Researchers and the industry should pay
attention to life-cycle assessment (LCA) studies and technical–economic assessments [111].

Lettner et al. [112] studied the use of kraft lignin in phenol–formaldehyde (PF) resins
for wood-based panels and in PUR foams. The importance of reactivity and constant
quality of lignin as a raw material was evidenced.

4.3. Epoxy Thermosets

Different procedures have been used to obtain high-performance epoxy thermosets
from biomass. The depolymerization products of lignins resulting from the mixtures
of both softwood and hardwood were subjected to Dakin oxidation in order to increase
their phenolic functionality, and then they were glycidylated to obtain mixtures of epoxy
monomers. Biobased epoxy thermosets were conveniently prepared from these epoxy
monomer mixtures. They displayed outstanding thermomechanical properties, and, at the
same time, environmentally damaging purification steps are avoided [113]. In other studies,
oxirane moieties were introduced to the refined fractions, resulting in lignin epoxides that
were crosslinked with polyether diamines (Mn = 2000 and 400) to obtain lignin-based epoxy
resins [114]. Liu et al. [115] prepared series of high-performance epoxy thermosets via
the reaction of epichlorohydrin with lignin oligomers blended with renewable epoxied
cardanol glycidyl ether and then cured with methyltetrahydrophthalic anhydride.

In conclusion, at present, kraft lignin and other types of lignin resulting from biore-
fineries with unique structures and properties can be considered as raw materials for
at least eight types of products, three with polymeric structures, namely carbon fibers,
polyurethane foams, and phenol–formaldehyde resins, and five, chemicals, specifically
vanillin, aromatic monomers, phenols, eugenol, adipic acid, and also fuels.

5. New Developments in the Use of Lignin as a Bioactive Compound

5.1. Antioxidant, Antimicrobial, Antifungal, Antiviral, Antitumoral, and Drug Carrier Activities

Because of their particular characteristics, lignins are used in pharmaceutic, medical,
and cosmetics applications as bioactive agents. The medical or therapeutic potential of
lignin-derived materials, such as antimicrobial, antiviral, and antitumor compounds, in con-
trolled drug delivery [116], tissue engineering, and gene therapy has been studied [116,117],
and the effect of the lignin type on the properties of the obtained materials was demon-
strated [118–120].

Lignin obtained from agricultural/forestry residues or paper-pulping wastewater
is rich in aromatic structures and a potential natural antioxidant. The lignin structure
offers different functional groups along a phenol ether backbone that render it predisposed
for: (i) functionalization with surface-active groups; (ii) confer to them an amphiphilic
character; (iii) phenolic groups that allow them to undergo interactions such as π–anion
and π–hydrogen/hydroxyl; (iv) phenolic groups that are susceptible to oxidation; there-
fore, lignins act as natural antioxidants [121–123]. Lignins exhibit comparable/higher
radical scavenging ability compared to synthesized commercial antioxidants [124,125],
being promising renewable alternatives. Preparation of lignin nanoparticles and of the
chemically modified compounds are efficient procedures to improve the antioxidant activ-
ity, due to the increase in the free phenolic hydroxyl content and to the decreasing bond
dissociation enthalpy. The reaction mechanism explaining antioxidant activity is based
on SET and HAT reactions occurring together; usually. The HAT reaction is quite rapid
(seconds to minutes), while SET reaction takes longer. The phenolic hydroxyl content and
the mechanical properties of lignin-containing composites are negatively correlated with
variation of the molecular weight. Lignins as natural phenols offer interesting properties,
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such as enhanced mechanical, antibacterial, antioxidant, antiviral, and anti-inflammatory
properties; UV-shielding activities; and steady biocompatibility. Studies on lignin-based
composites in biomedical, cosmetic and cosmeceutical applications have been focused on
their use in sunscreen, antiaging formulations, and as an excipient for the production of
conventional tablets.

Antimicrobial properties of lignin must be explored more through extensive research
to provide a replacement for the current, toxic antimicrobial products. There are several
studies related to antimicrobial activity of lignin and materials containing it [126,127]. Both
scavenging activity and antimicrobial activity are dependent on the biomass source and
extraction procedure, showing the following trend: organosolv of softwood > kraft of soft-
wood > organosolv of grass. The antibacterial performance depends on the type of lignin,
the bacterial strain, and the testing conditions. Kraft lignin isolated from corn efficiently
inactivated Listeria monocytogenes and Staphylococcus aureus but not Gram-negative bacteria
or bacteriophages, while kraft lignin extracted from eucalyptus inactivated both Gram-
positive bacteria, such as Bacillus cereus, Staphylococcus aureus, and Pseudomonas aeruginosa,
and Gram-negative bacteria, such as Escherichia coli and Salmonella enteritidis [128]. Lignins
and lignin-containing films showed high antimicrobial activities against Gram-positive
and Gram-negative bacteria at 35 ◦C and at lower temperatures (0–7 ◦C). The antimicrobial
activity of lignins also depends on the solvent polarity (as shown for ethanol, acetone, and
DMSO). Storage led to an increase in the antimicrobial activity against S. aureus due to
the degradation of lignin over time. Purification of kraft lignin has a negative effect on
the antimicrobial activity, while storage has a positive effect. Lignin incorporated into
complex systems, as in the case of lignin around silver nanoparticle (AgNP) cores, showed
an excellent antibacterial performance against Staphylococcus aureus and Escherichia coli,
while Ag+ had no environmentally adverse effects [129,130].

Antifungal activity also depends on lignin type and processing conditions. It has been
found that antifungal activity against Aspergillus Niger was the best for kraft lignin extracted
from eucalyptus, which exhibited better antifungal performance with respect to that of the
spruce lignin extracted via organosolv [131]. Lignin–carbohydrate complexes extracted
from biomass via different methods, such as acidolysis, fractionation, and enzymatic
hydrolysis, efficiently inactivated the Encephalomyocarditis virus and herpes simplex virus
(HSV) [132,133]. Lignosulfonate, with a structural similarity to heparan sulfate, has antiviral
activity against HSV and human immunodeficiency virus (HIV) [134].

Porous structure of materials influences their geometry, density, high surface area,
permeability, water solubility, and adsorption ability, features required for medical ap-
plications, especially for controlled drug delivery systems, wound dressing, and tissue
engineering. Such characteristics are also possessed by many lignin-based/containing
biomaterials [38,135]. The chemical features of the oligomers and polymers of monolig-
nol C9-building blocks of lignins can be exploited in the pharmaceutical sector mainly
as a material for matrices and carriers for drug delivery, such as acetylsalicylic acid or
paracetamol [136]. Lignin, chemically derived carboxylated lignin and lignin-based ma-
terials increased the release efficiency compared to controls while protecting the active
compounds [137]. However, some cases present challenges. As an example, the kraft
process involves high temperatures and harsh chemicals, leading to irreversible damage to
the reduction of ether bond linkages, mainly β-O-4 bonds, and highly condensed lignin.
Therefore, some processed lignins and technical lignins.are less chemically reactive and
more cytotoxic compared to native lignin In such cases, it is important to evaluate the
biocompatibility of each type of lignin [138].

Lignins are able to encapsulate either hydrophobic [139] or hydrophilic drugs [140].
Lignin copolymers as multi-arm carriers with antioxidant lignin core and poly(glycidyl
methacrylate-co-poly(ethylene glycol) methacrylate) derivative arms are highly efficient in
gene delivery [141].
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5.2. Lignin Chemical Modification

Lignin chemical modification generates a number of functional lignin-based polymers,
which integrate both the intrinsic features of lignin and the additional properties of the
grafted/modified polymers. Some techniques have been reported for lignin functional-
ization, such as methoxy group substitution, phenolation, demethylation, ring-opening,
dehydration polymerization, condensation polymerization, crosslinking, solvolysis, and
combinations thereof. Lignin derivatives and copolymers mainly deriving from chemical
processes at hydroxyl groups present in their structure (including acetylation, esterification,
hydroxymethylation alkylation, methylation, and phenolation arylation, epoxidation, ether-
ification, and amination) via copolymerization, such as silylation and grafting, or physical
methods (irradiation, freeze-drying, sorption, changes in surface properties of lignin by cold
plasma, electron beams, etc.) are also utilized to induce enhancements in green polymer
composites as advanced and sustainable materials because they offer better miscibility with
other polymeric matrices, leading to improved performance of lignin/polymer composites.

Stimuli-responsive materials. pH-sensitive lignin-based materials have attracted
great interest in various fields, such as biomass refining, pharmaceuticals, and detecting
techniques. The pH-sensitive mechanism of the smart materials is dependent on the
hydroxyl or carboxyl content in the lignin structure. A novel pH-sensitive material was
obtained by incorporation of ester bonds between lignin and 8-hydroxyquinoline (8HQ).
The pH sensitivity and the sustained amount of 8HQ released under alkaline conditions
(pH = 8) was higher than that under acidic conditions (pH = 3 and 5) [142]. Alkali lignin, as
an ionotropic crosslinker, has been used to obtain chitosan–alkali lignin thermo-responsive
hydrogels [143] for wound-dressing applications.

5.3. Lignin Use in Agriculture

Lignin can be transformed into agrochemicals such as fertilizers, pesticides, liquid
plastic films, feed, soil improver, and plant growth regulator [144] and can be utilized in
the cultivation of edible fungi. Ammonia-oxidized lignin nitrogen fertilizer, lignin urea,
and lignin sulfonate nitrogen fertilizer have the characteristics of slow nutrient release
and leaching loss when irrigating crops are small. They can also reduce the number
of required fertilization periods, which greatly reduces water pollution. Lignin is very
attractive for the production of agrochemicals with improved efficiency in slowing or
controlling nutrient/fertilizer release into the soil upon the biodegradation of lignin due to
its biocompatibility, wide availability at low cost, and many reactive groups that allow the
chemical binding of a wide number of nutrient-containing groups. The hydroxyl, carboxyl
group, methyl oxygen base, and carbonyl active groups with others in the lignin structure
can combine with a variety of heavy metal ions (ferrous ions, Zn2+, Ca2+, Mg2+, Cu+1;+2, etc.)
and chelating micro-materials to in the preparation of controlled-release fertilizers [145,146].
Lignin from the pulp and paper industry or agricultural waste can be chelated to achieve
microfertilizers with reduced cost and good biological reaction activity. Lignin-chelated
micro-fertilizer has a slow release, low cost, good stability, and high biological activity.

Lignin-based slow/controlled-release fertilizers can be obtained using three main
approaches, namely (i) chemical modification of lignin constituting the nutrient, (ii) use of
lignin as a coating for the active ingredient, or (iii) application of lignin as a chelating agent
for trace element release [145,147–149]. Nitrogen-containing groups attached to lignin via
ammoxidation (a process for the production of nitriles using ammonia and oxygen) and
Mannich reactions are used, but both methods use toxic chemicals. The main limitation of
the coating is the uneven surface and presented cracks; therefore, the nutrient release is
less controllable than in the products prepared via chemical modification. Therefore, there
are needed improvements to optimize the coating process. In valorization processes, the
production of lignin-derived humic substances is also an attractive direction. To convert
lignin into humic-like materials, alkaline aerobic oxidation, alkaline oxidative digestion,
and oxidative ammonolysis of lignin are applied. The obtained humic substances are
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useful in soil enrichment, fertilizers, wastewater treatment, water decontamination, and
medicine [150,151].

The use of commonly known agrochemicals increases the agricultural productivity,
but they have negative impacts on the environment. The administration of fertilizers
and pesticides in cultivated areas is achieved by spraying of these compounds over large
areas, but the changes in weather patterns and geographical shifts make it more difficult
to cultivate crops in many regions of the world. More sustainable methods to manage
fertilizers and pesticides in fields should be elaborated. The encapsulation of agrochemicals
to develop more sustainable formulations, such as nanofertilizers, nanoherbicides, and
nanopesticides, which provide the sustained release of active compounds, is needed.
Nanoencapsulation reduces the rate of dissolution of the agrochemicals and allows their
slow, sustained release [152–155]. For grapevines and other woody plants, sicknesses
such as Esca sickness, caused by fungi, bacteria, and viruses, are a global challenge that
increasingly leads to economic losses. Presently, there is no efficient fungicide with systemic
action against Esca. Worldwide damage by Esca is estimated to be USD 1.5 billion and is
expected to further increase in the coming years, due to climate change and the connected
increasing stress on plants. Lignilabs GmbH in Mainz (Germany) has developed a platform
technology that can encapsulate various substances into lignin nano- and microparticles.
Polymer additives/3D printing technology has been used for treating Esca sickness. An
aqueous suspension of lignin carriers (hollow nanospheres) filled with an adapted fungicide
is directly injected into the plant, which allows for treatment of the sickness at the place of
its origin. The product with the commercial name ESCApe acts instantaneously against
Esca fungi, and it preventively acts on healthy vines to prevent the disease. ESCApe is
active against a large spectrum of wood-destroying fungi and can potentially be used
against pathogens on fruit trees, shrubs, ornamental plants, or in the forest. ESCApe
suspension is injected in minimal dosage (0.8 mL) into a drill hole (Ø 6 mm, 35 mm long)
oblique to the vine trunk. Once the injected product is distributed in the plant vessels, the
lignin is degraded by the enzymes produced by the fungus, which liberates the pesticides.
The fungus therefore destroys itself through its enzymes. In addition to the instantaneous
treatment effect, the length of preventive action is 3 to 5 years. Due to lignin and its
unique properties applied, the production and the application of ESCApe are completely
sustainable as well as user- and environmentally friendly.

6. Lignin Nanoparticles

Cellulose and lignin of lignocellulosic biomass are widely explored for the formation of
several nano-ranged particles [156]. The emerging applications of nano-based cellulose and
lignins have been explored in different sectors, including the biomedical and environmental
fields [157]. There are some difficulties in obtaining certain types of lignin nanoparticles
(LNPs) because the lignin structure is of an aromatic material with multiple phenolic rings.
Nowadays, these difficulties have been overcome, and many types of nanosized lignins are
produced, such as irregular nanoparticles, nanospheres and hollow nanospheres, hollow
nanotubes, and nanofibers.

The preparation of lignin-based nanoparticles (LNPs) transforms unordered and com-
plicated lignin materials into ordered nanoparticles with uniform size and morphology and
excellent properties such as controlled structures and sizes, better miscibility with polymers,
and improved antioxidant activity. LNPs are obtained by different methods, such as self-
assembly; solvent exchange; acid precipitation; polymerization; ultrasonication, such as
from empty fruit bunches of oil palms [158,159]; crosslinking; electrospinning; and CO2 use
as a non-solvent. In the self-assembly process, an ordered or organized morphology results
because of some specific intermolecular noncovalent interactions such as hydrophobic,
electrostatic, hydrogen-bonding, and Van der Waals interactions in the absence of any
external factor. LNPs are obtained by solvent exchange following dissolution (in tetrahy-
drofuran, dioxane, dimethyl sulfoxide, acetone, ethanol changed by water); precipitation;
ultrasonication; oil-in-water emulsions, which are used for microcapsules (0.3–1.4 μm);
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preparation by ultrastirring when lignin micro- and nanocapsules are obtained; or by
electrospinning of softwood organosolv in the presence of 2 wt % FeCl3 [160,161]. Hollow
lignin-based nanospheres of a diameter around 200 nm were produced. Firstly, lignin
was dissolved in tetrahydrofuran (THF), and then water was added under very specific
conditions. Such LNPs have been loaded with an anticancer drug, which was successfully
released under controlled conditions. Lignin has no cytotoxicity and shows better biocom-
patibility than many other possible carriers. To fix the anticancer drug inside the lignin
spheres, β-cyclodextrin was grafted on the lignin, prior to the formation of the nanospheres.
Hydrolysis lignin, kraft/alkali lignin, lignosulfonate, enzymatic hydrolysis lignin, and
organosolv lignin can be used for LNP preparation. The β-Cyclodextrin-modified LH-
NPs exhibited a good sustained-release capability for the antitumor hydroxycamptothecin
(HCPT) drug [162]. Modified lignin has an improved network structure and increased
specific surface area and porosity. The obtained hollow nanoparticles encapsulate and
load the drugs via self-assembly. The irregular lignin-based particles are ordered into
the colloidal spheres (r = 110 nm) by dissolving acetylated lignin in THF followed by
gradual addition of water [163]. Various combinations of different types of lignin, such
as enzymatic hydrolysis lignin, kraft/alkali lignin [164–167], lignosulfonate [168,169], and
organosolv lignin [170,171], and chemical modification of lignin or solvent/non-solvent
systems have been used by several authors [172–174]. Utilization of the hazardous and
expensive chemical reagents, such as acetyl bromide, cyclohexane, dioxane, NaNO2, maleic
anhydride, THF, and acetone or processes involving complicated chemical modification
reactions should be avoided.

6.1. Green Approaches to Preparing LNPs and Their Properties

The traditional manufacturing techniques of LNP preparation are costly and often
toxic and with a high impact on the environment. Ecological approaches, which are simple
and safe, have been developed for the synthesis of LNPs [175]. Green approaches to
preparing LNPs include non-solvent nanoprecipitation and ultrasonication [176]. A very
simple approach for producing LNPs with wide suitability and high efficiency consists
of their processing in aqueous sodium p-toluenesulfonate (pTsONa) solution (APS-LNPs)
at different pHs, at room temperature, without any other modifications. This method
was applied to various types of lignin [177]. The hydrodynamic diameter of the LNPs
varied with lignin type and decreased with the increase in COOH content at an initial
processing pH < 7. Their zeta potentials decreased from −22.6 mV to −35.2 mV. LNPs
from various production techniques show a specific variation of the minimum cytotoxic
concentration (MCC) with solution concentration. In cytotoxic testing of LNPs using the
Cell-Counting Kit-8 (CCK-8) assay, standard mouse fibroblasts, namely NIH-3T3 cells,
were used. The obtained cell viabilities were over 90% when the concentrations were less
than 800, 500, and 200 μg/mL sodium p-toluenesulfonate (pTsONa) solution (APS-LNPs)
and THF/ethanol/water–LNPs respectively. Therefore, LNPs prepared using APS are less
cytotoxic than many other nanomaterials.

LNPs have been obtained with high yield; therefore, a scale-up production of this
procedure is promising. The properties of the LNPs depend on the synergistic behavior of
the entrapped pTsONa and the intrinsic phenolic OH and COOH groups of the LNPs. Drug-
loaded LNPs can be simultaneously prepared. Three types of technical lignins, namely BLN
birch lignin (hardwood, BB), alkali Protobind 1000 (grass, PB), and kraft LignoBoost (soft-
wood, LB), have been compared in an LNP preparation study utilizing non/anti-solvent
precipitation, using as the lignin solvent 70% aqueous ethanol, acetone/water (3:1) and
NaOH and water/aqueous HCl as the non-solvent. The acetone/water (3:1) system was
found to be the most effective because it allowed production of small, spherical, homoge-
neous, and monodisperse LNPs with a negative surface charge and smooth surfaces [178].
Another simple and sustainable synthesis approach to obtaining LNPs was developed
using a recycled γ-valerolactone (GVL)/water binary solvent through nanoprecipitation
(dropping or dialysis) of the lignin solution. The highest yield of LNPs reached 90%.
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Their diameter was ca. 250 nm, and their zeta potential was −40 mV. LNPs showed good
dispersibility and stability in water. LNPs can be used to stabilize essential oils and to
promote their growth inhibition activity against microbes; therefore, they exhibit enhanced
antimicrobial activity [179].

6.2. Lignin Nanoparticle Applications

LNPs showed superior antibacterial and antioxidant/UV barrier properties. Lignin-
based hollow nanoparticles are considered suitable for many applications both as additives
in polymers and in therapies. There are various fields for industrial applications of LNPs,
such as in drug delivery carriers, UV absorbents, hybrid nanocomposites, antioxidant
and antibacterial agents, adsorbents for heavy metal ions and dyes, and anticorrosion
agents’ nanofillers [180]. Entrapment, encapsulation, adsorption, and covalent binding
are common methods for loading active compounds into lignin materials. LNPs as drug
delivery nanosystems are capable of loading both hydrophobic and hydrophilic drugs
for targeted cancer and tumor treatments [181], including poorly soluble curcumin, hy-
drophobic coumarin-6 [182,183], bioactive molecules of resveratrol, hexadecane, sorafenib
(SFN), benzazulene, capecitabine [37,165,166], hydrophilic rhodamine 6G, and doxoru-
bicin hydrochloride (DOX) [160,165]. LNPs form through the supramolecular assembly
of poorly water-soluble molecules via electric interactions with aromatic rings. Most of
the substances that have been successfully entrapped in lignin NPs to date are poorly
water-soluble, low-molecular-weight compounds, such as antibodies and enzymes.

pH-responsive lignin-based nanocapsules have been obtained by interfacial miniemul-
sion polymerization. Sodium lignosulfonate grafting with allyl groups takes place via
etherification. An oil-in-water miniemulsion system has been prepared through ultrasoni-
cation and dispersion and has been used for a thiolene radical reaction with lignin-based
coumarin-6 [168]. Curcumin, a polyphenolic natural compound, can be delivered by LNPs
obtained by modified phase separation [168]. Curcumin was used as a lipophilic drug
model, as its poor solubility and low oral bioavailability limit its therapeutic efficacy. The
average particle diameter of curcumin-loaded LNPs was 104 nm, and the encapsulation
efficiency was 92%. They also showed enhanced protection of the entrapped curcumin
under storage conditions and are also stable in simulated gastric fluid and slow release
under intestinal conditions. In vivo pharmacokinetics tests demonstrated that the LNP
system increased by ten-fold the bioavailability of curcumin in comparison to common
administration. Temperature and pH at which the entrapped drug is released are other im-
portant parameters for drug delivery systems [171]. They are extensively studied, especially
as drug and gene delivery systems and in cancer therapy [175,181,183].

The antioxidant and UV protection properties of nanosized lignin have been uti-
lized in the food, pharmaceutical, and cosmetic industries [184,185] (Table 2). Two sets of
nanocellulose-based cryogels that differ in their overall surface charge density have been
prepared by freeze-drying, namely those containing anionic LNPs anchored to cationic
cellulose nanofibrils (cCNFs) and or cationic LNPs (cLNPs) that are combined with anionic
TEMPO-oxidized CNFs (TCNFs) [186]. LNPs acted as crosslinkers and affected rheological
and water holding capacity as well as the firmness of the cryogels. The cryogels are pH
dependent, regenerable, and reusable, being suitable for cationic, anionic, and neutral aro-
matic pharmaceuticals and adsorption of the anionic aromatic pharmaceutical diclofenac
of the aromatic cationic metoprolol and tramadol and of neutral aromatic carbamazepine.
As crosslinking agents, the LNPs or cLNPs affected the rheological behavior of the cryo-
gels. Reusable adsorbents, such as macroporous cryogels resulting from anchoring lignin
nanoparticles (LNPs) to the nanocellulose network via electrostatic attraction, have been
developed. They are useful for simultaneously removing pharmaceuticals of varying
chemical structure and properties from polluted media [186].

Essential-oil-loaded LNPs showed interesting antifungal activity against both white-
rot fungi and brown-rot fungi [187]. Cumulative release profiles of EOs vary with the
EO type and lignin concentration in loaded LNPs, as shown in Figure 3, while minimal
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inhibitory concentration (MIC) also depends on fungus type (T. versicolor, G. trabeum,
P. ostreatus, and P. monticola), ranging from 0.05 mg/mL (P. monticola) up to 0.60 mg/mL
(P. ostreatus).

Figure 3. Cumulative release profiles of essential oils from LNPs containing C. capitatus (EOL-CC),
T. capitatus (EOL-TC), T. vulgaris Demeter (EOL-TVD), and T. vulgaris (EOL-TV) oils (reprinted
from [187]).

Antibacterial and adhesive hydrogels, such as core-shell nanoparticles and Ag-LNPs,
embedded into pectin/acrylic acid polymeric networks have been obtained [188].

Softwood lignin nanoparticles (SLNs) are promising alternative bio-additives for
enhancing PLLA crystallizability toward the development of fully biobased and biodegrad-
able plastics [189].

Lignin macromolecules have been in situ modified by mild ozone oxidation without
significant degradation of carbohydrate polymers (i.e., cellulose and hemicellulose) in lig-
nocellulose nanofibrils [161]. The interfacial hydrogen-bond energy was improved, and, by
molecular dynamics simulation, the deformation process of lignocellulose nanopaper was
validated. Lignin acts as a functional component in the lignocellulose nanopaper matrix,
but the interfacial hydrogen-bonding among lignocellulose nanofibrils is diminished, and
mechanical performance is decreased. Ozone oxidation of 40 min leads to changes in the
carboxyl content onto nanofibers, so that the zeta potential values, the crystallinity index,
and the degree of polymerization were reduced, while the lignocellulosic structures were
preserved. The kappa number decreased from 78.9 to 68.3, while the whiteness of the
lignocellulose nanopaper increased from 15.2 to 38.8. The ozone preferentially oxidized
chromophoric structures of lignin. Lignin-modified lignocellulose nanopaper preserved its
water and thermal stability, mechanical properties, and optical performance. The developed
lignocellulose nanopaper is a multifunctional and flexible material used in electronic appli-
cations. Multifunctional ozone oxidation substrate was printable and highly compatible
with conductive materials (as silver), providing an eco-friendly alternative to conventional
substrate materials (e.g., Mylar film and polyimide).

6.3. Lignin Nanofibers

Nanofibrous networks that closely resemble the native extracellular matrix (ECM) for
new drug delivery systems and other biomedical applications have been developed by
electrospinning [190]. They offer a high surface area, high porosity, pore interconnectivity,
resistance to agglomeration, and high drug loading and encapsulation capacity, etc., prop-
erties that make them excellent candidates for drug delivery. A wide variety of bioactive
compounds or therapeutic agents can be incorporated within the fibrous meshes [191]. Het-
erogeneous chemical composition, complex branched structure, and low molecular weight
are challenges to electrospinning pure lignin. Pure lignin nanofibers were obtained using a
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coaxial electrospinning technique via the optimization of the electrospinning parameters or
using suitable solvents [160,192]. The spinnability of lignin is improved by its combination
with various hydrophilic or hydrophobic polymers, such as PLA [193], polycaprolactone
(PCL) [194], polyvinyl acetate (PVA) [195], and polyhydroxybutyrate (PHB) [196].

Abudula et al. used coaxial electrospinning to encapsulate chitin/lignin gels with
polycaprolactone (PCL) for fibrous scaffolds with controlled drug release ability [197]. The
minimum fiber diameter, porosity, biodegradation, optimum pore size, tensile strength,
and Young’s modulus were improved by lignin (10 wt%) addition.

Antioxidant PLA/lignin nanofibrous scaffolds have been applied for cartilage tissue
engineering and osteoarthritis treatment. It has also been suggested that the scaffolds can
be used in many other biomedical applications, including delivery of various bioactive
molecules, UV filtration, and consumer care [198].

Table 2. Lignin nanoparticles (LNs) and electrospun-based lignin biomaterial properties and applica-
tions (recent studies).

LNPs and Other Components Properties and Applications Refs

Lignin nanoparticles (LNPs)/starch

Green nanofiller in starch-based biocomposites; strong
interfacial hydrogen bonding; enhanced mechanical

properties, thermal stability, antioxidant activity, and good
(UV) irradiation shielding performance; applications such as

delayed oxidative deterioration of soybean oil/advanced
food packaging

[199]

Lignin nanoparticles obtained by a acidolysis
process from corn lignin/polyurethane,
polyethylene glycol and diisocyanates

LNPs as crosslinking agent in polyurethane nanocomposites.
Composites with hydrophobic, UV resistant and dielectric

properties, enhanced tensile strength; good reprocessability
[200]

0.5 wt% lignin and nanolignin in poly(lactic
acid) composites synthesized by in situ
reactive processing as melt mixing and

ring-opening polymerization (ROP)

Reactive processing produced nanolignin-containing
composites with superior crystallization, mechanical, and
antioxidant properties. LNPs act as a macroinitiator in the

ROP of lactide, resulting in PLA-grafted nanolignin particles,
improved dispersion and the formation of interfacial covalent

bonds facilitated by LNPs

[201]

Lignin-based nano-micelles using the
“grafting-from” method pH-sensitive, biocompatible, suitable for oral drug delivery [202]

Nanolignin/chitin nanofibrils and complexes
loaded with active molecules, such as

vitamin E, sodium ascorbyl phosphate,
lutein, nicotinamide, and glycyrrhetinic acid

Spray-drying method; nanostructured chitin; Functional
agents in skin regeneration and antimicrobial,
anti-inflammatory, and antioxidant activities;

cytocompatibility in skin regeneration.

[203]

PCL coated with chitin–lignin gel; shell/core
fiber, coaxial electrospinning; electrospun

PCL/lignin, initial blending

Methylene blue, penicillin/streptomycin; sustainable drug
release; wound dressing; fibrous scaffolds; MTT

tissue engineering
[197,204]

LNP/PVA/PVP electrospinning. Initial
blending Paclitaxel local anticancer therapy [205]

AgNP-loaded electrospun PVA/lignin
nanofibers

Membrane filtration,
antimicrobial fabrics, and wound dressing [206]

Lignin/cellulose
acetate/N-vanillidene-phenylthiazole copper

(Il) complexes, nanofibrous materials
Antimicrobial for hygienic applications [207]

Electrospinning is generally used to fabricate 2D dense fibrous scaffolds with lim-
ited cell infiltration. By coupling electrospinning with other advanced manufacturing
techniques (e.g., 3D printing and cryogelation), the nanofibers will be more efficient for
drug delivery applications [208,209]. Lignin and LNPs are biodegradable and offer good
performance and special properties, but their utilization in the medical fields is still very
low. It is expected that the surface modifications with various functional groups will
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increase their application in medicine, especially in drug delivery. The development of
alternative preparation methods for LNPs, nanocomposites, and hybrid materials with low
cost, biocompatibility, and sustainable surface modification, that are eco-friendly and easier
for large-scale production, is necessary, especially for medical applications.

Developments in lignin valorization also involve important applications, such as
lignin-based hydrogels, three-dimensional printing materials, electrospun scaffolds, surfac-
tants, electrodes, and production of fine chemicals.

7. Lignin-Based Hydrogels

A drastic increase in the number of published articles, 336 (1990–2022) in the field of
lignin hydrogels, suggests the importance of this research area [38,210] or future develop-
ment, with 55 publications on lignin in drug delivery in 2022 and with most of them being
focused on LNPs [211]. A major prerequisite for lignin with respect to synthesizing hydro-
gels is the abundance of phenolic OH groups in the lignin backbone which can crosslink
with COOH groups of the co-joining monomer. The highest concentration of phenolic
OH groups is found in kraft lignin, followed by organosolv and soda lignin. In terms of
mechanical properties, soda lignin-based hydrogel is superior, since strong crosslinks will
result in improved elastic nature. Organosolv-based hydrogel may be the best choice, while
superior mechanical properties will necessitate the use of soda lignin-based hydrogels.

The three-dimensional network of hydrogels can be easily adjusted by the degree of
crosslinking to achieve the desired physical properties, elastic modulus, and gelation time
suitable for in situ use degradation rate, so they can act as indicators. The increase in the
crosslinking degree leads to inferior water swelling capability. Thus, shape and flexibil-
ity can conform to the target tissue, and the degradation period can be tuned to follow
the progress of tissue regeneration [212]. The biodegradability of the natural polymers
and their non-inflammatory effect and nontoxicity of these degradation products suggest
that these types of materials are suitable for being used in tissue regeneration. Nanogels
obtained from natural polymers have become very important in many scientific and in-
dustrial domains, due to a series of interesting properties, such as their large surface area,
significant swelling, high ability for loading active substances, and flexibility. The design
and the production of nontoxic, biocompatible, and biodegradable micro/nanocarriers,
demonstrated their suitability and feasibility for biomedical applications, such as drug
delivery, tissue engineering, and bioimaging [213,214]. Controlled hydrogels or highly
functional hydrogels are used in drug or bioactive substance delivery systems as well as
other clinical applications.

Due to its well-known properties (i.e., biodegradability, biocompatibility, low-toxicity,
antioxidant, and antimicrobial properties), lignin is often used as an important component
of hydrogels. Furthermore, lignin-containing hydrogels are more environmentally friendly
when compared to synthetic hydrogels. Because the high diversity of their functional
groups, lignin-based hydrogels can be loaded and can deliver a large number of both
hydrophilic and hydrophobic therapeutic agents, such as small molecules, nanoparticles,
proteins, enzymes, and nucleic acids.

Different innovative physical, chemical, and biological processes have been elaborated
to obtain lignin-based hydrogels [215].

Physical hydrogels are formed by intermolecular interactions, including self-assembly
through hydrogen bonds and electrostatic, hydrophobic, and van der Waals interactions.
Lignin-based macroporous hydrogels are obtained using either salt leaching or gas foam-
ing methods, but from these processes byproducts with high toxicity can result, and the
synthesis is a multi-step procedure with a high cost. Cryogels show major advantages
over hydrogels prepared by classical methods because they have a highly interconnected
pore network structure coupled with macro-sized pores [216]. The walls of the cryogels
can be highly crosslinked and dense, and they act as depots for drug storage and improve
mechanical properties, suggesting their potential use as scaffolds and in sustaining in-
jectability and shape memory. Two distinct cryogelation procedures may be employed:
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(i) the freeze-drying approach with multiple freeze-drying cycles using traditional lignin
hydrogel precursors, where each freezing cycle generates additional hydrogen/electrostatic
bonds and strengthens the polymer network, and (ii) the freeze-thawing approach occur-
ring in a frozen solvent via a single-step cryopolymerization step resulting in the polymer
network [217]. Frozen aqueous solvent, such as porogen, induces the appearance of large
pores following ice thawing [218]. The properties of products obtained by cryogelation,
such as the size and the shape of the pores, their interconnectivity, and also the ability of
drug adsorption, vary with lignin sources along with possible modification, temperature,
and polymer concentration [219].

The polar sites on the lignin backbone can be involved in physical crosslinking with
hydrophilic polymers by H-bonding (such as polyurethanes and lignin–chitosan–polyvinyl
alcohol (PVA) composite hydrogel) [135,220]. Such hydrogels are obtained using several
methods, such as heating in an oven for short periods of time when the crosslinking
is hypothesized to be uniform, microwave irradiation, use of ultrasound, and reactive
extrusion. All these techniques can be considered as green because they use no or few toxic
solvents [221,222].

Chemical hydrogels are synthesized using crosslinking agents. Covalent crosslink-
ing includes the use of carbodiimide compounds (e.g., 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide (EDC/NHS), and glutaraldehyde (GA)), radical poly-
merization, thermal gelation, enzymatic reactions, click chemistry, photo-oxidation, and
radiation crosslinking, reversible addition–fragmentation chain transfer polymerization,
catechol redox chemistry, crosslinking copolymerization, ring-opening polymerization, etc.

Semi-interpenetrating/interpenetrating networks result from polymerization tech-
niques. Biologically mediated processes occur in the presence of laccases/peroxidases or
a whole cell (fungal)-mediated process. The crosslinking grafted lignin procedure uses
unsaturated monomers or other functional chemicals to improve its reactivity. Esterifi-
cation of the phenolic hydroxyl group of lignin resulted in unsaturated grafted lignin
that was copolymerized with hydroxyethyl acrylate, resulting in lignin-based hydrogels.
The “graft-from strategy” leads to the production of polymers starting from the active
sites into the polymer backbone, while the “graft-onto” procedure combines the synthetic
polymers with lignin (as the result of creating covalent links between the lignin backbone
and the terminal groups of the graft polymers). Both strategies are based on the two
procedures used to obtain hydrogels, namely atom transfer radical polymerization (ATRP)
and fragmentation chain transfer (RAFT) polymerizations. The obtained networks of in-
terpenetrating lignin/polymer such as hydrogels have the perfect aligned structures and
controlled properties [215,223,224].

Compared with the microbial attack point of view, hydrogels with a high crosslinking
degree proved to be more resistant than hydrogels with low crosslinking, due to the
reduced accessibility of ligninolytic fungi and actinomycetes [225]. It is known that the
most ligneous fungi have enzyme systems that attack the phenolic substructures in a
direct way; therefore, lowering the hydrogel concentration can protect them from a fungal
attack. Controlled biodegradation is still a target with high importance in drug delivery
domain [226].

Due to population growth, the use of pesticides has significantly increased, as along
with the demand for agricultural products. In the meantime, waters have been also polluted
with pesticides, resulting in serious negative effects on human health and on the environ-
ment. In order to remove pesticides from the aqueous environment, activated carbons or
biobased materials represent important alternatives due to their properties (i.e., bioactivity,
biodegradability, and biocompatibility). Sustainable solutions to remove pesticides from
aqueous environment consist of using activated carbons or biobased materials due to their
complementary functionalities such as bioactivity, biocompatibility, biodegradability, and
unique chemistry [210,227–229]. Aerogels, xerogels, and cryogels as mesoporous materials
with low density, high porosity, and tunable surface chemistry can be useful for environ-
mental remediation applications. For example, aerogels remove CO2 and volatile organic
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compounds from air as well as ions of heavy metals, oils, and organic pollutants from
water.

Applications have been found for lignin hydrogels in agriculture (sustained/controlled
water absorption, slow release of pesticides/fertilizers), being superior in terms of mechani-
cal properties (such as tensile strength and compression resistance), environment protection
(heavy metal adsorption, dye removal, water treatment), suitability for food packaging and
the biomedical sector [230] (wound healing/dressing, anti-microbial coatings on medical
implants, oxygen scavenging, tissue engineering, sustained drug release), and preventing
spontaneous combustion of coal, biosensors, and electronics (supercapacitors) (Table 3).

Table 3. Characteristics of lignin-containing hydrogels and their applications in various domains
(recent studies).

Hydrogel Components Characteristics and Applications Refs

Agriculture

Alkali lignin and -based poly(ethylene
glycol) diglycidyl ether

Increased availability and retention of soil water, which is
beneficial for plant growth; high efficiency in severe dryness

conditions; alleviated drought stress in maize
[231]

Physically crosslinked alkaline and
organosolv lignins or lignins/poly(vinyl

alcohol) hydrogels

Significant swelling and water holding capacity; addition of
lignin enhanced the swelling/water retention ability of

hydrogels by 800%
[232]

Lignin/alginate/konjaku flour-based
hydrogel

Increased water holding/retention and of the nutrient
retention capacity of the soil, increase in the mass of tobacco

plant under dryness conditions
[233]

Lignin/polyacrylic acid-based hydrogels Controlled release of some pesticides (i.e., paraquat,
cyfluthrin, and cyhalofop-butyl) [234]

Wastewater treatment and removal of pollutants

Black liquor lignin-hydroxyethyl cellulose
hydrogel Super-absorbent hydrogel; removal of dye pollutants [235]

Polyacrylic acid-g-pretreated alkali lignin
porous hydrogel Removal of Pb2+, Cu2+, and Cd2+ [236]

Lignin functionalized with
hexadecyltrimethylammonium-bromide-

based spherical
particles

Lignin-based biosorbents; removal of vanadium (V) ions
from aqueous solution [237]

Lignosulfonate/lysine hydrogel Adsorption of heavy metal ions [238]

Lignin/PVA or LNP/nanocellulose
(cryogels);

anchoring lignin nanoparticles (LNPs) to the
nanocellulose network via electrostatic

attraction

Environmental engineering. Adsorbents for pharmaceutical
pollutants (e.g., diclofenac, metoprolol, tramadol,

carbamazepine) and Bisphenol A
[186,239]

Hydrogel was obtained by free-radical
polymerization in the presence of

methylenebisacrylamide (MBA), alkali lignin
(AL), and potassium persulfate (PPS).

Carboxylated cellulose nanofibrils (CCNs)
and carbon dots (CDs) as fluorescent probes
were prepared via a condensation reaction

Fluorescent hydrogel. Adsorption of Cr (VI), excellent
optical properties, biocompatibility, and nontoxicity

significant efficiency in adsorption and detection of Cr (VI)
[240]

Biomedical [206]

Alkaline and organosolv lignins,
hydoxymethylated lignins, peroxidated

lignins/PVA

Onion peels were valorized for quercetin (natural drug)
microwave extraction; controlled drug delivery, and

quercetin-controlled delivery applications
[241]
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Table 3. Cont.

Hydrogel Components Characteristics and Applications Refs

Lignin-agarose hydrogel/silk fibroin (SF)
embedded zinc chromite nanoparticles

Hemocompatibility and antibacterial activity; complete
healing of the wounds in mice treated with the scaffold of

crosslinked lignin–agarose/SF/ZnCr2O4
nano-biocomposite after five days; wound healing

application;

[242]

Enzymatic hydrolysis lignin (wheat
straw)–alginate cryogels and cryogels

obtained from the freezing technique; wet
and dry alginate–lignin aerogels

Porous structure; lignin reduced
hydrophilicity of alginate; wound healing and tissue
repairing/tissue engineering; regenerative medicine

[243]

Lignin-co-gelatin (cryogels) and chemically
crosslinking and Ag2O/CuO NPs

Antioxidant, antibacterial, injectable lignin/gelatin
composite cryogels; wound healing and tissue engineering;

good mechanical properties and microporous structure;
very good free scavenging activity; inhibited growth of both

Gram-positive and Gram-negative bacteria

[244]

Lignin/gelatin hydrogels with different
concentrations of lignin

Fast-release drug carriers used to deliver Ribavirin in
COVID-19 treatment [245,246]

Organosolv lignin/gelatin composite
cryogels obtained by chemically crosslinking

at −20 ◦C.
Organosolv lignin and gelatin;

multifunctional, bioactive lignin-co-gelatin
composite cryogels obtained by chemically
crosslinking lignin together with gelatin at

−20 ◦C.

Multifunctional, bioactive cryogel with antimicrobial
(reduced E. coli and S. aureus viability) and antioxidant

activities; in vitro cyto-compatibility (after 72 h of
incubation, viability of 3T3 cells was 97%); improved

mechanical properties and syringe injectability

[219,242]

Ag/lignin NPs/PAA-pectin hydrogel

Good mechanical, antibacterial, and wound healing
properties; epidermal growth factor loaded in the Ag-lignin

NPs-PAA-pectin hydrogel increases the wound healing
activity

[188,247]

Lignin/poly(ethylene) glycol diglycidyl ether
hydrogel Drug delivery; controlled release of paracetamol [248]

Organosolv lignin extracted from coconut
husks/polyethylene glycol (PEG),

polypropylene glycol (PPG),
polydimethylsiloxane (PDS) nanogel

Thermo-responsive polyurethane-based copolymer nanogel;
lignin-incorporated nanogel; acts as an antioxidant

biomaterial for wound healing; human L-02 hepatocyte cell
viability > 90%; rapid and complete wound healing after 25

days; wound-dressing application

[249]

Lignin-carbohydrate complex/PEG
diglycidyl ether Cell carriers; positive hepatocyte adhesion; biocompatibility [250]

Alkali lignin/chitosan hydrogels Wound healing applications; low cytotoxicity,
biocompatibility, 99 ± 3% cell viability [143]

Lignosulfonate/poly(vinyl alcohol)/chitosan
composites hydrogel; lignin mixing an
aqueous acidic solution of chitosan and

solutions of lignin and PVA

Composite hydrogel; 10 wt% lignin had enhanced
hydrophilicity, antimicrobial behavior, and antioxidant

capability; wound dressing
[220]

Lignosulfonate; in situ reduction of AgNPs
then crosslinked in the lignin/PVA hydrogel

Improved antibacterial activity against Staphylococcus aureus
and Escherichia coli, non-cytotoxicity, biocompatibility,

wound healing
[251]

Lignin/PVA cryogel; freeze-drying
crosslinking and curing methods

“Smart” biomaterial scaffolds elaborated by using a factorial
design scaffold fabrication model; 800% water retention
capacity; controlled drug loading and delivery; pH and

temperature responsiveness;
antifungal activity against Aspergillus niger strain

[232,252]
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Table 3. Cont.

Hydrogel Components Characteristics and Applications Refs

40–24% lignin-containing alcohol
groups/Gantrez S-97 (GAN)

(methylvinylether and maleic acid
copolymer)/PEG by esterification reaction

accelerated by microwave radiation,
crosslinking time was reduced from 24 to 1 h

Reductions in Staphylococcus aureus and Proteus mirabilis
adherence (two common pathogens responsible for

medical-device-associated infections);
curcumin delivery

[222]

Glycinated kraft lignin/hyaluronic acid
hydrogels

Non-cytotoxicity (>90% cell viability); positive cell
migration and cell growth [253]

Kraft lignin/PLA/Rose Bengal, gold, silver pH-responsive hydrogels; antifungal and antimicrobial
properties at very low IC50 values (0.1 μg/mL) [254]

Lignin epoxy-modified resin/xanthan
crosslinking with epichlorohydrin

Superabsorbent hydrogel; high swelling rate in aqueous
medium; release of hydrophilic bisoprolol fumarate drug

for high blood pressure and heart failure treatments
[255]

Low and high lignin content/cellulose
nanofiber; ultrasound-assisted

Tissue engineering; cytocompatibility with gingival
fibroblast cells [256]

Methacrylated lignin
(lignin-MA)/sulfobetaine methacrylate

(SBMA) double network structure consisting
of chemical and physical crosslinking

between SBMA and lignin-MA

Lignin-MA as hydrogel skeleton and antibacterial agent;
94.8% reduction rate against E. coli and 95.7% against S.

aureus; high hydrophilicity because of zwitterionic SBMA.
Antifouling and antimicrobial properties, potential

applications in medical devices and as biological material

[257]

Food packaging

Lignin (black liquor of bagasse) into
PVA/gelatin blends

Antimicrobial and antibiofilm activities against food-borne
contaminants as Gram-positive bacteria Bacillus subtilis and
Staphylococcus aureus and Gram-negative bacteria Escherichia

coli and Pseudomonas aeruginosa

[258]

Lignin hydrogels are stimuli-responsive to pH, temperature, ionic strength, etc., being
desirable for the development of drug delivery systems [20,215]. Hydrogels with a signif-
icant content of lignin are characterized by a high cumulative drug release because they
exhibit an improved viscoelastic behavior, adequate structure of pores, and good swella-
bility. Between their significant disadvantages, one can mention their low mechanical
properties, fast drug release kinetics, and non-adherent nature (a supplementary dressing
being necessary in order to protect them), and it is not always easy to obtain hydrogels of
a pure or high lignin content due to the polydispersity and differences in the molecular
structure of lignin [230].

Antimicrobial, antioxidant, and anti-inflammatory intrinsic properties of lignin make
it a valuable therapeutic agent, and it is beneficial in other medical applications. It en-
hances the viability, propagation, and the differentiation of Schwann cells and, ultimately,
facilitates nerve tissue generation. Antimicrobial activity is explained by the interaction
of the hydroxyl group of phenolic compound lignin with the bacterial cell, causing cell
membrane disruption, the infiltration of cell components, and ultimately bacterial cell lysis.
The antioxidant ability of lignin also has proven to be useful in composite hydrogels for
biomedical applications [215] that still are in the lab research stage. However, their commer-
cialization continues to present various difficulties, such as lignin isolation, standardized
molecular weight, lignin structural characteristics, and lignin cost. Functionalization of
lignin to improve its polymerization with other polymeric materials is an open direction
for research, and in vitro and in vivo detailed toxicity studies are required to facilitate the
application of lignin-based hydrogels in the food and pharmaceutical industries. Cost-
effective technology, scaling, and proof of concept (POC) to attract industrial production
are required for lignin-based hydrogel commercialization.
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Other applications: Composites of bio-polyamides reinforced with lignin, which also
acts as a fire retardant, have been obtained [259]. Sodium lignosulfonate in polypropylene
matrix is a surfactant, flame retardant and smoke suppression agent [260]. Practically,
lignosulfonate (with a structure of hydrophobic aromatic rings and hydrophilic sulfonate
groups) biosurfactants have a wide range of applications, including as a substitute for
standard surfactants, as an asphalt emulsifying and wetting agent [261], and solubiliza-
tion and stabilization of thymol in water [262]. Sulfethylated lignin (similarly, butyric
anhydride-modified kraft lignin and PEGylated lignin) can be a surfactant, stabilizer for oil–
water emulsions, reinforcement, UV protection additive, and antioxidant, and surfactant
activity offers a green and economic route to obtaining strong and transparent polymeric
nanocomposites containing ~30 wt% LNPs [263] as well as a stabilizer/surfactant for oil–
water emulsions [264]. Nanosized lignin using soda lignin from empty fruit bunches of
oil palms is nontoxic and superior to the commercial emulsifying agent, and sulfethylated
lignin was established to be a good emulsifier for water-in-oil emulsions.

8. Three-Dimensional-Printing-Based Lignin Biomaterials

“Additive manufacturing (AM) or 3D printing is a digital manufacturing computer-
aided design process to fabricate layer-by-layer products with customized sizes, shapes, and
functionality” [265]. It is performed for medical/pharmaceutical or food purposes using
different techniques, such as stereolithography (SLA), digital light processing (DLP), direct
ink writing (DIW), fused deposition modeling (FDM), selective laser sintering, selective
laser melting, 4D/5D/6D printing, melt electrowriting (MEW), and cryoprinting [266–270].
AM is utilized to address the demand for production of pharmaceuticals with patient-
specific dosages [271], customized drug formulations [272], the most desirable geomet-
rics [273], and controllable drug release profiles. AM should be available in hospitals or
medical care centers for printing tailored personalized medicine or delivering therapeutic
agents [274]. Lignin-based materials meet both printing and medical requirements, such as
appropriate printability, mechanical properties, biodegradability, biocompatibility, tissue
biomimicry, and non-cytotoxicity [275]. They have been used to design meshes for wound
dressing, capsules for pharmaceutical oral drug carriers, and innovative hydrogel bioinks
for 3D bioprinting in tissue engineering, microextrusion, and laser-assisted bioprinting
techniques [276,277].

AM techniques, such as extrusion printing, direct ink writing, and fused deposi-
tion modeling, are suitable for printing pure lignin, lignin derivatives, or a combination
with other polymers or monomers as fillers or additives necessary to create lignin-based
printable feedstocks [278,279]. For printing lignin-based biomaterials, extrusion and vat
photopolymerization are the most commonly used technologies [280–282]. Lignin-coated
PLA composite pellets containing drugs printed by fused deposition modeling into various
mesh sizes have been obtained [283]. Antimicrobial and antioxidant filaments composed
of lignin and polybutylene succinate (PBS) have been studied by Abdullah et al. [267,284],
using printing based on fused deposition modeling and coated with silver/zinc oxide
(Ag/ZnO), which exhibits a strong inhibitory effect against bacteria to fungi. A Ag-LNP
nanocomposite inserted in a methacrylated O-acetyl-galactoglucomannan (GGMMA) net-
work is a good printed antimicrobial hydrogel with strong bactericidal performance [285].
Domínguez-Robles et al. [286] designed a bioactive wound dressing by loading curcumin
(an anti-inflammatory and antimicrobial agent) and D-Panthenol onto PCL/lignin for
3D printing. The printed composite displayed sustainable release of bioactives and antioxi-
dant, antimicrobial, and anti-inflammatory properties.

The large-scale utilization of lignin in 3D printing is still a great challenge due to its
inherent brittleness and non-thermoplasticity. Thermoplastic polyurethane regulates the
rheological properties of lignin for 3D printing [287]. Other examples are given in Table 4.
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Table 4. Recent examples of lignin use in 3D printing materials, their properties, and applications.

Components Characteristics and Applications Refs

15% by weight modified lignin-containing
photoactive resins

These materials generate new products for additive
manufacturing applications, with a four-fold increase
in ductility. Excellent print quality was obtained with

modified lignin resins with a commercial
stereolithography system

[288]

Organosolv lignin OSL/hydroxypropyl
cellulose (HPC), 40/60 and 50/50 mixtures

Lignin/HPC biobased aqueous inks; direct-write
lyotropic blends; high performance [289]

Lignin–carrageenan/AgNP-MgCl2 one-pot
synthesis of AgNPs

Lignin as a reducing agent for AgNP green synthesis
and capping agent in the carrageenan matrix

crosslinked with divalent cations; wound healing; fast
wound dressing

[290]

Spherical colloidal lignin particles/cellulose
nanofibril-alginate

Three-dimensional printed cell culture model;
soft-tissue engineering [291]

Keratin/lignin hydrogels

Smooth films and nanoparticles; 4D functional
biocomposite materials. Protein complexation by

lignin was applied to form copolymers and reinforce
keratin crosslinking networks on aqueous and solid

state processing
3D and 4D printing

[292]

Kraft lignin/keratin

Fully biodegradable keratin hydrogels through
”greener” processes. Lignin binder to deliver

3D-printability; keratin/lignin biocomposite materials.
Lignin as material additive manufacturing technology:
3D and 4D printed responsive materials without the

need for synthetic chemical modifications

[293]

Granular dealkaline lignin/corn-derived zein
protein by extrusion

3D-printed insoluble lignin granules act as a binder for
enhanced printability and degradation in soil. Suitable

biocomposites for 3D printing manufacturing
biodegradable circuit boards are used, along with

inexpensive industrial byproducts lignin and zein as
precursors and benign solvents, such as ethanol

and water

[294]

Poly(caprolactone)/lignin/loaded curcumin 3D-printed dressings; antioxidant and antimicrobial
activities [286]

Carboxylated lignin/polylactic acid melt
mixing;

Suitable biocomposites for 3D printing via fused
deposition modeling (FDM); improved interfacial

adhesion between the COOH-lignin surface and PLA
matrix; reduced cost of printing PLA 3D filaments

without changing their thermal and mechanical
properties

[295]

Lignin-coated cellulose
nanocrystal/methacrylate composites

3D stereolithography printing;
mechanical reinforcement and thermal stabilization [276]

Lignin is physically or chemically mixed with other components, such as cellulose or
its derivatives, to take advantages of each component to formulate high-performance 3D
bio-feedstocks for 3D products. Several lignin-based compositions of inks used in 3D print-
ing are known as lignin/poly(ethylene oxide) (PEO), 20–40% lignin/acrylonitrile butadiene
rubber (NBR41)/acrylonitrile-butadiene-styrene (ABS);/polyacrylonitrile (PAN)-based car-
bon fiber (CF); lignin modified with nylon 12/acrylonitrile butadiene rubber (NBR41) [275].
Lignin/poly(ethylene oxide) (PEO) blend filaments for 3D printing with a melt-spinning
process have been prepared. The filament derived from lignin with 15% PEO had a uni-
form diameter, smooth surface, adequate mechanical properties, and thermal stability.
Bio-feedstocks in the presence of lignin allowed good printability at lower temperatures.
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Many existing processes operate at very high temperatures, being expensive and difficult
to scale. To address these challenges, researchers from the University of Delaware replaced
methanol, a traditional solvent used in lignin deconstruction, with glycerin to enable the
process to take place at a normal atmospheric pressure [296]. Replacing methanol with
glycerin provided the same chemical functionality but at a much lower vapor pressure,
leading to a more cost-effective system.

9. Lignin Use in Green Functional/Complex Materials

Green polymer biocomposites generally consist of a biobased thermoplastic or ther-
moset matrix with organic (e.g., wood flour, chicken feather) fillers (particulates or fibers)
and/or organic matrices (biopolymers) with inorganic additives such as carbon black, clays
(montlorillonites, haloysite, glass fibers), or silver nanoparticles (AgNPs).

The possibility of creating lignin-based polymer biocomposites to replace petroleum-
based composites has attracted the interest of many researchers worldwide due to the
negative environmental impact of traditional composites over time. Their aromatic and
crosslinkable functional groups make them suitable for a variety of polymeric matrices with
improved wettability, strength of the polymer composites, mechanical properties, and new
properties such as fire-retardant and UV-light-blocking characteristics [297,298]. Lignin,
with its distinctive chemical structure, can function in lignin-based biomaterials including
biocomposites, copolymers, nano-/micro particles, fibers as a stabilizer, compatibilizers,
and flame retardants. Lignin’s role is very different as an eco-friendly biodegradable and
renewable matrix, crosslinking agent, and nano- and micro-filler, being used in building
the designed structure and in modifying some properties such as mechanical, thermal,
antioxidant, antibacterial, biodegradability, biocompatibility, permeability, porosity, water
solubility, and adsorption ability. However, it can only be incorporated in small amounts in
other polymers because of its rather poor miscibility.

Stabilized morphology and improved thermal properties with lignin as an additive
increased the number of phenolic groups, ketone molecules, and chromophores, this
leading to higher UV light barrier properties, as lignin exhibits a strong UV-blocking
capacity, as well as antioxidant and radical scavenging characteristics. Lignin has been
investigated as an active ingredient to create film materials with reduced hydrophilicity
and ultraviolet-blocking qualities.

The differences in characteristics between lignin and conventional polymers led to
the incompatibility of the biocomposite. Its highly hydrogen-bonded network through
phenolic groups makes it immiscible with many polymers. Solvent casting and extru-
sion methods are mainly used to incorporate lignin into polymeric matrices. Chemical
modification, which depends on lignin origin and on the extraction conditions, was ap-
plied to obtain better compatibility of lignin with polymer matrices in bi- and multiphase
composites [299–302]. Deconstruction and chemical modifications will increase lignin
utilization in complex materials. Modified lignins are useful materials for environmen-
tally friendly polymeric materials. However, chemical modifications require additional
investments in the form of solvents, reagents, and energy inputs.

After cellulose, lignin is the most commonly used natural polymer in green and
synthetic biomaterials. Introducing lignin into commercial polymers can create green
functional/complex materials such as composites or eco-friendly composites, with very
interesting properties. Lignin contributes to improving properties, such as dimensional
stability, hydrophobicity, porosity, material density, mechanical properties, biodegradability,
biocompatibility and non-cytotoxicity; lignin can also possibly impart functionalities of
the resulting products, such as antibacterial and antioxidant properties and controlled
drug release, at lower production costs. LNPs are also used. Using strategies inspired by
nature, different researchers have developed lignin-based nanocomposites that display
both the well-known properties of bio/nanocomposites (improved mechanical and gas
barrier properties and higher thermal stability) and the remarkable features of either
the biological or inorganic (sometimes nanoparticles) moieties, such as biocompatibility,
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biodegradability, and, in some cases, functional properties. Lignin can be incorporated into
the biocomposites as a nucleating agent, UV absorber [45,303], copolymer, filler material,
reinforcement, coupling agent, compatibilizer, etc. Lignin-based biocomposites are applied
in drug delivery systems, wound dressing, tissue engineering, and regenerative medicine
(e.g., skin, nerve, cartilage, bone, and hard tissues). However, the valorization of lignin for
high-value applications in composite materials is low, which could result in large increases
in costs. Its use as a reinforcement material in biopolymers is a comparatively new and
emerging research field [304].

Although lignin is highly resistant to chemical and biological degradation, it is slowly
degraded by ligninolytic microbes [305]. Lignin has been used as the main matrix in a
new class of engineering materials based only on renewable resources. For example, the
Arboform® composites consist of isolated lignin, natural fibers, and natural additives,
while Xylomer™ (made up of lignin/polymer blends) materials are elaborated through
conventional thermoplastic processes, such as injection molding [306]. Lignin use in
composites manufacturing is limited by its low solubility and reactivity, high polydispersity,
glass-transition temperature (Tg), sulfur content, color, etc. Selection of a suitable lignin
type and its deconstruction methods, functionalization/modification, and the incorporation
of UV stabilizers can be applied [307,308].

Carbonyl and conjugated phenol groups, such as chromophores, inside the lignin
structure explain the light absorption in the UV range (200–400 nm), thus showing very
good UV shielding and being a promising material to substitute the synthetic UV ab-
sorbers in composites, mainly in food packaging, because they help to protect food from
UV irradiation. The chromophore groups also impart an undesirable dark color, creating
a loss of visible transparency of the polymer film. Visible transparency is an important
factor for food packaging because customers generally desire to see the product inside
the packaging. The UV-absorbing lignin composite materials can be included in food
packaging, healthcare products, and solar panel protection [36]. The UV-shielding prop-
erties and color of lignin are modified by selected extraction process, chemical modi-
fication method, and size of lignin particles, etc. The synergetic effect between lignin
and the other constituents of the complex materials was demonstrated. More efficient
lignin dispersion and compatibilization will lead to improvement in the properties of the
multicomponent materials.

As mentioned before, other types of materials (LNPs, hydrogels, etc.) have many
possible applications in agriculture, biomedicine, and the food and building industries,
and different lignin-containing materials such as LNPs as well as 3D-printing can help to
reduce the quantity of waste products and decrease environmental pollution [308].

Possible ways to improve the dispersibility and compatibility are lignin esterifica-
tion [309–311], the use of crosslinkers [312–314], and polymer surface modification using
physical or chemical methods [315–318].

The most useful blends/composites containing lignin are those biobased polymers
(such as starch, cellulose, epoxy, natural rubber, chitosan, alginate, plant proteins) and
synthetic ones (polypropylene (PP), PVA, polylactic acid (PLA), polyhydroxy butyrate
(PHB), poly(ethylene glycol) (PEG), poly(vinylpyrrolidone, polyamides, etc.). There is a
special interest in obtaining and improving the green composites containing lignin (Table 5).
Corn was blended with soda lignin and graphene oxide in a wheat starch matrix. Differ-
ent combinations have been tested such as corn starch, cassava starch, urea-crosslinked
tapioca starch, kraft and acid hydrolyzed lignin in modified corn starch microparticles
with crosslinking agents, adipic acid in corn starch and glycerol, and lignin–sago starch
blends for novel food packaging film using a solvent casting process. The films with
kraft and soda lignin as fillers have an improved water barrier and thermomechanical
and seal strength properties and a considerable reduction in permeability (water vapor)
and transmission, particularly when films are made from hydrophilic materials, such as
alginate and starch, because of the interaction of lignin and the hydrophilic groups of the
biopolymer [319–321]. Starch/20% kraft lignin foams obtained by compression molding
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showed similar properties to PS. Starch foams are biodegradable alternatives to foamed
polystyrene [322]. Lignin incorporation reduces the oxygen and water vapor permeabil-
ity. Lignin from the lignocellulosic ethanol process is further valorized for sustainability
reasons. The obtained LNPs with an average diameter of less than 160 nm were used as
reinforcement for green biodegradable starch films. The 20% incorporated lignin improved
mechanical properties and stability of the composites. The presence of lignin-rich solid
particles with high hydroxyl group content enhanced the hydrophilicity and the surface
energy of starch/lignin film [323]. Lignin-starch films exhibit advantageous physical prop-
erties, such as low odor, color changes, and a slight decrease in light transmittance in
the visible light region (400–800 nm) after the addition of LNPs, while the starch/lignin
(SL) composite films exhibit excellent UV shielding properties, nontoxicity, mechanical
properties (Figure 4), oxygen permeability, and good antioxidant performance.
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Figure 4. UV–Vis light transmittance spectra (a) and mechanical properties of starch film and
starch/lignin composite films containing: 1% LNPs (SL-1); 2% LNP (SL-2); 3% LNP (SL-3), 4% LNP
(SL-4 and 5% LNPs (SL-5), respectively [324].

Starch/lignin composite film production using an agro-industrial waste byproduct
could assist in achieving waste biomass management in a cost-effective and environmen-
tally friendly way. They are promising materials for slowing down the oxidative deteriora-
tion of soybean oil, food preservation, and the sustainable packaging industry. Kraft lignin
has been blended in soy protein and glycinin, thermoplastic zein, wheat gluten, fish protein-
based plastics, the protein matrix of wheat gluten, gelatine, soy protein, formaldehyde, and
citronella essential oil to impart antifungal activity, etc.

Lignosulfonate, desulfonated lignosulfonate, and acid-hydrolyzed lignin have been
introduced in the PLA matrix, leading to some important improvements in terms of me-
chanical and thermal stability. Lignin in polyhydroxy butyrate (PHB)-based biocomposites
has also been used to improved properties. Lignin/PHB is completely biocompatible,
biodegradable, and thermoplastic. The kraft lignin/PHB blend showed excellent biocom-
patibility and biodegradability.

All these applications of lignin are important reasons to consider lignin valorization in
high-performance complex polymeric materials, as an important direction for sustainability
and a circular economy. To date, studies on the interaction of lignin with the packaged food,
as well as in vivo digestion, are very preliminary and will require additional investigation.

Generally, the compatibility of the lignin with polar components is a challenge; there-
fore, only small quantities of 10–25 wt% lignin can be used in PP or PE. Lignin can act
as stabilizer for polyolefins, but when it is added to PS, the mechanical properties are
deteriorated. Satisfactory results are obtained for blends with PET [325] or PVC.
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Compostability of the lignin-based materials is an important aspect [326]. It has been
mentioned above that lignin is efficiently biodegraded by white-rot fungi and various types
of bacteria, but its degradation under composting conditions, commonly used to dispose of
food packaging items, is incomplete and inefficient. The improved gas barrier, decreased
water permeability, and increased hydrophobicity can be associated with reduction in the
material degradability in the composting conditions.

Lignin biocomposites in biomedicine. Nanolignin (NL) and chitin nanofibril (CN)
have been assembled into micro-complexes and loaded with bioactive factors, such as
the glycyrrhetinic acid (GA) and CN-NL/GA (CLA). Completely biobased and bioactive
films and fiber meshes designed for wound healing have been obtained from poly(3-
hydroxybutyrate)/poly(3-hydroxyoctanoate-co-3-hydroxydecanoate), surface-modified
via electrospraying/electrospinning of CN and NL and tested in vitro with human ker-
atinocytes. The nanoparticles improved the antimicrobial and anti-inflammatory activity of
the electrospun fiber meshes, leading to promise for wound healing applications [327].

Table 5. Lignin use in various green blends and composites, its role and applications (recent studies).

Components of Biocomposites Lignin Role/Application of Product References

Agriculture

Azide-modified cellulose/0.5–2 wt% covalently
bonded lignin with UV-blocking properties;

propargylated lignin

Biodegradable, flexible, and transparent UV
protection films from renewable resources [297]

Polyvinyl alcohol PVA/lignin, spherical
organosolv, lignin particles, LNPs obtained by

dialysis with THF or ethanol as solvents
UV-blocking lignin–PVA composite film [328]

Alkali lignin/carbon nanoparticles (C-NPs)
containing lignin nanoparticles (L-NPs)

Agro-nanotechnology
- Cost-effective alternative compared to

conventional commercial fungicides
- Environmentally benign nanopesticides for

long-term plant protection
- Antifungal nanocomposite

- Control agent against Fusarium verticillioides
in maize

[329]

Alginate/polyvinyl alcohol/calcium chloride and
boric as crosslinkers

Three-dimensional (3D) biocomposite adsorbent;
multiporous architecture; excellent substitute for a
commercial EDTA-Fe micronutrient; eco-friendly,

highly efficient

[330]

Waste treatment

Hydrophilic sulfonated kraft
lignin/polyethersulfone (PES)

Layer-by-layer (LbL) assembly; antifouling coating;
oily wastewater treatment [331]

Lignin-derived adsorption materials
Compounded lignin with other materials;

high-value-added lignin adsorbent material
wastewater treatment

[332]

Food Packaging

Enzymatic hydrolysis of dried solid from alkali
treatment of wheat straw/dry corn starch, glycerol,

solution casting method

Lignin particles act as reinforcements for green
biodegradable starch films [323]

Technical lignin/cellulose
Cellulose/technical lignin composites; antioxidant

and UV barrier
Advanced packaging

[333]

Lignosulfonate/alginate

Photoprotective and antioxidant properties;
enhanced barrier properties of the blend films and

antioxidant activity;
active packaging applications

[334]
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Table 5. Cont.

Components of Biocomposites Lignin Role/Application of Product References

Lignin nanoparticles/chitosan/polyvinyl alcohol
Lignin increased mechanical strength and

antioxidant and antibacterial activity. Active food
packaging

[335]

Low molar mass alkali lignin/PLA

Increased water barrier properties (up to 73%)
photodegradability; biocompatibility, antimicrobial
activity; very good cellular response and very low

cytotoxicity levels; food packaging

[336]

Hydroxypropyl lignin or lignosulfonate or alkaline
lignin/soy protein

Enhanced mechanical performance, water
resistivity of soy protein plastics and specific

functional properties; biomedical uses;
food packaging

[337]

Alkaline lignin (AL) and sodium lignosulfonate
(LSS)/PEG/thermoplastic zein

Strong H-bonding modifying α-helix, β-sheet, and
β-turn secondary structures; improved physical

properties; due to the interaction of AL with zein
molecules, enhanced strength and water resistivity

of soy protein plastics.
Food packaging
Biomedical uses

[338]

Lignin/tannic acid/biodegradable PBAT
composite film: epoxidized soya bean (ESO) oil as

plasticizer and encapsulated lignin/tannic acid
as filler

Reduced water vapor and oxygen
transmission rate;

improved properties and degradability. Extended
shelf-life and preservation of food, including fresh

potato and onion
Packaging of dry food products

[339]

Kraft lignin/poly(3-hydroxybutyrate)
nano-composite Pickering emulsion and hot

compression

Hydrogen bonding interactions; improved
mechanical properties, UV resistance/blocking

and higher melt viscosity;
Food packaging

[340]

Technical soda lignin (ethyl acetate
extract/high-density polyethylene. Melt extrusion

Composite for food packaging.
Antioxidant and insect repellent activities [341]

Biomedical

Alkali lignin green synthesis of
AgNP/carrageenan/calcium chloride, copper

chloride magnesium chloride silver

Antibacterial against Staphylococcus aureus and
Escherichia coli; biocompatible;

Wound dressing and healing effect
[190]

Nanolignin (NL) and its composites

Cancer therapy drug and gene delivery, biosensing,
bioimaging, and tissue engineering; therapeutic

potency of chemotherapeutic drugs by decreasing
their dose and reducing their adverse effects

[342]

Lignin as decoration for multi-walled
nanotubes/PVA-lignin fiber nanocomposites

Antimicrobial properties
Wound healing/tissue engineering [343]

Lignosulfonate/PVA/chitosan 70% reduction in free radicals; good antibacterial
abilities at 10% (w/w) lignin; wound healing [220]

Kraft lignin/PVA/poly(glycerol sebacate) (PGS)
electrospinning

PVA-PGS-lignin fibers. Lignin incorporation
promotes neural cell proliferation and

differentiation. Tissue engineering/regeneration
[344]

Kraft lignin/electrospun PCL fibers embedding
lignin nanoparticles Peripheral nerve regeneration [345]

Alkali lignin/PLA-lignin nanofiber
silver-ion-containing lignin

nanoparticles/poly(lactide)–lignin nanofibers.

Antioxidant activity;
eco-friendly alternative to AgNPs in antimicrobial

and antioxidative applications; biomedical
application

Tissue engineering

[193]

210



Polymers 2023, 15, 3177

Table 5. Cont.

Components of Biocomposites Lignin Role/Application of Product References

Lignins extracted from pine residue esterified with
succinic anhydride/PLA

Enhanced mechanical and thermal properties
of PLA

Excellent antimicrobial and biocompatibility.
[346]

Lignosulfonate/polyoxazoline/triazoles
(linked silver)

Antimicrobial against many strains such as
Escherichia coli, Pseudomonas aeruginosa, Salmonella

typhi Klebsiella pneumonia, Staphylococcus aureus,
Staphylococcus epidermidis, Candida albicans, and

Candida tropicalis;
Antioxidant, anti-inflammatory, preventing

infection; promotion of healing; reduced
inflammation on burn wound

[347]

Softwood kraft lignin/poly(butylene succinate)
melt-mixing extrusion

Antimicrobial and antioxidant properties;
resistance to adherence of the common nosocomial

pathogen Staphylococcus aureus.
Pharmaceutical/biomedical applications

[181]

New High-Performance Materials

Organosolv lignin/polylactide/PVAc poly(vinyl
acetate)/GMAglycidyl methacrylate, reactive

extrusion

Super-toughened bio-elastomer PLA composite;
improved interfacial adhesion; PVAc and GMA as

toughening agents; single glass transition
temperature. High elongation at break and impact

strength;
replaces petroleum-based elastomers such as

EPDM elastomer

[348]

Micro- or nano-Soda lignin (NL) as green filler;
content between 0.5–5 wt%/PLA masterbatch
prepared by solvent casting, then melt mixing.

Biobased and biodegradable PLA films;
Interfacial interactions, slightly stronger in the case

of NL acting as fillers. Competitive green
alternative in the

food packaging industry

[201]

Acetylated lignin/thermoplastic polyurethane
mixing

Lignin-based thermoplastic polyurethane adhesive.
Wood adhesive [349]

1–10 wt% grape seed lignin/highly crystalline
(PHB)/amorphous (PHA). Polyhydroxyalkanoate

modification

Improved mechanical and gas-barrier properties,
high antioxidant capacity of lignin;

biodegradability; active biodegradable packaging
films; lignin can change the crystallinity of PHB in

compost; nontoxicity of materials and its
degradation products; positive effect on white

mustard (Sinapis alba L.) seed germination

[350]

Methylated lignin, lignin esters, or
lignin-containing epoxy groups/poly(butylene
adipate-co-terephthalate) (PBAT) coextrusion;

PBAT grafted with maleic anhydride as a stabilizer;
poly-3-hydroxybutyrate PHB or

poly-3-hydroxybutyrate-co-3-hydroxyvalerate

Economically competitive biodegradable
PBAT/lignin and PHB/L composites

Low-cost filler, 36% price reduction; good
properties; degradability

[351]

Lignin-containing microfibrillated cellulose
isolated from chemi-thermomechanical pulp or

acetylated/PLA

Biocomposites with controlled biodegradation of
polylactic acid (PLA). Biotic degradability [352]

Unfunctionalized lignin and
3-aminopropyltriethoxy silane functionalized
lignin/waterborne polyurethane. Chemical

reaction

Lignin as natural reinforcing filler [353]

Lignin/polyfurfuryl alcohol Thermosets; Eco-friendly composite resins [354]
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Known applications of lignin-based composites are packaging, plant protection,
biomedical materials, life sciences, automotive, advanced biocomposites, flame retardants,
electroactive materials, energy storage, and others [355]. Synergistic interactions found
in lignin-containing systems, mainly in nanocomposites and nanohybrid assemblies, are
highly beneficial [356]. Most of the publications related to lignin-containing blends and
composites used kraft or alkali lignins; especially kraft lignin in crude form. Higher risks
in terms of cytotoxicity compared to lignins stemming from other biorefinery approaches
like organosolv processes are possible.

10. Energy Storage and Conversion Technologies

Fossil fuels are increasingly used day-by-day worldwide, which will lead to their
eventual depletion. The resulting environmental degradation necessitates the progres-
sion of renewable energy sources and energy storage/conversion technologies. Attempts
have been made to seek out sustainable different energy sources. Plant biomass, espe-
cially wood containing mainly cellulose and lignin with a content of 18–30%, should be
a good choice. Polymers and their composites play a vital role in energy storage and
conversion technologies. A large volume of lignin is used as biofuels and in energy pro-
duction. Lignin can partly replace fossil-based materials and allows more environmentally
friendly formulations. Renewable lignin could reduce non-renewable coke consumption
by approximately 20%.

10.1. Sustainable Fuel from Lignin

Sustainable energy sources and biofuels from renewable sources are very important.
Bio-oils are rarely blended with crude oil as a feedstock for refineries. Lignin-derived fuels
could reduce greenhouse gas emissions and dependency on fossil fuels. There are two
basic methods for converting lignin into fuel: thermochemical and catalytic. Preliminary
materials are utilized in hydrotreatment and fluid catalytic cracking (FFC) with zeolites as
catalysts. Catalytic hydrogenation converts low-value products (as aromatics) to jet fuel.
This coproduction improved the overall economic viability of an integrated biorefinery
process [357–360].

10.2. Sustainable Aviation Fuel (SAF)

Sustainable aviation fuel (SAF) is essential to decreasing the carbon footprint of the
aviation industry. A team in the USA, the National Renewable Energy Laboratory (NREL),
Massachusetts Institute of Technology (MIT), and Washington State University used lignin
for the production of the SAF. The two main challenges are finding an effective catalyst
and removing the oxygen from the lignin. The lignin oils in existing research projects had
an oxygen content of 27 to 34%. For aviation fuel, however, this value has to be lower
than 0.5%. To date, catalysts containing expensive precious metals have been used, which,
in addition, showed only low efficiency. Carbon dioxide emissions can only be achieved
with the massive use of SAFs [361]. A collaboration of US researchers has pioneered a
100% sustainable aviation fuel using lignin [362].

10.3. Electrochemical and Energy Storage Applications

Because of its redox functionalities, lignin has an important role in various energy
conservation processes where energy conversion and storage occur through a series of
reversible oxidation/reduction reactions such as respiration and photosynthesis. The use
of lignin in energy storage devices contributes to obtaining greener energy, improving
performance, and also decreasing price and toxicity. Lignosulfonates are preferred for such
applications [363]. Most studies deal with the improvement of electrochemical performance,
novel lignin sources for this purpose, or structure and surface modifications of obtained
materials. A process–structure–properties–performance correlation was associated with
lignin valorization from a byproduct of biorefineries to high-performance energy storage
materials, with low-cost production.
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Lignin shows high potential for use as a renewable precursor for carbon materials,
utilized in many energy storage devices. These applications include lignin as an expander
for lead–acid batteries, electrodes for primary and rechargeable batteries, electronic double
layer capacitors, and electrochemical pseudocapacitors as well as feeding different types of
fuel cells, solar cells, etc. [364–367].

10.4. Lignin-Based Organic Flow Batteries

Organic flow battery systems for ships featuring electric propulsion have been devel-
oped in the maritime sector. One of the most promising technologies for this purpose is
based on lignin developed by the German company CMBlu. Lignin-based organic flow bat-
teries are more secure and stable, less costly, and more sustainable regarding resource use.
Finally, the disposal is ecological, the components are easily recycled, and no problematic
waste products are generated [368].

11. Conclusions

11.1. Lignin as Promising Renewable Source

The global demand for lignocellulosic biomass and for energy and chemical production
has increased, along with the available amount of lignin as waste. Lignin valorization
has been mainly focused on production of fine chemicals and biobased high-performance
materials. The market size for lignin-based products includes colloidal lignin particles,
vanillin, catechol, propyl guaiacol, BTX, PHA, PUR foams as polyols, carbon fibers, eugenol,
and jet fuel. At the market level is established that, the selected applications depend on
the lignin type. Low-purity lignin is utilized in energy production, bitumen, and biofuel,
and with the increase in purity, other uses are envisaged, such as in production of the BTX,
phenols, cement additives, activated carbon, and phenolic resins, while high-purity lignin
is used to obtain carbon fibers, vanillin, phenol derivatives, materials with applications in
medicine, pharmacy, cosmetics, and the food industry, etc. With increased lignin purity,
their costs increased and also the value of the obtained products. Thermoset networks via
step-growth polymerization from lignin-derivable compounds are also modern fields of
research. From this renewable but heterogeneous chemical resource, greater value could
be gained by developing higher value pharmaceutical applications which would help to
improve integrated biorefinery economics.

A transition from the current petrochemical infrastructure requires either that: (1) regulations
accelerate a shift from petroleum or (2) polymers derived from lignocellulosic biomass
exhibit superior performance or longer-term (socio) economic advantages. The realization
of cost-competitive petrochemical alternatives from biomass may require significant inno-
vations in separation, purification, and polymerization chemistry. Bio-sourced materials are
inherently greener than petrochemical-based systems, but the complexities are associated
with lignin heterogeneity and modifications. The non-homogeneous, polydisperse nature
and varying molecular weight and structure of lignin result from highly biodiverse sources
and the lack of standardized extraction procedures, which is important when the lignin
biomaterial is used for medical purposes such as in scaffold fabrication. Research inter-
ests are focused on the development of lignin nanoparticles/nanofibers, hydrogels, green
composites as multicomponent, functional materials, etc., with a complex composition,
which assures the good performance of materials through these synergistic interactions.
The use of 3D-printable lignin monomers/formulations is particularly beneficial, but a lack
of material diversity is considered a major limitation in stereolithographic printing. The
high-volume utilization of lignin in 3D printing applications would further broaden its
application fields and alleviate the environmental load of lignin. Lignin is one of the prime
candidates for various biomaterial applications, such as raw materials, additives, drug
and gene delivery, biosensors, bioimaging, 3D printing, tissue engineering, and dietary
supplements. In applications related to food and pharmaceutical fields, the toxicity profiles
require more in-depth, long-term analyses due to the phenolic nature of lignin biomaterials.
Detailed structure/function relationships must be investigated to better understand the
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mechanism and behavior of lignin-drug carrier interactions, and also detailed studies
on lignin biomaterial sterilization, in vivo biodegradation, and biocompatibility to better
assess the role of lignin on cells and tissues are necessary.

The use of bulk lignin in composite materials incorporates renewability, reduces
costs, and increases functionality. Novel bio-nanocomposites with improved properties
and multifunctionality domain can be envisaged as an emerging, open field of research,
with many possibilities because of the great abundance and diversity of biopolymers in
nature, synergistic combination with inorganic nanosized solids, lignin graft copolymers,
enzymatic grafting, and crosslinked networks.

11.2. Challenges and Future Trends

Lignin, the second-most abundant renewable biopolymer on Earth, is one of the largest
natural renewable sources of aromatic structures. Sources of lignin are paper-pulping
wastewater and agricultural/forestry residues, including straw, husk, stalks, stover, and
cobs as the largest sources of wasted lignin, which are considered highly valuable as
bioenergy and biorefinery materials because they are renewable, non-edible, and do not
interfere with the food industry. Suitable valorization of lignin waste streams from the pulp
and paper industry and biorefinery processes could be a crucial step for the development
of a circular sustainable economy. The extraction of lignin is one of the major barriers
in the reclamation and reuse of lignin from waste. Eco-friendly isolation of lignin from
agricultural wastes is in the development stage and should be further studied [369]. Lignin
has multiple impressive physicochemical properties (good mechanical and physicochemi-
cal properties, low weight, and excellent thermal stability, and it can undergo a range of
modifications to tailor or impart special characteristics, such as improved compatibility and
processability) and shows important bioactive effects (antioxidant, antimicrobial, antifun-
gal, anti-inflammatory properties, etc.) being considered a multipurpose/multifunctional
raw material with important roles/applications in the various fields. Therefore, lignin
possesses huge potential for the production of a variety of materials because of its high
carbon content, low cost, and bio-renewability. However, challenges appear because of
the large differences found in molecular structure and molecular weight of lignins result-
ing/extracted from different sources (plant family and species, their culture conditions,
part of plant, age, climate, etc.), extraction procedures, and after further treatments. Some
technical/processed lignins are less chemically reactive and more cytotoxic compared to
native lignin. In such cases, it is important to both evaluate in detail structure, molecular
weight, biocompatibility, cytotoxicity, etc. of each type of lignin and to select suitable
type for a certain application domain. Better-controlled composition and properties of
the obtained products are necessary. The characterization and quantification of functional
groups and the ratio of monomeric units are the main characteristics of technical lignins,
affect the possibilities and strategies for further processing, and are among the chief ob-
stacles of the utilization of this highly abundant biopolymer. Although several techniques
were developed for this purpose, there is still a need for quick, cost-efficient, detailed
characterization and reliable quantification methods for the utilization and modification of
lignins for high-performance materials.

Because of its large number of hydrogen bonds, lignin has strong intermolecular and
intramolecular forces, showing either favorable interactions with some components or a
poor incompatibility and dispensability in complex polymer systems. To overcome these
difficulties, careful selection of lignin type and modification methods for improving the
compatibility have been used. Numerous studies have been conducted to develop natural
alternatives, starting from biodegradable, renewable resources, which are safer and cleaner
for the environment, including lignin valorization. New materials will be developed by
combining green chemistry and engineering technology as a consequence of the demand for
development of environmentally friendly and sustainable production/consumption/waste
management systems for both plastics and biodegradable materials. This trend has changed
in recent years because of modifications in consumer habits; preferences for single-use
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products, fresh food, and ready-to-eat packed food; awareness of the need for a healthy
life and environment; and the growing need for fabricating packaging, medical devices,
healthcare products, and others in a more environmentally friendly way. Lignin-based
materials are excellent candidates for greenhouse gas diminution in comparison to many
petroleum-based chemicals.

However, the valorization of lignin to high-performance and cost-competitive ma-
terials remains a challenge. It better adheres to ”green design” principles in comparison
to petroleum counterparts, but its properties rank below those of several common petro-
chemical plastics with respect to environmental impact considering a full life-cycle analysis
and economic gains. Moreover, lignin valorization has encountered a series of constraints
related to its heterogeneous polymeric nature/composition, intrinsic recalcitrance, strong
smell, dark color, some problems encountered in lignocellulose fractionation, recalcitrance
to depolymerization/deconstruction, and a complex mixture of aromatic compounds re-
sulting during degradation, etc. Deconstruction and chemical modifications will increase
lignin utilization in complex environmentally friendly polymeric materials. However,
these procedures require additional investments in the form of solvents, reagents, and
energy inputs.

The simulation of biorefinery processes for the design of manufacturing processes
to obtain value-added chemicals from lignocellulosic resources has been conducted, but
this method must be continuously developed to assess/control all steps of the studied
processes. Researchers and the industry should pay attention to life-cycle assessment (LCA)
studies and technical–economic assessments. The importance of reactivity and constant
quality of lignin as a raw material is also necessary. The developments are necessary in the
alternative preparation methods to ensure low cost, biocompatibility, surface modification,
sustainability, eco-friendliness and ease of large-scale production of LNPs and hybrid
materials, especially those designed for medical applications. Functionalization of lignin
to improve its polymerization with other polymeric materials is an open direction for
research, and in vitro and in vivo detailed toxicity studies are required to facilitate the
application of lignin-based hydrogels, LNPs, biocomposites in the food and pharmaceutical
industries, and biomedicine. The large-scale utilization of lignin in 3D printing is still
a great challenge due to its inherent brittleness and non-thermoplasticity. Cost-effective
technology, scaling, and proof of concept are required to attract industrial production for
lignin-based hydrogels/LNPs and green composite commercialization.
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