7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online
View Journal | View Issue

MINIREVIEW

Hydrogels constructed by multicomponent

{ M) Check for updates ‘
reactions

Cite this: Polym. Chem., 2024, 15,
4799 b . a
** and Lei Tao & *

Siyu Pan,? Chongyu Zhu
Hydrogels have been widely used in many fields. To meet the application requirements of different fields,
hydrogels with different functions have been developed through efficient organic reactions.
Multicomponent reactions (MCRs) have been used as distinct tools in hydrogel preparation, owing to their
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high efficiency, mild reaction conditions and tolerance for various functional groups. In this mini-review,
we present a comprehensive overview of the roles of MCRs as crosslinking reactions and as functional
group introducers in hydrogel construction. Finally, we will discuss the future perspectives of MCRs in
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Introduction

Hydrogels are soft materials with high water content, which
are composed of crosslinked hydrophilic polymer networks."?
According to the types of crosslinking, hydrogels can be pre-
pared through covalent bonds, dynamic covalent bonds and
physical interactions. These hydrogels have been widely used
in various fields.® For example, the unique structures of hydro-
gels are similar to the extracellular matrix and are beneficial
for cell metabolism and tissue growth. Thus, hydrogels have
been used for cell culture, tissue regeneration and biosensing
in the biomedical area.*”® In agriculture fields, hydrogels have
been used to encapsulate pesticides for controllable release to
enhance the utilization efficiency of pesticides and minimize
environmental impact.’™® Over the years, by including
different functional groups on gelators, researchers have
explored new hydrogels to further improve the performance
and broaden the application scope of hydrogels.
Multicomponent reactions (MCRs) are a class of distinctive
organic reactions that use more than two reactants to generate a
single complex product in a one-pot manner. MCRs are
modular, atom economical and highly efficient; most of them
use easily accessible substrates and can be performed under
mild conditions with water as the only byproduct. Notably, one
of the advantages of MCRs is the ability to use a diverse range
of solvents, including water, which is quite important for hydro-
gel synthesis. Besides, the byproduct (i.e. water) hardly affects
the reaction process, which is superior to other bond-forming
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exploring (multi)functional hydrogels.

and functionalization reactions (e.g. amide condensation or
ester synthesis) that require removal of byproducts to proceed
reactions. Since Meier’s introduction of the Passerini reaction
into polymer chemistry, more and more MCRs have been con-
sidered as useful tools to develop elegant polymers."® These
MCRs include the Passerini,"*'® Ugi,'®"” Kabachnik-Fields
(KF),"®' Hantzsch>**' and Biginelli reactions,>** as well as
metal-catalyzed®*> and alkyne-based MCRs.>**” These MCRs
have been sufficiently studied for hundreds of years, including
their scope of synthesis, reaction characteristics and experi-
mental methods.”*** MCRs can effectively introduce two or
more functional groups into polymers in just one step, which
enriches the functionality, properties, topology and diversity of
polymers.**?* MCRs offer new opportunities to develop func-
tional hydrogels with improved performances. Initially, MCRs
were mainly used as coupling reactions to construct hydrogels.
Recently, MCRs have been used in forming functional hydrogels
by providing desired functional components and crosslinkers.

In this mini-review, we focus on hydrogels constructed
through MCRs and summarize the various roles that MCRs
play in hydrogel formation, including as crosslinking reactions
and as functional group introducers. Finally, we will discuss
the future perspectives of MCRs in exploring (multi)functional
hydrogels for different applications.

The role as crosslinking reactions

In the early stages, MCRs have been used as crosslinking reac-
tions of polymers to prepare hydrogels. These polymers are
mainly natural polysaccharides including carboxymethyl cell-
ulose (CMC), hyaluronic acid (HA), alginate and gelatin. They
are attractive candidates for building biomedical hydrogels,
owing to their non-toxicity, non-immunogenicity, biocompat-
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ibility, and often biodegradability.>> Moreover, many polysac-
charides contain reactive sites such as carboxyl and amino
groups. Thus, by incorporating difunctional groups and other
components, MCRs can crosslink polymer chains to generate
hydrogels (Fig. 1).

The Passerini reaction

The Passerini reaction is a three-component reaction that
involves an aldehyde, a carboxylic acid and an isocyanide to
yield an a-(acyloxy)-amide as a product (Fig. 2a). When used
for forming a hydrogel, the Passerini reaction can crosslink
the carboxyl groups in polysaccharides with further added
bifunctional reactants, such as glutaraldehyde.>®

Nooy and co-workers reported a series of ionic polysacchar-
ide hydrogels via the Passerini reaction at ambient tempera-
ture.’” As a typical example, the polysaccharide component and
isocyanide component were CMC and cyclohexyl isocyanide,
respectively. Glutaraldehyde was used to link two a-(acyloxy)-
amides (Fig. 2b). The degree of crosslinking and network struc-
ture of the hydrogels were analysed by *C CP-MAS and °N
CP-MAS spectroscopy. In combination with solid-state NMR
measurements and elemental analysis, the efficiency of the reac-
tions was calculated to be about 80% of theoretical values,
showing the high efficiency of MCRs to form hydrogels.

The Ugi reaction

The Ugi reaction is another efficient MCR that involves four
components including an aldehyde, a carboxylic acid, an iso-
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Fig. 1 The role of MCRs as crosslinking reactions.
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Fig. 2 (a) The Passerini reaction. (b) Possible linkages formed by a
Passerini crosslinking reaction using CMC as the polysaccharide
component.
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Fig. 3 (a) The Ugi reaction. (b) Possible linkages formed by a Ugi cross-
linking reaction using CMC as the polysaccharide component.

cyanide and a primary amine to generate an o-(acylamine)-
amide (Fig. 3a). Besides glutaraldehyde, di-isocyanides, 1,5-
diaminopentane and r-lysine ethyl ester can also be used as
difunctional components.*® The Ugi reaction can be employed
to prepare polysaccharide-based hydrogels by forming dipep-
tide-like crosslinkers.

Nooy and co-workers prepared polysaccharide hydrogels via
the Ugi reaction.’” The polysaccharide component and isocya-
nide component were CMC and cyclohexyl isocyanide, respect-
ively. Then, formaldehyde and 1,5-diaminopentane were
involved to form amide-like linkages (Fig. 3b). According to
the comparison in this research, amide bonds were more
stable than ester bonds across a wide range of conditions and
time scales. Thus, the hydrogels produced by the Ugi reaction
were more robust than those generated by the Passerini reac-
tion. This may be one of the reasons why the Ugi reaction has
been used more often than the Passerini reaction for hydrogel
construction. Shulepov and co-workers used the Ugi reaction
to generate CMC-based sub-micron microgels that can be used
as emulsifiers.®® In this research, CMC emulsion was first
obtained to form physical microgels; then, formaldehyde, 1,4-
bis(3-isocyanopropyl) piperazine and 4-picolylamine (or ben-
zylamine, furfuryl amine and isopropyl amine) were intro-
duced to obtain crosslinked CMC microgels via the Ugi reac-
tion (Fig. 4). Both physical and crosslinked microgels exhibited
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Fig. 4 Model Ugi reaction with diisocyanide 10 to form a CMC
network. Reprinted with permission from ref. 34. Copyright 2016,
Springer Nature.
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pronounced emulsifying properties at low concentrations
(circa 2 g L™"). Compared with the metastable physical micro-
gels, the cross-linked microgels were more stable and could be
directly used to obtain solutions with prominent surface
activity.

Apart from CMC, HA is another excellent carboxyl-contain-
ing candidate to form a hydrogel.*° Crescenzi and co-workers
developed a HA-based hydrogel by the Ugi condensation reac-
tion using lysine ethyl ester as the crosslinker diamine
(Fig. 5).*' Formaldehyde and cyclohexyl isocyanide were
applied as the other two components for the Ugi reaction. This
hydrogel exhibited excellent physical properties and swelling
behaviour, showing great potential to be used in biomedical
applications such as controlled drug delivery, cell scaffolding
and tissue engineering. In addition, the deacetylation process
of HA introduces amine groups into its backbone, making it
an ideal reactant for the Ugi reaction and a bifunctional cross-
linker for hydrogels. The same group prepared a partially dea-
cetylated hyaluronan (deHA)-based hydrogel via the Ugi reac-
tion.”> The degree of crosslinking and the structure of the
network were assessed through *C CP-MAS NMR, indicating
the smooth process of the Ugi reaction to crosslink deHA
chains.

Besides hydrogel construction, the degradation process of
HA-based hydrogels was also investigated by researchers.
Maleki and co-authors monitored the formation and destruc-
tion of HA-based hydrogels generated by the Ugi reaction in
the presence of different chemical crosslinker agents.*?
Rheology and dynamic light scattering were applied to study
the influence of pH values on the gelation process and the
stability of hydrogels. The results showed that ester linkages
and glycosidic bonds were sensitive to hydrolysis, while the
amide linkages in the product of the Ugi reaction were resist-
ant to hydrolysis.

Alginate is a nontoxic, nonimmunogenic and biodegradable
anionic polymer that can form hydrogels with divalent cations,
such as Ca®", through electrostatic interactions. It can also
form alginic acid gel with slowly hydrolysing b-glucono-
8-lactone via intermolecular hydrogen bonds.** Apart from
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Fig. 5 Proposed structure of the network formed by HA via the Ugi
reaction with formaldehyde, cyclohexyl isocyanide and lysine with
carbon atom assignments. Reprinted with permission from ref. 36.
Copyright 2003, Elsevier Science Ltd.
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physical hydrogels, chemical hydrogels based on alginate have
been widely investigated.”® In this context, the Ugi reaction is a
useful crosslinking reaction. Bu and co-workers reported an
alginate-based chemical hydrogel via the Ugi reaction.*® They
chose 1,5-diaminopentane as the bifunctional crosslinker
agent. The hydrogels were successfully prepared with the help
of formaldehyde and cyclohexyl isocyanide. They also moni-
tored the rheological properties of semi-dilute aqueous algi-
nate solution during the Ugi reaction; the influence of cross-
linker concentration on the physical properties and gelation
time of hydrogels was also studied. In particular, the authors
focused on the influence of pH values on the formation of algi-
nate-based hydrogels and discussed the impact of pH values
on the kinetics of the Ugi reaction.*” Their results showed that
the acidic conditions are favourable for the Ugi reaction.

Beyond the physicochemical properties of hydrogels pre-
pared by the Ugi reaction, researchers have also investigated
their potential in biomedical applications. The 3D network
with high water content endows hydrogels with the potential
to serve as drug carriers. For example, Javanbakht and co-
workers used citric acid-based graphene quantum dots to
crosslink gelatin through the Ugi reaction.*® The resulting
hydrogel could selectively release doxorubicin (DOX) under
tumour tissue conditions (pH 4.5) and exhibited notable cyto-
toxicity against breast cancer cell lines.

Researchers have exploited other gelators. For example, Li
and co-workers developed a new polymer to form biomedical
hydrogels (Fig. 6).*° Briefly, they modified the chain ends of
poly(ethylene glycol) (PEG) with carboxylic groups, and then
simultaneously incorporated phenylboronic acid groups and
benzaldehyde groups at the chain ends via the Ugi reaction.
This polymer formed a double-dynamic-network hydrogel
through reactions between phenylboronic acid groups and
poly(vinyl alcohol) (PVA), as well as between benzaldehyde
groups and glycol chitosan (Fig. 6a). The hydrogel was self-
healing due to the dynamic linkages (imine and borate ester)
and showed low cytotoxicity (Fig. 6b). The authors also studied
the advantages of this hydrogel for controllable release of DOX
in vivo. When encapsulating DOX for tumour therapy, the
tumour size under the treatment of DOX laden gels was much
smaller than those under the treatments of the controls (DOX-
situ and DOX-vein) (Fig. 6c-e). Therefore, this gel achieved
controllable release of drugs and exhibited better antitumor
effects than traditional methods. This double-network hydro-
gel crosslinked by a Ugi-modified polymer expanded the
gelator scope and demonstrated great potential for biomedical
applications.

In summary, MCRs are efficient coupling reactions that can
proceed under mild conditions. Polysaccharides are biocompa-
tible polymers that contain functional groups such as car-
boxylic and amine groups. Thus, the Passerini and Ugi reac-
tions provide a straightforward pathway to crosslink these poly-
saccharide chains to form hydrogels. Generally, the four-com-
ponent Ugi reaction can introduce more reactants and gene-
rate more stable products than the Passerini reaction.
Therefore, the Ugi reaction has broader applications than the
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Fig. 6 (a) Schematic illustration of the double-dynamic-network hydrogel with imine and borate ester linkages. (b1 and b2) Cell viability after a 24 h
culture with the hydrogel on the top (b1) and inside the hydrogel (b2). (c) Optical and fluorescence images of the mice after different treatments on
day 1 and day 24. Saline: a saline solution injected in situ at the tumor bed; DOX-situ: a DOX solution via direct injection at the tumor bed; DOX-
vein: a DOX solution via intravenous administration; and DOX-gel: DOX-loaded hydrogel. (d) Images of the tumors after different treatments. (e)
Mass of the tumors after different treatments; data are represented as mean + SD, n = 5, **p < 0.01, and ***p < 0.001. Reprinted with permission

from ref. 44. Copyright 2019, American Chemical Society.

Passerini reaction to produce hydrogels. Initially, polysacchar-
ides are the main gelators and most research studies focus on
structure verification, physical properties and influencing
factors of hydrogels. Later on, with the deepening understand-
ing of MCRs, other gelators have been developed via MCRs
and the resulting hydrogels have been exploited as drug car-
riers, which demonstrates the value of MCR-crosslinked
hydrogels.

The role as functional group
introducers

MCRs involve three or more reactants, and some MCRs are
regarded as green click reactions compatible with various func-
tional groups. Thus, they can simultaneously introduce
different functional groups to develop new (multi)functional
polymers, which opens up a new avenue to explore (multi)func-
tional hydrogels (Fig. 7).

The Passerini reaction

Incorporating photo-sensitive groups via MCRs and cross-
linking through click reactions provides a facile synthetic
approach to UV-degradable hydrogels. Li and co-workers used
the Passerini reaction to design a UV-degradable gelator that
contained both double bonds and ortho-nitrobenzyl ester
groups.”® Then, this gelator was mixed with 8-arm PEG-thiol to

4802 | Polym. Chem., 2024,15, 4799-4809
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Fig. 7 The role of MCRs as functional group introducers.

yield a hydrogel through a thiol-ene click reaction. When
exposed to UV light, ortho-nitrobenzyl ester absorbed the
energy to break the chemical bond, resulting in the destruc-
tion of the hydrogel. This method was easily performed and
greatly simplified the preparation of UV-degradable hydrogels.

Truong and co-workers took further steps to develop photo-
responsive hydrogels for selective release of different cell
types.’" Briefly, they modified PEG with photolabile and azide
groups by the Passerini reaction and therefore prepared a
library of photolabile PEG linkers (Fig. 8a). Then, azide-alkyne
cycloaddition was performed to generate photodegradable
hydrogels. The hydrogels containing ortho-nitrobenzyl (P2)
encapsulated L929 cells, while the hydrogels containing 7-(di-
ethylamino) coumarin (P8) encapsulated human mesenchymal
stem cells (hMSC). Fig. 8b shows the great cell viability of
different cells in P2/P8 composite gels, indicating that the
chromophores and cross-linking process of both hydrogels
were cyto-compatible. Furthermore, by selecting appropriate

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) Preparation of the photolabile PEG linkers and the resulting networks. (b) Image of composite gel from P2 and P8 linkers crosslinked with
PEG together with the fluorescent live dead staining image of cell laden gel at the interface, and a graph showing the viability of the encapsulated
L929 cells and hMSC (live cell: green and dead cell: red; scale bar = 100 pm). (c) Complete degradation of hydrogel P8 under blue light irradiation
(470 nm) after 5 min. The released L929 cells showed high viability as well as normal cellular activity after 3 days post-release. (d) Subsequent degra-
dation of the hMCS laden hydrogel P2 by UV light (365 nm). The collected hMSCs also displayed high cell viability and normal cellular activity com-
pared to cells without encapsulation and release (live cell: green and dead cell: red; scale bar = 100 pm; ns = not significant). Reprinted with per-

mission from ref. 46. Copyright 2017, American Chemical Society.

light wavelengths (365 nm for P2 and 470 nm for P8) to irradi-
ate the composite gel, specific components of the gel rapidly
degraded while leaving the other components unaffected,
which enabled the complete separation and release of desired
cells. After being collected and transferred to tissue culture
polystyrene (TCPS) plates for 3 days of cultivation, both
released L929 cells and hMSCs exhibited high cell viability
compared to cells without encapsulation and release (Fig. 8c
and d). This methodology shed light on the preparation of
light-responsive materials for spatiotemporal delivery of thera-

This journal is © The Royal Society of Chemistry 2024

peutics, advanced treatment of diseases, and tissue

regeneration.

The Ugi reaction

The Ugi reaction has been used to facilely prepare a novel anti-
bacterial polymer with crosslinking groups. For instance, Zeng
and his co-workers designed and synthesized a multifunc-
tional PEG derivative via the Ugi reaction that contained both
phenylboronic acid and phenolic groups (Fig. 9a).>> The
phenylboronic acid group crosslinked PVA through a dynamic

Polym. Chem., 2024,15, 4799-4809 | 4803
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Fig. 9 (a) Synthesis of multifunctional PEG via the Ugi reaction. (b) The schematic diagram of the antibacterial and self-healing hydrogel. Reprinted

with permission from ref. 47. Copyright 2020, American Chemical Society.

borate ester bond to form a self-healing hydrogel, while the
phenolic groups played the antibacterial role (Fig. 9b). This
self-healing hydrogel showed antibacterial capability towards
both E. coli and S. aureus. In particular, this hydrogel achieved
an inhibitory effect on E. coli similar to that of 50 times the
antibiotic minimal concentration. The introduction of the
antibacterial and crosslinking groups into the polymer struc-
ture by the Ugi reaction avoided tedious processes. Besides,
including antibacterial groups in hydrogel networks has
imparted potential long-term antibacterial effects to hydrogels.

Hydrophobic groups, such as long alkane chains, can be
easily introduced into polymers via MCRs. Thus, the resulting
hydrogels are able to encapsulate hydrophobic small mole-
cules for sustainable release. For instance, Zhang and co-
workers designed an amphiphilic alginate derivative by the
Ugi reaction.> Then, a hydrogel was formed by adding Ca**
and was loaded with the hydrophobic pesticide acetamiprid.
The controllable release of acetamiprid enhanced soil aggrega-
tion and minimized the mobility of pesticides in the agricul-
tural system. Besides single-network hydrogels, Wang and co-
workers developed stretchable double-network nanocomposite
hydrogels to achieve controlled release of pesticides.>® The
hydrophobic modification of sodium alginate was carried out

4804 | Polym. Chem., 2024, 15, 4799-4809

by the Ugi reaction, so that it can trap A-cyhalothrin through
hydrophobic interactions. Then, the hydrogels were formed
through a physical network generated by electrostatic inter-
actions between modified alginate and Ca®" and a chemical
network generated by polyacrylamide. The incorporation of
montmorillonite provided hydrogels with both sustained
release behaviour and outstanding mechanical properties.
This composite hydrogel has the potential to serve as a carrier
for insoluble pesticides, which enhances the utilization
efficiency of pesticides and reduces environmental pollution.
These results demonstrate that functional hydrogels prepared
via MCRs have great potential for agricultural applications.

The KF reaction

The tricomponent KF reaction generates an
a-aminophosphonate structure through common reactants
(aldehydes, amines and phosphites). The hydrolysis product of
a-aminophosphonate is a-aminophosphonic acid that is a che-
lating group of many metal ions (Fig. 10).>®> He and co-workers
designed a multifunctional polymer containing phenylboronic
acid and a-aminophosphonic acid groups through a one-step
KF reaction and free radical polymerization, followed by an
effective hydrolysis reaction (P1) (Fig. 11a).”®

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 The Kabachnik—Fields (KF) reaction and its hydrolysis product.

This polymer effectively dispersed iron oxide nanoparticles
(IONPs) owing to the robust interactions between the
a-aminophosphonic acid groups and the surface of the IONPs.
Then, a magnetic self-healing hydrogel was formed through
dynamic borate ester linkages after the introduction of PVA.
This hydrogel showed great biosafety both in vitro and in vivo.
The addition of IONPs also allows the hydrogel for magnetic
manipulation. Furthermore, the hydrogel exhibited thermal
behaviour in alternating magnetic fields and potential as a con-
trast agent for magnetic resonance imaging (MRI) (Fig. 11b-d).

Besides, Tian and his co-workers used the same polymer
containing phenylboronic acid and a-aminophosphonic acid
groups to bind positively-charged cis-dichlorodiammineplati-
num(n) (CDDP) and form a self-healing hydrogel with PVA.*
This hydrogel showed prolonged release of CDDP and
increased the cyto-safety of CDDP by reducing its release rate,
exhibiting potential as a 3D cell culture matrix and an inject-
able carrier to deliver positively-charged small drugs for
chronic diseases.

A e R
o o NH
S R "3
0
2 o b &
PVA & S 1%-20 o-pLH 19-20
HO-p e .0 Hydrogel
\) HO
P1
IONP -
IONPs . S

s

—

0.0 04

25 mg 50 mg

0.1 0.2 0.3
Concentration/ mg/mL

Fig. 11 (a) Preparation of Pl and the P1-IONP complex. (b)
Temperature of P1-PVA hydrogels containing different amounts of
IONPs vs. time in an alternating magnetic field (f = 285 kHz and H =
201.2 Oe). Data are presented as mean + SD, n = 5. (c) MRI images of
P1-PVA hydrogels containing different amounts of IONPs. (d) Spin—spin
relaxation time (known as T2) values of different hydrogels; data are col-
lected from the pixels in a 21 mm? area and presented as mean + SD.
Reprinted with permission from ref. 51. Copyright 2022, American
Chemical Society.
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The Biginelli reaction

The Biginelli reaction is a tricomponent reaction that uses
common reactants (aldehyde, p-ketoester and (thio)urea) to
effectively  produce  3,4-dihydropyrimidin-2(1H)-(thi)ones
(DHPM(T)) derivatives (Fig. 12).

The products of the Biginelli reaction have been known as
potential calcium antagonists, mitotic inhibitors, antioxidants
and bacterial inhibitors.*®®° Thus, antioxidant hydrogels can
be formed through the Biginelli reaction. Yuan and co-workers
used the Biginelli reaction to prepare a polymer containing
ferrocene groups, which provided antioxidant properties.®!
Then, phenylboronic acid groups were introduced via efficient
nucleophilic substitution. The phenylboronic acid groups were
crosslinked with PVA to build a self-healing hydrogel. This
antioxidant hydrogel not only exhibited low cytotoxicity and
biocompatibility, but also promoted wound healing, demon-
strating its potential for wound treatment.

Besides, Yuan and co-workers used the Biginelli reaction to
modify a cellulose acetoacetate (CAA) hydrogel film with fluo-
rescent groups (Fig. 13).%? This hydrogel film provided photo-
luminescence, high transparency and UV-shielding properties,
showing potential to be used in various fields including eco-
friendly packaging.

The Hantzsch reaction

The Hantzsch reaction is a classical MCR that has been widely
studied since its introduction in 1881.°® It is a four-component
reaction involving aldehyde, 1,3-diketone, p-ketoester and

o o X 2 Ri
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Fig. 12 The Biginelli reaction.
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2024, Elsevier Science Ltd.

Heat pressing

UV Visible light

o a0

Cellulose-based multifunctional film

Polym. Chem., 2024,15, 4799-4809 | 4805


https://doi.org/10.1039/d4py00885e

Published on 25 November 2024. Downloaded on 2026-02-22 2:34:43 PM.

Minireview

NH,OAc to generate 1,4-dihydropyridine (1,4-DHP) derivatives
that have potential antioxidant, antibacterial, anti-inflamma-
tory and antihypertensive properties (Fig. 14).°*°® Thus, the
Hantzsch reaction is useful to explore antioxidant hydrogels
with synergistic antioxidation between 1,4-DHP rings and
additional antioxidant groups.

Pan and co-workers developed an antioxidant polymer by
modifying PVA with an antioxidant natural compound vanillin
through the Hantzsch reaction (PVA-vanillin).®” A PVA derivative
containing phenyl groups instead of vanillin was also prepared
through the Hantzsch reaction and used as a control (PVA-ph,
Fig. 15a). Then, the radical-scavenging ability of PVA-vanillin
was investigated using 2,2-azinobis(3-ethylbenzothiazoline-6-
sulfonate) (ABTS™). The antioxidant ability can be measured by
the extent of decolorization (Fig. 15b1). Within 30s after the
solutions of PVA derivatives and ABTS " were mixed, PVA-vanillin
completely faded the blue colour of the ABTS™ solution, while
the colour of PVA-ph/ABTS™" solution changed from blue to pale
blue (Fig. 15b2). After 30 min, the PVA-ph/ABTS™" solution had
become colourless, but the other two controls remained their

o o o o
R,—CHO + M o+ M + NHo0Ac Hantzsch Ry Ry
Ry Ry Ry Ry’ ||

Fig. 14 The Hantzsch reaction.
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blue colour (Fig. 15b3). The visual results agreed well with the
quantitative data (Fig. 15c). These results demonstrated that the
inherently antioxidant ability of 1,4-DHP moieties remained
after being introduced into PVA chains; by using antioxidant
reactants in the Hantzsch reaction, the radical-scavenging
ability of PVA derivatives can be enhanced.

Then, native PVA and the PVA-vanillin were crosslinked with
a phenylboronic acid-containing polymer (PB) that was also pre-
pared using the Hantzsch reaction to form self-healing hydro-
gels through borate ester linkages (Gel-PVA and Gel-vanillin). In
the ABTS™ test, both gels faded the blue colour of ABTS™
because of the native antioxidant capability of PB. However, Gel-
vanillin quenched ABTS™ faster than Gel-PVA, which was attrib-
uted to the antioxidant PVA-vanillin. Besides, Gel-vanillin
showed low cytotoxicity (Fig. 15d); negligible differences in the
sections of muscle tissue (Fig. 15e1 and e1’), liver (Fig. 15e2 and
e2’) and kidneys (Fig. 15e3 and e3’) were observed between the
healthy mice and the mice injected with the gel. Thus, this
hydrogel showed great biosafety both in vitro and in vivo, exhi-
biting its potential as an implantable biomaterial.

In this part, MCRs are not only used as efficient coupling
reactions for hydrogel preparation, but also introduce func-
tional groups for various applications. To do this, MCRs incor-
porate functional groups with crosslinking groups in one step
to develop multifunctional polymers, either at the chain ends
or along the chains. Then, the resulting functional hydrogels
can be formed. Meanwhile, as the products of the Biginelli

d1) ~100% viability  d2)

Fig. 15 (a) Polymers used in the radical-scavenging test. (b1-b3) Color change of ABTS™* solutions in the presence of PVA, PVA-ph, and PVA-vanillin.
(c) Trolox equivalent antioxidant capacity (TEAC) values of PVA derivatives. Trolox served as a standard compound (1.0). (d1) FDA/PI staining of cells
in Gel-vanillin; (d2) cell observation of Gel-vanillin from the top. (e) Pathological analyses using H&E staining (400x); sections of muscle tissues
around the gel (el and el’), liver (e2 and e2’); and kidneys (e3 and e3’) from healthy mice (blank, el-e3) and mice injected with gels (Gel-vanillin,
el'—e3’). Data are presented as mean + SD, n = 6. Reprinted with permission from ref. 62. Copyright 2023, American Chemical Society.
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and Hantzsch reactions are promising antioxidants, functional
hydrogels with enhanced antioxidant ability can be generated
by incorporating other antioxidant components. Furthermore,
self-healing and double-network hydrogels developed via
MCRs are expected to meet the diverse needs of biomedical
and agricultural applications.

Conclusions and perspectives

Hydrogels are soft materials that have been widely used in
various fields, such as agricultural and biomedical. To meet
the application requirements of different fields, hydrogels with
different functions have been developed through efficient
organic reactions. MCRs provide great convenience for hydro-
gel preparation, owing to their mild reaction conditions, high
efficiency, environmentally friendly byproducts and most
importantly, the simultaneous introduction of two or more
functional groups. Thus, the physicochemical properties of
hydrogels are customizable by selecting different reactants.
The hydrogels prepared by MCRs can be crosslinked through
covalent bonds, dynamic covalent bonds and physical inter-
actions; thus, different types of hydrogels can be developed via
MCRs according to different requirements.

MCRs are documented as efficient coupling reactions.
Thus, MCRs are commonly used as crosslinking reactions for
hydrogel preparation. In the early stages, carboxylated polysac-
charides are the main gelators. MCRs, such as the Passerini
and Ugi reactions, crosslink polysaccharide chains to form a
hydrogel. The primary focus of many research studies is on
investigating the gelation and degradation processes of hydro-
gels, as well as their physicochemical properties. Later on,
researchers exploited new polymeric crosslinkers based on syn-
thetic polymers such as PEG, which expanded the library of
gelators.

Subsequently, researchers set about developing the func-
tionality of hydrogels to expand their applications. MCRs have
been employed to create new polymers that incorporate both
crosslinking and functional groups. These crosslinking groups
generated stable covalent networks and dynamic networks via
imine and borate ester bonds that endow hydrogels with self-
healing properties. By simultaneously incorporating functional
groups, the resulting hydrogels exhibit photo-degradable, anti-
bacterial, antioxidant or photoluminescent properties, making
them highly suitable for biomedical and agricultural appli-
cations. Moreover, the products of some MCRs have inherent
bioactivities, which can be used as functional groups directly.
For instance, the products of the Biginelli and Hantzsch reac-
tions are recognized as antioxidants. Therefore, other anti-
oxidant reactants can be included in these reactions to prepare
functional polymers; the resulting hydrogel can achieve
enhanced antioxidant ability owing to the synergistic effect of
additional antioxidant groups and intrinsic structures formed
by MCRs. The hydrogels with improved performance may
promote wound healing, taking a step further in solving practi-
cal issues in biomedical fields.

This journal is © The Royal Society of Chemistry 2024
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In future works, the characteristics and advantages of
common MCRs should be fully exploited. For example, the Ugi
reaction, which involves four components, provides an opportu-
nity to develop hydrogels that combine three or more functions.
Meanwhile, beyond antioxidant ability, the products of the
Biginelli and Hantzsch reactions also exhibit excellent UV-shield-
ing properties. Therefore, it is recommended to prepare anti-UV
hydrogels using these two reactions with the help of other anti-
UV reactants. Besides, isocyanide is toxic and may remain after
the hydrogel synthesis via the Passerini and Ugi reactions.
Therefore, in order to meet the application requirements in bio-
technological fields, these hydrogels should be soaked in water
for a long time to remove residual isocyanides. Additionally, the
library of functional gelators can be expanded through the devel-
opment of synthetic strategies. Functional polymers can be syn-
thesized from monomers via free radical polymerization or poly-
condensation; they can also be derived from existing polymers
by post-polymerization modification. Incorporating MCRs with
other efficient organic reactions also provides opportunities for
developing new multifunctional hydrogels. In all, MCRs are valu-
able tools for preparing multifunctional polymers and related
hydrogels. In the future, more MCRs are expected to be applied
to construct hydrogels for broader applications such as human
healthcare, the food industry and environmental treatment.
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