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Materiais a Base de Celulose Reticulados com Epicloridrina: Uma Mini
Revisao

Liliane O. Mota,?™ lara F. Gimenez>*

Cellulose, the most abundant biopolymer worldwide, has received a great deal of attention by researchers
in several different fields. Hydroxyl groups on cellulose chains can be chemically modified in order
to improve physico-chemical properties enabling applications in different areas such as biomaterials
for implants, removal of chemical components from water and hydrogels for the delivery of drugs and
fertilizers. In this context, chemical crosslinkers may also bring advantages to cellulose-based materials
and derivatives improving their thermal stability, surface area and swelling degree of hydrogels. Among
many chemical crosslinkers, epichlorohydrin has been used in recent years to prepare materials based
on cellulose and other biopolymers. Thus, here we aim to review recent works reporting cellulose-based
materials crosslinked with epichlorohydrin in a comparative approach with other common agents such as
glutaraldehyde and citric acid, their advantages and disadvantages as well as future prospects.

Keywords: Cellulose; cellulose derivatives; epichlorohydrin; crosslinking.

1. Introduction

In the search for new materials exhibiting simultaneous efficiency, low environmental
impact and favorable costs, researchers always rely on nature as a source of raw materials and
bioinspiration to preparation and application strategies.' In contrast to engineering materials,
biological structures show hierarchically built anatomies, designed and optimized during a
long process of genetic evolution. In this context, the comprehension of biological structures
as well as the development of strategies for their manipulation has motivated a large volume of
studies.” The use of natural polymers in different areas has increased in recent years, including
systems such as cyclodextrins, starch, alginic acid, chitosan and cellulose -the most abundant
biopolymer on earth. Cellulose exhibit advantages in comparison to other polymers, including
abundance, non-toxicity, biodegradability, biocompatibility, environmental friendliness and
low cost, favoring its use in many industrial activities.?

However, native cellulose in insoluble in water and only slightly soluble in organic solvents
due to the complex structure of crystalline and amorphous regions as well as the strong intra-
and intermolecular hydrogen bonds.? Thus, several solvent systems have been evaluated in
order to dissolve cellulose and to increase its applicability. * In addition to methods to dissolve
cellulose chains, breaking up the intermolecular interactions that make those chains strongly
packed and allowing for chain separation, the methods and procedures shown here aim also
to reconstruct the macromolecular structure, forming lightweight materials such as hydrogels,
aerogels, xerogels, foams and sponges.’ Figure 1 illustrates some of the general pathways from
the natural cellulose sources to a crosslinked cellulose hydrogel, showing the distribution of
native cellulose in the natural architecture followed by separation, dissolution and hydrogel
assembly.

The presence of three distinct hydroxyl groups in each anhydroglucose moiety in cellulose
chains makes many chemical modifications possible including esterification, etherification,
oxidation by 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), polymer grafting, crosslinking
among others.® In this mini-review we will focus on crosslinking, which takes place through
physical as well as chemical interactions between different polymer molecules or different parts
of the same molecule. The possible interactions include ionic or hydrogen bonding as well
as the use of bi- or trifunctional chemical agents able to react with functional groups creating
interchain bridges.” Distinct crosslinking techniques have been developed and can be classified
as physical, chemical and enzymatic crosslinking. Within the physical crosslinking, there

@ ® This is an open-access article distributed under the 159
BY terms of the Creative Commons Attribution License


mailto:iara.gimenez%40gmail.com?subject=
https://orcid.org/0000-0001-8594-2707
https://orcid.org/0000-0001-7722-2953

Cellulose-Based Materials Crosslinked with Epichlorohydrin: A Mini Review

Cell wall

Macrofibril

Cellulose source

Intermolecular

hydrogen &=

Microfibril

Intramolecular
hydrogen
bond

?/ ~
E=5

o
?/;er Cellulose
molecular

chains

Crosslinking Cellulose
cellulose with dissolution
epichlorohydrin NaOH/Urea

Cellulose
Hydrogel

Figure 1. Representation of the pathways along which cellulose is formed in natural sources, provide the plant the necessary
structural properties, can be extracted, dissolved and transformed in material architectures with desired properties

are the freeze/thaw, photoinitiator and radiation-induced
mechanisms,* for example. While in chemical crosslinking,
crosslinking agents such as citric acid, epichlorohydrin and
glutaraldehyde are generally used,* different mechanisms
can be application, such as free radical polymerization,
Michael addition reaction, schiff base reaction, enzymatic
reaction and click reaction.® As it will be detailed later
in this mini-review, all techniques have advantages and
disadvantages and, among them, chemical crosslinking is the
most widely used although it may involve several reaction
steps, reactants and generate wastes.’

Here we review studies on epichlorohydrin (ECH)
(1-chloro-2,3-epoxypropane) which, in addition to
glutaraldehyde and citric acid, is widely used as crosslinker
of biopolymers such as cellulose, chitosan and starch.
Nevertheless, other chemical crosslinkers are often reported
in the literature, such as polyethylene glycol,’ genipin'® and
vinylsulphone,'" in order to yield rationally designed materials
as well as to overcome limitations of the most commonly
used crosslinkers. The choice of the crosslinker lies on factors
including the nature of the aimed application, the material
architecture, hydrophilicity/hydrophobicity, porosity, swelling
degree, mechanical properties and biocompatibility. Among
the three crosslinkers cited, ECH has the shortest chain and
provides an intermediate hydrophilicity in comparison with
the other ones, in addition to give higher chemical durability
against hydrolysis. ECH is known for more than 50 years
and is the most common crosslinker used in cyclodextrin
chemistry to yield nanosponges for water treatment and
drug delivery.'>"3 Another attractive of this crosslinker is that
it allows to obtain polymers free from crosslinker residues
due to the high efficiency of the washing process. On the
other hand, glutaraldehyde is a more versatile crosslinker for
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different biopolymers such as proteins and polysaccharides
and as a result is has long been applied for medical implants.
Finally citric acid-crosslinked materials are in an earlier stage
of development but are extremely promising on the basis of
the non-toxic nature.

There are excellent review articles in the literature
focusing the crosslinking of biopolymers in general,' the
crosslink of cellulose and its derivatives'® and cellulose-
based hydrogels.'®!” However, there is currently a lack
of review articles treating specifically the role of ECH in
cellulose crosslinking, which would be helpful for a more
rational choice among the common crosslinkers in order to
obtain materials addressing specific demands. Thus, this
mini-review is aimed at summarizing the main chemical
and toxicity differences between ECH and other common
crosslinkers as well as showing the effect of crosslinking
cellulose-based materials with ECH on relevant properties
of the resulting materials.

2. Cellulose

Cellulose is the most abundant renewable polymer on
Earth and can be found in plant cell walls, marine organisms
and can also be synthesized by certain algae, fungi and
bacteria.'® However, the cellulose structure contains the
same polymeric chains consisting of repeated glucopyranose
units connected by 3-1,4-glycosidic bonds, irrespective of
the origin. Each glucose moiety has hydroxyl groups at
C2, C3 and C6 positions able to form intra- and interchain
hydrogen bonds."

Cellulose is a suitable candidate for biomaterial applications
as it has advantages as biodegradability, biocompatibility
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and environmental benignity.”® Thus, it has been used in
the development of composites,>"** nanocomposites,>*
hybridization with carbon nanomaterials,”-* nanospheres,**+
hydrogels* and ionogels*** being applied in different areas
such as in the adsorption of heavy metals,* controlled delivery
of drugs,* wound dressing*' and delivery of fertilizers,*
among other applications. Important drawbacks for cellulose
application are brought by its difficult solubility* which
results from the strong intra- and intermolecular hydrogen
bonding in the structure. As a consequence, cellulose in
insoluble in water and only slightly soluble on some organic
solvents.>" The use of alkaline solutions has been employed
since Mercer proposed the so-called mercerization process,
based on the use of NaOH or LiOH to solubilize cellulose
and overcome this limitation. The solubility and stability of
cellulose can also be improved by the addition of urea and
thiourea in solution medium.* Efficient cellulose dissolution
was observed using pre-cooled solutions containing 7%
NaOH and 12% urea,* 4.6% LiOH and 15% urea® and 9.5%
NaOH and 4.5% thiourea*. The mechanism of cellulose
solubilization by NaOH and urea is not fully understood, but
some hypotheses were raised such as that the hydrogen bonds
are broken apart by aqueous OH" species while hydroxyl
groups in cellulose molecules are stabilized by hydrated Na*
ions and urea stabilize the hydrophobic regions in the chains.*

Other types of chemical modifications including
etherification, esterification, surface polymerization,"
and TEMPO mediated oxidation*’** contribute to a
higher availability of cellulose derivatives with favorable
properties. Among the most studied cellulose derivatives,
microcrystalline cellulose is a white crystalline powder
obtained through hydrolysis with strong acids and is widely
studied.* Carboxymethylcellulose is obtained via partial
substitution of 2, 3 and 6 hydroxyl groups in the cellulose
structure by carboxymethyl group in nonaqueous medium.*
Finally, it is worth to mention TEMPO oxidized cellulose
which can be obtained through carboxyl conversion of the
C6 hydroxyl group.®

A modification strategy capable of changing dramatically
both the chemical and architectural characteristics of
polymers is the physical and chemical crosslinking.
As mentioned, crosslinking involves the generation of
innumerous interaction points between different polymer
molecules or along the same molecule. Crosslinking affects
important properties including swelling, solubility, response
to stimulus, mechanical properties, turbidity, elasticity
among others.™

Physical crosslinking usually takes place through
reversible intermolecular interactions such as ionic,
electrostatic, and hydrogen bonds leading to chain
entanglement and high structural cohesion.’' The main
advantage of physical crosslinking is the absence of
chemical crosslinkers avoiding their potential cytotoxicity.!
One class of physical hydrogels are the cryogels obtained
by freeze-thawing cycles.’* In this process, the polymer
concentration in the remaining liquid phase increases
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during the freezing step, favoring interactions between
polymer molecules as well as their alignment. The resultant
interchain connections remain intact after thawing, making
the hydrogel structure stable.

Chemical crosslinking employs bi- or trifunctional
reactants forming bridges between sites in different or
within the same polymer chain, usually by covalent
bonds.' In general those bonds are strong and permanent
providing higher mechanical stability in comparison to
physical crosslinking.>® However, chemical crosslinking
may affect negatively the biodegradability and also some
of the mechanical properties owing to the less compact
network and relative chain motion. It also reduces the
availability of functional groups for further interactions in
the crosslinked polymer.' In spite of the disadvantages,
chemical crosslinking is the predominant approach due to
the higher possibility of control as well as the permanent
nature of the modification."

3. Crosslink and Crosslinkers for Cellulose
and its Derivatives

Integrated polymer chains including hydrogels,
aerogels and foams can be obtained via the reversible or
permanent crosslinking depending on specific demands.
345556 Tn cellulose the hydroxyl and carboxyl groups, the
carboxyl group being present in carboxymethylcellulose,
for example, are covalently linked to the reactive groups
of the crosslinking agents through different mechanisms
such as free radial polymerization, esterification and
Michael addition.”” Regarding the chemical approach, two
distinct strategies can be used: the simultaneous radical
polymerization of the monomer with the crosslinker and the
crosslinking of pre-formed polymers.* Here the scope of
the review is the second strategy, which takes into account
that many polymers contain functional groups available to
react with crosslinking agents via condensation reactions,
commonly aldehydes, polycarboxylic acids and epoxides. In
this context, glutaraldehyde, citric acid and ECH are widely
employed in the preparation of biocompatible materials.™®
The crosslinkers cited can be compared with each other in
terms of chemical nature, durability of the connections and
biocompatibility/cytotoxicity.

Regarding the chemical properties, polyfunctional
carboxylic acids such as citric acid can form ester
bonds with hydroxyl groups of cellulose. As described
by Yang," esterification mechanism involves a cyclic
anhydride intermediate and thus requires the crosslinker
to have at least three carboxyl groups. Additionally, the
resulting ester crosslinks may be hydrolyzed as well as
open and rebound via heat induced transesterification.”
In addition to the undesirable reversibility, unreacted
hydroxyl groups in cellulose structure may take part in
ion exchange processes leading to adsorption of proteins
or cationic species. A very positive aspect of citric acid as
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crosslinker is the potential lack of toxicity.* In this context,
Raucci et al., 2015,% evaluated the effect of crosslinking
carboxymethylcellulose and hydroxymethylcellulose with
citric acid to form hydrogels with higher hydrophilicity
and surface roughness. Additionally, biological assays with
human mesenchymal stem cells evidenced the absence of
toxic effects.®® Hassan et al., 2020.,°' observed that mixed
microcrystalline cellulose and starch foams crosslinked with
citric acid showed improved thermal stability, stiffness and
lower water absorption compared with the non-crosslinked
foams. The use of citric acid as crosslinker is very promising
but some challenges must be overcome such as the limited
in vivo biodegradability and immune reactions triggered by
the presence of the biopolymers in live organisms.®?

After reacting with cellulose hydroxyl groups,
glutaraldehyde and other mono- and bifunctional aldehydes
form acetal and hemiacetal groups in the chemical bridges
connecting polymer chains. As it is well known, acetal
groups are susceptible to hydrolysis reactions under
certain conditions such as acidic medium, thus requiring
special storage conditions. Nevertheless, this didn’t
stopped glutaraldehyde from being widely used due to the
excellent ability to create tridimensional networks from
linear structures,* providing suitable hydrophobicity when
required Hou ez al., 2019,% and modulating biodegradable
and thermal properties of methylcellulose films.%* Although
crosslinking with glutaraldehyde improves several
properties, it must be emphasizes that the pure crosslinker is
a toxic compound which often raises concerns about its use
in biomedical applications.” In this context new synthetic
dialdehydes for use as specially designed crosslinkers
have been reported such as a carboxymethylcellulose
dialdehyde derivative ,% based on the hypothesis that
short-chain dialdehydes are more cytotoxic due to their
release from crosslinked polymers.®® Considering that
these effects are observed only after medium and long
terms, glutaraldehyde is the most common crosslinker
used in heart valve prosthesis as it has been used for more
than 50 years. Problems such as extensive degradation
and calcification in valve implants reduce the lifespan of
those prosthesis to 10-15 years, in addition to the need to
storage in glutaraldehyde solution prior to use and washing
it immediately before surgery, which creates the risk of
presence of glutaraldehyde residue.®’

ECH, as other epoxide crosslinkers, provides a
particularly high hydrolytic stability for the crosslinked
materials, owing to the chemically stable ether bonds
responsible for the crosslinking. Each bridge formed in
crosslinking with ECH also contains a hydroxyl group,
which compensates partially the consumption of hydroxyl
groups originally in cellulose.!>%*% Thus, ECH has been
widely applied as crosslinker yielding materials for drug
immobilization and delivery,”®”" prosthesis and tissue
regeneration.”” However, it has poor mechanical properties
and sensitive to enzymatic biodegradation that limits its
application in 3D scaffold fabrication. Cellulose nanofibrous
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(CNF However, careful safety evaluation must be carried
out since there is evidence that pure ECH is cytotoxic.”
Regarding the safety of polymeric materials crosslinked
with ECH in biomedical applications, promising results
have been reported such the evaluation of long term of
porcine valve implants containing ECH (15 years), revealing
excellent performance and durability.”

Other important crosslinkers have been used to prepare
cellulose-based materials such as glycerol diglycidyl ether,”
zinc nitrate” and 1,2,3,4-butanetetracarboxylic acid,” in
addition to ionizing radiation which uses radiation for
initiation of the polymerization. This approach has some
advantages in comparison with chemical initiation including
purity and better control,” but here our emphasis will be
specifically on chemical crosslinking of cellulose and its
derivatives with ECH.

4. Epichlorohydrin as Crosslinking Agent

The reaction of ECH and cellulose is usually catalyzed
by bases (NaOH, LiOH) and the process is controlled by the
synergy between physical and chemical interactions, as both
the formation of ether bonds and chain entanglement take
place simultaneously.* This type of crosslinking improves
pore size distribution, chemical stability, mechanical
properties and adsorption capacity, in addition to versatility
in terms of the shape of the final material.* For instance,
Garnica-Palafox et al., 2014,” showed that ECH-crosslinked
mixed polyvinyl alcohol and cellulose hydrogels were found
to be more stable against dissolution in the presence of
solvents than non-crosslinked samples. Guo ef al., 2013,%
showed that it is possible to prepare transparent cellulose
films with improved thermal properties. The preparation
of beads is also possible,®' along with microspheres,®>%
hydrogels,** membranes® and film. Versatile applications
are possible including adsorbent for dyes,*” heavy metals,*
selective adsorption,’” medium for seed germination,?®
delivery of fertilizers,** and delivery of drugs,* in addition
to applications in the food area®®' and oil-water separation.”

Other works reporting the use of ECH to crosslink
cellulose and its derivatives are summarized in Table 1.
Those works did not particularly address the effects of the
crosslinker on the resulting properties.

The crosslinking efficiency of epichlorohydrin, as well
as other crosslinking agents such as glutaraldehyde and citric
acid, is dependent on reaction temperature and crosslinker
concentration. In the case of glutaraldehyde, with increasing
concentration, the concern with the elimination of possible
residues after reaction arises, due to its degree of toxicity.”
This has led to strategies to reduce cytotoxic effects, such
as lowering the concentration, which can lead to reduced
crosslinking efficiency, extensive rinsing with water, or adding
molecules capable of binding to unreacted glutaraldehyde
molecules. In addition, the many equilibrium structures of
glutaraldehyde in aqueous solution generate complexity in
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Table 1. Works reporting epichlorohydrin as crosslinker of cellulose and its derivatives

Cellulose type Material Application Reference
Cellulose Hydrogel 93
Cellulose Quaternized/carboxymethylcellulose Hydrogel 94
Carboxymethylcellulose Microspheres Methylene blue adsorption 95
Carboxymethylcellulose Microspheres Methylene blue adsorption 82
Cellulose from pulp and cotton linters Hydrogel Heavy metal adsorption 39
Cellulose from cotton pulp Doubly crosslinked hydrogels 69
Sodium carboxymethylcellulose Ton-imprinted polymer Selective chromium adsorption 87
Microcrystalline cellulose Adsorbent Heavy metal adsorption 86
TEMPO-oxidized cellulose Hydrogel Seed germination medium 88
Cellulose 2-naftoxyacetic acid adsorption 56
Cellulose kraft Hydrogel Orange juice dehydration 90
Cellulose from corncobs Hydrogel Fertilizer carrier 42
Cellulose Hydrogel Oil/water separation 92
Microcrystalline cellulose Microspheres Adsorption of 2-diethylethylamine chlorhydrate 83

the reaction mechanisms with proteins and polysaccharides.”
The dependence of the concentration and temperature of the
reaction was also observed for citric acid by Ma ez al., 2021,
who for the concentration of 100 g/L of citric acid and a
temperature of 180 °C obtained better crosslinking efficiency
of cellulose fibers. But unlike glutaraldehyde, citric acid does
not show cytotoxicity, being a crosslinking agent considered
non-toxic. However, high temperatures can lead to cellulose
degradation forming a brown product.”® On the other hand,
despite the toxicity of epichlorohydrin, with the washing
process after crosslinking to remove traces of reagents, a
decrease in toxicity was observed.” Assays with cell cultures
were also carried out showing that the materials were
innocuous and NMR data revealed the absence of crosslinker
residues.” Safety evaluation was also reported by Islam ez
al., 2020, for ECH-crosslinked carboxymethylcellulose
hydrogels prior to application in the dehydration of orange
juice. In terms of cost, epichlorohydrin and citric acid have
similar costs, with glutaraldehyde being the most expensive
agent compared to epichlorohydrin. Although the whole
process has inherent costs, considering only the price of 1g
of crosslinker, the cost of epichlorohydrin corresponds to
approximately $0.05, while citric acid and glutaraldehyde
cost respectively $0.07 and $0.12.

Changes in properties such as viscosity, surface
area, thermal stability, swelling degree, crystallinity,
mechanical properties evidence the main effects of cellulose
crosslinking. The following sections describe recent studies
reporting effects of crosslinking with ECH on the properties
of cellulose-based materials.

5. Viscosity

The evolution of the viscosity of cellulose solutions
during crosslinking with ECH was studied by Salleh ez al.,
2020' revealing that this is a useful parameter to monitor
the occurrence of crosslinking. The amount of ECH is
also an important factor influencing the reaction medium
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viscosity during crosslinking as shown by Salleh er al.,
2018.” Authors studied different crosslinker amounts of
(2.5% to 10%) on the gelification of cellulose, observing
that 2.5% is insufficient to promote crosslinking, although a
continuous increase in viscosity can be observed in the range
of amounts. It is well known that the higher the resistance
of molecules to motion, the higher the viscosity observed,
evidencing a correlation between viscosity and the number
of crosslinkings in the network.

6. Surface Area

Intermolecular bonds between biopolymer units formed
by crosslinking agents can influence the surface chemistry
of the materials.'”" This aspect has been studied by Bai &
Li, 2006,*" through the evaluation of the effect of ECH
concentration on the formation of cellulose diacetate porous
beads, showing that porosity as well as pore diameter
and volume depended on the crosslinking density. A low
crosslinking density led to relatively large pore volumes
along with high porosity and high swelling degree, when
compared to higher ECH concentrations.

Udoetok et al., 2016,%* also studied the effect of different
cellulose:ECH ratios on the textural properties, observing
that ratios close to the stoichiometric proportion led to the
higher surface areas as well as the best adsorption capacity
of p-nitrophenol. It is worth to mention that crosslinked
materials irrespective of the ECH amount improved the
adsorption capacity in comparison with non-crosslinked
cellulose, which was also confirmed through adsorption of
phenolphthalein.

7. Thermal Stability

Improvements in thermal stability were observed by
Guo et al., 2013,* through crosslinking of microcrystalline
cellulose with ECH after dissolution of samples in NaOH/

163



Cellulose-Based Materials Crosslinked with Epichlorohydrin: A Mini Review

urea medium. This enabled the preparation of transparent
films which were thermally stable up to 345 °C, while the
non-crosslinked material was stable up to 304 °C. Similar
results were reported by Udoetok et al., 2016,%* and
Udoetok et al., 2018a,'> with different ECH amounts as
crosslinker. Some works report opposite effects regarding
thermal stability, such as the work by George et al.,
2020.% Authors observed a decrease in thermal stability
of ECH-crosslinked cellulose hydrogels in comparison to
non-crosslinked material. However, it must be emphasized
that this observation has been based on evidences related
to a limited temperature range (30 °C to 150 °C). Shi et
al., 2019,% reported no effect at all on thermal stability of
cellulose membranes upon crosslinking with ECH in the
range up to nearly 350 °C. Thus, probably the preparation
conditions and origin of each specific cellulose derivative
are also important in the evaluation of thermal stability.

8. Swelling Degree

Based on the construction of a tridimensional network,
it is expected that the chemical crosslinking improves the
swelling degree in comparison to non-crosslinked samples.
This has been evidenced by Chang et al., 2008,'% showing
also that chemical crosslinking was better than physical
crosslinking by freeze-thawing for hydrogels based on
cellulose and polyvinyl alcohol, since the covalent crosslinks
led to a higher structural resistance against rupture. This
trend has been confirmed also by Udoetok et al., 2016, as
crosslinked cellulose showed a swelling degree of 297%
while the degree was 161% for the non-crosslinked sample.
The swelling degree was found to depend continuously on
the ECH concentration according to Salleh et al., 2018,”
being also observed by Yang et al., 2019." Alam et al.,
2019,'% evaluated the swelling behavior of ECH-crosslinked
carboxymethylcellulose hydrogels in water and saline
aqueous solutions. Authors observed that the swelling
degree is clearly affected by the crosslinker amount. They
also compared the obtained samples with commercial
superabsorbent hydrogels, verifying that the prepared
samples were poorer than commercial ones in the case of
water, being better for saline solutions though. Regarding
the swelling response of doubly crosslinked hydrogels (both
ionically with ions and covalently with ECH), it has been
observed that samples crosslinked only covalently showed
higher swelling degree than the doubly crosslinked ones,
Xu et al., 2019.' This suggests that the predominance of
covalent bridges favors structural resistance against rupture
as a large amount of water is accommodated.

9. Crystallinity

Medium to long range structural order or crystallinity is
an important characteristic of any material as it can influence
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mechanical properties, as we shall see in this section. Chang
et al.,2008'" showed that the crosslinking with ECH led to
alower crystallinity of cellulose hydrogels in comparison to
physical hydrogels, indicating an increase of the amorphous
region. This also suggested that the compact packing
of the original cellulose structure has been broken apart
during crosslinking. Several other works also reported the
crystallinity decrease upon crosslinking of cellulose, such
as the works by Guo et al., 2013,%° Chang et al., 2009,'
Kadry et al., 2019," and Gan et al., 2017.'® In general,
native cellulose exhibits a higher tendency to aggregate in
highly organized structures as result of the hydrogen bonds,
while crosslinking consumes large fractions of the functional
groups responsible for those interactions, also keeping the
chains permanently separated.

The decrease of crystallinity may also influence other
properties such as visible region transmittance, as shown by
Shi et al., 2019% for cellulose membranes, as result of the
decrease in the amount of crystallites acting as scattering
clusters. In contrast to the predominant trend reported
in many works, Udoetok et al., 2018a'* did not observe
evidence of disordering of the crystalline cellulose domains
upon crosslinking with ECH, suggesting that in their case
crosslink was limited to the amorphous regions.

A distinctive effect of the subsequent formation of
carboxymethylcellulose and crosslinking with ECH on the
crystalline structure of cellulose was described by Alam et
al., 2019,'% that reported a partial conversion of cellulose
I to cellulose II polymorph, on the basis of a shift in the
diffraction peak position. Also, the crystallinity degree
decreased from 73% in cellulose to 52% in crosslinked
carboxymethylcellulose, suggesting that originally
crystalline regions were also modified.

10. Mechanical Properties

Crosslinking of polymers strongly affects several
mechanical properties. In this context, Chang et al., 2008,'*
reported that hydrogels crosslinked with ECH exhibited
lower strength and storage modulus than physical gels due to
the disintegration of crystalline regions upon the formation
of covalent bonds in chemical crosslinking, resulting in
higher mobility of chains. Moreover, the consumption of
hydroxyl groups in chemical crosslinking led to a decrease
in PVA-cellulose interactions making the water permeation
easier and contributing to increase the swelling degree. The
role of hydrogen bonds in physical gels, on the other hand,
is determinant of the properties making the arrangement
more compact with high entanglement between chains.
This increases the mechanical properties while decreasing
the swelling degree. The role of amorphous and crystalline
regions on the mechanical properties may depend on the
specific property as shown in the work by Shi ez al., 2019.%
Authors prepared membranes with both broken strength and
broken elongation improved after crosslinking with ECH
mainly due to the crystallinity decrease, as the amorphous
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component increases the elongation capacity while the
crosslinkings are able to dissipate the mechanical energy.

The effect of increasing amounts of ECH was reported by
Qin et al., 2013,'” observing an increase in the compressive
modulus as the crosslinker amount increased from 5 to
10 and 15%, while in the work by Huber et al., 2019,'°
the concentration of ECH did not produce a statistically
significant change in mechanical properties in the range of
5-15%. Direct comparison of results from different works
can be difficult owing to lack of details in sample description
by Qin et al., 2013.'” Huber et al., 2019"° discussed
their results considering that cellulose concentration was
insufficient to effective interchain crosslinking to occur in
their samples, as the samples suffered mainly intrachain
crosslinking. Those crosslinked chains will form gels with
less crystalline configurations, consequently with poor
mechanical properties. In order to overcome this limitation,
additional cellulose was used as reinforcing agent, proving
to be a successful approach due to the higher availability of
hydroxyl groups.' The higher crosslinking density obtained
led to better stiffness and strength values.

The addition of a second polymer or providing
alternatives to additional interchain interactions were
proposed in some works in order to simultaneously obtain
high swelling degrees and good mechanical properties. In
this context, Yang ez al., 2019,'"™ prepared mixed hydrogels
by adding polyacrylamide to cellulose with promising
results, as a 4-fold increase in the compressive strength
in comparison with the unmixed hydrogel was observed.

* crosslinking

Xu et al., 2019'% prepared hydrogels with both covalent
crosslinking with ECH and ionic crosslinking and observed
that the mechanical properties increased, which was
attributed to the higher crosslinking density. In contrast to
tridimensional hydrogels monoliths, crosslinking with ECH
in films and membranes was found to have positive effects
on mechanical properties as reported by Guo et al., 2013,%
in a study of cellulose films crosslinked with different ECH
concentrations. However, it must be emphasized that the
cellulose:ECH must be optimized in each case, in order to
improve the mechanical performance. Xie et al., 2022,
showed that the mechanical properties of cellulose:ZnO
films for use in packages can be considerably improved
upon crosslinking with ECH making the application
feasible, which otherwise is not be possible in the absence
of crosslinking. Double crosslinking strategy can further
improve the mechanical properties of films and membranes
as demonstrated by Lee ez al., 2021."" Authors evaluated the
properties of TEMPO oxidized cellulose films crosslinked
chemically with ECH and physically with Ca** ions. The
Young modulus and tensile strength were both improved
in the order non-crosslinked cellulose < singly crosslinked
film < doubly crosslinked films.

Figure 2 illustrates a simple pictorial idea of some
general correlations between the type of crosslinking with
changes in the ordered/disordered regions in cellulose-
based materials and mechanical properties suggested by
works in the field, not to be taken as a rule but showing
general trends.
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Figure 2. Pictorial summary of general trends observed between the type of crosslinking with changes in the ordered/disordered
regions in cellulose-based materials and mechanical properties
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11. Final Remarks

Specific properties of cellulose and its straightforward
modification strategies have motivated a great deal of
studies. In this mini-review an examination of works
using cellulose and its derivatives crosslinked with ECH
was proposed aiming to show the effects of this important
crosslinker on the resultant materials. Crosslinking with
ECH allows the formation of variable materials such as
hydrogels, films, foams beads and membranes. In hydrogels,
for instance, ECH influences positively the swelling degree
while leading to weakening of some mechanical properties
such as compressive strength. Moreover, ECH contributes
to the improvement of thermal stability and decrease of
crystallinity also influencing mechanical performance. In
order to mitigate the negative effects, the double crosslinking
approach has been found to be effective but it is worth to
mention that positive and negative effect must be balanced
taking into account each desired application. In summary,
the versatility of ECH-modified cellulose materials
enables opportunities for application in many different
fields. However, some challenges must be overcome in
order to improve crosslinking efficiency and optimize the
properties of crosslinked materials, in view of the desired
application, such as adaptations in crosslinking conditions,
mixed crosslinking studies to take advantage of the positive
features of each crosslinker, in addition to evaluating the
long-term performance and stability of materials as well as
searching for new applications.

Acknowledgments

The authors are grateful to Brazilian funding agencies
Fapitec, FINEP, CNPq and CAPES for their financial
support.

References

1. Wang, X.; Frang, J.; Zhu, W.; Zhong, C.; Ye, D.; Zhu, M.; Lu,
X.;Zhao, Y.; Ren, F.; Bioinspired highly anisotropic, ultrastrong
and stiff, and osteoconductive mineralized wood hydrogel
composites for bone repair. Advanced Functional Materials
2021, 31, [Crossref]

2. Zhao, N.; Wang, Z.; Cai, C.; Shen, H.; Liang, F.; Wang, D.;
Wang, C.; Zhu, T.; Guo, J.; Wang, Y.; Liu, X.; Duan, C.; Wang,
H.; Mao, Y.; Jia, X.; Dong, H.; Zhang, X.; Xu, J.; Bioinspired
Materials: from Low to High Dimensional Structure. Advanced
Materials 2014, 26, 6994. [Crossref]

3. Dong, Y.-D.; Zhang, H.; Zhong, G.-J.; Yao, G.; Lai, B.; Cellulose/
carbon Composites and their Applications in Water Treatment —a
Review. Chemical Engineering Journal 2021, 405, [Crossref]

4., Zainal, S. H.; Mohd, N. H.; Suhaili, N.; Anuar, F. H.; Lazim,
A. M.; Othaman, R.; Preparation of cellulose-based hydrogel:

166

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

areview. Journal of Materials Research and Technology 2021,
10, 935. [Crossref]

Sun, Y.; Chu, Y.; Wua, W.; Xiao, H.; Nanocellulose-based
lightweight porous materials: A review. Carbohydrate Polymers
2021, 255, https://doi.org/10.1016/j.carbpol.2020.117489.
Wang, Y.; Wang, X.; Xie, Y.; Zhang, K.; Functional nanomaterials
through esterification of cellulose: a review of chemistry and
application. Cellulose 2018, 25, 3703. [Crossref]

Oryan, A.; Kamali, A.; Moshiri, A.; Baharvand, H.; Daemi,
H.; Chemical crosslinking of biopolymeric scaffolds: Current
knowledge and future directions of crosslinked engineered bone
scaffolds. International Journal of Biological Macromolecules
2018, 104, Part, 678. [Crossref]

Nouri-Felekori, M.; Nezafati, N.; Moraveji, M.; Hesaraki, S.;
Ramezani, T.; Bioorthogonal hydroxyethyl cellulose-based
scaffold crosslinked via click chemistry for cartilage tissue
engineering applications. International Journal of Biological
Macromolecules 2021, 183, 2030. [Crossref

Kono, H.; Characterization and properties of carboxymethyl
cellulose hydrogels crosslinked by polyethylene glycol.
Carbohydrate Polymers 2014, 106, 84. [Crossref]

Mathew, A. P.; Oksman, K.; Pierron, D.; Harmand, M.-F.;
Biocompatible Fibrous Networks of Cellulose Nanofibres and
Collagen Crosslinked Using Genipin: Potential as Artificial
Ligament/Tendons. Macromolecular Bioscience 2013, 13, 289.
Crossref]

Kadry, G.; Aboelmagd, E. I.; Ibrahim, M. M.; Cellulosic-based
hydrogel from biomass material for removal of metals from
waste water. Journal of Macromolecular Science, Part A: Pure
and Applied Chemistry 2019, 56, 968. [Crossref]

Gidwani, B.; Vyas, A.; Synthesis, characterization and

application of Epichlorohydrin-B-cyclodextrin polymer. Colloids
and Surfaces B: Biointerfaces 2014, 114, 130. [Crossref]
Morin-Crini, N.; Crini, G.; Environmental applications of water-
insoluble B-cyclodextrin—epichlorohydrin polymers. Progress in
Polymer Science 2013, 38, 344. [Crossref]

Reddy, N.; Reddy, R.; Jiang, Q.; Crosslinking biopolymers for

biomedical applications. Trends in Biotechnology 2015, 33, 362.
Crossref]

Yang, C. Q.; Crosslinking: A route to improve cotton
performance. AATCC Review 2013, 13, 1. [Link]

Shen, X.; Shamshina, J. L.; Berton, P.; Guraucd, G.; Rogers,
R. D.; Hydrogels based on cellulose and chitin: fabrication,
properties, and applications. Green Chemistry 2016, 18, 53.
Crossref]

Chang, C.; Zhang, L.; Cellulose-based hydrogels: Present status
and application prospects. Carbohydrate Polymers 2011, 84, 40.
Crossref]

Casado, U.; Mucci, V. L.; Aranguren, M. 1.; Cellulose
nanocrystals suspensions: Liquid crystal anisotropy, rheology
and films iridescence. Carbohydrate Polymers 2021, 261,
117848. [Crossref]

Liu, K.; Du, H.; Zheng, T.; Liu, H.; Zhang, M.; Zhang, R.; Li, H.;
Xie, H.; Zhang, X.; Ma, M.; Si, C.; Recent advances in cellulose
and its derivatives for oilfield applications. Carbohydrate
Polymers 2021, 259, 117740. [Crossref]

Rev. Virtual Quim.


https://doi.org/10.1002/adfm.202010068
https://doi.org/10.1002/adma.201401718
https://doi.org/10.1016/j.cej.2020.126980
https://doi.org/10.1016/j.jmrt.2020.12.012
https://doi.org/10.1007/s10570-018-1830-3
https://doi.org/10.1016/j.ijbiomac.2017.08.184
https://doi.org/10.1016/j.ijbiomac.2021.06.005
https://doi.org/10.1016/j.carbpol.2014.02.020
https://doi.org/10.1002/mabi.201200317
https://doi.org/10.1080/10601325.2019.1640063
https://doi.org/10.1016/j.colsurfb.2013.09.035
https://doi.org/10.1016/j.progpolymsci.2012.06.005
https://doi.org/10.1016/j.tibtech.2015.03.008
https://www.aatcc.org/wp-content/uploads/2020/01/Olney2012.pdf
https://doi.org/10.1039/C5GC02396C
https://doi.org/10.1016/j.carbpol.2010.12.023
https://doi.org/10.1016/j.carbpol.2021.117848
https://doi.org/10.1016/j.carbpol.2021.117740

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Mota e Gimenez

Deng, W.; Tan, Y.; Rajoka, M. S. R.; Xue, Q.; Zhao, L.; Wu,
Y.; A new type of bilayer dural substitute candidate made up of
modified chitin and bacterial cellulose. Carbohydrate Polymers
2021, 256, 117577. [Crossref]

Ninan, N.; Muthiah, M.; Park, I.-K.; Elain, A.; Thomas, S.;
Grohens, Y.; Pectin/carboxymethyl cellulose/microfibrillated

cellulose composite scaffolds for tissue engineering.
Carbohydrate Polymers 2013, 98, 877. [Crossref]

Jiang, L.; Li, Y.; Wang, X.; Zhang, L.; Wen, J.; Gong, M.;
Preparation and properties of nano-hydroxyapatite/chitosan/
carboxymethyl cellulose composite scaffold. Carbohydrate
Polymers 2008, 74, 680. Crossref

Oh, H.; Kwak, S. S.; Kim, B.; Han, E.; Lim, G.-H.; Kim, S.-W.;
Lim, B.; Highly Conductive Ferroelectric Cellulose Composite
Papers for Efficient Triboelectric Nanogenerators. Advanced
Functional Materials 2019, 29, 1904066. [Crossref
Nascimento, E. S.; Barros, M. O.; Cerqueira, M. A.; Lima, H.
L.; Borges, M. de F.; Pastrana, L. M.; Gama, F. M.; Rosa, M. F.;
Azeredo, H. M. C.; Gongalves, C.; All-cellulose nanocomposite
films based on bacterial cellulose nanofibrils and nanocrystals.
Food Packaging and Shelf Life 2021, 29, 100715. [Crossref]
Ghaderi, M.; Mousavi, M.; Yousefi, H.; Labbafi, M.; All-cellulose
nanocomposite film made from bagasse cellulose nanofibers for

food packaging application. Carbohydrate Polymers 2014, 104,
59. [Crossref

Henriksson, M.; Berglund, L. A.; Structure and properties
of cellulose nanocomposite films containing melamine
formaldehyde. Journal of Applied Polymer Science 2007, 106,
2817. [Crossref]

Yu, Z.; Hu, C.; Dichiara, A. B.; Jiang, W.; Gu, J.; Cellulose
Nanofibril/Carbon Nanomaterial Hybrid Aerogels for Adsorption

Removal of Cationic and Anionic Organic Dyes. Nanomaterials
2020, 70, 169. [Crossref]

Xu, H.; Liu, X.; Qin, J.; Dong, L.; Gao, S.; Hou, F.; Zhong, L.;
Jiang, T.; Lin, N.; Nitrogen-doped hierarchical porous carbon

nanomaterial from cellulose nanocrystals for voltammetric
determination of ascorbic acid. Microchemical Journal 2021,
168, 106494. [Crossref]

Park, S.; Park, J.; Jo, I.; Cho, S.-P.; Sung, D.; Ryu, S.; Park, M.;
Min, K.-A.; Kim, J.; Hong, S.; Hong, B. H.; Kim, B.-S.; In situ
hybridization of carbon nanotubes with bacterial cellulose for
three-dimensional hybrid bioscaffolds. Biomaterials 2015, 58,
93. [Crossref

Ayouch, L.; Barrak, I.; Kassem, I.; Kassab, Z.; Draoui, K.; El
Achaby, M.; Ultrasonic-mediated production of carboxylated

cellulose nanospheres. Journal of Environmental Chemical
Engineering 2021, 9, 106302. [Crossref]

Yan, C.-F.; Yu, H.-Y.; Yao, J.-M.; One-step extraction and
functionalization of cellulose nanospheres from lyocell fibers with
cellulose II crystal structure. Cellulose 2015, 22, 3773. [Crossref
Liu, B.; Li, T.; Wang, W.; Sagis, L. M. C.; Yuan, Q.; Lei, X.;
Stuart, M. A. C.; Li, D.; Bao, C.; Bai, J.; Yu, Z.; Ren, F.; Li,
Y.; Corncob cellulose nanosphere as an eco-friendly detergent.
Nature Sustainability 2020, 3, 448. [Crossref]

Zhao, D.; Huang, J.; Zhong, Y.; Li, K.; Zhang, L.; Cai, J.; High-
Strength and High-Toughness Double-Cross-Linked Cellulose

Vol. 15, No. 1

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Hydrogels: A New Strategy Using Sequential Chemical and
Physical Cross-Linking. Advanced Functional Materials 2016,
26, 6279. [Crossref]

Paukkonen, H.; Kunnari, M.; Laurén, P.; Hakkarainen, T.;

Auvinen, V.-V.; Oksanen, T.; Koivuniemi, R.; Yliperttula,
M.; Laaksonen, T.; Nanofibrillar cellulose hydrogels and
reconstructed hydrogels as matrices for controlled drug release.
International Journal of Pharmaceutics 2017, 532, 269.
Crossref]

Zhang, D.; Jian, J.; Xie, Y.; Gao, S.; Ling, Z.; Lai, C.; Wang, J.;
Wang, C.; Chu, F.; Dumont, M.-J.; Mimicking skin cellulose
hydrogels for sensor applications. Chemical Engineering Journal
2022, 427, 130921. [Crossref]

Thiemann, S.; Sachnov, S. J.; Pettersson, F.; Bollstrom, R.;
Osterbacka, R.; Wasserscheid, P.; Zaumseil, J.; Cellulose-Based
Tonogels for Paper Electronics. Advanced Functional Materials
2013, 24, 625. [Crossref]

Smith, C. J.; Wagle, D. V; O’Neill, H. M.; Evans, B. R.; Baker, S.
N.; Baker, G. A.; Bacterial Cellulose Ionogels as Chemosensory
Supports. ACS Applied Materials and Interfaces 2017, 9, 38042.
Crossref]

Lee, H.; Erwin, A.; Buxton, M. L.; Kim, M.; Stryutsky, A.
V; Shevchenko, V. V; Sokolov, A. P.; Tsukruk, V. V; Shape
Persistent, Highly Conductive Ionogels from Ionic Liquids

Reinforced with Cellulose Nanocrystal Network. Advanced
Functional Materials 2021, 31, 2103083. [Crossref

Chen, X.; Zhou, S.; Zhang, L.; You, T.; Xu, F.; Adsorption of
heavy metals by graphene oxide/cellulose hydrogel prepared
from NaOH/Urea aqueous solution. Materials 2016, 9, 582.
Crossref]

Rasoulzadeh, M.; Namazi, H.; Carboxymethyl cellulose/
graphene oxide bio-nanocomposite hydrogel beads as anticancer
drug carrier agent. Carbohydrate Polymers 2017, 168, 320.
Crossref]

El Fawal, G. F.; Abu-Serie, M. M.; Hassan, M. A.; Elnouby,
M. S.; Hydroxyethyl cellulose hydrogel for wound dressing:
Fabrication, characterization and in vitro evaluation. International
Journal of Biological Macromolecules 2018, 111, 649. [Crossref
Muharam, S.; Fitri, A.; Yuningsih, L. M.; Putri, Y. M. T. A.;
Rahmawati, I.; Synthesis and characterization of controlled-
release urea fertilizer from superabsorbent hydrogels. Indonesian
Journal of Chemistry 2020, 20, no prelo. [Crossref]

Xiong, B.; Zhao, P.; Hu, K.; Zhang, L.; Cheng, G.; Dissolution of
cellulose in aqueous NaOH/urea solution: Role of urea. Cellulose
2014, 21, 1183. [Crossref

Qi, H.; Yang, Q.; Zhang, L.; Liebert, T.; Heinze, T.; The
dissolution of cellulose in NaOH-based aqueous system by
two-step process. Cellulose 2011, 18, 237. [Crossref]

Cai, J.; Zhang, L.; Chang, C.; Cheng, G.; Chen, X.;
Chu, B.; Hydrogen-Bond-Induced Inclusion Complex in

Aqueous Cellulose/LiOH/Urea Solution at Low Temperature.
ChemPhysChem 2007, 8, 1572. [Crossref]
Lue, A.; Zhang, L.; Ruan, D.; Inclusion complex formation of

cellulose in NaOH-Thiourea aqueous system at low temperature.
Macromolecular Chemistry and Physics 2007, 208, 2359.
Crossref]

167


https://doi.org/10.1016/j.carbpol.2020.117577
https://doi.org/10.1016/j.carbpol.2013.06.067
https://doi.org/10.1016/j.carbpol.2008.04.035
https://doi.org/10.1002/adfm.201904066
https://doi.org/10.1016/j.fpsl.2021.100715
https://doi.org/10.1016/j.carbpol.2014.01.013
https://doi.org/10.1002/app.26946
https://doi.org/10.3390/nano10010169
https://doi.org/10.1016/j.microc.2021.106494
https://doi.org/10.1016/j.biomaterials.2015.04.027
https://doi.org/10.1016/j.jece.2021.106302
https://doi.org/10.1007/s10570-015-0761-5
https://doi.org/10.1038/s41893-020-0501-1
https://doi.org/10.1002/adfm.201601645
https://doi.org/10.1016/j.ijpharm.2017.09.002
https://doi.org/https:/doi.org/10.1016/j.cej.2021.130921
https://doi.org/10.1002/adfm.201302026
https://doi.org/10.1021/acsami.7b12543
https://doi.org/10.1002/adfm.202103083
https://doi.org/10.3390/ma9070582
https://doi.org/10.1016/j.carbpol.2017.03.014
https://doi.org/10.1016/j.ijbiomac.2018.01.040
https://doi.org/10.22146/ijc.44230
https://doi.org/10.1007/s10570-014-0221-7
https://doi.org/10.1007/s10570-010-9477-8
https://doi.org/10.1002/cphc.200700229
https://doi.org/10.1002/macp.200700177

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

168

Cellulose-Based Materials Crosslinked with Epichlorohydrin: A Mini Review

Li, N.; Chen, W.; Chen, G.; Tian, J.; Rapid shape memory
TEMPO-oxidized cellulose nanofibers/polyacrylamide/gelatin
hydrogels with enhanced mechanical strength. Carbohydrate
Polymers 2017, 171, 77. [Crossref] [PubMed]

Tang, A.; Yan, C.; Chen, S.; Li, D.; Acid-catalyzed crosslinking
of cellulose nanofibers with glutaraldehyde to improve the

water resistance of nanopaper. Journal of Bioresources and
Bioproducts 2018, 3, 59. [Crossref]

Garba, Z. N.; Lawan, I.; Zhou, W.; Zhang, M.; Wang, L.; Yuan, Z.;
Microcrystalline cellulose (MCC) based materials as emerging

adsorbents for the removal of dyes and heavy metals — A review.
Science of The Total Environment 2020, 717, 135070. [Crossref

Kuckling, D.; Doering, A.; Krahl, F.; Arndt, K.-F.; Em Polymer
Science: A Comprehensive Reference; Matyjaszewski, K.;
Moller, M., orgs.; Ist ed, 2012, cap. 8.15.

Hu, W.; Wang, Z.; Xiao, Y.; Zhang, S.; Wang, J.; Advances in
crosslinking strategies of biomedical hydrogels. Biomaterials
Science 2019, 7, 843. [Crossref]

Zhang, H.; Zhang, F.; Wu, J.; Physically crosslinked hydrogels

from polysaccharides prepared by freeze—thaw technique.
Reactive and Functional Polymers 2013, 73, 923. [Crossref]
Duquette, D.; Dumont, M.-J.; Comparative studies of chemical
crosslinking reactions and applications of bio-based hydrogels.
Polymer Bulletion 2019, 76, 2683. [Crossref]

Garavand, F.; Rouhi, M.; Razavi, S. H.; Cacciotti, I.;
Mohammadi, R.; Improving the integrity of natural biopolymer
films used in food packaging by crosslinking approach: A review.
International Journal of Biological Macromolecules 2017, 104,
687. [Crossref]

Hennink, W.; van Nostrum, C.; Novel crosslinking methods to

design hydrogels. Advanced Drug Delivery Reviews 2002, 54,
13. [Crossref

Udoetok, 1. A.; Wilson, L. D.; Headley, J. V.; Ultra-sonication
assisted cross-linking of cellulose polymers. Ultrasonics
Sonochemistry 2018, 42, 546. [Crossref]

Kundu, R.; Mahada, P.; Chhirang, B.; Das, B.; Cellulose
hydrogels: Green and sustainable soft biomaterials. Current
Research in Green and Sustainable Chemistry 2022, 5, 100252.
Crossref]

Khan, F.; Atif, M.; Haseen, M.; Kamal, S.; Khan, M. S.; Shahid,
S.; Nami, S. A. A.; Synthesis, classification and properties of

hydrogels: their applications in drug delivery and agriculture.
Journal of Materials Chemistry B 2022, 10, 170. [Crossref]
Tolk, J.; Reiche, A.; Cross-Linking of Cellulosic Materials:
Manufacturing Strategies and Analytical Approaches. Chemie
Ingenieur Technik 2017, 89, 1694. [Crossref]

Raucci, M. G.; Alvarez-Perez, M. A.; Demitri, C.; Giugliano,
D.; De Benedictis, V.; Sannino, A.; Ambrosio, L.; Effect of
citric acid crosslinking cellulose-based hydrogels on osteogenic

differentiation. Journal of Biomedical Materials Research Part
A 2015, 103, 2045. [Crossref]

Hassan, M. M.; Tucker, N.; Le Guen, M. J.; Thermal, mechanical
and viscoelastic properties of citric acid-crosslinked starch/

cellulose composite foams. Carbohydrate Polymers 2020, 230,

115675. [Crossref]
Salihu, R.; Razak, S. I. A.; Zawawi, N. A.; Kadir, M. R. A_;

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Ismail, N. L; Jusoh, N.; Mohamad, M. R.; Nayan, N. H. M.;
Citric acid: A green cross-linker of biomaterials for biomedical
applications. European Polymer Journal 2021, 146, 110271.
Crossref]

Hou, T.; Guo, K.; Wang, Z.; Zhang, X.-F.; Feng, Y.; He, M.; Yao,
J.; Glutaraldehyde and polyvinyl alcohol crosslinked cellulose
membranes for efficient methyl orange and Congo red removal.
Cellulose 2019, 26, 5065. [Crossref]

Rimdusit, S.; Jingjid, S.; Damrongsakkul, S.; Tiptipakorn, S.;

Takeichi, T.; Biodegradability and property characterizations
of Methyl Cellulose: Effect of nanocompositing and chemical
crosslinking. Carbohydrate Polymers 2008, 72, 444. [Crossref

Peng, X.; Yue, P.; Zhou, X.; Li, L.; Lia, S.; Yu, X.; Development
and characterization of bladder acellular matrix cross-linked
by dialdehyde carboxymethyl cellulose for bladder tissue
engineering. RSC Advances 2019, 9, 42000. [Crossref]

Jiang, X.; Yang, Z.; Peng, Y.; Han, B.; Li, Z.; Li, X.; Liu, W,;
Preparation, characterization and feasibility study of dialdehyde

carboxymethyl cellulose as a novel crosslinking reagent.
Carbohydrate Polymers 2016, 137, 632. [Crossref]

Yang, L.; Xie, S.; Ding, K.; Lei, Y.; Wang, Y.; The study of dry
biological valve crosslinked with a combination of carbodiimide

and polyphenol. Regenerative Biomaterials 2020, 8, rbaa049.
Crossref]

Gurung, M.; Adhikari, B. B.; Gao, X.; Alam, S.; Inoue, K.;
Sustainability in the metallurgical industry: chemically modified
cellulose for selective biosorption of gold from mixtures of base
metals in chloride media. Industrial & Engineering Chemistry
Research 2014, 53, 8565. [Crossref]

Zhao, D.; Huang, J.; Zhong, Y.; Li, K.; Zhang, L.; Cai, J.; High-
Strength and High-Toughness Double-Cross-Linked Cellulose
Hydrogels: A New Strategy Using Sequential Chemical and
Physical Cross-Linking. Advanced Functional Materials 2016,
26, 6279. [Crossref]

Pawar, A.Y.; Jadhav, S. R.; Derle, D. V.; Fabrication of Chitosan
Based Antibacterial Implant for Multibacterial Bone Infection.

Journal of Pharmaceutical Research International 2021, 33,
224, [Crossref]

Dyatlov, V.; Seregina, T.; Luss, A.; Zaitsev, V.; Artyukhov, A.;
Shtilman, M.; Chumakova, A.; Kushnerev, K.; Tsatsakis, A.;
Mezhuev, Y.; Immobilization of amikacin on dextran: biocomposite

materials that release an antibiotic in the presence of bacterial
dextranase. Polymer International 2020, 70, 837. [Crossref
Mirtaghavi, A.; Baldwin, A.; Tanideh, N.; Zarei, M.; Muthuraj,
R.; Cao, Y.; Zhao, G.; Geng, J.; Jin, H.; Luo, J.; Crosslinked
porous three-dimensional cellulose nanofibers-gelatine
biocomposite scaffolds for tissue regeneration. International
Journal of Biological Macromolecules 2020, 164, 1949.
Crossref]

Romano, K. P.; Newman, A. G.; Zahran, R. W.; Millard, J. T.;
DNA Interstrand Cross-Linking by Epichlorohydrin. Chemical
Research in Toxicology 2007, 20, 832. [Crossref]

Wei, X.;Yi, W.; Chen, W.; Ma, X.; Lau, W. B.; Wang, H.; Yi, D.;
Clinical outcomes with the epicholorohydrin-modified porcine

aortic heart valve: a 15-year follow-up. The Annals of Thoracic
Surgery 2010, 89, 1417. [Crossref]

Rev. Virtual Quim.


https://doi.org/10.1016/j.carbpol.2017.04.035
http://www.ncbi.nlm.nih.gov/pubmed/28578973
https://doi.org/10.21967/jbb.v3i2.97
https://doi.org/10.1016/j.scitotenv.2019.135070
https://doi.org/10.1039/c8bm01246f
https://doi.org/10.1016/j.reactfunctpolym.2012.12.014
https://doi.org/10.1007/s00289-018-2516-6
https://doi.org/10.1016/j.ijbiomac.2017.06.093
https://doi.org/10.1016/S0169-409X(01)00240-X
https://doi.org/10.1016/j.ultsonch.2017.12.017
https://doi.org/10.1016/j.crgsc.2021.100252
https://doi.org/10.1039/D1TB01345A
https://doi.org/10.1002/cite.201600186
https://doi.org/10.1002/jbm.a.35343
https://doi.org/10.1016/j.carbpol.2019.115675
https://doi.org/10.1016/j.eurpolymj.2021.110271
https://doi.org/10.1007/s10570-019-02433-w
https://doi.org/10.1016/j.carbpol.2007.09.007
https://doi.org/10.1039/C9RA07965C
https://doi.org/10.1016/j.carbpol.2015.10.078
https://doi.org/10.1093/rb/rbaa049
https://doi.org/10.1021/ie403203g
https://doi.org/10.1002/adfm.201601645
https://doi.org/10.9734/jpri/2021/v33i46A32861
https://doi.org/10.1002/pi.6171
https://doi.org/10.1016/j.ijbiomac.2020.08.066
https://doi.org/10.1021/tx700066h
https://doi.org/10.1016/j.athoracsur.2010.02.009

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Mota e Gimenez

Li, J.; Fang, L.; Tait, W. R.; Sun, L.; Zhao, L.; Qian,
L.; Preparation of conductive composite hydrogels from
carboxymethyl cellulose and polyaniline with a nontoxic
crosslinking agent. RSC Advances 2017, 7, 54823. [Crossref]

Uyanga, K. A.; lamphaojeen, Y.; Daoud, W. A.; Effect of zinc
ion concentration on crosslinking of carboxymethyl cellulose

sodium-fumaric acid composite hydrogel. Polymer 2021, 225,
Crossref]

Konca, K.; Culfaz-Emecen, P. Z.; Effect of carboxylic
acid crosslinking of cellulose membranes on nanofiltration
performance in ethanol and dimethylsulfoxide. Journal of
Membrane Science 2019, 587, 117175. Crossref

Gad, Y. H.; Ali, H. E.; Hegazy, A. E.-S.; Synergistic Effect of
Titanium Dioxide (TiO2) and Ionizing Radiation on Thermal and
Mechanical Properties of Carboxymethyl Cellulose (CMC) for
Potential Application in Removal of Basic Dye from Wastewater.
Journal of Polymers and the Environment 2021, 29, 3887.
Crossref]

Garnica-Palafox, I. M.; Sanchez-Arevalo, F. M.; Velasquillo,
C.; Garcia-Carvajal, Z. Y.; Garcia-Lopez, J.; Ortega-Sanchez,
C.;Ibarra, C.; Luna-Barcenas, G.; Solis-Arrieta, L.; Mechanical
and structural response of a hybrid hydrogel based on chitosan
and poly(vinyl alcohol) cross-linked with epichlorohydrin for
potential use in tissue engineering. Journal of Biomaterials
Science-Polymer Edition 2014, 25, 32. [Crossref]

Guo, B.; Chen, W.; Yan, L.; Preparation of flexible, highly
transparent, cross-linked cellulose thin film with high
mechanical strength and low coefficient of thermal expansion.
ACS Sustainable Chemistry and Engineering 2013, 1, 1474.
Crossref]

Bai, Y.-X.; Li, Y.-F.; Preparation and characterization of
crosslinked porous cellulose beads. Carbohydrate Polymers
2006, 64, 402. [Crossref]

Lin, Q.; Chang, J.; Gao, M.; Ma, H.; Synthesis of magnetic
epichlorohydrin cross-linked carboxymethyl cellulose

microspheres and their adsorption behavior for methylene blue.
Journal of Environmental Science and Health, Part A 2016, 52,
106. [Crossref]

Zhao, L.; Li, S.; Liang, C.; Qiao, L.; Du, K.; High-strength and
low-crystallinity cellulose/agarose composite microspheres:

Fabrication, characterization and protein adsorption. Biochemical
Engineering Journal 2021, 166, 107826. [Crossref]

Udoetok, I. A.; Dimmick, R. M.; Wilson, L. D.; Headley, J. V.;
Adsorption properties of cross-linked cellulose-epichlorohydrin

polymers in aqueous solution. Carbohydrate Polymers 2016,
136, 329. [Crossref]

Shi, S.; Zhu, K.; Chen, X.; Hu, J.; Zhang, L.; Cross-Linked
Cellulose Membranes with Robust Mechanical Property,

Self-Adaptive Breathability, and Excellent Biocompatibility.
ACS Sustainable Chemistry and Engineering 2019, 7, 19799.
Crossref]

Cao, J.; Fei, D.; Tian, X.; Zhu, Y.; Wang, S.; Zhang, Y.; Mao,
Q.; Sun, M.; Novel modified microcrystalline cellulose-based
porous material for fast and effective heavy-metal removal from
aqueous solution. Cellulose 2017, 24, 5565. [Crossref]
Velempini, T.; Pillay, K.; Mbianda, X. Y.; Arotiba, O. A_;

Vol. 15, No. 1

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Epichlorohydrin crosslinked carboxymethyl cellulose-
ethylenediamine imprinted polymer for the selective uptake of
Cr(VI). International Journal of Biological Macromolecules
2017, 101, 837. [Crossref

Zhang, H.; Yang, M.; Luan, Q.; Tang, H.; Huang, F.; Xiang,
X.; Yang, C.; Bao, Y.; Cellulose Anionic Hydrogels Based
on Cellulose Nanofibers As Natural Stimulants for Seed
Germination and Seedling Growth. Journal of Agricultural and
Food Chemistry 2017, 65, 3785. [Crossref]

George, D.; Begum, K. M. M. S.; Maheswari, P. U.; Sugarcane

Bagasse (SCB) Based Pristine Cellulose Hydrogel for Delivery
of Grape Pomace Polyphenol Drug. Waste and Biomass
Valorization 2020, 11, 851. [Crossref]

Islam, M. S.; Alam, M. N.; van de Ven, T. G. M.; Sustainable
cellulose-based hydrogel for dewatering of orange juice.
Cellulose 2020, 27, 7637. [Crossref]

Xie, Y.; Pan, Y.; Cai, P.; Cellulose-based antimicrobial films
incroporated with ZnO nanopillars on surface as biodegradable

and antimicrobial packaging. Food Chemistry 2022, 368,
Crossref]

Meng, X.; Dong, Y.; Zhao, Y.; Liang, L.; Preparation and
modification of cellulose sponge and application of oil/water
separation. RSC Advances 2020, 10, 41713. [Crossref]

Zhou, J.; Chang, C.; Zhang, R.; Zhang, L.; Hydrogels prepared
from unsubstituted cellulose in NaOH/Urea aqueous solution.
Macromolecular Bioscience 2007, 7, 807. [Crossref]

Chang, C.; He, M.; Zhou, J.; Zhang, L.; Swelling behaviors
of pH- and Salt-responsive cellulose-based hydrogels.
Macromolecules 2011, 44, 1642. [Crossref]

Lin, Q.; Gao, M.; Chang, J.; Ma, H.; Highly effective adsorption
performance of carboxymethyl cellulose microspheres

crosslinked with epichlorohydrin. Journal of Applied Polymer
Science 2016, 134, 44363. [Crossref]
Rojas, J.; Azevedo, E.; Functionalization and crosslinking of

microcrystalline cellulose in aqueous media: a safe and economic
approach. International Journal of Pharmaceutical Sciences
Review and Research 2011, 8, 28. [Link]

Alavarse, A. C.; Frachini, E. C. G.; da Silva, R. L. C. G.;
Lima, V. H.; Shavandi, A.; Petri, D. F. S.; Crosslinkers for
polysaccharides and proteins: Synthesis conditions, mechanisms,
and crosslinking efficiency, a review. International Journal of
Biological Macromolecules 2022, 202, 558. [Crossref]

Ma, Y.; You, X.; Rissanen, M.; Schlapp-Hackl, I.; Sixta, H.;
Sustainable Cross-Linking of Man-Made Cellulosic Fibers with

Poly(carboxylic acids) for Fibrillation Control. ACS Sustainable
Chemistry and Engineering 2021, 9, 16749. [Crossref]

Salleh, K. M.; Zakaria, S.; Sajab, M. S.; Gan, S.; Chia, C.
H.; Jaafar, S. N. S.; Amran, U. A.; Chemically crosslinked
hydrogel and its driving force towards superabsorbent behaviour.

International Journal of Biological Macromolecules 2018, 118,
1422. [Crossref]

Salleh, K. M.; Zakaria, S.; Gan, S.; Baharin, K. W.; Ibrahim,
N. A.; Zamzamin, R.; Interconnected macropores cryogel

with nano-thin crosslinked network regenerated cellulose.
International Journal of Biological Macromolecules 2020, 148,

11. [Crossref

169


https://doi.org/10.1039/c7ra10788a
https://doi.org/10.1016/j.polymer.2021.123788
https://doi.org/10.1016/j.memsci.2019.117175
https://doi.org/10.1007/s10924-021-02153-y
https://doi.org/10.1080/09205063.2013.833441
https://doi.org/10.1021/sc400252e
https://doi.org/10.1016/j.carbpol.2005.12.009
https://doi.org/10.1080/10934529.2016.1237117
https://doi.org/10.1016/j.bej.2020.107826
https://doi.org/10.1016/j.carbpol.2015.09.032
https://doi.org/10.1021/acssuschemeng.9b05092
https://doi.org/10.1007/s10570-017-1504-6
https://doi.org/10.1016/j.ijbiomac.2017.03.048
https://doi.org/10.1021/acs.jafc.6b05815
https://doi.org/10.1007/s12649-018-0487-3
https://doi.org/10.1007/s10570-020-03295-3
https://doi.org/10.1016/j.foodchem.2021.130784
https://doi.org/10.1039/D0RA07910C
https://doi.org/10.1002/mabi.200700007
https://doi.org/10.1021/ma102801f
https://doi.org/10.1002/app.44363
https://www.researchgate.net/publication/287593405_Functionalization_and_crosslinking_of_microcrystalline_cellulose_in_aqueous_media_A_safe_and_economic_approach
https://doi.org/10.1016/j.ijbiomac.2022.01.029
https://doi.org/10.1021/acssuschemeng.1c06101
https://doi.org/10.1016/j.ijbiomac.2018.06.159
https://doi.org/10.1016/j.ijbiomac.2019.12.240

101.

102.

103.

104.

105.

170

Cellulose-Based Materials Crosslinked with Epichlorohydrin: A Mini Review

Dehabadi, L.; Wilson, L. D.; Polysaccharide-based materials and
their adsorption properties in aqueous solution. Carbohydrate
Polymers 2014, 113, 471. [Crossref]

Udoetok, I. A.; Wilson, L. D.; Headley, J. V.; “Pillaring Effects”
in Cross-Linked Cellulose Biopolymers: A Study of Structure

and Properties. International Journal of Polymer Science 2018,
2018, 6358254. [Crossref
Chang, C.; Lue, A.; Zhang, L.; Effects of crosslinking methods
on structure and properties of cellulose/PVA hydrogels.
Macromolecular Chemistry and Physics 2008, 209, 1266.
Crossref]
Yang, B.; Hua, W. Q.; Li, L.; Zhou, Z. H.; Xu, L.; Bian, F. G.;
Ji, X.; Zhong, G. J.; Li, Z. M.; Robust hydrogel of regenerated
cellulose by chemical crosslinking coupled with polyacrylamide
network. Journal of Applied Polymer Science 2019, 136,47811.
Crossref]
Alam, M. N.; Islam, M. S.; Christopher, L. P.; Sustainable
Production of Cellulose-Based Hydrogels with Superb
Absorbing Potential in Physiological Saline. ACS Omega 2019,
4,9419. [Crossref]

106.

107.

108.

109.

110.

111.

Xu, H.; Liu, Y.; Xie, Y.; Zhu, E.; Shi, Z.; Yang, Q.; Xiong, C.;
Doubly cross-linked nanocellulose hydrogels with excellent
mechanical properties. Cellulose 2019, 26, 8645. [Crossref]

Chang, C.; Duan, B.; Zhang, L.; Fabrication and characterization

of novel macroporous cellulose-alginate hydrogels. Polymer
2009, 50, 5467. [Crossref

Gan, S.; Zakaria, S.; Chia, C. H.; Chen, R. S.; Ellis, A. V.; Kaco,
H.; Highly porous regenerated cellulose hydrogel and aerogel
prepared from hydrothermal synthesized cellulose carbamate.
PLoS ONE 2017, 12. Crossref

Qin, X.; Lu, A.; Zhang, L.; Gelation behavior of cellulose in
NaOH/urea aqueous system via cross-linking. Cellulose 2013,
20, 1669. [Crossref]

Huber, T.; Feast, S.; Dimartino, S.; Cen, W.; Fee, C.; Analysis
of the Effect of Processing Conditions on Physical Properties
of Thermally Set Cellulose Hydrogels. Materials 2019, 12,
Crossref]

Lee, K.; Jeon, Y.; Kim, D.; Kwon, G.; Kim, U.-J.; Hong, C.;
Choung, J. W.; You, J.; Double-crosslinked cellulose nanofiber

based bioplastic films for practical applications. Carbohydrate
Polymers 2021, 260, 117817. [Crossref]

Rev. Virtual Quim.


https://doi.org/10.1016/j.carbpol.2014.06.083
https://doi.org/10.1155/2018/6358254
https://doi.org/10.1002/macp.200800161
https://doi.org/10.1002/app.47811
https://doi.org/10.1021/acsomega.9b00651
https://doi.org/10.1007/s10570-019-02689-2
https://doi.org/10.1016/j.polymer.2009.06.001
https://doi.org/10.1371/journal.pone.0173743
https://doi.org/10.1007/s10570-013-9961-z
https://doi.org/10.3390/ma12071066
https://doi.org/10.1016/j.carbpol.2021.117817

	1. Introduction
	2. Cellulose
	3. Crosslink and Crosslinkers for Celluloseand its Derivatives
	4. Epichlorohydrin as Crosslinking Agent
	5. Viscosity
	6. Surface Area
	7. Thermal Stability
	8. Swelling Degree
	9. Crystallinity
	10. Mechanical Properties
	11. Final Remarks
	Acknowledgments
	References

