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Collagen, the most abundant protein in mammals, has garnered the interest of scientists for over 50 years. Its

ubiquitous presence in all body tissues combined with its excellent biocompatibility has led scientists to study its

potential as a biomaterial for a wide variety of biomedical applications with a high degree of success and

widespread clinical approval. More recently, in order to increase their tunability and applicability, collagen hydrogels

have frequently been co-polymerized with other natural and synthetic polymers. Of special significance is the use

of bioactive glycosaminoglycans—the carbohydrate-rich polymers of the ECM responsible for regulating tissue

homeostasis and cell signaling. This review covers the recent advances in the development of collagen-

glycosaminoglycan blend hydrogels for translational biomedical research.

collagen  glycosaminoglycans  hydrogels  tissue engineering  hyaluronic acid

chondroitin sulfate  heparin  alginate

1. Introduction

Universal and ubiquitous in all multicellular organisms—collagen is essential to life as we know it. The triple helical

protein not only amounts to the most abundant protein in the human body, but also plays countless roles in tissue

structure, cell signaling, and modulation of cell behavior. There are over 29 forms of collagen found in mammalian

tissues , of which type I, type II, and type III collagen are considered fibrillar collagens. As the main component of

all connective tissues, fibrillar collagen accounts for about 55% of the dry mass of skin , 25–40% of the dry mass

of articular cartilage, 70% of the dry mass of skeletal muscle , and 80–90% of the dry mass of bone . It is also

abundant in the cornea , blood vessels , the gut , and intervertebral discs . Collagen type 1 is the most

abundant fibrillar protein accounting for 90% of the collagen in the body and is composed of monomers containing

three polypeptide chains that form a single right-handed triple helical structure . It is these triple-helical

monomers that assemble into collagen fibrils. In the body, collagen fibrils are crosslinked by the enzyme, lysyl

oxidase, that acts on the ε-amine groups of lysine residues and supports crosslinks between modified lysine

residues and also between modified and other lysine residues within collagen through aldol condensation reactions

. Crosslinking adds stability to the collagen fibrils and increases collagen tensile strength and resistance to

enzymatic degradation . The crosslinked fibers, composed of monomers assembled in a quarter stagger, show a

characteristic visual banding pattern with a D-period of 67 nm . Figure 1 shows the structure of collagen and its

fibrils. The collagen structure aides in limiting tissue compliance, and also supports interactions with cells and other
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proteins and glycosaminoglycans. Thus it serves as both a key structural component and signaling component of

the extracellular matrix.

Figure 1. Structure of collagen. The amino acid sequence of collagen consists of Gly-Xaa-Yaa repeats, with Xaa

and Yaa commonly occupied by proline and hydroxyproline. This unique sequence allows collagen to form an α

helix secondary structure. Fibrillar collagen is a triple helix containing crosslinks formed through the action of lysyl

oxidase. In vivo, these collagen fibrils form fibers with varying thickness and a D-banding pattern of 67 nm. Made

using Biorender.

The biophysical properties of collagen coupled with the relative abundance and ease of isolation from tissues

including skin and tendon make it an interesting and popular biomaterial for tissue engineering, regenerative

medicine, and drug delivery. The amino acid sequence of type I collagen consists of Gly-Xaa-Yaa repeats , with

a substantial amount of Xaa and Yaa repeats consisting of proline (28%) and 4-hydroxyproline (38%) resulting from

a post-translational modification of peptide-bound prolyl residues . This atypical hydroxyproline content acts

as a distinctive marker of collagen and is used in bioassays to identify collagen. In native collagen, the crosslinks

generated through the action of lysyl oxidase are primarily found in the telopeptide regions of collagen, and these

regions are mostly enzymatically removed from collagen during the process typically used to isolate collagen. As

such, polymerized collagen in vitro is generally weak and low-density gels do not sustain their shape in the

absence of an external crosslinker. Thus, for many applications researchers either crosslink collagen via one of a

host of varying methods or add additional macromolecules to alter the biophysical properties of the hydrogels.

In addition to interacting with biomacromolecules, collagen acts as a ligand for cell receptors. The β integrin

subfamily is responsible for facilitating binding to collagen. Specifically, α β , α β , α β , and α β receptors bind

to the GFOGER sequence in nondenatured collagen type 1 and binding is highly dependent on the presence of the

glutamic acid within the ligand sequence . Activation of integrins through collagen binding in turn causes a series
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of cellular outside-in downstream signaling events. Integrin activation leads to rapid activation of lipid kinases which

promote the tyrosine phosphorylation of proteins such as focal adhesion kinase (FAK), p130Cas, and Src .

These then lead to the activation of signaling pathways such as Rho, Rac-1 GTPase as well as cytoskeletal

proteins, which drive reorganization of the actin cytoskeleton . These pathway activation responses manifest

long term as changes in proliferation, differentiation, migration, and metabolism of cells . The integrin-ligand

interactions are important in tissue development, healing, and homeostasis as they represent a biophysical

connection between the scaffold and the cell.

When collagen is denatured, such as in the form of gelatin, or in areas of damage including wounded or fibrotic

tissue, collagen is partially denatured and can support α β and α β binding via normally inaccessible RGD

sequences . Given the importance of integrin activation in cellular processes, variation in activation of integrins

can lead to unwanted consequences. In a careful study comparing cell binding and spreading in collagen, collagen

and gelatin blends, and gelatin in monolayer form, in 2-dimensions on crosslinked gels, and in 3-dimensional

culture, Davidenko, et al. demonstrated the importance of specific integrin binding in cell-collagen interactions.

They also demonstrated the altering effect 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) crosslinking can

have on these same interactions. As expected, they found that α β  and α β integrin–collagen interactions

dominated on fibrillar collagen while α β and α β  dominated on gelatin. When cells are cultured in 3D,

crosslinking with EDC reduces integrin binding to collagen and gelatin presumably though depletion of critical

glutamic and aspartic acid residues within the binding regions. The decreased specific binding also came with

increased non-specific interactions that may be due to changes in scaffold mechanics or chemistry . Careful

consideration thus needs to be given to integrin–ligand interactions for designing successful tissue-engineered

scaffolds.

As researchers uncovered the innumerable roles played by collagen either as a building block or as a fundamental

signaling protein, its popularity as a material for tissue engineering for restoring tissue function also surged. The

versatility of fibrillar collagen—which could form the backbone of rigid tissues with a high Young’s modulus such as

the bone, or provide support to compliant soft tissues with optical transparency such as the corneal stroma, or act

as an elastomer with high shock absorbing properties in tissues such as the articular cartilage—truly made it a

polymer with endless potential. Capturing these higher order supramolecular structures of collagen in vitro in

hydrogels, however, has been challenging. Besides mechanical cues, cells are known to be sensitive to pore size

and microstructure and alignment of the collagen fibrils . Alongside, the environment in which collagen

is polymerized such as ionic strength, temperature, pH, etc., imparts significant variability to hydrogel formation,

structure, and properties . The fact that type I collagen is a hallmark of scar tissue also warrants caution when

using collagen to regenerate healthy tissue. This review aims to summarize the current strides made toward

optimizing collagen hydrogels for increasing their functionality, tunability, and applicability. We have attempted to

highlight the benefits of including additional biopolymers, more specifically, bioactive glycosaminoglycans, within

the collagen hydrogels for tissue engineering applications. 

2. Collagen–GAG Hydrogels
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Early studies with collagen hydrogels including GAGs set the foundation for the importance of GAG-collagen

blends in affecting biophysical properties of gels and influencing cell behavior. For example, in 1989, Docherty, et

al. reported that inclusion of GAGs in collagen gels supported enhanced fibroblast motility . Further, they shed

light on the importance of GAG identity by demonstrating heparin-inhibited collagen polymerization, while low

concentrations of HA and CS enhanced cell migration rates, with HA doing so more effectively, while low MW HA

was more effective than higher MW HA . In 1996 Bitner et al. demonstrated that decorin altered the ability of

fibroblasts to contract collagen gels . These and other studies peaked researchers interest in combined

collagen-GAG formulations.

There are six different types of GAGs which are classified based on their disaccharide monomer repeats—

hyaluronic acid (HA), heparin, heparan sulfate (HS), chondroitin sulfate (CS), dermatan sulfate (DS), and keratan

sulfate (KS) . GAGs are polymer chains composed from disaccharide monomer repeats of glucuronic acid

(GlcA) or its epimer iduronic acid (IdoA), and N-acetylgalactosamine (GalNAc) or N-acetylglucosamine (GlcNAc)

(Figure 2)  . They are post-translationally modified to have variable sulfation patterns that lead to their added

complexity and highly negative charge . As with collagen, GAGs are not merely a structural component of the

ECM, they also perform a diverse range of functions to modulate tissue homeostasis. GAGs are known for the anti-

inflammatory and protective role they play because of their ability to mask cells and other proteins to prevent

activation of immune cells—for example, GAGs are a major component of the endothelial glycocalyx, which when

stripped, leads to the exposure of ligands that bind and activate neutrophils, monocytes, and platelets .

Additionally, since GAGs are negatively charged, they interact with and attract water to load bearing tissues such

as the cartilage and vocal folds, thus increasing their compressive strength and providing shock-absorbing capacity

to these tissues . This makes them all the more attractive as components of blended hydrogels. Alongside,

since they do not contain a protein component, they exhibit minimal antigenicity and demonstrate excellent

biocompatibility for tissue engineering purposes. Moreover, modifications can easily be introduced into GAGs

through the carboxylic acid group present on the backbone, and more importantly simple modifications can be

used to tailor GAGs for specific applications based on their functionality.
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Figure 2. Structures of glycosaminoglycans (GAGs). Disaccharide monomer repeats of glucuronic acid (GlcA) or

its epimer iduronic acid (IdoA), and N-acetylgalactosamine (GalNAc) or N-acetylglucosamine (GlcNAc) form the

backbone of GAGs, except alginate, which is a GAG analog with GlcA and mannuronic acid repeats. Chondroitin

sulfate and heparin are post-translationally sulfated and contain SO  groups on some disaccharide units.

As with crosslinked collagen hydrogels, parameters such as concentration, crosslinking density, and retention of

bioactivity are important fabrication parameters for the design of collagen-GAG hydrogels. High concentrations of

GAGs inhibit fibril formation  , limiting the amount of GAGs that can be added to the hydrogel without negatively

affecting the fibril formation. Degree of modification and crosslinking density directly correlate with increased

stiffness and stability of the hydrogels, which can be used to design hydrogels to match tissue microenvironments.

However, care needs to be taken to not over-substitute GAGs, since higher degrees of modifications result in the

loss of bioactivity . Therefore, a balance between concentration, modification degree, and bioactivity needs to be

found for the design of GAG-collagen hydrogels. Designing successful hydrogel candidates consequently requires

careful understanding of the required tissue outcome and parameters important for regeneration. The next section

includes examples of collagen-GAG hydrogels organized by the type of GAG used.

2.1. Collagen–HA Hydrogels

HA is the only non-sulfated GAG and is the most widely used GAG for tissue engineering because of its ease of

handling and modification, excellent biocompatibility, diverse molecular weights that can be used to tune its

biological and mechanical properties, and high swelling capacity . Hydrogels with HA and collagen do not bind

and modulate growth factors to the same extent as those containing sulfated GAG, and in turn, do not affect cell

behavior to the same degree. In order to increase the ability of HA-collagen hydrogels to bind growth factors to

sustain regeneration, researchers have chemically modified HA to contain sulfate groups and increase its negative

3
−

[43]

[44]

[45]



Incorporating Glycosaminoglycans in Collagen Hydrogels | Encyclopedia.pub

https://encyclopedia.pub/entry/3594 6/19

charge . Hydrogels containing sulfated HA could have especially promising applicability for treating chronic

wounds and inflammation due to their ability to sequester and release growth factors while modulating cell

behavior. Another area of interest is to use these growth factor laden hydrogels to guide stem cell behavior and

drive differentiation based on the presentation of growth factors in the hydrogels . Studies have used

this approach to guide osteogenic differentiation of MSCs without the use of steroids like dexamethasone .

Collagen hydrogels contain modified and unmodified HA have shown great promise as tissue engineering and drug

delivery scaffolds.

Thiolated HA is a popular material for hydrogel formation since the thiol groups can be used for both crosslinking

and for conjugation of additional functional molecules. Thiolated HA has been extensively used with crosslinked

gelatin and poly (ethylene glycol) diacrylate (PEGDA) for close to two decades . Other researchers have

taken the route of modifying the collagen with methacrylate groups to crosslink with the thiolated HA . However,

to avoid the drawbacks inherent to non-fibrillar gelatin and crosslinked collagen, namely the exposure of normally

cryptic integrin-binding sequences, the loss of integrin-binding sequences exposed on fibrillar collagen, as well as

potential loss of key integrin ligands when crosslinking collagen, our lab designed interpenetrating (IPN) hydrogels

with fibrillar collagen type I and type III entrapped within crosslinked thiolated HA. HA crosslinking was achieved

using PEGDA, and development of an IPN was achieved by modulating the pH of the hydrogels during

polymerization to drive collagen polymerization faster than the Michael type addition between thiols and acrylates

. Interpenetrating collagen fibrils could be visualized in the resulting hydrogel, and the gels showed good

biocompatibility in culture over 21 days. In this way, tunable hydrogels can be formed without altering the structure

of the collagen.

IPNs can also be formed using free radical polymerization. Ultraviolet light (UV)-induced free radical generation

offers the advantage of crosslinking acrylated or methacrylated HA after collagen fibrillogenesis is complete to form

IPNs without the need to modify the collagen . Hydrogels synthesized using glycidyl methacrylate HA or

methacrylic anhydride modified HA and collagen formed IPNs that slowed degradation of the scaffolds due to UV

crosslinks, improved mechanical properties of the scaffolds, and allowed for encapsulation of cells without being

cytotoxic. These hydrogels are easy to pattern since the precursor can be patterned and polymerization

commenced with exposure to UV light. These gels also provided attachment to various cell types such as Schwann

cells and fibroblasts, demonstrating their versatility for biomedical applications. However, the use of a photointiator

for UV crosslinking has limited clinical application because of the risk of free radical-induced cell damage and

toxicity from the initiators used.

EDC crosslinked HA-collagen hydrogels have been explored for many applications including dermal, corneal,

neural, and cartilage tissue engineering, as well as wound healing, etc. Unlike the Collagen HA IPN described

above, by using EDC the collagen is crosslinked directly to the carboxylate groups on HA. One advantage of

forming collagen-GAG blend hydrogels is the ease with which crosslinker concentration can be used to control

hydrogel stiffness while maintaining collagen and GAG biological activity. In an interesting study evaluating the

effect of stiffness on stem cell lineage, Her et al. designed HA-collagen scaffolds with stiffness varying from 1 kPa

to 10 kPa by varying the amount of EDC-supported crosslinking, and found that they could drive hMSC
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differentiation toward a neuronal lineage on softer substrates and a glial lineage on the stiff substrates . Murphy

et al. found a similar effect while attempting to differentiate MSCs into chondrogenic vs. osteogenic phenotypes,

with the amount and crosslinking of GAGs to the collagen influencing outcomes . Other studies have also shown

that the addition of HA to collagen scaffolds improves chondrogenic differentiation of MSCs , which is not

surprising, given that the articular cartilage consists of ECM rich in GAGs and collagen for shock absorption and

mechanical loading properties.

Because all GAGs contain carboxylate groups that can be activated by EDC and other agents for crosslinking to

free amines on collagen fibrils, it is possible to form collagen hydrogels with blends of GAGs. For example, in

studies aimed at designing scaffolds for dermal repair, Wang et al. crosslinked HA and CS with collagen using EDC

to form nine different blends with varying ratios of collagen:HA:CS . Scaffolds seeded with allogenic fibroblasts

in a 9:1:1 blend of crosslinked Col:HA:CS showed almost normal skin 6 weeks after implantation in Sprague-

Drawley rats in comparison to controls, indicating their potential for regenerating skin tissue. GAGs can also be

used to control the optical properties of collagen gels, which when polymerized alone are not optically transparent.

In another study, EDC/NHS crosslinking resulted in collagen-gelatin-HA films with optical performance,

hydrophilicity, and mechanical properties suitable for corneal tissue engineering . Further, these same gels were

used to design a wound-healing scaffold for chronic wounds, since EDC crosslinking increases biological stability

by decreasing enzymatic degradation in the highly proteolytic chronic wound environment . Collectively, these

studies demonstrate the importance of modulating the degree of crosslinking and biological activity to achieve

intended biological outcomes.

One limitation to the EDC crosslinked materials described above is the development of largely elastic hydrogels. To

circumvent problems associated with these purely elastic materials, the Chaudhuri group designed IPNs of HA and

collagen by mixing HA-hydrazine, collagen, and HA-aldehyde (or benzaldehyde) solutions to form stress relaxation

hydrogels that contain dynamic covalent bonds . They showed that stress relaxation promoted cell spreading,

fiber remodeling, and focal adhesion formation in 3D, and could guide mechanotransduction and recapitulate the

fibrillar collagen architecture of many cellular microenvironments.

While EDC is a popular choice to induce crosslinking, other agents have also been studied to crosslink GAG-

collagen gels. GAGs, including HA can be readily modified to contain aldehyde groups, however reactions between

aldehydes and amines results in unstable crosslinks. Oxime reactions have the advantage of being more stable

than Schiff bases formed between aldehydes or ketones and amines, while providing a similar level of tunability.

Hardy and Schmidt used oxime-bond click chemistry to couple aldehyde group containing HA with aminooxy-

terminated poly (ethylene glycol) (PEG), and further incorporated collagen type I in these gels to provide adhesion

sites for MSCs to aid neural tissue regeneration . The chemistry was not toxic to primary Schwann cells, and the

hydrogels could be tuned to have mechanical properties analogous to those found in soft tissues such as the

central and peripheral nervous system, demonstrating the wide breadth of tissues HA-collagen hydrogels can be

tuned towards. Some studies have also attempted to use adipic acid dihydrazide (AAD)-modified HA to crosslink

with collagen hydrogels. Genepin crosslinking of AAD modified HA and collagen have shown increased stability
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and retention of HA in these composite scaffolds , possibly because of slowing of degradation due to the

crosslinked nature of the hydrogels.

Overall, this vast array of studies shows that the addition of crosslinked HA improved handling and biological

outcome of the hydrogels over those seen with collagen alone. Collagen-HA hydrogels have wide-ranging

applicability for tissue engineering due to their superior ability to be modulated based on the target tissue

biophysical properties. As with any crosslinked gel, the inverse correlation between bioactivity and tunability will

dictate the efficacy of the scaffolds for tissue engineering applications. The added complication of balancing

hydrophilicity and hydrophobicity to ensure polymerization of collagen in the water-loving HA provides some design

challenges that need careful consideration, since a high concentration of GAGs, including HA, will inhibit

polymerization of collagen. Therefore, along with degree of modification, concentrations of the collagen and GAGs

along with the pH of the solution will be crucial in designing successful constructs with the desired biophysical

properties. The next generation of treatments will potentially involve the use of these engineered matrices in

conjugation with growth factors and cells for sustained regeneration of tissues.

2.2. Collagen–CS Hydrogels

As the most abundant GAG in the body, CS is found in the vitreous fluid, the glycocalyx and other connective

tissues, but is found in highest concentrations in the cartilage. It is a sulfated GAG that is known for its shock

absorbing properties, maintenance of cartilage structure and function, and prevention of inflammation, due to which

it has been extensively used for the treatment of osteoarthritis .

Like with HA, the use of EDC/NHS chemistry has been routinely performed to crosslink CS to collagen for hydrogel

formation due to its low cytotoxicity and ease of handling. However, even with its extensive use, crosslinking

Collagen-GAG hydrogels with EDC is not trivial, especially when the goal is to form interpenetrating networks. The

van Kuppevelt group conducted extensive studies to optimize crosslinked CS-collagen based hydrogels. In an

initial study, two different types of crosslinking techniques, namely, DHT and EDC crosslinking were investigated as

a means to incorporate CS in type I collagen hydrogels . EDC crosslinking of CS with collagen pre-crosslinked

using DHT treatment resulted in collapsed matrices with CS decorating only the exterior of the collagen, possibly

due to the already crosslinked and most probably denatured nature of the collagen. EDC crosslinking to non-

crosslinked collagen under aqueous conditions also led to partial collapse of the matrix, which could be

circumvented in the presence of ethanol. The addition of an organic solvent such as ethanol likely suppresses urea

forming side reactions that commonly occur in water and promote amide bond formation between collagen and

GAGs, resulting in evenly distributed crosslinked hydrogels. However, the addition of ethanol precludes the

polymerization of these scaffolds in the presence of cells in vitro and limits that potential to implant cell-embedded

scaffolds in vivo. They were however able to test the bovine type I collagen with CS or HS crosslinked using EDC-

NHS in the presence of ethanol in rats (post ethanol removal) to evaluate tissue response to these hydrogels. The

addition of GAGs reduced foreign body reactions, which in turn reduced degradation of the scaffolds in comparison

to purely collagen implants. The highly negative charged scaffolds containing GAGs also led to enhanced
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angiogenesis, possibly through sequestration of growth factors such as FGF, vascular endothelial growth factor

(VEGF), platelet derived growth factor (PDGF), etc. .

When the goal is not to form an IPN, but a CS-collagen gel, EDC crosslinking can be beneficial. For example, Gao

et al., used CS activated with EDC NHS (CS-sNHS) to form crosslinked hydrogels with type II collagen to use as a

cell delivery system to treat defects in the articular cartilage. Crosslinking type II collagen with the CS is an

innovative way to get type II collagen to stay in the hydrogel, since it is not capable of forming strong fibrils

spontaneously in vitro. The scaffolds showed good biocompatibility and were tunable depending on the amount of

CS-sNHS added. Several additional studies have demonstrated improved outcomes with the use of collagen-CS

scaffolds for cartilage tissue engineering. While these studies approached the incorporation of CS in collagen

hydrogels using different crosslinking methods such as via methacrylated CS or using genipin, the end goal was

similar-to promote chondrogenesis and tune the mechanical properties of these hydrogels to suit articular cartilage

tissue engineering . The next generation of cartilage therapy will likely include hydrogels with encapsulated cells for

superior and sustained regeneration of the cartilage.

EDC/NHS crosslinked CS-Collagen 3D sponges have also been used for applications including neural tissue

engineering applications and embryonic neural cell culture, and showed superior thermal resistance and lower

enzyme sensitivity than collagen alone . This shows the flexibility and promise of CS-Collagen systems for

tissue regeneration.

It is also possible to incorporate GAGs into collagen in the absence of additional chemical crosslinking. Stuart and

Panitch demonstrated that the addition of CS to collagen type I led to network organization with an increase in void

space and decreased stiffness of the gels . Since type II and type III collagen are also a major ECM component

in some tissues such as the articular cartilage and vocal folds, researchers have sought to incorporate these

fibrillar collagens in an attempt to make more biologically relevant hydrogels. Studies in our lab have shown that

polymerizing type I and type III collagen together with CS leads to a more open and compliant hydrogel network

.

CS–collagen hydrogels thus provide an exciting class of hydrogels which can be used to reduce collagen

compaction, modulate cell response, and drive differentiation of stem cells while allowing the same flexible level of

tunability offered by collagen–HA hydrogels. Taken together, the benefits of adding CS to collagen with respect to

amplifying the bioactivity and cell instructive nature of the hydrogels further suggests that the addition of GAGs to

collagen can improve tissue outcomes.

2.3. Collagen-Heparin Gels

Unfractionated heparin is best known for its anticoagulant properties and commonly used as a blood thinner . It

is the most negatively charged GAG, and thus demonstrates binding and sequestering of growth factors along with

being anti-inflammatory. This ability can be exploited to design bioinstructive hydrogels that are capable of

providing sustained release of growth factors along with the benefits of the biocompatible materials themselves.
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Copes et al. exploited this ability of heparin to engineer collagen–heparin hydrogels for the controlled release of

pleitropin for vascular applications . Though studies have shown that high concentrations of heparin can inhibit

collagen fibrillogenensis , no effect of heparin on collagen fibril formation was seen in this study. This strategy

of providing cell instructive cues and entrapping growth factors can be useful for sustained release of many growth

factors to provide persistent regeneration . Another attractive area of application is to guide controlled

differentiation of stem cells by sequestering relevant growth factors for augmenting tissues .

In other uses, maleimide functionalized heparin linking to star-PEG, has been used with collagen to form hydrogels

containing cell instructive peptides as an innovative way to combine semi-synthetic and native ECM molecules to

closely mimic the ECM . Modifying the heparin to add functionalities can similarly be applied in the future to

include cues for regeneration and repair. While unfractionated heparin is anticoagulating, low molecular weight

heparins can be substituted to pivot to applications where anticoagulation is not a desirable outcome. Combined

with the growth factor sequestering ability of heparin, this creates additional exciting venues for regenerative

medicine applications.

2.4. Collagen-Alginate Gels

Alginate is a naturally occurring anionic carbohydrate polymer obtained from seaweed. While not bioactive like

other GAGs and not a traditional component of the ECM, alginate has been widely used for tissue engineering

because of its biocompatibility, low toxicity, relatively low cost, and tunability. Sodium alginate forms a hydrogel in

aqueous solutions by divalent cation binding . This makes it a highly versatile and tunable GAG analog that can

be used as a building block in hydrogels. Another major advantage is that the degree of alginate crosslinking will

not affect collagen adhesion sites, providing a way to engineer tunable scaffolds without significantly affecting the

bioactivity of collagen fibrils.

To model in vitro tumor environments that offer flexible control of mechanical and biophysical features, Liu et al.

engineered composite alginate-collagen hydrogels. Hybrid alginate-collagen hydrogels can be tuned to

demonstrate a wide range of elastic moduli by changing the concentration of CaCl crosslinker, and used to model

tumor invasion of breast cancer cells . Moxon et al. blended collagen with alginate to mimic the hyaluronic acid

and collagen-rich environment of the brain ECM . The substrate was conducive to the growth of human iPSC-

derived neurons, and tunable based on the amount of ionic crosslinker added for gelation of alginate. Comparing

different GAG blends with collagen for vocal fold tissue engineering, collagen-alginate composite hydrogels were

shown to resist scaffold compaction and mass loss for at least 42 days in culture while allowing for ECM synthesis

in comparison to collagen-HA composite hydrogels, thus showing that the type of GAG used can influence not only

gel properties, but also cellular outcome .

Several studies have used collagen-alginate hydrogels as biocompatible substrates for chondrocytes geared

toward tissue engineering of the articular cartilage . Yang et al. employed 3D bioprinting to precisely print

collagen-alginate gels for articular cartilage, since bioprinting can provide improved control over spatial and

architectural orientation . The high water retention capacity and reduction of gel contraction in composite
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collagen-alginate hydrogels makes it an attractive hydrogel for articular cartilage tissue engineering in comparison

to collagen alone.

In the space of drug delivery, alginate hydrogels have been used as carriers for combinatorial photothermal and

immuno tumor therapy by simultaneous encapsulation of the photothermal drug methylene blue (MB) and

immunological agent imiquimod (R837) for prolonged and sustained delivery . In a separate study, Lee et al.,

encapsulated glial cell line-derived neurotrophic factor (GDNF) secreting HEK293 cells in collagen-alginate

microspheres for the controlled release of GDNF. They further went on to test these cell encapsulated

microspheres for the treatment of neurodegenerative posterior eye diseases in a rat model and showed promising

results with improved photoreceptor survival in dystrophic rat eyes .

While not a native GAG, alginate continues to grow in popularity because of its mild gelation conditions,

biocompatibility, and tunability. Unfortunately, release of the divalent ions responsible for crosslinking the gel

causes alginate gels to dissolve, limiting the long-term stability of alginate-collagen gels in physiological conditions.

This can be beneficial or negative depending on the application, but needs to taken into consideration before

designing the hydrogels. Alongside, alginate plays a passive role in the hydrogels by not modulating signaling

directly. Collagen-alginate hydrogels thus make for attractive carriers for drug delivery. Future studies will likely look

at incorporating bioactive factors and targeting peptides to increase alginate functionality for drug delivery

applications.

3. Conclusions and Future Perspectives

The addition of GAGs to collagen hydrogels has expanded the possibilities for the application of collagen hydrogels

from tissue engineering to drug delivery. GAGs not only act as a tunable component of the gels, but also represent

a more physiologically relevant ECM biomimic that is capable of modulating collagen fibrillogenesis, hydrogel

properties and swelling, as well as guide cell behavior. Strides have been made in incorporating GAGs and

collagen in spatially controlled hydrogels and innovative crosslinking strategies have allowed the preservation of

fibrillar collagen in hydrogels that are still tunable without modification of the collagen. Based on the type of GAG

used, different functionalities can be exploited to engineer biomimetics that closely resemble the tissue

microenvironment in vivo, as well as allow for sustained release of growth factors and provide molecular cues that

guide regeneration. Combinatorial approaches to biomaterials can thus provide higher control of cell function as

well as open an array of new treatments for tackling complicated diseases. This review attempts to show examples

of how far blended hydrogels of collagen and have come, but does not touch upon other blends of collagen

hydrogels such as those blended with synthetic polymers or other natural polymers such as fibrin due to space

constraints. One thing that does stand out, however, is that researchers may want to consider using a combination

of not only biomaterials such as collagen and GAGs, but also cells and growth factors in order to modulate

biophysical cell–gel interactions and develop successful efficacious treatments for regenerative medicine and drug

delivery.

[93]
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