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Abstract: Type I collagen and chitosan are two of the main biological macromolecules used to design
scaffolds for tissue engineering. The former has the benefits of being biocompatible and provides
biochemical cues for cell adhesion, proliferation and differentiation. However, collagen hydrogels
usually exhibit poor mechanical properties and are difficult to functionalize. Chitosan is also often
biocompatible, but is much more versatile in terms of structure and chemistry. Although it does
have important biological properties, it is not a good substrate for mammalian cells. Combining
of these two biomacromolecules is therefore a strategy of choice for the preparation of interesting
biomaterials. The aim of this review is to describe the different protocols available to prepare Type I
collagen–chitosan hydrogels for the purpose of presenting their physical and chemical properties and
highlighting the benefits of mixed hydrogels over single-macromolecule ones. A critical discussion of
the literature is provided to point out the poor understanding of chitosan–type I collagen interactions,
in particular due to the lack of systematic studies addressing the effect of chitosan characteristics.
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1. Introduction

Natural macromolecules are particularly attractive starting materials for use to build-
up hydrogels for pharmaceutical and biomedical applications [1–3]. They are most often
biocompatible, i.e., non-toxic, biodegradable and able to trigger specific responses in
cells [4]. In the field of tissue repair or regeneration, collagens, and especially type I
collagen, are of particular relevance as they constitute the main bio-organic components
of many extracellular matrices (ECM) [5,6]. However, many other (macro)molecules play
important roles in managing the structural and biological properties of ECM [7]. Thus, the
addition of other proteins, glycoproteins or polysaccharides to collagen-based hydrogels
offers to enable researchers to prepare more biomimetic materials, which should improve
hydrogel therapeutic efficiency [8]. Alternatively, many biopolymers that are not present
in human tissues, or are at least present in minor amounts only, can exhibit chemical,
structural and/or biological properties that make them useful major constituents parts of
biomaterial preparation [9]. In this situation, the addition of collagen may be beneficial,
especially in improving or tuning cell–material interactions. Typical examples of such
mixed constructs include collagen I–alginate [10] and collagen I–chitosan hydrogels, the
latter being the subject of this review.

Chitosan is one of the most popular macromolecules of biological origin in the food,
cosmetic, pharmaceutical and medical industries, among others [11]. The reasons for
this popularity include the large availability and low cost of chitin, its natural source,
and its wide range of biological properties, in particular its antimicrobial efficiency and
immunomodulatory effects [12]. Moreover, although neither chitin nor chitosan exists in
mammalians, several specific (chitinase) or non-specific (lysozyme) enzymes allow for
their biodegradation [13]. Finally, most studies have reported that chitosan is non-toxic in
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the mg·L−1 range. In the field of tissue repair or regeneration, chitosan hydrogels have
been evaluated in many areas, but especially for skin [14], bone [15] and cartilage [16].
The uniqueness of chitosan very likely originates from the presence of amine and N-
acetyl groups that somehow resemble the carbohydrate chains of proteoglycans. This
probably confers chitosan with a higher ability to interact with mammalian cells compared
to hydroxylated-only carbohydrates.

Materials associated with collagens and chitosan have therefore been widely described
in the literature. However, many of the examined papers refer to membranes or sponges
resulting from the drying of mixtures of the two polymers followed by hydration, without
evidence of collagen and/or chitosan network formation [17–19]. In this context, the aim
of this review is to focus on key protocols that have been reported to prepare collagen
I–chitosan mixed hydrogels where both macromolecules are gelled in order to provide an
overview of their structure and properties and to highlight the benefits of associating these
two macromolecules in the field of biomaterials. Apparently contradictory results in the
relationship between a material’s composition and its properties call for a better under-
standing of interactions arising between the two polymers and a more careful consideration
of the large diversity of chemical structures that stand behind the term “chitosan”.

2. Chitosan and Collagen Hydrogels: A Brief Overview

Chitosan does not exist as such in living organisms but is a product of the degradation
of chitin, the most abundant polysaccharide after cellulose [20]. Chitin is a polymer consti-
tuted of 2-(acetylamino)-2-deoxy-D-glucose monomers (often called N-acetylglucosamine)
that are linked together by β(1- > 4) glycosidic bonds. Depending on the source organism
and extraction procedure, chitin molecular weight usually ranges from ca. 100 kDa to
1000 kDa [21]. The conversion of chitin into chitosan relies on the deacetylation of N-acetyl
groups. The extent to which this occurs is usually referred as the degree of deacetylation
(DD or DDA), i.e., the percentage of glucosamine monomers (Figure 1). However, some
authors rather refer to the degree of remaining N-acetylated groups (DA). Thus, chitin has
a DD (or DDA) = 0% and a DA = 100%, but it is often considered that the name ‘chitosan’
applies only to deacetylated chitin with a DDA of ca. 50% or more. When deacetylation is
performed by chemical methods, i.e., acidic or alkaline treatments, depolymerization also
occurs via hydrolysis, which decreases molecular weight. In contrast, it is possible to inde-
pendently achieve deacetylation or depolymerization using specific enzymes. Chitosans
are usually classified as chitosan oligomers (COS), low MW, medium MW and high MW,
although the limits between different categories are highly author- or supplier-dependent.
Noticeably, because the direct measurement of chitosan MW is not always straightforward,
it is usually calculated from viscosity measurements. However, because chitosan solution
viscosity also depends on DDA, the accuracy of such determinations can be low. As a matter
of fact, properties of chitosan depend as much on MW as on DDA [22]. For instance, low
MW and high DDA increase chitosan water solubility. This can be understood considering
that long chains, forming coiled rather than linear structures, and chains exhibiting a low
density of free amine groups both show limited hydration and enhanced hydrophobic char-
acters [23]. However, even when these two parameters are optimal, acidification is most
often necessary to solubilize chitosan thanks to the full protonation of deacetylated amines.
The opposite reaction, i.e., the neutralization of acidic chitosan solutions decreases the
charge of the chitosan chain and thus allows for the enhancement of attractive hydrophobic
interactions while decreasing repulsive electrostatic interactions, a process that leads to the
formation of a physical gel.
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Type I collagen is the most abundant protein in most animal tissues [24]. It is a mem-
ber of the collagen family but, being by far the most widely used in biomaterials, is often 
simply termed “collagen”. Type I collagen is initially synthesized as procollagen, consti-
tuted of three protein chains that form a triple-helix structure with terminal propeptides 
and telopeptides. The enzymatic cleavage of the propeptides leads to the formation of 
tropocollagen, the form of type I collagen that can be extracted from tissues (Figure 2) [25]. 
It has a MW of 300 kDa and an isoelectric point close to pH 8. It is soluble in acidic condi-
tions and undergoes fibrillogenesis upon neutralization [26]. The resulting fibrils further 
aggregate into fibers to form a hydrogel. Similar to the case of chitosan, the decrease in 
repulsive electrostatic interactions is partly responsible for gel formation. However, in the 
case of collagen, hydrophilic rather than hydrophobic intermolecular interactions drive 
the self-assembly process. The fibrillogenesis process occurs in a similar manner for all 
type I collagens, independently of their origin. However, differences in amino acid se-
quences, which are small among mammalians but can be more important in other animals 
such as fish or sponges, can influence intermolecular interactions and thus the stability of 
the triple helix [27]. Importantly, telopeptides also play an important role in the self-as-
sembly process. However, they are the main locations of immunogenic moieties. Thus, it 
is possible to enzymatically cleave telopeptides of tropocollagen, which also makes the 
triple-helix soluble at a neutral pH environment, but the resulting atelocollagen has lim-
ited fibrillogenic capacity [28]. Unfortunately, both tropocollagen and atelocollagen are 
often referred as ‘collagen’ both by suppliers and authors in the literature. 
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It is very difficult to accurately compare chitosan and type I collagen hydrogels be-
cause there are very few studies that have systematically evaluated the effect of MW and 
DDA on the properties of chitosan hydrogels. For example, one study showed that storage 
the modulus G’ decreases as DDA increases, highlighting that the gel stability results from 
a balance between hydrophobic and electrostatic interactions [29]. However, G’ depends 
on many other parameters such as the initial acidic solution, the ionic strength and the 
method of gelation for both polymers. In terms of morphology at the microscale, it is rel-
atively easy to identify the presence of well-defined collagen fibrils or fibers, but their 
width and length can vary greatly with concentration and gelation conditions. In contrast, 
chitosan hydrogels with a wide variety of microstructures have been reported that are 
often dependent on the hydrogel drying technique. 

Figure 1. From chitin to chitosan.

Type I collagen is the most abundant protein in most animal tissues [24]. It is a mem-
ber of the collagen family but, being by far the most widely used in biomaterials, is often
simply termed “collagen”. Type I collagen is initially synthesized as procollagen, consti-
tuted of three protein chains that form a triple-helix structure with terminal propeptides
and telopeptides. The enzymatic cleavage of the propeptides leads to the formation of
tropocollagen, the form of type I collagen that can be extracted from tissues (Figure 2) [25].
It has a MW of 300 kDa and an isoelectric point close to pH 8. It is soluble in acidic condi-
tions and undergoes fibrillogenesis upon neutralization [26]. The resulting fibrils further
aggregate into fibers to form a hydrogel. Similar to the case of chitosan, the decrease in
repulsive electrostatic interactions is partly responsible for gel formation. However, in the
case of collagen, hydrophilic rather than hydrophobic intermolecular interactions drive the
self-assembly process. The fibrillogenesis process occurs in a similar manner for all type I
collagens, independently of their origin. However, differences in amino acid sequences,
which are small among mammalians but can be more important in other animals such
as fish or sponges, can influence intermolecular interactions and thus the stability of the
triple helix [27]. Importantly, telopeptides also play an important role in the self-assembly
process. However, they are the main locations of immunogenic moieties. Thus, it is possible
to enzymatically cleave telopeptides of tropocollagen, which also makes the triple-helix
soluble at a neutral pH environment, but the resulting atelocollagen has limited fibrillogenic
capacity [28]. Unfortunately, both tropocollagen and atelocollagen are often referred as
‘collagen’ both by suppliers and authors in the literature.
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It is very difficult to accurately compare chitosan and type I collagen hydrogels because
there are very few studies that have systematically evaluated the effect of MW and DDA
on the properties of chitosan hydrogels. For example, one study showed that storage the
modulus G’ decreases as DDA increases, highlighting that the gel stability results from a
balance between hydrophobic and electrostatic interactions [29]. However, G’ depends on
many other parameters such as the initial acidic solution, the ionic strength and the method
of gelation for both polymers. In terms of morphology at the microscale, it is relatively easy
to identify the presence of well-defined collagen fibrils or fibers, but their width and length
can vary greatly with concentration and gelation conditions. In contrast, chitosan hydrogels
with a wide variety of microstructures have been reported that are often dependent on the
hydrogel drying technique.
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In terms of biomedical applications, type I collagen hydrogels are used in almost all
areas of tissue repair and tissue engineering due to type I collagen’s natural abundance
in living tissues and widespread available commercially [30]. The main limitation of
collagen-only hydrogels is that their fast biodegradation is usually improved by chemical
cross-linking, which also increases their mechanical stability [31]. In the case of chitosan,
hydrogels are mainly used for drug delivery applications thanks to a high positive chitosan
charge, good mucoadhesion properties and slow degradation rate [32]. Chitosan antimicro-
bial and immunomodulatory properties confer it additional benefits in soft tissue repair,
especially wound healing [33]. However, it is worth noting that chitosan-only hydrogels
are rarely used and that chitosan is most often chemically modified or mixed with another
polymer [14].

3. Preparation of Collagen–Chitosan Hydrogels
3.1. Biopolymer Sources

Type I collagen was present in a majority of cases from animal sources (rat tails, pork
skin) and in the form of tropocollagen. Initial solutions were most often prepared at concen-
trations of 5–10 mg·mL−1 in an acetic acid buffer of 0.1 M. Collagen extracted from marine
sponges, human-like collagen (HLC), a recombinant protein with a high sequence similarity
with collagen but lacking some post-translational modifications such as glycosylation, and
collagen hydrolysates were associated with chitosan [34–36]. Hydrochloric acid solutions
and a 2-morpholinoethanesulfonic acid (MES) buffer were used as alternative media for
collagen dissolution [37,38].

In the examined papers, chitosan’s biological origin was most often not specified. Most
chitosans were commercial products [39–41]. In two cases, chitosan was extracted and pu-
rified by the authors [42,43]. When indicated, molecular weight was mainly in the medium
range (100–700 kDa) [39,44] and DDA was in the medium-to-high range (75–95%) [45,46].
Concentrations were usually in the 10–30 mg·mL−1 (1–3 wt%) range, prepared in an acetic
acid buffer or hydrochloric acid. Chemically modified forms of chitosan included methacry-
lated glycol chitosan, carboxymethyl–chitosan, sulfated chitosan or angiopoietin-1-derived
peptide chitosan [35,39,47].

3.2. Protocols for Hydrogel Preparation
3.2.1. Physical Gels

As pointed out above, chitosan and type I collagen have the ability to form hydrogels
by neutralizing acidic solutions in common (Figure 3). The use of concentrated NaOH (1 M
to 5 M) solutions as neutralizing reagents is the most common protocol for producing either
gel and therefore for forming mixed gels. Typically, chitosan and collagen solutions in acetic
acid are mixed at room temperature or on ice and NaOH solutions are added until a neutral
pH is reached. Gelation is induced by incubation at 37 ◦C. Noticeably, a neutral buffer can
be added before neutralization to allow for both increasing pH, thus limiting the amount
of concentrated NaOH solution addition, and the introduction of a cell suspension when
necessary [48,49]. Variations in this standard protocol involve neutralization in an ethanolic
NaOH solution at −20 ◦C and induction of gelation by electrodeposition [43]. This method
has been mainly applied to mixed gels with major relative contents of collagen and with
relatively low polymer concentrations. The main reason for this is that collagen solutions
>10 mg·mL−1 are highly viscous, meaning that it is difficult to achieve a homogeneous
mixing with the NaOH solution before gelation occurs. As a matter of fact, in one study,
15 mg·mL−1 collagen solutions were used but were submitted to heating at 50 ◦C for 1 h.
This is very likely to result in partial gelatinization of collagen, as confirmed by the fact
that mixed gels formed at 4 ◦C [50].
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A common approach to addressing this issue in the field of collagen hydrogels is
to perform neutralization under ammonia vapors [51]. Interestingly, the application of
this protocol to chitosan is only quite recent in the literature, the same also being true for
mixed gels. In this case, it is possible to use initial solutions with concentrations as high as
20 mg·mL−1 for collagen and 30 mg·mL−1 for chitosan.

In parallel, protocols that were initially set up for pure chitosan hydrogels have also
been applied to mixed hydrogels. The most popular of these is based on the use of β-
glycerophosphate (β-GP) [52]. In such protocols, chitosan and collagen solutions in acetic acid
are mixed at 4 ◦C. The addition of a β-GP solution is performed until neutralization and the
mixture is incubated at 37 ◦C to induce gelation. The main benefit of this approach is that it
allows for the obtention of thermo-gelling solutions. Moreover, because the addition of β-GP
at a low temperature does not induce fast gelation, the protocol can be applied to highly con-
centrated solutions, as high as 20 mg·mL−1 for collagen and 50 mg·mL−1 for chitosan [44,53].
This method has been mainly applied to mixed gels with chitosan as the major component.

3.2.2. Chemical Gels

One of the specificities of chitosan among polysaccharides is that it bears some free
amine groups. This opens the possibility of using cross-linking agents that are traditionally
used for protein hydrogel preparation. For example, glutaraldehyde was added to acidic
mixtures of the two polymers and left to react at RT [54]. Alternatively, the less cytotoxic
genipin was also used as a cross-linker for acidic solutions and gelation was achieved at
37 ◦C [55]. Note that, because the mixture remains acidic, a high polymer concentration can
be used. However, in such pH conditions, collagen fibers cannot be formed. The EDC-NHS
cross-linking system was also applied to mixed gels [56]. Cross-linkers were added to the
polymer mixture before or after neutralization. In some examples, chemically modified
chitosans, such as sulfonated-, carboxymethylated- and peptide-grafted chitosans were
used. In some cases, cross-linkers consisted of oligomers (polyurethane prepolymers, PUP)
or polymers (dialdehyde starch, DAS) [41,57]. In the latter case, the aldehyde functions
are expected to interact with both chitosan and collagen. By contrast, in the former case,
PUPs are expected to cross-link with the collagen network only. The photopolymerization
of methacrylated glycol chitosan–collagen type I neutralized mixtures, performed using
riboflavin as a photoinitiator, was also described [39].

Noticeably, several of these reagents were used in alternative procedures where the
acidic mixtures are initially dried, most often by freeze-drying, and the following “sponge”
was then rehydrated in a solution containing the cross-linking agents.

Finally, it is worth mentioning a double-cross-linking approach that combines physical
network formation using β-GP and chemical cross-linking using glyoxal [40]. The two
reagents were introduced simultaneously in the acidic polymer mixture at a low tempera-
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ture and the mixed gels were formed upon incubation at 37 ◦C. This approach was also
used to encapsulate and deliver cells in hydrogels microbeads. The two reagents, β-GP and
glyoxal, were mixed together and kept on ice before injection. Hydrogels microbeads were
formed using water in oil emulsion using a polydimethylsiloxane (PDMS) bath at 37 ◦C.
Microbeads were then collected and washed [58–60].

3.2.3. Enzymatic Cross-Linking

An original approach was described that aimed at using the HRP (horseradish
peroxidase)/H2O2 enzymatic system to cross-link mixed gels [61]. However, this requires
the presence of phenolic groups on the polymer backbone. There are few in collagen (i.e., ty-
rosine amino acid) and they are absent in chitosan. Thus, the acidic mixture of polymers
was first reacted with polyhydroxyphenol (pHP) in the presence of the EDC/sulfoNHS cou-
pling system and, after purification, neutralized with NaOH before the addition of HRP and
H2O2. The transglutaminase enzyme was also studied to design double-cross-linked mixed
hydrogels (Figure 4) [35]. Transgluaminase is responsible for collagen cross-linking in vivo
by catalyzing the reaction between glutamic acid and lysine. Thus, it cannot link cross-link
chitosan chains nor create bonds between chitosan and collagen. Therefore, a two-step
process was set up whereby polymer mixtures were first enzymatically cross-linked and,
after undergoing freeze-drying, reacted with EDC/NHS [35].
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4. Characterizations
4.1. Gelation Time and Temperature

The influence of polymer mixing on gelation time has scarcely been studied. This is
probably because most protocols perform gelation by incubation at 37 ◦C for a fixed period
of time. In the case of chemical cross-linking, it has been reported that chitosan addition
to collagen before the latter’s reaction with EDC-NHS increases the gelation time, which
suggests that this approach is more efficient at cross-linking collagen than establishing
collagen–chitosan links [62]. A similar result was reported for HRP-crosslinked mixed
hydrogels [61]. In the case of the β-GP-induced cross-linking, one study reported that
adding collagen to chitosan in a 1:2 w:w ratio decreased gelation time at 37 ◦C from 12
to 8 min [45]. The gelling temperature was also been studied, showing no or only minor
changes when collagen was added to chitosan. These results reflect the fact that collagen
alone can form a gel at 37 ◦C.

4.2. Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy is commonly used to study scaffold composi-
tion and identify bonds that make up the system. Studies revealed the presence of bands
which are characteristic of chitosan and collagen, including peaks between 3500 cm−1 and
3000 cm−1, that correspond to the N-H and O-H vibrations of the proteins and polysac-
charides. Peaks of amide I (1650 cm−1, attributed to C=O vibration stretching), amide II
(1590 cm−1, attributed to N-H bending vibration) and amide III (1300 cm−1, attributed
to C-N stretching and N-H in bending) were also found in the spectra of chitosan and
collagen. Moreover, a peak between 2200 and 2000 cm−1 was noticed. This is characteristic
of polysaccharide and does not appear in proteins [50]. In all cases, the spectra of mixed
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hydrogels displayed bands corresponding to collagen and chitosan. However, some differ-
ences appeared after the addition of chitosan or collagen. Using NaOH gelation, a shift in
amide I band was noticed that could result from the overlapping of amide bands of collagen
and chitosan. Moreover, the addition of chitosan to collagen increased the intensity of the
bands of the glycosidic linkages and led to a decrease in the relative intensity of the amine I
and amine II bands. These changes were attributed to electrostatic interactions between
NH3

+ groups of chitosan and COOH− groups of collagen. In another study, mixed hydro-
gels formed using NaOH had an intermediate profile between both unitary systems [48]. It
is often concluded from such studies that the collagen triple-helix structure is preserved
within mixed hydrogels. However, even if FTIR enables scholars to show characteristic
patterns of chitosan and collagen, it is difficult to draw unambiguous conclusions about
their interactions due to significant band overlapping. Noticeably, this is quite specific to
chitosan among other common polysaccharides because it bears protein-like amide groups.

4.3. Scanning Electron Microscopy (SEM)

SEM imaging is routinely used to investigate the morphology of hydrogels. However,
since these materials are intrinsically composed of mainly water, the sample preparation
protocol and, in particular, the drying method have strong impacts on the final morphology
of the solid phase. Whereas the well-defined fibrous structure of collagen is somehow
preserved in all conditions, chitosan hydrogels after lyophilization can exhibit artefactual
sheet-like, honeycomb or large fibrous structures. In this case, which is unfortunately the
most common, images of mixed gels mostly show the co-existence of the two networks in a
volume ratio proportional to their initial composition. To avoid this issue, it is possible to fix
the gel with glutaraldehyde before lyophilization or use critical-point drying. In this case,
it is possible to clearly identify mixed networks of collagen fibers and chitosan particles.
When collagen is the more abundant polymer, these mixed assemblies form either an appar-
ently interconnected network when chitosan is the major constituent, with collagen fibers
seeming to connect chitosan particles together, or adopt a necklace-like structure where
chitosan particles are deposited along the collagen fiber surface, [38,46]. Noticeably, these
observations were made for different cross-linking methods, suggesting that they do not
reflect specific interactions between the two polymers. As a typical example, using critical-
point drying, a study of NaOH-gelled hydrogels showed a microstructure made of collagen
fibers covered with chitosan particles. Using 2:1 and 1:1 (w/w) collagen:chitosan ratios, the
authors showed increasing fibers size with an increasing collagen ratio (Figure 5) [48].
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4.4. Mechanical Properties

To mimic different situations of use, the mechanical properties of hydrogels are usu-
ally studied under conditions of compression or upon stretching. Several studies have
suggested that the addition of chitosan to collagen hydrogels improves their compressive
modulus scores. For example, the compressive modulus of EDC/NHS cross-linked hydro-
gels increased in a monotonous way with an increasing amount of chitosan, rising from
175 kPa for a 1:50 chitosan:collagen ratio to 300 kPa for a 1:1 ratio [56]. This trend was
confirmed when using the NaOH gelation route and chitosan:collagen ratio of 1:1 and 1:2.
This was attributed to the fact that chitosan might hinder the displacement of collagen
fibers under the compression stress, thus increasing the modulus [48]. However, in the
case of β-GP cross-linking, one study showed that chitosan increased the collagen hydrogel
modulus while another reported the opposite trend [45,63]. Interestingly, in the former
case, the collagen-only hydrogel had a lower modulus than the chitosan-only gel, while the
situation was reversed in the latter case.

In the case of tensile tests, contradictory results were also obtained. In the case
of NaOH-gelled hydrogels, the addition of chitosan decreased the tensile modulus but
increased the elongation at the point of breaking. Opposite results were obtained for
EDC-NHS cross-linked hydrogels. However, in this case, recombinant collagen was used,
that exhibited lower tensile modulus and larger elongation the point of breaking than type
I collagen.

One study used another method that is commonly applied to gelatin gels alone. This
technique measures the weight needed by a plunger to depress the surface of the gel of
4 mm without breaking it at a specific temperature. The resulting values are scaled in Bloom
and range from 50 to 325. For mixed hydrogels synthetized using the peroxidase-catalyzed
crosslinking reaction, higher amounts of collagen (from 1:1 to 3:2 collagen:chitosan ratio)
decrease the Bloom strength of the gel [61]. Interestingly, this trend was similar for all
investigated HRP concentrations, which confirms that both polymers are involved in the
cross-linking reaction.

4.5. Rheological Properties

In the area of hydrogels, rheological studies are mainly performed to study the kinetics
of the sol–gel transition and the viscoelastic properties of the material. They are most
often carried out under shear conditions by varying a sinusoidal strain at a fixed frequency
or frequency at a fixed strain and measuring variations in stress. As a result, storage
modulus (G′, in Pa) and loss modulus (G′′, in Pa) are obtained. G′ characterizes the elastic
(i.e., reversible, solid-state-like) response of the gel and G′′ its viscous (i.e., irreversible,
liquid-like) response. In principle, there is a linear relationship between storage modulus
and Young modulus. However, in the case of hydrogels that consist mainly of water, the
relationship between these two properties is not straightforward.

In one study, rheological properties of collagen–chitosan hydrogels crosslinked with
genipin were assessed [64]. Chitosan gels had the highest storage modulus and collagen
had the smallest one. Intermediate values were obtained for mixed gels and these de-
creased with increasing collagen:chitosan ratios from 25:75 to 75:25. Noticeably, in another
study involving genipin cross-linking where the collagen gels had higher G′ values than
chitosan, the same variation was reported, albeit in the opposite sense (i.e., higher G′ for
higher collagen content) [65]. This would suggest that no interaction exists between the
two polymers and that the storage modulus of mixed gels is a combination of those of
individual networks.

Interestingly, Sanchez et al. showed that, when collagen–chitosan mixtures were
placed at 4 ◦C before increasing the pH with NaOH, intermediate G′ values were also
obtained for mixed systems [50]. However, when neutralization was performed at 50 ◦C
before cooling, mixed hydrogels showed lower storage moduli than collagen or chitosan
alone. In this study, the pure collagen network had a higher G′ value than the chitosan
gel. In the first case, it was proposed that the collagen gel formed first and that then the
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chitosan network grew in its porosity. Therefore, the storage modulus was mainly imposed
by the collagen network. In the second case, it was suggested that the two networks grew
simultaneously but that this growth was limited by the presence of the other polymer.
These assumptions were supported by studying the thermal stability of the gels at 40 ◦C.
While the gels containing 50:50 collagen:chitosan prepared using the first method behaved
similarly to collagen alone, the same gel prepared with the second one was less stable than
the two pure hydrogels.

4.6. Swelling Properties

Hydrogels have the ability to swell when water penetrates spaces between the poly-
meric chains. As in vivo environments are highly hydrated, measuring swelling properties
can provide some insights on the behaviour of the material after implantation. In addition,
they reflect the hydrophilicity of the polymer network as well as its cross-linking density.
The most common manner to perform these measurements is to immerge a dried gel in a
medium (such as PBS or water) and then to weight the swollen hydrogel at different times.
The swelling ratio (in %) is calculated using the equation SR = 100 × (Ws −Wd)/Wd with
Ws signifying swollen weight and Wd indicating dry weight. Time intervals for swelling
experiments can range from one hour to a few days, with longer times allowing hydrogrels
to reach an equilibrated system. Such measurements have been widely reported for mixed
collagen–chitosan hydrogels. Using genipin as a cross-linker, increases or decreases in SR
were reported when collagen was added to chitosan. In one of these studies, the largest SR
value was found for a 1:1 collagen:chitosan weight ratio. For HRP-cross-linked systems, an
optimal composition was also found, although this was for a 3:2 collagen:chitosan ratio [61].
When β-GP was used, a higher content in collagen led to a higher SR. As previously pointed
out, these results can strongly depend on the swelling properties of the single-polymer
hydrogels. Moreover, experimental time can be as low as 10 minutes, which may not allow
hydrogels to reach equilibrium. Finally, SR also strongly depends on the cross-linking
density and therefore on the gel formation method. The effect of the swelling media was
also investigated. In this case, gels (2:1 and 1:1 collagen:chitosan) formed using NaOH were
immersed in saline solutions with a high salt concentration (hypertonic solution containing
1.5 M NaCl) or in isotonic solutions (0.15 M NaCl) [66]. SR increased with chitosan content
under isotonic conditions but decreased with increasing chitosan content under hypertonic
conditions. Since the salt concentration of the media had no effect on collagen-only gels, it
was proposed that ionic strength modulates the charge of the chitosan chains and therefore
the osmotic pressure inside the gels. In contrast, for genipin-cross-linked hydrogels, ionic
strength did not significantly influence the SR values of mixed gels [67]. Such a difference
can be explained by considering that the former are physical gels, whose stability highly
depends on physico-chemical conditions, while the latter are chemical gels.

4.7. Surface Properties

In addition to the bulk properties of the hydrogels, the characterization of their surface
can be of strong interest, especially if they are to be used as 2D cell culture substrates. A
first property to consider is the hydrophilic/hydrophobic balance of the surface, which
can be evaluated using contact angle measurements. In such experiments, a drop of a
given solvent is deposited onto the surface and its spreading is quantified by the angle
between the surface and the drop surface curvature at its ends. Although this must be
performed with at least one polar, usually water, and one apolar solvent, most studies
devoted to hydrogels only report water contact angle measurements. In the case of mixed
collagen–chitosan hydrogels, only two studies reported such measurements for genipin-
cross-linked materials, showing that chitosan addition to collagen decreases water contact
angle, whereas collagen addition to chitosan increases it [68,69]. This finding is consistent
with the known hydrophobic character of chitosan, especially for low-DDA chains.

Other important features of hydrogel surface include its topology and local mechanical
behavior, both of which can be studied using atomic force microscopy. In one study,
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collagen, chitosan and 1:1 mixed hydrogels cross-linked with genipin were imaged by
AFM (Figure 6) [64]. A pure collagen surface consisted of collagen fibers, with a roughness
of ca. 30 nm, whereas pure chitosan showed a particulate structure with a roughness
of ca. 25 nm. Interestingly, the mixed gel exhibited a significantly smoother surface (ca.
15 nm), suggesting that the collagen fibers were embedded within the chitosan network.
Nanoindentation experiments were also performed on mixed hydrogels with 8:2 and
7:3 collagen:chitosan ratios cross-linked with EDC-NHS and they showed that the latter
exhibited an elastic modulus 5 times larger than the former [70].
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5. Biological Properties

In a majority of the studies, one of the polymers is used as an additive to a hydrogel
made from the other in order to improve some of its biological properties. In the case of
collagen-based materials, chitosan is mostly used as an equivalent of glycosaminoglycans
(GAGs). As such, its addition is expected to enhance the binding of key biomolecules, such
as growth factors, to the hydrogel as well as to act as a co-receptor in cell signaling processes.
In addition, GAGs play an important role in the mechanical behavior of the ECM so that
chitosan addition to collagen should provide a more biomimetic environment to the cells.
Accordingly, in the case of chitosan-based hydrogels, type I collagen is used to introduce
specific biochemical motifs in the matrix that can favor cell adhesion, differentiation and



Gels 2023, 9, 518 11 of 17

proliferation and tune the mechanical and chemical stability of the hydrogels, including
the biodegradation rate.

These two approaches are particularly well-illustrated in the field of bone regeneration.
Following the first strategy, mixed hydrogels were prepared by NaOH neutralization at
a fixed collagen concentration and with final collagen:chitosan w:w ratios of 1:0, 2:1 and
1:1 [48]. They were used as hosts for MC3T3-E1 murine calvarial osteoblasts that exhibited
a higher proliferation in the long term in the presence of chitosan. This result was corre-
lated with a decrease in cell-induced contraction of the hydrogel upon chitosan addition.
Additionally, chitosan promoted alkaline phosphatase (ALP) activity, mineral phosphate
deposition, and therefore higher osteoblastic activity. However, it was noticed that, in
addition to hydroxyapatite, octacalcium phosphate (OCP) was also formed, something
that had previously been reported for chitosan alone. Altogether, the beneficial effect of
chitosan appears to be mainly related to the structural and mechanical modifications of
the hydrogels. In parallel, when chitosan hydrogels were modified by collagen addition
in small amounts (collagen:chitosan ratio ca. 1:10), it was commonly observed that mes-
enchymal stem cells (MSCs) exhibited a better spreading and, in some cases, a higher
viability [46]. Most interestingly, the presence of collagen increased ALP activity and
mineral deposition in vitro and allowed for ectopic bone formation in vivo. In a series
of papers, a wide range of ratios was studied but, in this case, these were prepared by
varying the concentration of each polymer [40,45,58]. Therefore, it is difficult to distinguish
between the influence of each polymer and that of the mixture. With this limitation, it was
found that bone marrow-derived stem cell (BMSC) proliferation was improved compared
to chitosan alone for a β-GP-induced gel with a 35:65 collagen:chitosan ratio, but that it
did not significantly increase for higher collagen content (Figure 7) [45]. Interestingly, the
expression of bone-related proteins such as osterix (OSX) and bone sialoprotein (BSP), as
well as ALP activity and calcium deposition, were higher at this specific ratio compared
to pure collagen. It was noticed that such composition corresponds to an intermediate gel
contraction between chitosan- and collagen-only hydrogels.
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In the case of soft tissue repair, the benefits of adding chitosan to collagen hydrogels
were highlighted for growing chondrocytes, myoblasts and fibroblasts in vitro [63,68]. The
introduction of sulfonated chitosan also favored skin wound healing in vivo, which was
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attributed to enhanced vascularization (Figure 8) [47]. This enhancement was related
to the regulation of inflammation through the promotion of interleukine-4 (IL-4) and
tumor necrosis factor alpha (TNFα) production. The positive effect of chitosan addition to
collagen on angiogenesis was also observed after subcutaneous implantation by promoting
endothelial cell differentiation, especially for a 1:1 composition [71]. Again, the ability of
chitosan to act as a GAG-like molecule and specifically interact with growth factors was
suggested to explain these results. In parallel, the positive effect of collagen addition to
chitosan hydrogels on the viability of fibroblastic lines (L929, 3T3) [42,72] and adipose-
derived stem cells (ADSCs) [73] was reported, while it did not influence the viability of
human skin fibroblasts (HSF) and mouse embryogenic fibroblasts (MEF) [55]. Such a
discrepancy may indeed reflect intrinsic features of each cell line, but it also highlights the
various concentrations and gelation/cross-linking methods used in these works. Animal
studies are scarce but, in one study, injectable chitosan/β-GP gels with a collagen:chitosan
ratio of 20:3 and 2:1 ratio were used to decrease post-operational bleeding and improve
healing after endoscopic submucosal dissection [67]. Preliminary in vitro evaluations
demonstrated that the presence of collagen had a favorable impact on coagulation. Collagen
did not improve the viability of seeded-ulcer-healing-related cell lines but increased the
production of the epidermal growth factor (EGF) in one of these cell populations. The
presence of collagen also favored early inflammation after subcutaneous implantation.
However, after 10 days, all hydrogels were fully degraded.
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The elaboration of mixed hydrogels was also performed to tune the release of active
molecules. For instance, hydrogels with collagen: chitosan ratios of 1:1, 2:1 and 1:10 were
used for the delivery of boric acid, thymosin b-4 and fucoidan, respectively, to improve
angiogenesis and tissue repair [43,49,74]. Unfortunately, in these studies, variations were
made in drug dose and not in hydrogel composition so that it is not possible to draw any
conclusion on the benefits of preparing mixed systems. However, in one study, chitosan,
collagen and mixed (collagen:chitosan 1:1 and 1:2) gels formed using β-GP were compared
for the release of quercetin as an antioxidant agent to periodontal ligament stem cells
(PDLSCs) [63]. It was found that the use of chitosan alone led to a very slow release,
probably due to favorable electrostatic interactions between the positively charged polymer
chains and the negatively charged quercetin, while the release rate was very high from the
collagen hydrogel. In parallel, it was found that the viability of PDLSCs decreased with an
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increasing amount of collagen in unloaded gels. On this basis, the authors selected 1:2 as
the best composition based on a compromise between release rate and cytotoxicity.

6. Critical Assessment and Perspectives

Altogether, these works validate the hypothesis that mixed systems can be better hosts
for a variety of cells and for tissue repair compared to single-polymer hydrogels. However,
while the main hypothesis of these approaches is that the two polymers act in synergy from
a biological perspective, several studies suggest that there is in fact an optimal composition.
This is because many other properties of hydrogels, including mechanical properties,
porosity, swelling and biodegradation rate, are also influenced by the collagen:chitosan
ratio. Our survey highlights that available data related to such properties often appear
contradictory. Most simply, this because the concentrations in each polymer can be very
different from one study to another and obviously also because they strongly depend on
the gelation/cross-linking method. Last but not least, it was earlier pointed out that both
chemical and biological properties of chitosan vary to a large extent with its DDA and
MW. With a very few exceptions, the influence of these parameters is not studied or even
mentioned in the literature examined here. In fact, in some cases, MW and/or DDA are not
provided in the experimental section of the article. Accordingly, although some authors
did try to compare several gelation/cross-linking methods [51], there is not enough data
available to draw any useful conclusion. As a general trend, physical gels are preferred for
3D cell immobilization as they avoid potentially toxic cross-linkers. More (bio)-chemically
stable gels are obtained after chemical cross-linking and enzymatic cross-linking can offer
a good compromise between these two approaches. However, how encapsulated cell
viability and gel stability are impacted by MW and DDA is also unknown. Other aspects
that were not addressed in the reviewed literature are the molecular interactions within
mixed networks in physical gels and the extent of chemical cross-linking between the two
polymers, both of which will highly depend on the chitosan chain characteristics. Facing
these limitations, there is a strong need for more systematic studies that focus on the effect
of MW and DDA on the properties of gels prepared with different methods to improve a
given property, whether it is structural (i.e., porosity), physical (i.e., mechanical properties),
chemical (i.e., degradation rate) or biological (i.e., cell adhesion), for a given application.

It is also important to emphasize again that this review was limited to the available
literature devoted to mixed hydrogel preparation and characterization. As pointed out
earlier, mixed membranes or sponges were also widely described because these are the
most suitable forms for specific applications. Since their preparation involves a drying step
and does not necessarily rely on gel formation, their structural, chemical and mechanical
properties are expected to significantly differ from highly hydrated gels. Thus, there
would be a strong interest in establishing comparisons between materials obtained by
different processes.

Finally, and even more importantly from our point of view, there is in fact very little
knowledge about the chemical interactions that can exist between chitosan and type I
collagen in solution. In fact, since the pioneering works of Taraval and Domard, these
interactions have been sparingly studied, and where they have it has only been in a narrow
range of conditions (chitosan type, pH, concentration, . . . ) [75–77].

Hence, there is still no global understanding of how these two polymers interact and
how it impacts their gelling properties and interactions with cross-linking agents. Such an
understanding would certainly be the key to better anticipating the properties of mixed
hydrogels and further improving existing protocols, especially for application in the most
recent processing techniques such as electrospinning and 3D printing [78,79].

Author Contributions: Ideation, T.C.; Literature search, T.C. and E.D.; Data analysis, E.D. and T.C.;
writing—original draft preparation, T.C. and E.D.; writing—review and editing, T.C. and E.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This review received no external funding.



Gels 2023, 9, 518 14 of 17

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the ANR for supporting their research in this field (ANR-21-
CE19-0042).

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

References
1. Peppas, N.A.; Hilt, J.Z.; Khademhosseini, A.; Langer, R. Hydrogels in Biology and Medicine: From Molecular Principles to

Bionanotechnology. Adv. Mater. 2006, 18, 1345–1360. [CrossRef]
2. Jonker, A.M.; Löwik, D.W.P.M.; van Hest, J.C.M. Peptide- and Protein-Based Hydrogels. Chem. Mater. 2012, 24, 759–773.

[CrossRef]
3. Zhu, T.; Mao, J.; Cheng, Y.; Liu, H.; Lv, L.; Ge, M.; Li, S.; Huang, J.; Chen, Z.; Li, H.; et al. Recent Progress of Polysaccharide-Based

Hydrogel Interfaces for Wound Healing and Tissue Engineering. Adv. Mater. Interfaces 2019, 6, 1900761. [CrossRef]
4. Cao, H.; Duan, L.; Zhang, Y.; Cao, J.; Zhang, K. Current Hydrogel Advances in Physicochemical and Biological Response-Driven

Biomedical Application Diversity. Signal Transduct. Target. Ther. 2021, 6, 426. [CrossRef] [PubMed]
5. Antoine, E.E.; Vlachos, P.P.; Rylander, M.N. Review of Collagen I Hydrogels for Bioengineered Tissue Microenvironments:

Characterization of Mechanics, Structure, and Transport. Tissue Eng. Part B Rev. 2014, 20, 683–696. [CrossRef] [PubMed]
6. Lin, K.; Zhang, D.; Macedo, M.H.; Cui, W.; Sarmento, B.; Shen, G. Advanced Collagen-Based Biomaterials for Regenerative

Biomedicine. Adv. Funct. Mater. 2019, 29, 1804943. [CrossRef]
7. Karamanos, N.K.; Theocharis, A.D.; Piperigkou, Z.; Manou, D.; Passi, A.; Skandalis, S.S.; Vynios, D.H.; Orian-Rousseau, V.;

Ricard-Blum, S.; Schmelzer, C.E.H.; et al. A Guide to the Composition and Functions of the Extracellular Matrix. FEBS J. 2021,
288, 6850–6912. [CrossRef]

8. Sionkowska, A. Collagen Blended with Natural Polymers: Recent Advances and Trends. Prog. Polym. Sci. 2021, 122, 101452.
[CrossRef]

9. Mahmood, A.; Patel, D.; Hickson, B.; DesRochers, J.; Hu, X. Recent Progress in Biopolymer-Based Hydrogel Materials for
Biomedical Applications. Int. J. Mol. Sci. 2022, 23, 1415. [CrossRef]

10. Hu, T.; Lo, A.C.Y. Collagen–Alginate Composite Hydrogel: Application in Tissue Engineering and Biomedical Sciences. Polymers
2021, 13, 1852. [CrossRef]

11. Morin-Crini, N.; Lichtfouse, E.; Torri, G.; Crini, G. Applications of Chitosan in Food, Pharmaceuticals, Medicine, Cosmetics,
Agriculture, Textiles, Pulp and Paper, Biotechnology, and Environmental Chemistry. Environ. Chem. Lett. 2019, 17, 1667–1692.
[CrossRef]

12. Kou, S.G.; Peters, L.M.; Mucalo, M.R. Chitosan: A Review of Sources and Preparation Methods. Int. J. Biol. Macromol. 2021, 169,
85–94. [CrossRef]

13. Kean, T.; Thanou, M. Biodegradation, Biodistribution and Toxicity of Chitosan. Adv. Drug Deliv. Rev. 2010, 62, 3–11. [CrossRef]
[PubMed]

14. Ahmed, S.; Ikram, S. Chitosan Based Scaffolds and Their Applications in Wound Healing. Achiev. Life Sci. 2016, 10, 27–37.
[CrossRef]

15. Levengood, S.K.L.; Zhang, M. Chitosan-Based Scaffolds for Bone Tissue Engineering. J. Mater. Chem. B 2014, 2, 3161. [CrossRef]
[PubMed]

16. Comblain, F.; Rocasalbas, G.; Gauthier, S.; Henrotin, Y. Chitosan: A Promising Polymer for Cartilage Repair and Viscosupplemen-
tation. Bio-Med. Mater. Eng. 2017, 28, S209–S215. [CrossRef] [PubMed]

17. Wang, X.H.; Li, D.P.; Wang, W.J.; Feng, Q.L.; Cui, F.Z.; Xu, Y.X.; Song, X.H.; van der Werf, M. Crosslinked Collagen/Chitosan
Matrix for Artificial Livers. Biomaterials 2003, 24, 3213–3220. [CrossRef]

18. Aleem, A.R.; Shahzadi, L.; Tehseen, S.; Alvi, F.; Chaudhry, A.A.; Ur Rehman, I.; Yar, M. Amino Acids Loaded Chitosan/Collagen
Based New Membranes Stimulate Angiogenesis in Chorioallantoic Membrane Assay. Int. J. Biol. Macromol. 2019, 140, 401–406.
[CrossRef]

19. Kim, S.E.; Cho, Y.W.; Kang, E.J.; Kwon, I.C.; Lee, E.B.; Kim, J.H.; Chung, H.; Jeong, S.Y. Three-Dimensional Porous Colla-
gen/Chitosan Complex Sponge for Tissue Engineering. Fibers Polym. 2001, 2, 64–70. [CrossRef]

20. Zargar, V.; Asghari, M.; Dashti, A. A Review on Chitin and Chitosan Polymers: Structure, Chemistry, Solubility, Derivatives, and
Applications. ChemBioEng Rev. 2015, 2, 204–226. [CrossRef]

21. No, H.K.; Meyers, S.P. Preparation and Characterization of Chitin and Chitosan—A Review. J. Aquat. Food Prod. Technol. 1995, 4, 27–52.
[CrossRef]

22. Aghbashlo, M.; Amiri, H.; Moosavi Basri, S.M.; Rastegari, H.; Lam, S.S.; Pan, J.; Gupta, V.K.; Tabatabaei, M. Tuning Chitosan’s
Chemical Structure for Enhanced Biological Functions. Trends Biotechnol. 2023, 41, 785–797. [CrossRef]

23. Kou, S.G.; Peters, L.; Mucalo, M. Chitosan: A Review of Molecular Structure, Bioactivities and Interactions with the Human Body
and Micro-Organisms. Carbohydr. Polym. 2022, 282, 119132. [CrossRef]

https://doi.org/10.1002/adma.200501612
https://doi.org/10.1021/cm202640w
https://doi.org/10.1002/admi.201900761
https://doi.org/10.1038/s41392-021-00830-x
https://www.ncbi.nlm.nih.gov/pubmed/34916490
https://doi.org/10.1089/ten.teb.2014.0086
https://www.ncbi.nlm.nih.gov/pubmed/24923709
https://doi.org/10.1002/adfm.201804943
https://doi.org/10.1111/febs.15776
https://doi.org/10.1016/j.progpolymsci.2021.101452
https://doi.org/10.3390/ijms23031415
https://doi.org/10.3390/polym13111852
https://doi.org/10.1007/s10311-019-00904-x
https://doi.org/10.1016/j.ijbiomac.2020.12.005
https://doi.org/10.1016/j.addr.2009.09.004
https://www.ncbi.nlm.nih.gov/pubmed/19800377
https://doi.org/10.1016/j.als.2016.04.001
https://doi.org/10.1039/c4tb00027g
https://www.ncbi.nlm.nih.gov/pubmed/24999429
https://doi.org/10.3233/BME-171643
https://www.ncbi.nlm.nih.gov/pubmed/28372297
https://doi.org/10.1016/S0142-9612(03)00170-4
https://doi.org/10.1016/j.ijbiomac.2019.08.095
https://doi.org/10.1007/BF02875260
https://doi.org/10.1002/cben.201400025
https://doi.org/10.1300/J030v04n02_03
https://doi.org/10.1016/j.tibtech.2022.11.009
https://doi.org/10.1016/j.carbpol.2022.119132


Gels 2023, 9, 518 15 of 17

24. Kadler, K.E.; Baldock, C.; Bella, J.; Boot-Handford, R.P. Collagens at a Glance. J. Cell Sci. 2007, 120, 1955–1958. [CrossRef]
25. Wieczorek, A.; Rezaei, N.; Chan, C.K.; Xu, C.; Panwar, P.; Brömme, D.; Merschrod, S.E.F.; Forde, N.R. Development and

Characterization of a Eukaryotic Expression System for Human Type II Procollagen. BMC Biotechnol. 2015, 15, 112. [CrossRef]
[PubMed]

26. Darvish, D.M. Collagen Fibril Formation in Vitro: From Origin to Opportunities. Mater. Today Bio. 2022, 15, 100322. [CrossRef]
27. Gallo, N.; Natali, M.L.; Sannino, A.; Salvatore, L. An Overview of the Use of Equine Collagen as Emerging Material for Biomedical

Applications. J. Funct. Biomater. 2020, 11, 79. [CrossRef] [PubMed]
28. Brennan, M.; Davison, P.F. Influence of the Telopeptides on Type I Collagen Fibrillogenesis. Biopolymers 1981, 20, 2195–2202.

[CrossRef] [PubMed]
29. Rami, L.; Malaise, S.; Delmond, S.; Fricain, J.-C.; Siadous, R.; Schlaubitz, S.; Laurichesse, E.; Amédée, J.; Montembault, A.; David,

L.; et al. Physicochemical Modulation of Chitosan-Based Hydrogels Induces Different Biological Responses: Interest for Tissue
Engineering: In Vitro and in Vivo Behaviour of Chitosan Hydrogels with Tuneable Properties. J. Biomed. Mater. Res. 2014, 102,
3666–3676. [CrossRef]

30. Zhu, S.; Yuan, Q.; Yin, T.; You, J.; Gu, Z.; Xiong, S.; Hu, Y. Self-Assembly of Collagen-Based Biomaterials: Preparation,
Characterizations and Biomedical Applications. J. Mater. Chem. B 2018, 6, 2650–2676. [CrossRef]

31. Meyer, M. Processing of Collagen Based Biomaterials and the Resulting Materials Properties. BioMed. Eng. OnLine 2019, 18, 24.
[CrossRef] [PubMed]

32. Parhi, R. Drug Delivery Applications of Chitin and Chitosan: A Review. Environ. Chem. Lett. 2020, 18, 577–594. [CrossRef]
33. Ueno, H.; Mori, T.; Fujinaga, T. Topical Formulations and Wound Healing Applications of Chitosan. Adv. Drug Deliv. Rev. 2001,

52, 105–115. [CrossRef] [PubMed]
34. Ghosh, A.; Grosvenor, A.J.; Dyer, J.M. Marine Spongia Collagens: Protein Characterization and Evaluation of Hydrogel Films. J.

Appl. Polym. Sci. 2019, 136, 47996. [CrossRef]
35. Cao, J.; Wang, P.; Liu, Y.; Zhu, C.; Fan, D. Double Crosslinked HLC-CCS Hydrogel Tissue Engineering Scaffold for Skin Wound

Healing. Int. J. Biol. Macromol. 2020, 155, 625–635. [CrossRef]
36. Chuysinuan, P.; Thanyacharoen, T.; Thongchai, K.; Techasakul, S.; Ummartyotin, S. Preparation of Chitosan/Hydrolyzed

Collagen/Hyaluronic Acid Based Hydrogel Composite with Caffeic Acid Addition. Int. J. Biol. Macromol. 2020, 162, 1937–1943.
[CrossRef]

37. Li, X.; Fan, D.; Zhu, C.; Ma, X. Effects of Self-Assembled Fibers on the Synthesis, Characteristics and Biomedical Applications of
CCAG Hydrogels. J. Mater. Chem. B 2014, 2, 1234–1249. [CrossRef]

38. McBane, J.E.; Vulesevic, B.; Padavan, D.T.; McEwan, K.A.; Korbutt, G.S.; Suuronen, E.J. Evaluation of a Collagen-Chitosan
Hydrogel for Potential Use as a Pro-Angiogenic Site for Islet Transplantation. PLoS ONE 2013, 8, e77538. [CrossRef]

39. Arakawa, C.; Ng, R.; Tan, S.; Kim, S.; Wu, B.; Lee, M. Photopolymerizable Chitosan-Collagen Hydrogels for Bone Tissue
Engineering: Photopolymerizable Chitosan-Collagen Hydrogels. J. Tissue Eng. Regen. Med. 2017, 11, 164–174. [CrossRef]

40. Wang, L.; Stegemann, J.P. Glyoxal Crosslinking of Cell-Seeded Chitosan/Collagen Hydrogels for Bone Regeneration. Acta
Biomater. 2011, 7, 2410–2417. [CrossRef]

41. Ma, X.; Deng, J.; Du, Y.; Li, X.; Fan, D.; Zhu, C.; Hui, J.; Ma, P.; Xue, W. A Novel Chitosan–Collagen-Based Hydrogel for Use as a
Dermal Filler: Initial in Vitro and in Vivo Investigations. J. Mater. Chem. B 2014, 2, 2749–2763. [CrossRef] [PubMed]

42. Dang, Q.; Liu, K.; Zhang, Z.; Liu, C.; Liu, X.; Xin, Y.; Cheng, X.; Xu, T.; Cha, D.; Fan, B. Fabrication and Evaluation of
Thermosensitive Chitosan/Collagen/α, β-Glycerophosphate Hydrogels for Tissue Regeneration. Carbohydr. Polym. 2017, 167,
145–157. [CrossRef] [PubMed]

43. Ahtzaz, S.; Sher Waris, T.; Shahzadi, L.; Anwar Chaudhry, A.; Ur Rehman, I.; Yar, M. Boron for Tissue Regeneration-It’s Loading
into Chitosan/Collagen Hydrogels and Testing on Chorioallantoic Membrane to Study the Effect on Angiogenesis. Int. J. Polym.
Mater. Polym. Biomater. 2020, 69, 525–534. [CrossRef]

44. Deng, A.; Yang, Y.; Du, S.; Yang, X.; Pang, S.; Wang, X.; Yang, S. Preparation of a Recombinant Collagen-Peptide (RHC)-Conjugated
Chitosan Thermosensitive Hydrogel for Wound Healing. Mater. Sci. Eng. C 2021, 119, 111555. [CrossRef]

45. Wang, L.; Stegemann, J.P. Thermogelling Chitosan and Collagen Composite Hydrogels Initiated with β-Glycerophosphate for
Bone Tissue Engineering. Biomaterials 2010, 31, 3976–3985. [CrossRef]

46. Sun, B.; Ma, W.; Su, F.; Wang, Y.; Liu, J.; Wang, D.; Liu, H. The Osteogenic Differentiation of Dog Bone Marrow Mesenchymal
Stem Cells in a Thermo-Sensitive Injectable Chitosan/Collagen/β-Glycerophosphate Hydrogel: In Vitro and in Vivo. J. Mater. Sci.
Mater. Med. 2011, 22, 2111–2118. [CrossRef]

47. Shen, T.; Dai, K.; Yu, Y.; Wang, J.; Liu, C. Sulfated Chitosan Rescues Dysfunctional Macrophages and Accelerates Wound Healing
in Diabetic Mice. Acta Biomater. 2020, 117, 192–203. [CrossRef]

48. Chicatun, F.; Pedraza, C.E.; Ghezzi, C.E.; Marelli, B.; Kaartinen, M.T.; McKee, M.D.; Nazhat, S.N. Osteoid-Mimicking Dense
Collagen/Chitosan Hybrid Gels. Biomacromolecules 2011, 12, 2946–2956. [CrossRef]

49. Chiu, L.L.Y.; Radisic, M. Controlled Release of Thymosin B4 Using Collagen–Chitosan Composite Hydrogels Promotes Epicardial
Cell Migration and Angiogenesis. J. Control. Release 2011, 155, 376–385. [CrossRef]

50. Sánchez-Cid, P.; Jiménez-Rosado, M.; Rubio-Valle, J.F.; Romero, A.; Ostos, F.J.; Rafii-El-Idrissi Benhnia, M.; Perez-Puyana, V.
Biocompatible and Thermoresistant Hydrogels Based on Collagen and Chitosan. Polymers 2022, 14, 272. [CrossRef]

https://doi.org/10.1242/jcs.03453
https://doi.org/10.1186/s12896-015-0228-7
https://www.ncbi.nlm.nih.gov/pubmed/26666739
https://doi.org/10.1016/j.mtbio.2022.100322
https://doi.org/10.3390/jfb11040079
https://www.ncbi.nlm.nih.gov/pubmed/33139660
https://doi.org/10.1002/bip.1981.360201012
https://www.ncbi.nlm.nih.gov/pubmed/7284566
https://doi.org/10.1002/jbm.a.35035
https://doi.org/10.1039/C7TB02999C
https://doi.org/10.1186/s12938-019-0647-0
https://www.ncbi.nlm.nih.gov/pubmed/30885217
https://doi.org/10.1007/s10311-020-00963-5
https://doi.org/10.1016/S0169-409X(01)00189-2
https://www.ncbi.nlm.nih.gov/pubmed/11718934
https://doi.org/10.1002/app.47996
https://doi.org/10.1016/j.ijbiomac.2020.03.236
https://doi.org/10.1016/j.ijbiomac.2020.08.139
https://doi.org/10.1039/C3TB21628D
https://doi.org/10.1371/journal.pone.0077538
https://doi.org/10.1002/term.1896
https://doi.org/10.1016/j.actbio.2011.02.029
https://doi.org/10.1039/C3TB21842B
https://www.ncbi.nlm.nih.gov/pubmed/32261441
https://doi.org/10.1016/j.carbpol.2017.03.053
https://www.ncbi.nlm.nih.gov/pubmed/28433149
https://doi.org/10.1080/00914037.2019.1581202
https://doi.org/10.1016/j.msec.2020.111555
https://doi.org/10.1016/j.biomaterials.2010.01.131
https://doi.org/10.1007/s10856-011-4386-4
https://doi.org/10.1016/j.actbio.2020.09.035
https://doi.org/10.1021/bm200528z
https://doi.org/10.1016/j.jconrel.2011.05.026
https://doi.org/10.3390/polym14020272


Gels 2023, 9, 518 16 of 17

51. Reyna-Urrutia, V.A.; Mata-Haro, V.; Cauich-Rodriguez, J.V.; Herrera-Kao, W.A.; Cervantes-Uc, J.M. Effect of Two Crosslinking
Methods on the Physicochemical and Biological Properties of the Collagen-Chitosan Scaffolds. Eur. Polym. J. 2019, 117, 424–433.
[CrossRef]

52. Chenite, A.; Chaput, C.; Wang, D.; Combes, C.; Buschmann, M.D.; Hoemann, C.D.; Leroux, J.C.; Atkinson, B.L.; Binette, F.;
Selmani, A. Novel Injectable Neutral Solutions of Chitosan Form Biodegradable Gels in Situ. Biomaterials 2000, 21, 2155–2161.
[CrossRef] [PubMed]

53. Li, X.; Ma, X.; Fan, D.; Zhu, C. New Suitable for Tissue Reconstruction Injectable Chitosan/Collagen-Based Hydrogels. Soft Matter
2012, 8, 3781. [CrossRef]

54. Ma, L. Collagen/Chitosan Porous Scaffolds with Improved Biostability for Skin Tissue Engineering. Biomaterials 2003, 24,
4833–4841. [CrossRef]
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