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ARTICLE INFO ABSTRACT
Keywords: Polysaccharides and proteins are important macromolecules for developing hydrogels devoted to biomedical ap-
Crosslinkers plications. Chemical hydrogels offer chemical, mechanical, and dimensional stability than physical hydrogels
Hydrogels due to the chemical bonds among the chains mediated by crosslinkers. There are many crosslinkers to synthesize
POlyS?CCharides polysaccharides and proteins based on hydrogels. In this review, we revisited the crosslinking reaction mecha-
Proteins . . 4 . . .
nisms between synthetic or natural crosslinkers and polysaccharides or proteins. The selected synthetic
crosslinkers were glutaraldehyde, carbodiimide, boric acid, sodium trimetaphosphate, N,N’-methylene bisacry-
lamide, and polycarboxylic acid, whereas the selected natural crosslinkers included transglutaminase, tyrosi-
nase, horseradish peroxidase, laccase, sortase A, genipin, vanillin, tannic acid, and phytic acid. No less important
are the reactions involving click chemistry and the macromolecular crosslinkers for polysaccharides and pro-
teins. Literature examples of polysaccharides or proteins crosslinked by the different strategies were presented
along with the corresponding highlights. The general mechanism involved in chemical crosslinking mediated by
gamma and UV radiation was discussed, with particular attention to materials commonly used in digital light
processing. The evaluation of crosslinking efficiency by gravimetric measurements, rheology, and spectroscopic
techniques was presented. Finally, we presented the challenges and opportunities to create safe chemical hydro-
gels for biomedical applications.
1. Introduction ical interactions provide physical hydrogels, which might be suscepti-
ble to changes in temperature, pH and ionic strength, making the sol-
TUPAC defines hydrogels as non-fluid colloidal networks or polymer gel transition reversible. Such stimuli-responsive hydrogels are relevant
networks where the swelling agent is water [1]. The polymer chains in as drug delivery systems; upon changing the pH, temperature and ionic
the network swell, but they do not dissolve in water [2] because the strength to the physiological conditions, the physical interactions that
polymer chains are held in a tridimensional structure by joint points. hold the polymer chains in the hydrogel are weakened, allowing the re-
The joint points might be physical interactions or chemical bonds. Phys- lease of the drug to the medium [3]. Hydrogen bonds, hydrophobic or
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glycerophosphate; BMI, bismaleimide; BTCA, 1,2,3,4-butanetetracarboxylic acid; CDH, carbohydrazide; Chi, Chitosan; CMC, carboxymethyl cellulose; CPCs,
cartilage-derived progenitor cells; CS, chondroitin sulfate; Cs-AMI, maleimide—functionalized chitosan; Cs-Fu, Furan-modified chitosan; Cu-AAC, copper-catalyzed
azide-alkyne cycloaddition; DA, Diels-Alder; DBCO, dibenzocyclooctyne; DCC, N,N-Dicyclohexylcarbodiimide; DOx, degree of oxidation; DS, degree of substitution;
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van der Waals forces are physical intermolecular forces that keep the
macromolecules together [4]. The chemical bonds among the polymer
chains in chemical hydrogels are generally mediated by a crosslinker
agent, making the chemical hydrogels more stable than the physical hy-
drogels. Changes in temperature, pH and ionic strength to the physio-
logical conditions might cause changes in the swelling behavior of
chemical hydrogels, but they do not disrupt the tridimensional struc-
ture. Such stability is advantageous for biomedical applications as scaf-
folds for cell proliferation and differentiation, implants, bioprinting [5].

Hydrogels based on polysaccharides and proteins are interesting for
biomedical applications due to their renewability, biodegradability,
biocompatibility, and versatility [6]. However, the hydrogels should
present mechanical and chemical stability under physiological condi-
tions [7]. Chemical and physical crosslinking are feasible strategies to
connect the biopolymer chains, improving the chemical and mechani-
cal stability of the hydrogel [8,9].

Figs. 1a and 1b show the most common synthetic and natural
crosslinkers applied for polysaccharides and proteins, respectively, ac-
cording to a survey at the PubMed database over the last 20 years
[10]. Glutaraldehyde (GA) is the most frequently used crosslinker, al-
though toxicity might be an issue [11]. Carbodiimide, phosphate
groups, boric acid (BA), acrylamides, aldehydes, and epoxy com-
pounds have also been often used to prepare biomedical materials.
Crosslinking with carbodiimides compounds is advantageous because
the resulting matrices have high mechanical stability [12,13], are less
toxic than GA, and by-products are water-soluble [14]. Noteworthy,
the number of publications reporting sodium trimetaphosphate
(STMP) or BA as crosslinking agents has increased considerably in re-
cent years. STMP is a safe and non-toxic crosslinking agent suitable for
polysaccharides. BA is commonly used as a crosslinker for polysaccha-
rides such as scleroglucan [15], sodium alginate[16], galactomannan
[17], guar gum [18], and starch[19]. The borate-diol linkages con-
tribute to the increase of the self-healing and viscoelastic properties.
Furthermore, BA-mediated crosslinking reactions can be conducted at
room temperature [20-22].

The unreacted crosslinkers might remain inside the scaffolds, caus-
ing biocompatibility issues. For this reason, crosslinking with natural
crosslinkers is an increasing trend. The most frequently used natural
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crosslinkers are genipin, enzymes, citric acid and tannic acid due to
their low toxicity. Genipin is the most frequently applied natural
crosslinker (Fig. 1), despite its high cost. Some of the main advantages
of polycarboxylic acids, such as citric acid, are the low cytotoxicity and
low cost [23]. Tannic acid is a plant-derived phenolic compound with
antioxidant properties [24], stimulating its application as crosslinkers.
Phytic acid (PA) and vanillin also have antioxidant activities and they
can be promising candidates for bio-based crosslinkers [25,26].

Although there are many chemically crosslinked hydrogels reported
in the literature, comprehensive studies about the different mechanisms
involved in the crosslinking reactions under different experimental con-
ditions aiming at biomedical applications are scarce. This review dis-
cusses the main reaction mechanisms between the most frequently used
synthetic and natural crosslinkers and polysaccharides or proteins, and
the reaction conditions. A session was dedicated to the main techniques
used for determining the crosslinking degree. Finally, some strategies
for selecting the ideal crosslinker will be discussed.

2. Synthetic crosslinkers

Fig. 1 shows the large variety of crosslinkers for polysaccharides
and proteins. Although dihydrazides and epoxy-based compounds are
reported as efficient crosslinkers, this review focuses on the reaction
mechanisms involved in the crosslinking with glutaraldehyde, carbodi-
imide, boric acid, sodium trimetaphosphate, N,N’-methylene bisacry-
lamide and polycarboxylic acids. Except for glutaraldehyde, the other
synthetic crosslinkers present moderate or low toxicity.

2.1. Glutaraldehyde

Glutaraldehyde (GA) is undoubtedly one of the most widely used
crosslinkers for proteins or polysaccharides (chitosan) [27,28]. In the
1960s, Sabatini and co-workers were the first to report GA applications
[29]. They used the GA for cell preservation and tissue fixation. Since
then, several applications have been developed, mainly in preparing
biomaterials based on proteins and polysaccharides for drug delivery
and tissue engineering.
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Fig. 1. The most common synthetic and natural crosslinkers applied for polysaccharides and proteins, based on a survey made at PubMed database over the
last 20 years [10]. Cit.A: Citric acid; FM:formaldehyde; EP:epoxy; GL:glyoxal. Accessed on July 30t 2021.
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GA is a bifunctional aldehyde with low molecular weight, a colorless
liquid with a pungent odor, soluble in water, alcohol, and organic sol-
vents [30]. It is generally sold as an aqueous solution with a pH of
~3-4. The structure of GA in an aqueous solution has already been the
subject of debate and controversy because GA can exist as monomeric
dialdehyde, dimer, trimer, and polymer according to pH conditions.
Hardy et al. [31] indicated that the structures I, II, III, and IV coexist in
equilibrium (Fig. 2) in the GA solution due to the hydration of structure
I after dissolution in water. On the other hand, Whipple and Ruta [32]
reported that aqueous GA is mainly formed by cyclic hemiacetal (struc-
ture II), distributed between two geometrical isomeric forms (cis and
trans). Korn and co-workers also found an equilibrium between free GA
(I, cyclic hemiacetal (IV), and their oligomers (V) by H!-NMR analysis
[33]. Therefore, in a commercial aqueous GA solution, the structures I,
II, III, and IV can coexist under acid conditions. It's worth mentioning
that an aldol condensation of GA chains may occur spontaneously in an
aqueous solution under basic conditions, favoring structures VI and VII.
Richards and Knowles [34] reported significant amounts of a,f-
unsaturated aldehydes (structure VI) that were able to form rings
(structure VII). The structures VIII, IX and X also can exist in the aque-
ous solution of GA in alkaline media, due to polymerization by in-
tramolecular-intermolecular mechanism (VIII) [35] and dimolecular al-
dol condensation (IX and X) [36,37].

Crosslinking with GA has proved to be a convenient and effective
method of improving the physical and chemical properties of hydrogels
because it has a high binding affinity with amine, imidazole, and thiol
functional groups [38]. Some researchers reported that hydroxyl
groups also can undergo crosslinking with GA in acidic conditions be-
cause the acid can catalyze the acetalization among hydroxyl and GA's
aldehyde groups [38-40].
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The covalent bonds formed between GA and primary amines result
in a color change to yellow. Two reactions may occur, both involving
the amino groups of the polysaccharide or protein, Michael addition or
Schiff's base formation. In addition, ring structures can also be formed
from dimeric cyclic glutaraldehyde and hemiacetal species [41]. The
reactions of GA with amino groups under acidic conditions are shown
in Fig. 3. Fig. 3A shows a nucleophilic attack that takes place by the
amino group of the proteins to glutaraldehyde. The primary amine
should not be protonated because it is a nucleophile attack to the elec-
trophilic carbon. Although the protonated amine groups lose the ability
to attack the carbonyl carbon, dehydration is fast under acidic condi-
tions. In contrast, the last step of C—0O binding cleavage and dehydra-
tion is unfavoured under basic conditions [42,43]. The Schiff's base is
unstable under very acidic conditions; the imine bond can undergo hy-
drolysis and regenerate GA and amine groups [44]. Ruijgrok et al [45]
showed that heating or ultrasonic radiation can dissolve polymers
crosslinked with GA under neutral and acidic pH. Some researchers
have added a final reduction step by NaBH4 or NaBCNH3 to stabilize the
Schiff's base [46], as shown in Fig. 3B. According to Barbosa et al. [44],
the mechanism of glutaraldehyde with amino groups could be mediated
by hemiacetal cyclic conformations (structures Il and V in Fig. 2), yield-
ing the structures presented in Fig. 3C and Fig. 3D; the reactions can oc-
cur by nucleophilic substitution of the amino groups with the hydroxyl
group of GA.

Two mechanisms of GA linkage with amino groups under basic con-
ditions have been proposed from o, unsaturated aldehyde (structure
VI): Schiff's base and Michael's addition, schematically represented in
Fig. 4, mechanisms (1) and (2), respectively [44,47]. In mechanism (1),
the reaction among the internal aldehyde groups with primary amino
groups yields imine linkages. The second mechanism involves Michael's
addition to double C—=C linkage. Wine et al. [47] were the first to study
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Fig 2. Overview of possible equilibrium structures of GA in aqueous solution, according to the medium pH. Adapted from Ref. [27].
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Fig. 3. Reactions mechanism of GA with primary amino groups under acidic conditions.

the GA crosslinking by high-resolution X-ray diffraction. Their findings
agree with other reviews, indicating that the product formed under al-
kaline media results from Schiff's base formation and Michael addition,
simultaneously. It also proposes an additional mechanism for crosslink-
ing under acid conditions, namely, the Schiff's base formation and the
C—N bond by Anti-Markovnikov addition in the neighboring carbon of
C=N. The low stability on the end product obtained via Michael's ad-
dition may be justified because breaking the double C=C linkage
causes instability in the structure [44]. On the other hand, no reduction
agent is required to stabilize the adducts when Michael's addition oc-
curs [27,36].

The literature provides excellent reports about the use of GA as
crosslinkers for materials based on chitosan [48], chitosan/nano-silica
[49], carboxymethyl chitosan/poloxamer [50], hydroxyapatite/chi-
tosan [46], collagen/chitosan [51], chitosan/polyacrylonitrile [52],
collagen [53], k-carrageenan [54], gelatin [55,56], gelatin/car-
rageenan [57], silk fibroin/gelatin [58], and enzymes [44]. Table 1 pre-
sents some examples of biomaterials crosslinked with GA, the synthesis
conditions and final applications.

GA chemical crosslinking can be performed by in situ or ex-situ
processes (Fig. 5). The In situ process is a one-step procedure, in which
the crosslinking occurs by blending (mixing) the biopolymer solution
with an aqueous GA solution (Fig. 5A). Briefly, glutaraldehyde solution
is added to a homogeneous polymer solution and mixed under magnetic
stirring. Then, the solution can be cast [46], frozen [59], or kept at
room temperature at rest [50] to produce the biomaterials. The ex-situ
method refers to immersing the physical hydrogel into an aqueous GA
solution [57] or exposing the physical hydrogel to GA vapor [58] (Fig.
5B). Vapor exposition methods are widely described for crosslinking of
gelatin nanofibrous matrices [60]. However, both methods can produce
stable materials [54,56,61].

Despite commercial availability, low cost, and short reaction time,
GA is cytotoxic and should not be released to the medium. Some strate-
gies are proposed to reduce the cytotoxic effects, such as decreasing the
GA concentration, extensively rinsing with water or adding molecules
able to bind to the unreacted GA molecules. However, there is a grow-
ing demand for biocompatible crosslinkers that do not present cytotoxi-
city. Alternative crosslinking approaches have also been explored, in-
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Fig 4. Reactions mechanism of GA with primary amino groups under basic conditions: (1) Schiff base reaction (2) Michael addition.

cluding sodium trimetaphosphate (STMP), enzymatic reactions, and
carbodiimide methods. Although GA is one of the most widely used syn-
thetic crosslinkers, the reaction mechanisms with proteins and polysac-
charides might be complex due to the many equilibrium structures of
GA in aqueous solution (Fig. 2).

2.2. Carbodiimide

Carbodiimide compounds are well-known to be non-toxic, biocom-
patible, and provide “zero-length” amide linkages between carboxylic
and amine groups [62,63]. Although scaffolds crosslinked via carbodi-
imide tend to have poorer mechanical properties, softer surface, and
lower degradation time compared to GA-crosslinked scaffolds [14,64],
they offer the advantage of lower cytotoxicity than GA [13,62,64,65],
and the crosslinker excess is easily removed by washing with water or
by dialysis.

The most widely used carbodiimides are 1-ethyl-3-(-3-dimethyl
aminopropyl) carbodiimide (EDC) and N,N-Dicyclohexylcarbodiimide
(DCCQ). EDC is a water-soluble crosslinker capable of activating carboxyl
groups to produce the O-acylisourea under acidic conditions, indicated
as (1) in Fig. 6. Then, in (2), the nucleophilic attack on the O-
acylisourea by amine or hydroxyl groups occurs to yield a stable link-
age of amide or ester [66-71]. DCC also crosslinks carboxylic acids with

amine groups in the same way as EDC does, but DCC is used primarily
in organic synthesis because it is water-insoluble [41,72].

The O-acylisourea can react with primary amino groups, yielding an
amide bond according to (2) in Fig. 6. However, this compound can un-
dergo hydrolysis, regenerating the carboxyl group and forming urea as
a byproduct, as shown in (3). N-hydroxysuccinimide (NHS) or N-
hydroxysulfosuccinimide (sulfo-NHS) can be used with the EDC to im-
prove crosslinking reactivity because it provides intermediates more
stable than the O-acylisourea, suppresses possible side reactions, and
extends the lifetime of the intermediate. Using NHS or Sulfo-NHS
makes it feasible to carry out a two-step reaction, as shown in (4) in Fig.
6 [41,72-74].

The optimum pH to activate the carboxyl groups with EDC is under
slightly acidic conditions [75,76]. At pH < 7, EDC protonation and ion-
ization of carboxyl groups occur. The protonation of nitrogen (in the
EDC molecule) reduces the electronic density of carbon and facilitates
the nucleophilic attack by carboxylate groups. NHS mediated-
crosslinking, (4) (Fig. 6), is also more efficient under neutral or slightly
alkaline conditions. In an acidic environment, primary amines would be
protonated and unreactive for nucleophilic attack. A mismatch of opti-
mal pH conditions occurs in the crosslinking via carbodiimide. There-
fore, a pH range between 5 to 8 is recommended [77]. Furthermore,
synthesis in a buffered system is required. The 4-
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Table 1

Examples of biopolymers (polysaccharides or proteins) crosslinked with GA,
the corresponding synthesis conditions, and final applications. The blending
method refers to the mixture of reactants. The immersion method stands for
the immersion of the solid biopolymer material into GA solution. In some
cases, the solid materials were exposed to GA vapor. ENV, DD and TE stand
for environmental remediation, drug delivery and tissue engineering, respec-
tively.

Biomaterial Concentration Synthesis Applications Ref
conditions
Amino- Hpa-NH; 10g/L  Blending method: ~ENV- Removal [46]
hydroxyapatite/ Chitosan 2g/L PH 3, 4,5 or 6; of diclofenac
Chitosan GA 2.5% dried at 60 °C sodium
Chitosan Chitosan 7.5% Blending method; - [48]
(w/v) Casting method:
GA 0.1 % dried 45°C - 12h
Chitosan/ Chitosan 1.5% Immersion - [49]
Nanosilica w/w) method: GA
Nanosilica 0.5% solution -pH 10;
w/v)
GA 0.1-2 g/L
CMC/F127 CMC 1.5-2.5% Blending method = DD-nepafenac [50]
w/v) TE-HCECs cells
F127 1.5-20%
w/v)
GA1%
Chitosan/ Chitosan 2% Casting method; ENV - Removal  [52]
polyacrylonitrile (wt) GA vapor at room of Rhodamine B
Polyacryl. 2% temperature for dye
(wt) 24,48, and 96 h
GA 25%
Gelatin type B Gelatin 10% Blending method: Immobilization  [55]
GA 2-20% for 24 h at room  of lipase
temperature;
Dried at 37 °C
Gelatin type B Gelatin 6% (w/  Blending method - [56]
v) GA solution: pH
GA 50% (w/t) 4.5, 6.5, 11
Gelatin/ Gelatin 1% (w/  Casting method; Microbial [571
Carrageenan w) Immersion impermeability-
Carrag. 1-3% method wound dressing
(w/w)
GA 5%
Silk fibroin/ SK/Gelatin Electrospinning TE-Mouse [58]
gelatin weight ratio: process; fibroblast cells
100/0, 90/10, GA vapor at room line 3T3

70/30)

temperature for

Gelatin 13% 6h
(wt)
GA 20% (v/v)

morpholinoethanesulfonic acid (MES) buffer is the most used in EDC/
NHS crosslinking reactions because it does not carry amino groups, and
the crosslinking reaction is fast [76]. Phosphate buffer is also used, but
the crosslinking reaction has lower efficiency [76].

The high reactivity and instability of O-acylisourea can also induce
undesirable side reactions that might be triggered from the carbodi-
imide activation step. The anhydride formation can occur, if a carboxy-
late group is close to the O-acylisourea, as shown in (5) Fig. 6. Fortu-
nately, the anhydride is reactive with amino groups and the amide link-
age still can be formed [41]. Another side reaction is the spontaneous
conversion of O-acylisourea intermediate to N-acylurea; the rearrange-
ment is shown in (6) Fig. 6. These side reactions induce a decreased re-
action yield and challenge on product purification. Some authors have
reported that a decrease in temperature can suppress N-acylurea forma-
tion, while the increase in the solvent polarity and EDC excess enhance
the formation of N-acylurea [66,78,79].

Cammarata et al. [76] reported that carbodiimide excess under al-
kaline medium is undesirable for amide bond formation, and Jafari-
Sabet et al. [80] showed that the excess of EDC worsens the mechanical
properties of the scaffolds. On the other hand, Lai [81] reported that to
obtain gelatin/chondroitin sulfate (CS) scaffolds providing high cell ad-
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hesion and proliferation, the optimum NHS/EDC molar ratio was 0.5.
Crosslinking via carbodiimide can occur under distinct experimental
conditions; some are displayed in Table 2. The crosslinking via carbodi-
imide seems to be completed after 12 h [82], but the reaction time re-
ported in the literature range from 0.5 h to 48 h [64,83-86]. The
crosslinking might take place at 4 °C [84,87,88], at room temperature
[36,65]1[90], or 37 °C [91,92], but syntheses at higher temperatures
have not been found. Thereby, selecting the suitable reaction condi-
tions, such as EDC/NHS molar ratio, pH of the medium, reaction time,
is important to achieve efficient crosslinking reactions via carbodi-
imide.

2.3. Boric acid

Boric acid (H3BO3 - BA) is a water-soluble weak Lewis acid. Its oc-
currence is mainly from minerals such as boracite, colemanite, ulexite,
borax, and others [93]. Volcanic and geothermal activity, hot springs,
physical weathering are the main natural sources of boron compounds.
Furthermore, anthropogenic sources such as mining, biomass burning,
fossil fuel, and coal combustion also contribute to the release of boron
into the environment [94]. Boron compounds have been widely used in
the pharmaceutical and cosmetic industries [95,96], cleaning products
[97], flame retardants [97,98], glass and fiberglass [97,99], wood
preservatives [100], agriculture field [101], biomedical applications
[102], and metal alloys [97,103].

The H3BO3; and borate (B(OH)~4) are conjugate acid-base pairs, in
which pKa is approximately 9.2 depending on ionic strength and tem-
perature. According to Eq. (1), boron is present as boric acid at pH <
pKa, while borate is the dominant species in pH > pKa [94]. Borates
can form a strong bond with hydroxyl groups due to an empty p-orbital
in the boron atom that is very electrophilic and rapidly reacts with vari-
ous nucleophiles to form stable complexes [104]. It has a remarkable
ability to crosslink poly(vinyl alcohol). The crosslinking mechanism of
borate with polyhydroxy polymers is divided into two steps, so-called
monodiol, and di-diol complexation as shown in Fig. 7 [105-107].

B(OH); + H,0 — B(OH)™ + H* pK, = 9.24

Polysaccharides, such as dextrin [108], cellulose [22], guar gum
[20,109], starch [110], konjac glucomannan [21], and scleroglucan
[111], are crosslinked via BA. The crosslinking degree is pH and tem-
perature-responsive. Some researchers performed crosslinking reac-
tions via BA at around 70-80 °C [107,108,112,113]. The equilibrium of
borate-ion concentration (pKa) depends on temperature, so a pH adjust-
ment must be applied when high temperatures are used in crosslinking
reactions [114]. Furthermore, the dehydration step to form a borate es-
ter bond requires a temperature above room temperature.

BA-crosslinked hybrid hydrogels produced in highly acidic condi-
tions are easily collapsed [111]. To overcome this limitation, an adjust-
ment to high pH is required. Most crosslinking via boric acid/borate is
carried out in pH > pKa [114]. The polymerization of the boric acid it-
self can also occur, which forms dimers, linear trimers, cyclic trimers,
and complex structures [96]. Grisel and Muller [115] reported that BA-
crosslinked hydrogels could not be observed at pH < 8 due to the low
borate ion concentration. Wang et al. [20] evaluated the pH effect on
the rheological properties of borate-crosslinked hydroxypropyl guar
gum hydrogel. Their findings showed the gel viscosity increases with
pH increase up to 11.5. However, over the range of pH values from 12
to 14, the hydrogel network collapsed and the viscosity decreased. This
can be justified by electrostatic repulsion among the ionic groups of the
polymer chains, and the steric effect of ions. Other approaches as fur-
ther crosslinking with nucleophiles (S042-, PO43-, NO3~) to substitute
the boron ions out of the matrix via the Walden inversion mechanisms
have also been evaluated; an improvement of the mechanical stability
of scaffolds could be observed [116,117].
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Fig. 5. Chemical crosslinking methods of hydrogels to form C=N linkages (Schiff base) with GA. (A) blending polymer and GA solutions, (B) dry hydrogel in contact

with solution or vapor of GA.

The BA-crosslinked scaffolds have been applied for drug delivery
[118], tissue engineering [108], and environmental remediation [109].
Overall, there is a growing interest in BA-crosslinked hydrogels mainly
due to their numerous advantages, such as the facile synthesis in aque-
ous media, commercial availability, low cost, eco-friendly, and biocom-
patibility [119,120]. Although boron is linked to harmful effects on hu-
man reproduction [121], boron-containing pharmaceuticals have been
used in humans [122], and no evidence about genotoxicity and carcino-
genicity has been observed [122,123].

2.4. Sodium trimetaphosphate (STMP)

Trisodium trimetaphosphate or sodium cyclotriphosphate (STMP,
Na3P30y) is a salt used as an additive in food and toothpaste [124,125],
as dispersing agent [126] and in the water treatment process [127]. The
synthesis of STMP occurs via electrolysis of sodium chloride (NaCl) so-
lution forming sodium hydroxide (NaOH), followed by neutralization
with orthophosphoric acid (NaH,PO,4) and recrystallization [128]. Over
the past decades, STMP has been used as crosslinkers for natural poly-
mers [129-132].

Lack and coworkers [107] investigated the species formed during
the reaction between STMP and pullulan at 27 °C and initial pH of 13.5,
by NMR spectroscopy. Several P31 NMR peaks (3Jp;) were observed: In-
termediate species such as sodium polyphosphate (5 = 0.89 ppm) and
monophosphate pullulan (§ = —20.46 ppm); final products based on
cross-linked phosphate (PO43-) binding with dual pullulan chains
(6 = —0.82 ppm) and pyrophosphate (P,0,47) (6 = -5.1 ppm); and
diphosphates (6 = -11.5 ppm) and monophosphate pullulan
(4.43 ppm) moieties as degradation species, respectively. In addition,
the reaction period and reactants gradients must be controlled because
STMP is totally consumed after 13 h of reaction. They observed that the
initial pH of 13.5 decreased to 9.5 after 50 h reaction at pH 10 and the
crosslinking reaction was no longer efficient. On the other hand, at
pH > 13.5 the degradation reactions occur preferentially [133]. Fig. 8
shows schematically the mechanism proposed for the crosslinking of
polysaccharide chains and STMP [107]. Under alkaline medium, the in-
termolecular hydrogen bonding among the polysaccharide chains is
considerably reduced due to the formation of alcoholate groups R-O~
(D). In (II), STMP undergoes nucleophilic attack by the polysaccharide-
alcoholate chains (R-O—) or NaOH molecules, generating linear sodium
tripolyphosphate (STPP) or mono polysaccharide grafted STPP (STPPy).

Subsequently, STTP, undergoes another nucleophilic attack by R-ONa
(IID), splitting off into crosslinked chains and pyrophosphate.

The crosslinking reaction of poly (vinyl alcohol) (PVA), which is a
biocompatible synthetic polymer, and STMP, performed at pH 12,
120 °C, for 2 h, was investigated by Time of Flight Secondary Ion Mass
Spectrometry (ToF-SIMS) [108]. The presence of a fragment assigned to
a pyrophosphate group bound to two chains (C4P20,Hg - at m/z =
227.96) was identified, but there was no peak relative to fragments of
STPP [108], indicating that the crosslinking mechanism presented in
Fig. 8 is not necessarily the same as that for the crosslinking of PVA.

The experimental procedure for crosslinking polymer chains with
STMP requires initial pH > 10, stirring for some hours at mild tempera-
ture, followed by casting or freeze-drying [134-137]. The polymer
chains stability under an alkaline medium should be considered. De-
spite this limitation, hydrogels based on STMP crosslinking are excel-
lent 3D matrices. For example, the STMP crosslinked pullulan chains al-
lowed the incorporation of collagen derived from fish skin as secondary
polymer into hydrogel matrix, becoming a prominent candidate for skin
regeneration with the swelling degree of 390%, enzymatic degradation
by collagenase-pullullanase over 7 days was relatively low (37%) com-
pared with pure pullulan matrix (80.2%), no cytotoxicity for fibroblasts
(NIH3T3) or red blood cells [138]. Biodegradable/edible hemicellulose
films produced by crosslinking with STMP at 10% of polymer presented
tensile strength of 30.08 = 1.72 MPa, which is 118% higher than that
of pure hemicellulose, low oxygen permeability and water vapor per-
meability, making them adequate for food packing [136].

2.5. Polycarboxylic acids

Polycarboxylic acids have been used as crosslinkers for polysaccha-
rides for more than 50 years. In 1967 Rowland and coworkers tested 19
different polycarboxylic acids as crosslinkers for cotton fabrics to re-
place toxic anti-wrinkle agents based on formaldehyde-based resins
[139]. They impregnated the cotton fabrics with a polycarboxylic acid
solution at 7.4%, dried at 80 °C and cured at 160 °C for 10 min. The un-
reacted molecules were rinsed with HCI and distilled water prior to the
analyses about the crosslinking efficiency. They observed that (i) poly-
carboxylic acids with low solubility in water failed to form ester link-
ages with cotton, (ii) maleic acid was the only dicarboxylic acid that
crosslinked cotton cellulose chains efficiently, (iii) polycarboxylic acid
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to N-acylurea.

had three or more carboxylic acid groups per molecule crosslinked
more efficiently with cotton.

More than 20 years later, Yang investigated the mechanism of ester-
ification of cotton cellulose with the isomers fumaric acid (trans) and
maleic acid (cis), in the presence of sodium hypophosphite using FTIR
vibrational spectroscopy [140]. The FTIR spectra evidenced the forma-
tion of cyclic anhydrides as intermediates. Sodium hypophosphite ac-
celerated the formation of anhydrides from polycarboxylic acids and re-
duced the esterification temperature from 200 °C to 145 °C. The esteri-
fication between cotton and fumaric acid was much less favored than
between cotton and maleic acid. The difference is due to the easy for-
mation of a five-member ring cyclic anhydride from maleic acid (cis-
isomer) and the impossible formation of a cyclic anhydride from fu-

maric acid (trans-isomer) because the carbonyl groups are on the oppo-
site sides of the C=C bond (Fig. 9). This finding evidenced the impor-
tance of the anhydride formation on the efficiency of the esterification
reaction between cotton cellulose with polycarboxylic acids.

Different catalysts were tested for the esterification of cotton cellu-
lose and polycarboxylic acid. Gillingham and co-workers monitored the
anhydride formation of 1,2,3,4-butanetetracarboxylic acid (BTCA) us-
ing (sodium carbonate, sodium hypophosphite, or cyanamide as cata-
lysts using FTIR vibrational spectroscopy at different temperatures
[141]. The formation of cyclic anhydride was evidenced by the appear-
ance of bands at 1838 cm~1, 1781 cm~! and 1260 cm~!. They observed
that the temperature at which the anhydride formation started to take
place was 200 °C in the absence of the catalyst. In the presence of
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Table 2
Some examples of crosslinking reactions via carbodiimide to produce protein
or polysaccharide-based hydrogels.

Biomaterial Concentration Synthesis
of polymers/  conditions/
CA Steps of

reaction

Applications Ref

Gelatin Gelatin 10%  Solvent: water, scaffold for [62]
(wt) ethanol/water  ophthalmic use:
EDC50 mM  (pH 4.75) In vitro- Rat IPE cells;
1% step-Casting  In vivo- implants in
method the eye of rabbits
2nd step-
Immersion for
24 h at 25 °C
3 step-dried
in vacuo
for 24 h

Hyaluronic acid HA 0.5% (wt) Solvent: water, scaffold for [64]
(HA) EDC 100 mM  Acetone/water ophthalmic use:
(pH 4.75) In vitro- RCECs
15t step-Casting
method
2nd step-
Immersion
25 °C for
2 days.
Gelatin 4.5%  Solvent: water/ [84]
w/v) Ethanol
HA 0.09-2.7% 1% step-
w/v) Electrospinning
EDC50 mM 2™ step-
Immersion
method for 24
h4°C
Solvent: formic [85]
acid, water,
ethanol
1% step-
Electrospinning
2nd step.
Immersion in
EDC/NHS
solution for 2 h
Collagen 2%  Solvent: PBS [86]
(w/v) (pH 7.0) and
HA 1% (w/v) HEPES (pH
EDC 1.5% 3.5)

Gelatin type A/HA

Gelatin fibers (type Gelatin 2.5—
A or B) 60%(w/v)

EDC 14 mM

NHS 5.5 mM

Collagen/HA

w/v) 1% step-

NHS 0.5% Mixture of

(w/v) polymers
2nd step-pH
adjusted to 5.8;
314 step-

Blending: with
EDC/NHS for

24h
Gelatin type B Gelatin Solvent: water  In vitro-MG-63 [87]

sponges or 30 mg/mL 15t step- Cells
Gelatin/ HP 3.33 mg/ Blending
Hydroxyapatite mL method
(HP)/chitin CW 3.33 mg/ 2" step-stored
(CW)/PRGF mL overnigh at

PRGF 4°C

3.33 mg/mL 3" step —

EDC 50 mM  freeze-drying
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Table 2 (continued)

Biomaterial Concentration Synthesis Applications Ref
of polymers/  conditions/
CA Steps of
reaction
Chitosan/Alginate  Chitosan Solvent: acetic ~Wound dressings [88]
2 mg/mL acid (pH 4), -In vitro- NHDF cells
Alginate NaCl in water
5 mg/mL 1% step-Layer-
EDC 50 mg/  by-layer
mL 2nd gtep-
NHS 11 mg/  Immersion in
mL EDC/NHS
solution for
18h, 4 °C
Gelatin type A Gelatin 10%  Solvent: Acetic ~ Scaffold for [89]
(wt) acid ophthalmic use: In
EDC 15t step- vitro-HCE-2 and HLE-
0.05 mmol/ Electrospinning B3 cells; In vivo-
mg 2nd gtep- implants in the eye
NHS Immersion at of rabbits
0.01 mmol/ 25 °C for 48 h
mg
Gelatin type A or Gelatin or Solvent: PBS Drug delivery- [91]

Albumin/Heparin Albumin 10% (pH 7.4) or release of vascular

gels (wt) MES (pH 4.5)  endothelial growth

Heparin 1% 18 step- factor
(wt) Blending
EDC 0.1- method at 37°C
0.15 M forlhor3h

Chitosan/Gelatin Chitosan Solvent: PBS Prevent [92]
0.5% (w/v) (pH 5.5) postoperative intra-
Gelatin 5% 18 step- abdominal adhesion
(w/v) Blending
EDC 0.25%
(w/v)

Alginate Alginate 1%  Solvent: MES Gentamicin modified [90]
(w/v) (pH 6) scaffolds
EDC 3.8% 15t step-
(w/v) Blending
NHS 1.4% method at
(w/v) 24 °C for 24 h
Gentamicine
2,1-8.2% (w/
v)

sodium carbonate, sodium hypophosphite and cyanamide, it decreased
to 170 °C, 160 °C and 80 °C, respectively. The catalysts that provided
the lowest temperatures of anhydride formation, namely, sodium hy-
pophosphite and cyanamide, were considered the best. Fig. 10 shows
the mechanism proposed by Brown and co-workers for the formation of
cyclic anhydrides from BTCA catalyzed by sodium hypophosphite
[142].

Gillingham and co-workers proposed that the reaction would occur
with the phosphonic acid (Fig. 11) instead of its salt, forming linear an-
hydrides. However, the FTIR spectra showed characteristic bands of
both linear and cyclic anhydrides and a band at 1147 cm~!, which was
assigned to the stretching of P=0 bond [141]. In the case of citric acid
or BTCA (Fig. 10), the formation of cyclic or linear anhydrides in the
same acid molecule occurs stepwise. The same acid molecule can react
with different polysaccharide chains, increasing the crosslinking effi-
ciency.

The model considering the linear anhydrides (Fig. 12a) yields one
ester linkage more than the one considering the cyclic anhydrides (Fig.
12b). Nevertheless, both models clearly show that carboxylic acids with
three or more carboxylic acid groups tend to be more efficient than the
dicarboxylic acids. Ji and co-workers compared the catalytic effects of
sodium hypophosphite (SHP) monohydrate, sodium phosphite dibasic
(SP) pentahydrate, monosodium phosphate (MSP) anhydrous, py-
rophosphoric acid (PPA) and dichloroacetic acid (DCAA) on the esterifi-
cation of cellulose with BTCA [143]. They observed that the pH range
of 2.5-3.0, below the BTCA pK,; of 3.43, resulted in the best catalytic
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performance for all catalysts, indicating that the anhydride formation is
favored under acid conditions, and that the corresponding acid anions
favored the removal of the intermediate, as depicted in Fig. 13. Note-
worthy, 3,3’,4,4’-benzophenonetetracarboxylic acid (BPTCA) is a rela-
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Fig. 9. Schematic representation of (a) the formation of a five-member ring
cyclic anhydride from maleic acid (cis-isomer) and (b) the impossible formation
of a cyclic anhydride from fumaric acid (trans-isomer).

tively strong acid with pK,; at 2.23, which undergoes a typical Fischer's
esterification reaction with cellulose, without the formation of anhy-
drides, as shown in Fig. 14 [144].

The catalytic properties of cyanamide on the esterification was ex-
plained with basis on the carbodiimide chemistry. Carbodiimide, a tau-
tomer of cyanamide, reacts with the carboxylic acid, forming a cationic
adduct (Fig. 15a). In a second step, a cyclic anhydride and urea are
formed (Fig. 15b) [141]. In fact, in this case, the carbodiimide acts as a
reactant and not exactly as a catalyst because urea is not reverted to
carbodiimide.

Carboxylic acids react with alcohols to form esters, releasing water
molecules as sub-product. All polysaccharides carry many hydroxyl
groups along the chains, which might react with carboxylic acid groups
to form stable ester linkages. Some polysaccharide chains have both hy-
droxyl and carboxylic acid groups; in this case, intra and interchain es-
terification might occur. For instance, the esterification between xan-
than acid groups (pyruvyl or acetyl) and OH groups present in the same
chain or in a neighbor chain can occur upon heating the xanthan sam-
ple in the dried state (film or cryogel) at 165 °C for 7 min, as repre-

0
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sented in Fig. 16a. One should notice that the esterification reaction
takes place in the dried state at 165 °C to remove the water molecules
by evaporation and to drive the equilibrium reaction to the esterifica-
tion direction. Noteworthy, this reaction would not take place in an
aqueous solution. The esterification reaction of xanthan chains was evi-
denced by FTIR spectra, which revealed a relative increase of the inten-
sity of the carbonyl band of ester bond at 1728 cm~! and gel content of
20% [145]. However, in the presence of citric acid (Fig. 16b), a polycar-
boxylic acid, the same reaction led to a gel content of 75% because the
esterification among the xanthan chains was more pronounced. In the
case of polysaccharides that do not carry carboxylic acid groups in their
structure, for instance, starch [146] or hydroxypropyl methylcellulose
(HPMCQ) [147].

Table 3 displays some examples of polysaccharides crosslinked
with polycarboxylic acids. Sodium L-glutamate proved to be an alter-
native catalyst to sodium hypophosphite in the anhydride formation of
1,2,3,4-butanetetracarboxylic acid (BTCA) and crosslinking with cellu-
lose [148]. The radical copolymerization of maleic acid and itaconic
acid, both unsaturated dicarboxylic acids, resulted in effective poly-
meric crosslinkers for cotton cellulose [149]. Carboxymethyl cellulose
(CMC) chains crosslinked with fumaric acid presented higher thermal
stability than those crosslinked with citric acid, when the concentra-
tion of CMC was 2.5 wt%. Still, in both cases, the glass and crystalline
phase transitions of CMC shifted to higher temperatures after
crosslinking [150]. Dispersion of cassava starch containing citric acid
or 1,2,3,4-butanetetracarboxylic acid (BTCA) were successfully used as
adhesive for wood panels; BTCA led to stiffer panels, but citric acid
acted as crosslinker and plasticizer of starch [151]. The crosslinking
among carboxymethyl cellulose (CMC) and poly(ethylene glycol)
(PEG) was mediated by citric acid; in this case not only the CMC hy-
droxyl groups but also PEG terminal OH groups might react with citric
acid, forming ester linkages, as evidenced by solid state '3C NMR
analyses [152]. Cassava starch and xanthan gum were successfully
crosslinked with citric acid by extrusion and thermopressing [153]. In
systems containing HPMC and amino acids, citric acid molecules act
simultaneously as crosslinker for the HPMC chains and as mediators
for the grafting of amino acid molecules along the HPMC chains
[154]. The crosslinking of HPMC [155], or xanthan gum, locust bean
gum and chitosan [156], and functionalization with p-cyclodextrin
was successfully achieved with the aid of citric acid.
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Fig. 10. Mechanism proposed by Brown and co-workers [142] for the formation of cyclic anhydrides from BTCA catalyzed by sodium hypophosphite.
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In a second step, a cyclic anhydride and urea are formed [141]
2.6. N,N’-methylene bisacrylamide

The N,N-methylene bisacrylamide (MBA) is a bifunctional molecule
well-known for producing hydrogels based on acrylic acid (AAc) and
acrylamide (ACL) [157]. However, in the last years, a lot of researches
have been focused on the synthesis of hybrid materials based on poly-
saccharides, proteins, and monomers crosslinked via MBA, such as soy
protein/AAc [158], gum acacia/alginate/AAc [159], alginate/chi-
tosan/ACL [160], and Gel/Dextrin/ACL [161]. These materials are
commonly prepared by free-radical polymerization (FRP), in which free
radicals are triggered by a stimulus such as light, voltage, mechanical
force, or chemical initiation [162,163].

13

In addition to the MBA and polymer, a thermosensitive initiator and
catalyst are required to induce the FRP upon heating. Some initiators
include ammonium persulfate (APS), potassium persulfate (KPS), and
azobisisobutyronitrile (AIBN), while tetramethylethylenediamine
(TEMED) acts as a catalyst [163,164]. In the free-radical photopolymer-
ization, a photoinitiator is exposed to UV light or electron beam to gen-
erate free radicals, and then the propagation step takes place [165]. The
free radical polymerization induced by irradiation has sufficient energy
to promote crosslinking at once. This methodology is environmentally
friendly because toxic initiators are not required [166]. Irradiation-
mediated crosslinking is discussed in Section 6.
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Fig. 16. Schematic representation of xanthan crosslinking reaction by dehydration (a) in the absence of citric acid and (b) in the presence of citric acid [145].

Fig. 17 shows a possible mechanism for forming polysaccharide
grafted to poly(acrylic acid) hydrogel. The initiator free radicals (I') are
generated in the polysaccharide aqueous solution, under mechanical
stirring, by heating the system at 65-80 °C [161,167,168]. The free
radical species (I') react with the polysaccharide hydroxyl groups, pro-
moting the transfer of reactive center to the polysaccharide chains. In a
second step, AAc and MBA monomers, and TEMED are added to the
system. The polysaccharide radicals attack AAc and MBA vinyl groups,
transfering the active centers to these monomers, which can succes-
sively react to the neighbor monomers leading to crosslinking and
chain propagation [167]. Unlike thermal free-radical polymerization,
photopolymerization via MBA can be performed under mild condi-
tions, at room temperature or up to 40 °C [165,170-172].

Polymerization rate, swelling degree (SD), and gel porosity can be
controlled by synthesis parameters, such as temperature, pH, amount of
initiator, MBA, and monomer. Qavi and coworkers [173] suggested that
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the reaction rate increases with temperature in a free-radical polymer-
ization between ACL and MBA. However, the increasing MBA/ACL ra-
tio can cause a phase separation process, decreasing the reaction rate.
According to Priya and coworkers [161], for the synthesis of Gel/Dex-
trin/ACL hydrogel the optimum time and temperature were 150 min
and 65 °C, respectively. The SD values determined for the resulting hy-
drogels achieved 345% with the increase of temperature reaction. How-
ever, the SD values decreased abruptly, when the reaction occurred
above the optimum temperature; it was attributed to the high amount
of free radicals. The increase of persulfate initiator [174] led to an in-
crease of SD; on the other hand, the increase of MBA reduced the SD
values [175]. Sharma et al [160] determined the optimum values of re-
action temperature, time reaction, solvent amount, monomer, MBA,
and KPS to synthesize chitosan/alginate hybrid hydrogel. Maximum SD
values were achieved at 70 °C, 210 min of reaction time, and pH 7.0; at
this pH alginate carboxylic groups are deprotonated.
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Table 3
Some examples of polysaccharides crosslinked with polycarboxylic acids,
along with the corresponding highlights.

Crosslinker Catalyst ~ Polysaccharide Highlight Ref.
1,2,3,4- Sodium L- Cellulose Optimum molar [148]
Butanetetracarboxylic glutamate ratio of sodium L-
acid (BTCA, 6.4 wt%) glutamate to BTCA
amounted to 0.4:1
Copolymers of itaconic ~KHP Cellulose Polymeric [149]
and maleic acids crosslinker
Fumaric acid None CMC Increase of Tg and [150]
(0.35 wt%) or citric Ty, after
acid (2.0 wt%) crosslinking
Citric acid (10 wt% to  None Starch and BTCA was a better  [151]
80 wt%) or 1,2,3,4- wood by- crosslinker agent
butanetetracarboxylic products than CA, but CA
acid (BTCA, 10 wt% acted as crosslinker
to 80 wt%) and plasticizer
Citric acid (20 wt% of  None CMC (2 wt%) Solid state 13C NMR [152]
the polysaccharide) and poly analysis confirmed
(ethylene the crosslinking
glycol) (PEG, among CMC and
0.6 wt%) PEG chains
mediated by CA
molecules
Citric acid (0.75 wt% to SHP Cassava starch  crosslinking took [153]
2.25 wt%) (90 wt%) and  place in a single-
xanthan gum screw extruder
(10 wt%) followed by
thermopressing
Citric acid (0.1 wt% or SHP 0.05 HPMC (2 wt%) Crosslinking and [154]
0.2 wt%) wt% or and amino acid amino acid grafting
0.1 wt% up2g/L simultaneous
reactions
Citric acid (0.4 wt%) SHP 0.16 HPMC (2 wt%) Crosslinking and [155]
wt% and f- functionalization
cyclodextrin with p-cyclodextrin
(0.2 wt%)
Citric acid (1.30 g) Xanthan gum, Crosslinking and [156]
locust bean functionalization
gum or with p-cyclodextrin
chitosan

(1.435 g) and
p-cyclodextrin
(1.435 g)

The morphology and mechanical properties of resulting hydrogels
can be affected by biopolymer:monomer ratio, as reported by He and
collaborators [158]. They produced a soy protein isolate/poly-AAc
composite hydrogel with different soy protein:poly-AAc ratios via MBA
crosslinking. The results showed that at lower AAc concentration, no
network was formed. As AAc concentration increased, more joint points
were built and the hydrogel became harder. Similarly, the increase of
MBA amount led to gel porosity decrease, enhancing the mechanical
stability [175].

Despite acrylamide compounds being known as neurotoxicant
[176], hybrid hydrogels produced via MBA have shown good biocom-
patibility and no toxic effects for some types of cells [177-179]. Be-
sides, MBA based hydrogels proved to be suitable for biomedical appli-
cations, mainly for tissue engineering and release of co-enzyme A
[180], verapamil [181], amoxicillin [177], quercetin [167], and
cephalexin [168].

3. Natural crosslinkers

3.1. Enzymes

In the natural process, several classes of enzymes catalyze the cova-
lent linkage or crosslinking of proteins [182]. The advances in the ex-
traction and production of enzymes from multiple sources reduce the
costs, making enzymes attractive crosslinkers for the synthesis of hy-
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drogels. Particularly, injectable hydrogels based on natural proteins are
designed to produce soft matrices (scaffolds) capable of mimicking hu-
man brain and ocular tissues or even filling possible chronic injuries in
bone, cartilage, or skin [183-185]. The scaffold elasticity might tune
the cell fate [186]. The elastic (Young's) modulus (E) of enzymatically
crosslinked hydrogels tends to be low in comparison to hydrogels pre-
pared with other crosslinkers, as depicted in Fig. 18. Enzymatically
crosslinked gelatin hydrogels are soft (E < 27 kPa), making them ade-
quate for applications as injectable or printable materials, whereas
gelatin hydrogels crosslinked with genipin or GA are stiff (E > 4.8
MPa) and inadequate for bioprinting. Achieving the desired properties
is a challenging task, considering that hydrogels might be temperature
or pH sensitive.

This section focuses on the reaction mechanisms involving five en-
zymes frequently used, namely, transglutaminase (TGase), tyrosinase,
horseradish peroxidase (HRP), laccase and sortase A (SrtA). Table 4
comprises the enzyme, its source, the type of protein or polysaccharide
to be crosslinked, the reaction mechanism, the optimal pH and temper-
ature for the enzymatic catalysis along with the corresponding refer-
ences. Noteworthy, in all cases, the reaction temperature is kept under a
mild range to avoid protein denaturation.

3.2. Transglutaminase (TGase)

TGase, is an enzyme found in microorganisms, plants, and mam-
mals. The large isoenzyme activity of TGase in mammals’ is not fully
known. Their interactions with specific substrates established a family
group known as TGases. For instance, when transglutaminase type I
(TG1) is linked to the plasma membrane of keratinocyte cells, it cat-
alyzes lipids and proteins anchored to form the cornified envelope, an
active component to the epidermal barrier, whereas type II (TG2) is
used as cell signaling and cell adhesion [207]. The properties of TGase
are well explored in food processing and packing technology for emulsi-
fication, gelation, foaming, and solubilizing [208]. TGases have good
stability in pH ranging from 4.5 to 8; the highest catalytic activity of
mTGase (bacteria source) was observed at pH 5.5 [209].

TGase catalyzes the formation of a peptide bond between 7y-
carboxamide of glutamine residues and e-amino groups of lysine
residues. Fig. 19 shows that a y-carboxamide group from protein first
reacts with nucleophilic cysteine (thiolate group) from TGase. Then,
the intermediary thiolester group reacts with the amine group (from ly-
sine) from another protein molecule, forming the peptide bond among
the protein chains and restoring the TGase [207,210]. The amino acids
triad composed by cysteine, aspartate, and histidine forms the active
site of TGase; its localization might vary according to source of TGase.

The protein crosslinking mediated by TGase takes a few hours of re-
action, at pH 5.5. The temperature is a critical parameter not only dur-
ing the reaction, but also after crosslinking, due to the denaturation of
proteins. For example, the triple helix structure of collagen extracted
from bovine skin is compromised when the synthesis temperature ex-
ceeds 35 °C, al and o2 chains bands (~100 kDa) expressed via SDS-
PAGE electrophoresis disappear after crosslinking mediated by TGase
[125]. Notably, pure or crosslinked collagen hydrogels formed at 4 °C
and 25 °C maintained the native collagen structure and both hydrogels
presented similar tensile strength or elasticity values. However, the
TGase catalyzed crosslinking at 35 °C led to gelatin (denatured colla-
gen) hydrogels with superior mechanical properties [191].

The physicochemical properties of functionalized self-assembling
peptide (SAP) hydrogels were improved upon crosslinking catalyzed by
TGase [145]. The peptide sequences were modified in C-terminal by
glutamines and lysines, which interacted with mTGase (bacteria
source). After mTGase mediated SAP crosslinking (i) the peptides kept
their secondary fB-sheet structures, (ii) an increase in the fibrous density
of SAP scaffolds was revealed by transmission electron microscopy, (iii)
the elastic (G) and viscous (G”) moduli of hydrogels increased five-
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Fig. 17. Schematic representation of possible mechanism for forming polysaccharide grafted to poly(acrylic acid) hydrogel. Adapted from Ref. [167].
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Fig. 18. Elastic (Young's) moduli of gelatin hydrogels. Gelatin crosslinked with the aid of TGase [187], tyrosinase [188], and horseradish peroxidase [189] yield
soft injectable or even printable hydrogels, whereas Genipin and GA [190] yield stiff hydrogels.

fold, allowing the extrusion by conventional syringe and (iv) the hydro-
gels stimulated the angiogenesis [211].

3.3. Sortase A (SA)

Transpeptidation is a crosslinking reaction between relatively small
substrates (peptides), catalyzed by transpeptidases (TPs). Gram-
positive bacteria have a special TP known as sortase A (SA); SA cat-
alyzes the reaction between LPXTG pentapeptide, where X represents
any amino acid except proline, and oligoglycine groups [212]. Fig. 20
schematically represents the reaction mechanism. SA thiol group cleav-
ages the threonine(T)-glycine(G) bond of LPXTG motif (C-terminus)
grafted to the protein backbone, forming an enzymatic adduct (acyl-
enzyme intermediary) (I) (Fig. 20a). The nucleophilic attack of (N-
terminus) oligoglycine groups to the carbonyl group from acyl-enzyme

16

is assisted by a SA histidine (His) group (II), resulting in peptides bridg-
ing and release of SA (III). Fig. 20b depicts the formation of a stiff hy-
drogel catalyzed by SA. On the other hand, the addition of SA and
glycine precursor (e.g. glycinamide) turns the process reversible, pro-
ducing a soft matrix [205,212].

The remarkable feature of SA catalyzed crosslinking is the possibil-
ity of reversing it, by controlling the addition of SA and glycine precur-
sor solutions. The amounts of SA and glycinamide added to the system
tuned the softening of PEG-GGGG and PEG-LPRTG conjugates hydro-
gels, and the gelation took only 10 min with 300 pM SA, but reducing
the SA concentration to 50 pM the gelation time increased to 90 min
[205]. Thus, catalyzing peptides crosslinking with SA represents an ele-
gant strategy for tuning the softness/stiffness of hydrogels.
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Enzymes frequently used as crosslinkers for hydrogels formation. Transglutaminase (TGase), horseradish peroxidase (HRP), laccase, tyrosinase,and sortase A
(SrtA), their sources, some examples of protein or polysaccharide to be crosslinked, the reaction mechanism, the optimal pH and temperature for the enzymatic

catalysis along with the corresponding references.

Enzymes Source Polymers Mechanism pH Ref
temperature
Transglutaminase Bacteria, mammals Gelatin, collagen, whey and soy Presence of Glutamic acid and lysine groups; 55,40 C [191-
(TGase) and plants protein, chitosan, carboxymethyl Acyl ligands/amine ligand from Glu and Lys AA 193]
cellulose
Horseradish Root (Amoracia Hyaluronic-Tyramine (®Corgel), Oxidation of phenolic and catechol groups 7.0,45 C [194
peroxidase rusticana) alginate-tyramine, (requires hydrogen peroxide addition) 197]
(HRP) gelatin norbornene/4-arm PEG Peroxidation, isomerization, dimerization, enolization process
dihydrogentetrazine, silk-friboin
Laccase Fungi Gelatin, arabinoxylans (AX), chitosan,  Presence of phenolic/catechol groups. 4.0-5.5and [132-
carboxymethyl chitosan, Oxidation (O, species), semi-quinone formation through Schiff base 30 Ca 135]
mechanism, isomerization, dimerization, enolization process 40 C [202]
Tyrosinase Microorganisms, Alginate, hyaluronic acid/gelatin, Presence of phenolic/catechol groups. 6.5,50 C [188,
plants, and glycol chitosan Oxidation (O species), semi-quinone formation through Micheal 203,
animals addition mechanism, isomerization, dimerization, enolization process 204]
Sortase A (SrtA)  E. coli BL21(DE3)  PEG grafted peptides Hydolysis of peptides residues 8.0,35 C [205,
Transpeptidation between LPXTG and GGG substrates 206]
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y-carboxamics  thiol :

Fig. 19. Schematic representation of the mechanism involved in the protein crosslinking catalyzed by TGase. [210].

i
a) in (my
HyW—CH—C—0H
o H o, o 0
. o M LFXT {"I M W — GGG - LPXTF—— 1N ~GGGGG
LPXT=C=-N—CH-{—0H| — - ] 41
H A N e SA
SH €« i M
1Y [y His
HN
o ] SH
- H )
- LPXT—C LI GGG - LPXT— =N~ GGG * b, N
5 His
BA \ HM
MH
His
HM
B}

o
‘i

i e
4D

Soft M,

WU

SA Chiay

L :Ilu

Fig. 20. Transpeptidation-type crosslinking mechanism. (a) The threonine (T)-glycine (G) bond of LPXTG motif (C-terminus) grafted to the backbone is attacked

by SA thiol groups, forming an enzymatic adduct (acyl-enzyme intermediary)
acyl-enzyme is assisted by a SA histidine (His) group (II), resulting in peptides

(D). The nucleophilic attack of (N-terminus) oligoglycine to the carbonyl group of
bridges and SA release (III). (b) The peptide crosslinking mediated by SA induces

a stiff matrix. The reaction turns reversible when SA and glycine precursor (e.g. glycinamide) are added to the system, producing a soft matrix. Adapted from

Refs. [205,212].
3.4. Horseradish peroxidase (HRP)

HRP is a well-known enzyme extracted from roots and plants con-
taining 308 amino acids residues, with two terminal N-
acetylglucosamines, a heme group and mannose residues [207]. The ex-
tensive use of HRP in organic synthesis is due to the free radical forma-

tion in the presence of hydrogen peroxide, allowing radical polymeriza-
tion to take place at room temperature [207]. HRP has been employed
in the last decades as a treatment for wastewater or soils because the
free radicals can decompose the contaminants efficiently [213-215].
The oxidation states of HRP in the presence of H,0,, which can oxidize
many organic compounds at room temperature [216] The pH and tem-
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perature ranges to achieve the highest enzymatic activity are 4.0-5.5
and 30 °C a 40 °C, respectively [202].

Hydrogels of tyramine-modified polysaccharide [193,194] can be
prepared with the aid of HRP/H,0,, as depicted in Fig. 21. HRP/H,0,
promotes the abstraction of the phenolic hydroxyl H belonging to tyra-
mine conjugated to hyaluronic acid (HA) chains, leaving a reactive free
radical. The free radical can undergo isomerization to one of the two
equivalent ortho-position carbons; two isomers can dimerize forming a
covalent bond between the HA chains, which after enolizing, generates
dityramine. Other polysaccharides such as alginate [219], car-
boxymethyl chitin [220], dextran [221], gellan gum [222] have been
conjugated to tyramine by carbodiimide chemistry and crosslinked in a
similar way as HA.

Hydrogels designed to be applied in wound healing might carry
molecules that can regulate a possible excess of reactive oxygen species
(ROS) in the matrix. For instance, the rapid (23 s) HRP assisted gelation
between modified gelatin-gallic acid and gelatin-3-(4-hydroxy-phenyl)
propionic acid led to an injectable gel-like, which reduced the oxidative
damage by ROS [223].

3.5. Laccase and tyrosinase

Similar to HRP, laccase and tyrosinase catalyze crosslinking reac-
tions via the oxidative process. However, instead of H,0,, laccases and
tyrosinases use oxygen (O») molecules as an oxidizing agent. Laccases
derived from fungi, plants, and invertebrates belong to the multicopper
protein family, with multiple activities in biological organism such as
crosslinking protein-protein, depolymerization, and quinones species
formation [224]. Laccases carry four copper atoms, they present redox
potential ranging from 0.4 V to 0.8 V, depending on the source [225].
The typical laccase catalyzed reaction is the oxidation of phenolic
groups with simultaneous reduction of O, to water [226]. The interme-
diary substrates such as semiquinones or aryloxy radicals undergo cou-
pling by dimerization, polymerization, and oligomerization process
[227,228].

Tyrosinases can be found in plants and animals; they use O, to cat-
alyze the oxidation of phenolic groups, such as tyrosine and dopamine.
They carry within their active site two copper atoms, each one coordi-
nated by three histidine residues [229]. Tyrosinases are involved in the
production of melanin. First, they catalyze the oxidation of secondary
catechol groups forming two Cu*t (deoxy-tyrosinase state) ions; then,
both copper ions bind to an O, molecule (oxy-tyrosinase state), and O-
quinones are formed by monooxygenase (phenol groups) or oxidase
(catechol) process [229]. The optimum pH and temperature for achiev-
ing the maximum activity might depend on the tyrosinase source. The
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activity of tyrosinases derived from yam species immobilized in poly-
acrylamide gels showed the best optimum pH at 6.5, and at pH < 5 or
pH > 8, the activity decreased to 50% [230].

Laccase was used to modify chitosan with phenolic groups sub-
strates (e.g. eugenol, trans-ferulic acid, dopamine, and catechol) and
promote their gelation [200]. The efficiency of laccase and tyrosinase
for the crosslinking of chitosan chains might be assessed by FTIR spec-
troscopy through the intensity decrease of the band at 1420 cm™! as-
signed to NH3* groups (from chitosan glucosamine rings) and the ap-
pearance of a new band at ~1465 cm™! attributed to phenyl group
(trans-ferulic acid and ethyl ferulate, phenolic substrates) [231], and a
shoulder ~1750 cm™! assigned to carbonyl stretching (from chloro-
genic acid, phenolic substrate) [232]. Fig. 22a shows schematically the
oxidation of catechol to o-semiquinone or o-quinone catalyzed by lac-
case or tyrosinase, respectively; the oxidized species react with chitosan
amino group yielding imide linkages (Schiff base) or secondary amines
(Michael addition), or their tautomers [232-234]. Fig 22b shows the
isomerization and dimerization steps catalyzed by laccase and tyrosi-
nase to form the hydrogels; these steps are similar to those observed in
HRP catalyzed crosslinking reactions (Fig. 21).

Silk fibroin (SF) is composed of a heavy chain (~390 kDa) and a
light chain (~26 kDa); the heavy chain contains 5.3% of tyrosine (tyr)
[235], making SF a suitable candidate to form hydrogels mediated by
laccase. Such SF hydrogels present low elastic modulus, but the simulta-
neous conjugation of SF with hyaluronic acid-tyramine resulted in in-
creased toughness and flexibility [236]. The increase in elasticity can
be due to extra hydrogen bonds and van der Waals forces, and decrease
of p-sheet conformation in the SF chains [237]. Tyrosinase was used to
increase the crosslinking in pre-formed PEG-8-Norbonene hydrogels, by
interconnecting dopamine dimers; low concentration of tyrosinase
(0.01 kU/mL) had no significant effect on the storage modulus (G’) of
hydrogels; however, at 0.1 kU/mL or 1.0 kU/mL the G’ values were
2 kPa and 4 kPa, after 48 h reaction, evidencing the stiffening effect
upon tyrosinase addition [238].

3.6. Genipin

Genipin is a water-soluble and colorless iridoid, which belongs to
the large group of monoterpenoids composed of a cyclopentan-[C]-
pyran skeleton [239]. It is manufactured today from geniposide, a glu-
coside firstly isolated from Genipa americana L. fruits [240]. According
to a modern microbiological process [241], the extract from Gardenia
jasmioides Ellis fruits can also be applied as a source of geniposide,
which is enzymatically hydrolyzed to genipin in the presence of f-
glucosidase enzyme as schematically represented in Fig. 23a.
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Fig. 21. (a) Tyramine conjugation to hyaluronic acid (HA) by carbodiimide chemistry (see Section 2.2 for details) and (b) crosslinking mechanism intermediated by
horseradish peroxidase (HRP): (I) in the presence of HRP/H,0, the phenolic hydroxyl H was abstracted, forming reactive oxygen radicals; (II) free radicals undergo
isomerization to one of the two equivalent ortho-position carbons; (III) two isomers dimerize forming a covalent bond between the HA chains; (IV) enolization and

dityramine generation [218].
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Fig. 22. Schematic representation of laccase or tyrosinase catalyzed reactions to form catechol modified chitosan hydrogels. (a) oxidation of catechol to ortho-
semiquinone or ortho-quinone catalyzed by laccase (I) or tyrosinase (II), respectively, which react with chitosan amino group yielding imide linkages (Schiff base)
or secondary amines (Michael addition), or their tautomers. (b) The tautomerization is interrupted by laccase or tyrosinase activity occurring isomerization and

dimerization steps between two intermediaries of the soft hydrogels.

Due to its low cytotoxicity, when compared to the most common
synthetic crosslinkers, and its anti-inflammatory properties, genipin has
been applied for the production of biomaterials [240,242,243]. Genipin
reacts promptly with free primary amino groups, abundantly found in
proteins and chitosan, yielding blue-colored fluorescent hydrogels
[242,244]. The crosslinking reaction of chitosan with genipin is
strongly pH-dependent [240]. Under mild acidic and neutral condi-
tions, a nucleophilic attack by the chitosan amino groups to the genipin
olefinic carbon atom at C3 occurs, followed by the dihydropyran ring
opening and nucleophilic attack of the secondary amine to the newly
formed aldehyde group (steps 1 to 6 of Fig. 23b). Subsequently, a nucle-
ophilic attack of an amino group of chitosan to the carboxyl group of
genipin with amide formation leads to the formation of the crosslinked
structure (steps 7 to 10), as depicted in Fig. 23b. Gelatin is a natural
polymer derived from the hydrolysis of collagen. Due to the presence of
free primary amine groups in its structure, gelatin has also been exten-
sively crosslinked by genipin [242,245,246], yielding the so-called
gelapin hydrogels [247].

The gel content of chitosan gels crosslinked with genipin at pH 5.0,
pH 7.4, pH 9 and pH 13.6 amounted to 39.9 + 3.8%, 96.0 = 1.9%,
45.4 + 1.8% and 1.4 +1.0%, respectively [244,248]. Under an alka-
line medium, genipin molecules undergo a ring-opening polymeriza-
tion prior to crosslinking with chitosan, reducing the amount of genipin
available for the crosslinking reaction [244,248]. Regarding the kinet-
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ics, the reaction of genipin with amino sources in an acidic medium has
been reported to be accelerated upon increasing the reaction tempera-
ture to about 60-85 °C [249].

Oxygen radical-induced polymerization of genipin molecules al-
ready linked to amino groups of chitosan is possible [242]. This process
leads to the formation of genipin copolymers with high conjugation of
C=C, resulting in the characteristic dark-blue color of genipin
crosslinked hydrogels [242,243].

3.7. Vanillin

Vanillin is the primary component of vanilla bean extract and is
widely used as a flavoring agent in foods, beverages, cosmetics, and
pharmaceuticals [250]. Due to the presence of an aldehyde group in its
structure, vanillin reacts with primary amines forming a Schiff base
(imine), as depicted in Fig. 24 [250-252]. The presence of the hydroxyl
group, in a para orientation in relation to the previously formed Schiff
bond, is responsible for the formation of a hydrogen bond with hy-
droxyl or amino groups present in the backbone of the neighbor chain
(Fig. 24) [250-252]. This provides the basis for the construction of a re-
versible hybrid network and yields self-healing hydrogels [250]. Due to
the formation of reversible hydrogen bonds, vanillin crosslinked hydro-
gels are sensitive to pH and temperature. Despite the instability of
Schiff-base bonds in acetic acid, the vanillin crosslinked hydrogels are
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Fig. 23. (a) Hydrolysis of geniposide by p-glucosidade yielding genipin and glucose. (b) Schematic representation of reaction mechanism for the crosslinking of
chitosan or proteins mediated by genipin under acidic or neutral conditions. The mechanism steps are numbered in the genipin structure from 1 to 10.
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Fig. 24. Schematic representation of grafting vanillin to chitosan or proteins. First, the nucleophilic attack of the primary amine to the vanillin aldehyde group
yields an imine group (Schiff base). The hydroxyl groups of vanillin grafted to the chain interact with the primary amine or hydroxyl groups of neighbor chains by

H bond, yielding hydrogels.

stable at low temperatures. On the other hand, upon increasing the tem-
perature, the hydrogels present no stability due to the H bond breaking
[250].

Vanillin crosslinked chitosan hydrogels are commonly produced in
an acidic medium because chitosan is soluble only at pH lower than 4.5.
Firstly, the crosslinker is dissolved in a polar organic solvent like
ethanol [250,253] or acetone [252], followed by its dropwise addition
to chitosan solutions in 2% acetic acid under vigorous mixing. After
that, the solvent is allowed to evaporate yielding yellowish vanillin
crosslinked chitosan hydrogels. The formation of imine bonds can be
evidenced by FTIR spectroscopy, because the typical imine band ap-
pears at 1637 cm~! [26,250,253].

3.8. Tannic acid

Tannic acid (TA) is a natural polyphenolic compound found in prac-
tically all aerial plant tissues [254]. It is composed of a glucose ring es-
terified with five digallic acid. Therefore, it contains one glucose core
and ten gallic ester moieties, as presented in Fig. 25a. Although TA mol-
ecule carries no carboxylic acid group, it is called “acid” due to the pres-
ence of numerous phenol groups, which are responsible for its acidic
character [255]; pH-metric titrations indicate pK,; at 6.14 + 0.01, pKao
at 7.19 = 0.01, and pK,3 at 8.39 = 0.01 [256]. Due to the presence of
multiple phenolic groups, TA presents a direct antioxidant effect by
binding free radicals [255]. Furthermore, TA is also known to present
antimicrobial, anticancer, antiviral, and anti-inflammatory properties
[257], making it a strong candidate for developing new therapeutic ma-
terials.

Crosslinking modifications occur mainly through physical interac-
tions or chemical bonding [258]. Phenolic hydroxyl groups of TA can
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easily interact with lysine, tyrosine, and cysteine [259]. For this reason,
TA has been used widespread as a natural protein crosslinker, espe-
cially for gelatin and collagen [258,260-262].

The covalent bonding between phenolic compounds and proteins or
amino functionalized polysaccharides involves the initial oxidation of
phenolic structures, under alkaline condition, yielding quinone inter-
mediates, which can readily react with nucleophiles from reactive
amino acid groups and generate chemically crosslinked networks upon
the formation of new C-N bonds either by Michael addition or Schiff-
base reactions with more than one chain, as depicted in Fig. 25b
[196-199]. The reaction conditions for the crosslinking of TA with dif-
ferent polymers are not straightforward. Some studies report the mix-
ture of TA to macromolecule solution under acidic medium
[257,266,267], whereas others report the crosslinking reaction under
alkaline conditions [258,263,268].

3.9. Phytic acid

Phytic acid (PA), also known as myo-inositol hexaphosphate (IP6),
is a natural antioxidant and anticancer compound commonly found in
plant seeds and organic soil [269]. Due to its large availability and low
price, PA is a promising natural crosslinker candidate to replace the ex-
pensive genipin [25]. PA has six strong acid protons (pK,; ~ 1.5), three
weak acid protons (pK,» between 5.7 and 7.6) and three very weak acid
protons (pK,3 > 10), as depicted in Fig. 26. [270]

Crosslinking between PA and natural polymers happens mainly via
electrostatic interactions between phosphate groups and cations be-
longing to the macromolecules [25]. For this reason, PA has been used
as a crosslinking agent for proteins, such as collagen [269] and gelatin
[25] and cationic polysaccharides like chitosan [271-276]. Ionic
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Fig. 25. (a) Representation of the chemical structure of tannic acid (TA). (b) Covalent bonding between phenolic compounds and proteins or amino functionalized
polysaccharides under alkaline conditions at room temperature. The oxidation of phenol yield quinone intermediates, which can react with primary amine (protein

or polysaccharide) either by Michael addition or Schiff-base reactions [199].

crosslinking methods are simple and do not require organic solvents or
heat [277], which makes them beneficial for biomaterial applications.
At pH > 10, PA presents twelve negatively charged groups, which is a
relatively larger ionic strength than other ionic crosslinkers at the same
concentration [278]. In this context, for in vitro insulin delivery studies,
chitosan matrices crosslinked with PA exhibited better stability than
those crosslinked with tripolyphosphate (TPP) [279].

The ion gelation method mediated by PA allows the formation of
chitosan microspheres [276,280], microcapsules [272,274,279], self-
assembled polyelectrolyte complexes (PECs) [271] and nanoparticles
[273]. In most cases, an aqueous solution of PA (usually at 50 wt%) is
added dropwise to an acidic solution of chitosan (usually HCl) under
continuous stirring, which promptly precipitates upon crosslinking.
Table 5 comprises some examples of the aforementioned natural

crosslinkers for different macromolecules, the reaction conditions and
the corresponding crosslinking mechanism.

4. Click chemistry in the production of hydrogels

The term “click chemistry” was first introduced by Sharpless et al.
[284] in 2001 and describes a class of reactions that are rapid, sponta-
neous, versatile, extremely selective, and result in high yields of prod-
ucts when two molecular substances or components are mixed or re-
acted at mild reaction conditions [285,286]. The “click chemistry” ap-
proach allows for a variety of synthetic strategies to accomplish the
cross-linking and chemical functionalization of hydrogels with tailored
physical, chemical, and biological properties [287].
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Fig. 26. Representation of chemical structure of phytic acid with six protonated
phosphate groups (PA) and its respective deprotonation equilibrium to PA1%.

Table 5

Examples of natural crosslinkers with the corresponding sources, applied for
chitosan (CS), proteins and polycations, along with the reaction conditions
and crosslinking mechanism.

Crosslinker Source Macromolecule Crosslinking reaction Ref
mechanism conditions
Genipin Gardenia Chitosan/ Nucleophilic attack  pH from [248]
jasminoides ~gelatin by the chitosan 4.5 to 6.0
Ellis/ amino groups to the Temp.
Genipa genipin C3, from
americana dihydropyran ring 60 °C to
L. opening and 85 °C
nucleophilic attack
of the secondary
amine to the newly
formed aldehyde
group
Vanillin Vanilla Chitosan Schiff base reactions Acetic [26,
bean with primary acid 250,
extract amines/H bond solution 253]
1-2%
Tannic Aerial Gelatin, Michael addition/ Addition [257,
acid plant chitosan, Schiff Base reactions of TA to 258,
tissues collagen with primary acidic or 263,
amines/H bond basic 281-
polymer 283]
solution
Phytic Plant Cationic Electrostatic Dripping  [271,
acid seeds/ polymers/ interactions of PA 275,
organic proteins aqueous 279]
soil solution
into acidic
polymer
solution

Several well-known reactions for the synthesis of hydrogels comply
with the “click chemistry” approach. Fig. 27 summarizes various click
reactions that have been applied for the crosslinking of macromole-
cules. They can be separated into three groups, which include copper-
catalyzed azide-alkyne cycloaddition (Cu-AAC); copper-free click reac-
tions, such as strain-promoted azide-alkyne cycloaddition (SPAAC),
Diels-Alder (DA), radical mediated thiol-ene and oxime-forming reac-
tions; and pseudo click reactions, which include thiol-Michael addition
and aldehyde-hydrazide reactions (Schiff base reactions) [288].

From this point on, the discussion will focus on the review of click
chemistry reactions regarding the formation of protein (e.g., collagen
and gelatin) and polysaccharide-based hydrogels (e.g., hyaluronic acid
(HA), alginate, and chitosan (CS)), with emphasis on the improvement
of the hydrogel's mechanical properties. Hopefully future readers might
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take some advantages in terms of the selection of appropriate polymer
backbones in the research of new biomaterials.

4.1. Protein-based hydrogels

4.1.1. Collagen

SPAAC, oxime-forming and Schiff base reactions are the most com-
mon methods for crosslinking collagen chains in aqueous medium
[287]. SPAAC can be facilitated by crosslinking collagen functionalized
with either azide or DBCO groups using N-hydroxysuccinimide (NHS)
coupling chemistry [289]. Mechanical properties of the resulting gels
were controlled by changing functional group ratios and conjugated
collagen concentrations. Higher concentrations of conjugated collagen
yielded enhanced mechanical properties; the storage modulus in-
creased from 42.39 * 8.95 Pa to 112.03 = 3.94 Pa after SPAAC
crosslinking.

Feng et al. [290] prepared a hybrid hydrogel comprising aminated
collagen (AC), oxidized sodium alginate (OSA) and antimicrobial pep-
tides (polymyxin B sulfate and bacitracin). The Schiff base reaction took
place, under mild conditions, between the free amino groups of AC and
the aldehyde groups of OSA yielding an effective hybrid hydrogel
against E. coli and S. aureus. The storage modulus of hydrogels in-
creased gradually from 250 Pa to 3000 Pa upon increasing AC concen-
tration, indicating that AC favored the formation of a tighter network
gel due to the Schiff base reaction.

Hydrogels prepared by aldehyde-aminooxy oxime click reactions
are especially interesting because the reaction product (an oxime) is
more stable than Schiff bases in the biological milieu [291]. In a funda-
mental work, Hentzen et al. [292] proved the formation of crosslinked
collagen triple helices by oxime bonds between proline residues in adja-
cent collagen strands. The covalently connected strands folded into hy-
perstable collagen triple helices with remarkable thermal stability (Tm
~ 80 °C).

4.1.2. Gelatin

The physical crosslinking of gelatin is spontaneously induced by in-
tra- and intermolecular hydrogen bonds [293], leading to low stiffness
hydrogels. In this context, click crosslinking methods for the enhance-
ment of gelatin-based hydrogels’ mechanical properties have been ap-
plied, which includes CuAAC, DA, and radical mediated thiol-ene reac-
tions [287]. CuAAC reaction of alkyne functionalized gelatin with di-
azides led to the production of hydrogel networks with tailorable me-
chanical properties by the ratio of diazide to gelatin and the diazide
rigidity. For example, 4,4’-diazido-2,2’'-stilbene-disulfonic acid, a rigid
crosslinker, yielded hydrogels with Young's moduli of 50-390 kPa,
whereas 1,8-diazidooctane, a more flexible crosslinker, resulted in hy-
drogels with Young's moduli of 125-280 kPa [294].

Garcia-Astrain et al. [295] designed biopolymeric hydrogels of fur-
furyl-gelatin-polyetheramine through Diels-Alder (DA) reaction in a
simple one step procedure free of catalysts, additives or coupling
agents. For that, gelatin was firstly modified by the reaction of the free
e-amino groups (mainly lysine and hydroxylysine residues) of the main
chain with furfuryl glycidyl ether (FGE). Afterwards, a Jeffamine®-
based bismaleimide (BMI) was employed as crosslinker. Different fu-
ran-to-maleimide ratios were used in order to study the influence of em-
ploying an excess of crosslinker on the final hydrogel properties. Gel-
FGE to BMI weight ratios for hydrogel formation were 1:1.0 (HGEL1-
1.0), 1:1.5 (HGEL1-1.5) and 1:2.0 (HGEL1-2.0). Upon increasing the
gel-FGE to BMI weight ratio from 1:1.0 to 1:1.5 the G’ value increased
from 1709.0 + 278.9 to 2040.2 = 59.6 Pa, indicating higher amounts
of bismaleimide would lead to a more crosslinked network. However,
for HGEL1-2.0 the G’ value amounted to 1705.0 +132.3, suggesting
that the excess of crosslinker did not improve the elastic properties of
the hydrogels and could, instead, act as a plasticizer lowering the G’
value. According to the authors, the elastic properties of these materials
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Fig. 27. Schematic representation of three groups of click reactions that have been often applied for polysaccharides and proteins crosslinkings: Copper-catalyzed
azide-alkyne cycloaddition (Cu-AAC); copper-free click reactions, such as strain-promoted azide-alkyne cycloaddition (SPAAC), Diels-Alder (DA), radical mediated
thiol-ene and oxime-forming reactions; and pseudo click reactions, which include thiol-Michael addition and aldehyde-hydrazide reactions. Adapted from Ref.

[288].

are crucial in terms of tissue engineering applications since the mean
values of the storage modulus obtained for all the hydrogel composi-
tions are in the range of those of liver, fat, relaxed muscle and breast
gland tissue, namely from 102 to 10* Pa.

Regarding the formation of gelatin hydrogels via radical mediated
thiol-ene reactions, Tytgat et al. [296] developed a photo-click
crosslinkable gelatin hydrogel for adipose tissue engineering purposes.
For that, norbornene-functionalized gelatin type B (Gel-NB) was com-
bined with thiolated gelatin (Gel-SH) (in the presence of the photo-
initiator Li-TPO-L) and the photo-click scaffolds were compared to the
conventional methacrylamide-modified gelatin (GelMa) hydrogels. The
biomaterial inks were evaluated via extrusion-based 3D printing; the
hydrogel precursors were inserted into a disposable plastic syringe and
pneumatically dispensed into a 3D scaffold by stacking 2D layers. Me-
chanical tests showed a significant difference between the Young's
modulus of the Gel-NB/Gel-SH scaffolds (1.0 *= 0.1 kPa) versus the
GelMa scaffolds (1.6 * 0.2 kPa). Furthermore, in vitro biocompatibility
assays showed similar cell viability for the Gel-NB/Gel-SH scaffolds in
comparison to the GelMa scaffolds. However, the adipogenic differenti-
ation potential of the developed Gel-NB/Gel-SH scaffolds proved to be
better in comparison to the GelMa gold standard (see more details
about GelMa in Section 6).

4.2. Polysaccharide based hydrogels

4.2.1. Hyaluronic acid

Several click chemistry methods have been employed to prepare
hyaluronic based hydrogels. In order to mimic the natural cartilage ex-
tracellular matrix, a hydrogel based on hyaluronic acid (HA), chon-
droitin sulfate (CS) and gelatin was synthesized via click chemistry
[297]. HA and CS were modified with 11-azido-3,6,9-tri-oxaundecan-1-
amine (AA) and gelatin was modified with propiolic acid (PA). HA-AA
and CS-AA -Nj3 groups reacted with the acetylene groups of Gela-
tine-PA in the presence of Cu(lI), leading to the formation of a triazole
ring crosslinked hydrogel. The resulting hydrogels presented Young's
modulus of ~7 x 103 Pa, which is higher than that of the slightly cross-
linked hyaluronan hydrogel (several hundred Pa) and similar to that of
the highly cross-linked hyaluronan hydrogel [298].
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Hozumi et al. [299] developed a novel injectable hydrogel com-
posed of carbohydrazide-modified gelatin (Gel-CDH) and monoalde-
hyde-modified hyaluronic acid (HA-mCHO). Upon mixing the two pre-
cursor polymers, Gel-CDH/HA-mCHO hydrogels were produced
through Schiff's base formation; the new hydrogels are more stable in
PBS because the imine structure formed by CDH generates resonance
structure. Besides the superior stability, the Gel-CDH/HAmCHO hydro-
gels are suitable for soft-tissue regeneration with shear storage modulus
(G’) in the range of 0.1 to 1 kPa depending on the polymer concentra-
tion; these values of G’ are in the same range as those of lung, liver,
pancreas, and skin.

A series of alkene functionalized polyamidoamine (PAMAM) den-
drimers was applied to form hydrogels with thiolated hyaluronic acid
(HS-HA) via thiol-ene crosslinking click reaction. The different systems
presented tailored gelation times and mechanical properties according
to the electron density of the alkenyl end groups on the dendrimer. The
storage modulus of the hydrogels decreased in the same order as for
gelation time with functional groups on PAMAM from maleimide, to
vinyl sulfone, acrylic, methacrylic, and alkene, respectively, ranging
from 36 to 183 Pa under the experimental condition [300].

Yu et al. [301] integrated simultaneously enzymatic crosslinking
and DA click chemistry in the formation of an injectable hyaluronic
acid/PEG hydrogel for cartilage tissue engineering. For that, hyaluronic
acid (HA) was firstly modified by furylamine (furan) and tyramine (TA)
functional groups followed by the HA/PEG hydrogel formation via en-
zymatic (in the presence of HRP and H,0, solutions) and sequential DA
click chemistry crosslinking. Hydrogels with different degrees of substi-
tution (DS) of tyramine were labeled DS1 (DS 9.5%), DS2 (DS 11.2%)
and DS3 (DS 5.8%). The storage modulus and breakage strength of hy-
drogels were close to 27 kPa and 109.4 kPa, respectively, with the DS3
hydrogel presenting better mechanical properties than the other hydro-
gels with different degrees of substitution.

Biodegradable crosslinked hydrogels based on the oxime click
chemistry were produced upon mixing linear PEGs terminated at both
ends with aminooxy moieties and HA derivatives displaying aldehydes
in different proportions. The compressive moduli of the hydrogels var-
ied between 2 and 12 kPa which, according to the authors, is in the
range of soft tissues of the nervous system [291].
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Li et al. [302] fabricated a new hydrogel through a thiol-ene
Michael addition reaction by crosslinking thiol-functionalized
hyaluronic acid and hyperbranched poly (ethylene glycol) multi-
acrylate macromer as a cell carrier system for cartilage-derived progen-
itor cells (CPCs). By fixing the thiol-functionalized hyaluronic acid in
1% (w/v) and varying the hyperbranched poly (ethylene glycol) pro-
portion the authors managed to modulate the hydrogel's storage modu-
lus (G'). Hydrogels fabricated with 1% (w/v) HA-SH and 2.5% HB-PEG
recorded a stiffness of 1 kPa on average, which is ideal for chondro-
genic differentiation according to the authors.

4.2.2. Alginate

Injectable self-healing hydrogels based on oxidized alginate-hybrid-
hydroxyapatite nanoparticles and carboxymethyl chitosan (CMChi)
were synthesized via Schiff base reaction [303]. First, the hybrid hy-
droxyapatite/alginate (HAH) was fabricated. Afterwards, the alginate
of HAH was directly oxidized to form oxidized hydroxyapatite/alginate
hybrid (OHAH). The injectable hydrogels were prepared by mixing
OHAH and CMChi, which undergo Schiff base reaction. The oxidation
time and OHAH concentration were modulated in order to obtain hy-
drogels with different properties. The G’ of the hydrogels increased
with the concentration of OHAH and the oxidation time, which was re-
lated to the formation of more imine linkages via Schiff base reaction
with the more aldehyde groups in hydrogels. Hydrogels prepared with
the highest oxidation time (48 h) and highest OHAH (12 wt%) pre-
sented G’ ~ 1220 Pa.

Sanchez-Morén et al. [304] successfully modified the backbone of
sodium alginate (NaAlg) to introduce alkoxyamine functional groups
for the first time. The resulting polymer was combined with aldehyde
containing oxidized alginate (NaAlg-Ald) with different degrees of oxi-
dation (DOx) in order to produce oxime crosslinked alginate hydrogels.
Highly tunable stress relaxation and mechanical properties could be
achieved by systematically varying the system composition (concentra-
tion, polymer mixing ratios and degree of oxidation of NaAlg-Ald) or
environmental factors (pH, temperature, and use of catalyst). Just to
mention, the chain flexibility of one of the hydrogel components,
NaAlg-Ald-X, could be very different depending on the varying DOx. By
mixing a 5% (w/v) NaAlg-AA and 5% (w/v) NaAlg-Ald-X precursor so-
lutions in a 1:1 (v/v) mixing ratio, the authors prepared five different
gels with NaAlg-Ald containing aldehyde groups that were 25, 50, 70,
90, and 100% oxidized from the alginate diols. The G’ values were rela-
tively stable for a wide range of DOx (varying from 4.4 kPa to 5.9 kPa
in the range of 25 to 90% DOx, respectively) but decreased significantly
to 1.5 kPa in the DOx of 100%, which was attributed to the complete
breakdown of saccharide rings into a purely linear chain in NaAlg-Ald-
100 with enhanced chain flexibility.

Degradable hydrogels were prepared by crosslinking norbornene-
modified alginate and two different thiol-coupled peptides using UV-
initiated thiol-ene chemistry [305]. The crosslinking was achieved as
the amino acid sequences contained cysteines on both ends, which en-
abled the formation of thiol-ene bonds between the norbornene and
thiol groups in the presence of photo-initiator, when exposed to UV
light. The hydrogel degradation was attained as the particular amino
acid sequences are susceptible to recognition and cleavage by matrix
metalloproteinases. Low and high molecular weight alginate samples
were tested in the production of the hydrogels. The range of stiffness at-
tained was 2-14 kPa for the low molecular weight alginate gels and
1-11 kPa for the high molecular weight alginate gels; the range of stiff-
nesses is similar to that of many tissues such as lung, fat, breast, brain,
kidney, and heart.

Crosslinked hydrogels were also prepared by combining different
click reactions. Wang et al. [306], for example, designed alginate-based
hydrogels formed by integrating Diels-Alder and the thiol-ene click re-
actions. First, a furyl modified sodium alginate (NaAlg) was obtained
by amidation between the carboxyl groups of NaAlg and the amine
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groups of furan, yielding products with different degrees of substitution
(DS). Afterwards, a bimaleimide PEG was mixed to the modified NaAlg
to form NaAlg/PEG hydrogels. The cysteine-terminated peptide
HHC10-CYS (HHC10) was grafted into the hydrogel by the thiol-ene
reaction between the oxy-norbornene group and the thiol group, yield-
ing NaAlg/PEG-HHC10 antimicrobial hydrogels. The hydrogel me-
chanical properties were optimum for the NaAlg/PEG-DS2 hydrogel,
with a DS of 35.52%, which presented the highest value of stress-at-
failure (33.01 kPa) and compress modulus (52.53 kPa).

4.2.3. Chitosan

Several click chemistry reactions, such as the DA and Schiff base re-
actions, have been employed to prepare chitosan-based hydrogels.
Guaresti et al. [307] synthesized a chitosan-based hydrogel crosslinked
via Diels—-Alder (DA) reaction. Furan-modified chitosan (Chi-Fu) was
synthesized by the reaction of furfural with the free amino groups of
chitosan, whereas maleimide—functionalized chitosan (Chi—-AMI) was
prepared by the reaction of a maleimide-modified amino acid with the
amino groups of chitosan through amide coupling. Afterwards, the two
complementary chitosan derivatives were crosslinked to yield the final
hydrogel network. The storage modulus (G’) presented a maximum
value of 210 Pa, which according to the authors is in the range of those
of brain and nerve tissues (102-10° Pa) and makes the hydrogel a highly
recommended candidate for tissue engineering applications.

Jia et al. [308] developed an injectable chitosan-based hydrogel to
repair full-thickness cartilage defects in femoral patellar grooves in rab-
bits. For that, rabbit synovial fluid mesenchymal stem cells (rbSF-
MSCs) were encapsulated into the structure of the previously
crosslinked hydrogel. The hydrogel was formed by glycol chitosan and
benzaldehyde capped poly(ethylene oxide) derivatives (OHC-PEO-
CHO) via Schiff's base linkage at room temperature. The storage and
loss moduli of the hydrogel were modulated by varying the glycol chi-
tosan and OHC-PEO-CHO concentrations. Higher polymer concentra-
tions yielded a hydrogel with higher storage modulus. The hydrogel
containing 2 wt% glycol chitosan and 2 wt% OHC-PEO-CHO reached
the highest storage modulus of about 1300 Pa and promoted MSCs dif-
ferentiation into chondrogenic lineage.

Table 6 summarizes the types of click chemistry for collagen,
gelatin, hyaluronic acid, alginate and chitosan crosslinking.

Table 6
Types of click chemistry reactions to crosslink biopolymers (proteins and
polysaccharides) for regenerative purposes.

Biopolymer Schematic diagram Types of click chemistry
reactions
Collagen / SPAAC, oxime-forming and
Schiff base reactions
Gelatin / CuAAC, DA, and radical
mediated thiol-ene reactions
Hyaluronic HOOC HOH,C, Cu-AAC, Schiff base reaction,
acid --ow'w radical mediated thiol-ene, DA,
1o OH ()Hjmc“,‘ n oxime- forming and thiol-
Michael reaction
Alginate st % Schiff base reaction, oxime-
-0 o forming reaction, radical
—_",w Ho 70— mediated thiol- ene and DA
HOOC M Mannuronic acid (M) reaction
Guluronic acid (G)
Chitosan 9 DA, Schiff base reaction.
>‘CH’ OH
+—° o ‘ o
OH NHz ’

Adapted from Ref. [287].
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5. Macromolecular crosslinkers

Macromolecular crosslinkers are in general oligomers or low molec-
ular weight polymers carrying functional groups at the chain ends. If
both ends carry the same functional group, they are named as homo-
functional (an example in Fig. 28a). If the reactive groups at either end
are different, they are heterofunctional (see an example in Fig. 28b).
PEG and dextran based macromolecular crosslinkers are interesting due
to their biocompatibility and target-reactivity. The functional groups
attached to the chain ends should present reactivity towards intrinsic
functional groups of polysaccharides (hydroxyl, amines, and carboxylic
acid groups) or proteins (amines, acid carboxylic and sulfhydryl
groups). There is a plethora of commercially available macromolecular
crosslinkers [309,310], most of them are PEG modified chains, where
the chain size might vary from ~200 g/mol to 2500 g/mol. For protein
crosslinking, N-hydroxysuccinimide esters (NHS esters) (Fig. 6) and
imidoesters are the functional groups most commonly used due to their
high reactivity towards primary amino groups.

Despite the large offer of commercial macromolecular crosslinkers,
there are literature reports, where macromolecular crosslinkers are syn-
thesized to perform a dual function. For instance, PEG (M,, = 1000 g/
mol) was modified in order to create an acid-degradable crosslinker, as
represented in Fig. 29 [311]. PEG was first transformed into bis(suc-
cinic acid ester)polyethylene glycol, which reacted with EDC to yield
0,0’-bis[2-(N-succinimidyl-succinate)]polyethylene glycol (1). (1) re-
acted with 2,2-bis(aminoethoxy)propane (2) yielding the acid-sensitive
crosslinker 2,2-Bis({O-[(N-Succinimidyl)succinyl]-O’-[succinylamino]
polyethylene glycolethoxy)propane (3). (3) was used for the crosslink-
ing of carboxymethyl chitosan chains by the reaction between chitosan
amino groups and (3) N-hydroxysuccinimide ester groups, creating hy-
drogels stable at pH 7.5, but readily degradable at pH < 6.0, due to the
presence of ketal moieties in the macromolecular structure [311].

Proteinosomes are crosslinked conjugates that offer suitable condi-
tions for encapsulating guest biomolecules (enzymes, proteins) and ge-

O
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netic expression [312]. The homofunctional macromolecular
crosslinker poly(ethylene glycol)-bis(N-succinimidyl succinate) (PEG-
diNHS) was successfully applied for the crosslinking of bovine serum al-
bumin and poly(N-isopropylacrylamide) (BSA/PNIPAM), forming semi-
permeable and elastic membranes [313].

Bulk hydrogel based on dextran was prepared via the Schiff base for-
mation between aldehyde-functionalized dextran (Dex-CHO, MW
~70,000 g/mol) and cationized bovine serum albumin (BSA-NH,) and
L-arginine grafted chitosan oligosaccharides (COS-Arg) [314]. These
proteinosome-based hydrogels served for the adsorption of E. coli ( ~93
cells per proteinosome) from deionized water at 37 °C; the local acidifi-
cation due to the metabolism of E. coli led to the death of some E. coli
cells. The dead cells could be desorbed from the hydrogels by cooling
the system to 25 °C and adding 50 mM phosphate buffered saline (PBS)
pH 7.4, enabling the reusability of the hydrogels [314]. Dextran dialde-
hyde (MW ~ 40,000 g/mol) prepared from the oxidation of dextran by
sodium periodate [315] reacted with zein and sodium caseinate by
imine bond formation (Shiff base reaction), increasing the system sta-
bility [316].

6. Photocrosslinking

The energy (E) of one photon radiation is given by
(€Y

where h (6.62607015 x 1034 J X s) is the Planck's constant and v is
the frequency radiation (Hz).

Ultraviolet (UV), X-rays and gamma radiation are electromagnetic
radiations of high energy because of their high frequencies and might
be used to promote crosslinking among the macromolecules. Radiation
crosslinking has the advantage of crosslinking and sterilizing in one
step, but the disadvantage of causing possible chain fragmentation and
degradation. The irradiation technologies applied for the preparation of
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Fig. 28. Representation of (a) 0,0’-bis[2-(N-Succinimidyl-succinylamino)ethyl]polyethylene glycol, a homofunctional macromolecular crosslinker, and (b) amino-

dPEG®3¢-acid, a heterofunctional macromolecular crosslinker.
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Fig. 29. Simplified representation of the reaction steps to produce a homofunctional acid-sensitive macromolecular crosslinker. PEG reacted with succinic anhy-
dride to form bis(succinic acid ester)polyethylene glycol, which reacted with EDC to yield O,0’-bis[2-(N-succinimidyl-succinate)]polyethylene glycol (1). The reac-
tion between 2,2-bis(aminoethoxy)propane (2), prepared from 2,2-bis(phthalimidoethoxy)propane, and (1) led to (3). The acetal moieties and the reactive N-
hydroxysuccinimide ester groups are highlighted in red and blue, respectively. Adapted from Ref. [311].
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hydrogels were recently reviewed [317]. Gamma rays have typically
wavelength on the order of 10-12 m and energy of 120 MeV [318].
Gamma irradiation generated by commercial ®°Co source provides
beams of 8-10 MeV, which are often used to sterilize medical instru-
ments, pharmaceuticals and food [319]. The production of hydrogels
by irradiation of macromolecules in water is schematically represented
in Fig. 30. The radiolysis of water generates several chemical species
(eaq™ "OH, ‘H, HO2, H30*, OH™ H,0,, Hy) [320]. The radicals abstract
H atoms from the macromolecules, creating macroradicals. The reac-
tion between two macroradicals yields crosslinkings.

The irradiation of proteins might cause chains scission, abstraction
of H and crosslinking. For instance, after gamma irradiation dried colla-
gen became more soluble and was better reabsorbed by the in vivo bone

radiolysis of water

H,O ‘OH, H

Gamma rays

abstraction of H

RH ++OH (-H) ‘R + H,0 (H,)

crosslinking

‘R+=R R-R

Fig. 30. Schematic representation of the reactions mechanism involved in the
radiation-induced crosslinking of polysaccharides or proteins, represented by
RH, in the presence of water.
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matrix; on the other hand, in aqueous medium collagen underwent
crosslinking favored by the hydroxyl radicals (Fig. 30) [319]. Gamma
radiation proved to be very efficient for the crosslinking of polysaccha-
rides, such as carboxymethyl cellulose (CMC) [321], CMC combined
with starch [322], acrylic acid and starch [323], CMC and sodium algi-
nate [324], hyaluronic acid and chondroitin sulfate [325] car-
boxymethylchitosan [326]. The chemical structure and size of the poly-
saccharide chains, the polysaccharide concentration, radiation dose
and atmosphere can affect the crosslinking process. For instance, the
concentration of aqueous solution of CMC with a DS of 1.32 [327] at 20
wt% [328] was favorable for irradiation driven crosslinking because
these conditions provided adequate chains mobility and adequate dis-
tance among the macroradicals.

UV irradiation is effective for crosslinking vinyl groups in the pres-
ence of a radical photoinitiator; however, vinyl groups are not present
in polysaccharides and proteins. For this reason, vinyl groups should be
introduced to the chains in order to enable the UV driven crosslinking.
One of the most successful modifications is the reaction of proteins or
polysaccharides with methacrylic anhydride; there are a plethora of
commercial bioinks or hydrogels based on such methacrylate deriva-
tives. Gelatin methacrylamide (GelMa) (Fig. 31a) can be prepared by
the reaction between methacrylic anhydride and gelatin; the different
amounts of gelatin and methacrylic anhydride yield GelMa with differ-
ent degrees of substitution (DS) [329,330]. The subsequent crosslinking
requires the presence of a photoinitiator. Irgacure® 2959 is a low odor
and water-soluble (1 g/100 g) photoinitiator, which under UV exposi-
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Fig. 31. Schematic representation of (a) the reaction between methacrylic anhydride and gelatin, (b) photoinitiator decomposition under UV exposition and (c)
the reaction between the free radical (HOR®) and the methacrylate double incorporated into the gelatin chain, resulting in the GelMa® radicals.
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tion undergoes cleavage from the excited triple state and generates free
radicals (Fig. 31b) [331]. The primary free radical (HOR®) reacts with
the methacrylate double incorporated to the gelatin chain, forming the
macroradical GelMa® (Fig. 31c); the reaction between two GelMa® rad-
icals results in the crosslinked GelMa (not represented).

The rheological behavior of the resulting crosslinked hydrogels de-
pends on the GelMa DS, the amount of photoinitiator and the exposition
time [329]. Particularly for 3D printing and bioinks cured by UV expo-
sition, this kind of modification is very useful [332]. Not only gelatin,
but also polysaccharides were modified to become photo-crosslinkable.
The addition of small quantities of modified hyaluronic acid methacry-
late (HA-MA) to GelMa hydrogels favored the chondrogenesis and im-
proved the mechanical properties of the hydrogels [333]. Chitosan
modified with methacrylamide (ChMA) and GelMa were photo-
crosslinked at different ratios; the hydrogels achieved the highest
porosity, swelling degree and cell viability at ChMa:GelMa 2:1 [334].
Alginate was modified with carbodiimide and 2-aminoethyl methacry-
late in order to become photo-crosslinkable [335]. Dextran-
methacrylate (DexMa) with DS of 0.60 took only 90 s for gelation,
whereas the gelation took up to 5 min when DS was 0.09, additionally
gels prepared with DexMa of DS 0.09 showed the highest swelling de-
gree [336].

7. Techniques and methods for determining the crosslinking
efficiency

Regardless of the crosslinker type, no reaction ever proceeds with
100% yield. There are different methods to evaluate the crosslinking ef-
ficiency. Gravimetry is a simple method that allows estimating the
crosslinking efficiency or the gel content (gel%):

e
Jinal ) x 100
Myyirial

where m;,;; is the mass of gel phase after reaction and drying, and
Mg is the mass of gel after rinsing to remove the unreacted molecules
and drying.

2

gel% = (

(a) Low gel content, high swelling

degree
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Low gel content means few junction points among the chains or low
crosslinking density (Fig. 32a), whereas high gel content indicates
many junction points among the chains or high crosslinking density
(Fig. 32b). Particularly for hydrogels, the consequences are that net-
works with low gel content tend (i) to swell more than those with high
gel content because the internal network volume is reduced [145,337],
and (ii) to be softer than those with high gel content due to chains
movement restriction [338]. The swelling degree (SD) is the amount of
water (m,,q., in grams) that a given amount of dried polymer network
(Myqy, in grams) can uptake under equilibrium conditions:

Myyater

SD = 3

Myoly

Crosslinking reactions might be monitored along the reaction time
by means of rheological measurements, because the gelation is accom-
panied by changes in the viscoelastic behavior. Oscillatory shear rheol-
ogy provides the storage G’(w) and loss G”(w) moduli as a function of
frequency »; when G’ > G” the sample shows a solid-like structure, and
when G” > G’ the sample has a liquid-like structure [339]. Noteworthy,
the measurements should be performed under strain or stress that does
not disrupt the sample structure, or in the linear viscoelastic region. Fig.
33a and 33b show schematically G’ and G” measured as a function of
time for chitosan under gelation in the presence of genipin at 0.10 wt%
and 0.15 wt%, respectively [340]. The time at which G’ intersects G” is
the so-called cross-over and corresponds to the gelation time. The in-
crease of genipin content from 0.10 wt% to 0.15 wt% decreased the
gelation time of chitosan hydrogels from 4 min to 2 min [340]. In addi-
tion, the gelation of four-arm poly(ethylene glycol) sulthydryl, PEG-SH,
chains was carried out in the presence of HRP, H,0, and tyramine; the
crossover (Fig. 33c) tended to decrease with the increase of H>O, con-
tent and with the decrease of PEG-SH concentration, as shown in Fig.
33d [341].

The concentration range of TGase necessary for the crosslinking of
Bambara groundnut proteins was evaluated by measuring G’ and G”; in
the TGase concentration range from 5 U/mL to 20 U/mL, the G’ and G”
values were on the order of 10% Pa and 102 Pa, respectively, but at

(b) High gel content, low

swelling degree

Fig. 32. Schematic representation of hydrogels with (a) low gel content and high swelling degree and (b) high gel content and low swelling degree. The red points
represent the junction points or chemical crosslinking among the chains. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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tion time) is indicated. (d) crossover time determined for different PEG-SH and H,O, concentrations. Reproduced with permission from Ref [341]. Copyright 2019

American Chemical Society).

higher concentrations the crosslinking was less efficient because the G’
values decreased [342].

Polymer solutions at high concentrations often present shear-
thinning or pseudoplastic behavior. For many practical applications,
such as bioprinting, polymer solutions and gels should flow under stress
and rapidly recover the entangled structure to keep the printed geome-
try upon crosslinking. For 3D printing, crosslinking should take place
after printing to avoid needle clogging. The rheological behavior of
thermosensitive gels based on chitosan, sodium hydrogen carbonate
(SHC) and beta-glycerophosphate (BGP) was carefully investigated to
optimize the printing conditions [343]. The rapid crosslinking reaction
(10 min) between chitosan and BPG/SHC due to electrostatic interac-
tions, hydrophobic interactions and hydrogen bonds was evidenced the
viscosity decrease in the shear rate range from 0.01 s~! to 100 s1. The
solution viscosity increased upon applying a constant shear rate in the
first 10 min. After that, the solution was at rest for 1 min; the viscosity
decreased dramatically below that at the initial time and then the same
shear rate was re-applied recovering partially the viscosity value deter-
mined in the first 10 min [343]. Such studies help predict if the candi-
date bioink retains the rheological behavior during the filament layer
formation because it may take a long time to conclude the object print-
ing.

Fourier transform infrared vibrational spectroscopy (FTIR) is an im-
portant tool for identifying functional groups in organic and inorganic
materials. Changes in the characteristic absorption bands indicate
changes in the material composition. For instance, the chemical
crosslinking generally creates new linkages that can be detected by the
appearance of new bands and by the possible disappearance of typical
bands of non-crosslinked polysaccharides or proteins. For example, as
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discussed in Section 2.5, the esterification reaction between citric acid
and polysaccharides hydroxyl groups is evidenced by an absorption
band at ~1730 cm™!. If the spectrum shows a broadband in the
1800-1500 cm™! region due to overlapping, deconvolution might help.
For instance, the deconvolution of FTIR spectra obtained for a hydrogel
based on p-cyclodextrin (BCD) and locust bean gum crosslinked with
citric acid yielded individual bands assigned to ester and carbonyl
groups (1750 and 1710 cm™1) from the citric acid, water hydroxyl
groups (1650 cm~!) and a weak band of protein residues (1580 cm™1)
[344]. Fig. 34a shows FTIR spectra obtained for pure hydroxypropyl
methylcellulose (HPMC), pure fCD and HPMC crosslinked with pCD
mediated by the esterification with citric acid [155]. The characteristic
bands observed in the spectra of pure HPMC and pure fCD were also
found in the crosslinked HPMC-BCD with the exception of a band at
1731 cm™!, which was observed only in the crosslinked films and was
assigned to C—=0 stretching stemming from esterification reaction. The
band at ~1643 cm™! was assigned to water bending mode [345].

The hydrogels mediated via Schiff base formation can be identified
by FTIR spectroscopy as well. As previously discussed in Section 2.1,
this type of crosslinking reaction results in imine group formation
(R;C=NR); the imine group has typical band absorption in the
1690-1640 cm™! range [346]. Balitaan et al. synthesized a hydrogel
based on the reaction between f-acrylamide-modified p-chitin (Am--
Chn) and alginate dialdehyde (ADA), yielding imine linkages at
1650 cm™! [347]. The crosslinking of O-carboxymethylchitosan (CM-
Chi) with imino-PEGylated dynamers by the formation of imine bonds
was monitored for 48 h by the decrease of the aldehyde absorption vi-
brational band at 1700 c¢cm~! and increase of the imine band at
1645 cm™1, as shown in Fig. 34b [348]
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Fig. 34. FTIR spectra obtained for (a) pure HPMC, pure CD and HPMC crosslinked with fCD mediated by the esterification with citric acid; the appearance of the
band at 1731 ecm™! indicated the esterification rection (Reproduced with permission from ref [341] Copyright 2018 Elsevier); and (b) hydrogels of CMChi
crosslinked with imino-PEGylated dynamers; the decrease of the aldehyde band at 1700 cm™! and increase of the band at 1645 cm™! along 48 h evidenced the
imine bond formation [348]. 13C NMR spectra (c) of gelatin crosslinked with caffeic acid, after 10 min (I), 20 min (II) and 30 min (III) reaction, evidenced by the
appearance of caffeic acid C-3 (128 ppm), C-5 (134 ppm) and C-6 (148 ppm) peaks in the gelatin spectra. Reproduced with permission from Ref [258] Copyright

2010 American Chemical Society.

FTIR spectra of hydrogels formed through tannic acid (decagalloyl
glucose) crosslinking reaction (Section 3.4) present characteristic bands
of tannic acid, namely, C=H (1180 ¢cm~!, 1020 cm~! and 750 cm~)
and C=C (1600-1400 cm~! band regions) groups from aromatic rings,
—OH (3500-3000 cm™!) from phenolic groups and C=O0O
(1700-1650 cm~1) from ester groups, as for instance in hydrogels based
on chitosan-methacrylated silk fibroin [349], cellulose [350], and
gelatin [351].

Solid-state nuclear magnetic resonance (NMR) is a powerful tool to
understanding the products of chemical reactions. As previously dis-
cussed in Section 2.4, the crosslinking mechanism of pullulan with
STMP was dynamically monitored by 'H, !3C, and 3'P NMR spectro-
scopies; the changes of chemical shifts as a function of reaction time al-
lowed proposing not only a mechanism for the crosslinking but also for
the degradation process [133].

In case of citric acid, 13C NMR spectroscopy shows three indubitable
signals peaks in 170-180 ppm region, related to three carbons of ester
groups (OCOCH3) [352]. After esterification reaction, only one peak
still remains present in the solid-state spectrum, reinforcing that the
two ester groups are used as crosslinking sites in hydrogels, moreover,
the position of the chemical shifts changes and they become weaker.
Many authors inferred this event as a consequence of esterification re-
actions with several natural polymers [353-356]. The presence of ester
linkages and free carboxylic acid groups might broaden the peak at
174.3 ppm [357]. The '3C NMR solid-state spectrum of hydrogels based
on caffeic acid crosslinker have three reactive sites ranging from 110
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ppm to 150 ppm (attributed to C-3, C-5 and C-6 bonds from phenolic
ring), which can form covalent bonds with —NH, from gelatin or
oligomers through dimerization process [258] (Fig. 34c).

The very low reactivity of genipin to crosslink chitosan chains under
strongly basic conditions was confirmed by the absence of the shift of C-
1 resonance in the solid state 13C-NMR spectrum; it is probably due to
the genipin ring-opening polymerization, decreasing the amount of
genipin free to crosslink with chitosan [248]. At neutral and acidic con-
ditions, genipin reacted with primary amino groups on chitosan to form
heterocyclic amines, as discussed in Section 3.2.

8. Conclusions and perspectives

The mechanisms involved in major crosslinking reactions for poly-
saccharides and proteins were revisited and critically reviewed in this
article, aiming at giving a facile way to choose the crosslinker that best
fits the desired biopolymer and final applications.

Fabrication of hydrogel for biomaterials application requires a care-
ful design and selection of the crosslinking process. It has an important
role in the hydrogel's chemical and mechanical properties, which even-
tually affect the cellular responses of the hydrogel.

Although there is a plethora of crosslinkers commercially available
[359]; the choice should consider the solubility, the reaction conditions
(pH and temperature), side reactions and the reactivity and there are
still many challenges in application of these cross linkers. Depending on
the final application, the cross linking speed, density, hydrogel integrity
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and biocompatibility of crosslinker and crosslinked biopolymers should
be considered. Chemical crosslinkers with cell toxicity such as glu-
taraldehyde can result in cytocompatibility issues, while genipin is
much less toxic. Hydrogels formed by physical cross linking methods,
including host-guest interactions or hydrogen bonding, are of great in-
terest for cell encapsulation in the hydrogel matrix. Nevertheless, the
noncovalent cross-linking structure provides only weak mechanical
properties. Further research is required to develop advanced self-
healing hydrogel materials by utilizing the reversibility and dynamic
properties of these physical cross linking approaches.

A low degree of crosslinking can result in a hydrogel with weak me-
chanical and stability properties, and a high degree of crosslinking can
result in low porosity, cell viability or biodegradation issues, however
many aspects of hydrogels mechanical and rheological properties have
not been evaluated or described in detail in the literature, and therefore
it was not possible to critically assess and provide a guideline for the
balance between the degree of crosslinking and chemical/mechanical
properties of the hydrogel in different crosslinking methods. Neverthe-
less, we have covered major cross-linking reaction processes for pro-
teins and polysaccharides which can guide the reader to select the suit-
able cross-linker and its concentration and treatment time for specific
applications.

The increasing interest for 3D printing hydrogels probably will re-
quire alternative crosslinkers that allow controlling the rheological
properties during the process and tuning the mechanical properties of
the printed object through stimuli of light, magnetic or electric field.
While there are several crosslinking methods, only some of these meth-
ods have been used for 3D bioprinting purposes. To learn more about
the crosslinking strategies for 3D bioprinting, the authors are referred
to [360]. Finally, if the hydrogel aims to encapsulate cells in its matrix,
it is important to consider the role of cells in the hydrogel crosslinking
process. Living cells may act as a physical barrier and reduce the con-
tact and interaction between the functional groups involving in the
crosslinking process.
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