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Collagen Based Biomaterials for Tissue
Engineering Applications: A Review
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and S. Narayana Kalkura

Abstract In the search for biomaterials that exhibit both versatility and compati-
bility with human-tissues, considerable interest has been shown in collagen-based
biomaterial for the repair and replacement of the body tissues such as tendons, skin,
vascular grafts, heart valves, dental and bones. Some of the general properties of
collagen which makes it an interesting biomaterial are the high mechanical strength
of the fibers, low antigenicity, its suitability as a substrate for cell growth, and its
tunable stability by chemical or physical cross-linking. Collagen based composites
are used in various biomedical applications as collagen shields in ophthalmology,
sponges for burns and wounds, mini-pellets and tablets for protein delivery, gel for-
mulation in combination with liposome for sustained drug delivery, as controlling
material for transdermal delivery, basic matrices for cell culture systems, coating
material of metal implant for bone replacement and 3-D printed matrix for various
tissue engineering applications. For an adequate biomedical application of collagen,
basic knowledge about collagen structure, hierarchical structural organisation and the
processing technology in combination with understanding of the physico-chemical
properties is of vital importance.

Keywords Biomaterials · Antigenicity · Biomedical · Collagen

1.1 Introduction

Collagen is the most abundant protein responsible for maintaining the struc-
tural integrity of vertebrates and many other multicellular organisms. Col-
lagen represents the major structural protein accounting for approximately
30% of proteins found in the vertebrate organism. There are 28 types
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of collagen which have been identified (Gelse et al. 2003). Among these collagen
types, type I collagen is the most abundant type found in the extracellular matrix
(ECM) of most connective tissues such as tendon and bone (Gelse et al. 2003). Col-
lagen type I is widely used in the fabrication of biomaterials for tissue engineering
applications. In this review, we will discuss the structure of collagen, hierarchical
structure of collagen, source of collagen, cross-linking of collagen, advantages of
collagen over other biomaterials and the biomedical application of collagen based
biomaterials. In addition, the challenges faced and solutions regarding collagen based
biomedical research is also discussed in conclusion.

1.2 Structure of Collagen Type I

The mature collagen molecule contains three polypeptide helical α chains, two
of which are identical, termed α1(I), and one α2(I) chain with a different amino
acid composition (Fig. 1.1). Collagen molecules are synthesized as pro-collagen
molecules which later converted into mature collagen molecules upon the removal of
their pro-peptide domain present on either side, by pro-collagen peptidase. The pro-
peptide released from the pro-collagen molecules serves as biomarkers of collagen
synthesis. Further, Assembly and cross-linking of mature collagen molecules lead to
the development of collagen fibrils and fibers. During physiological and pathological
ECM remodelling, the telopeptides present on both amino and carboxyl terminal of
mature collagen are cleaved resulting in the degradation of the collagen fibers. The
cleaved telopeptides act as the biomarkers for collagen degradation.

Fig. 1.1 Structure of collagen molecule (Fan et al. 2012)
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In mature collagen, the three polypeptide chains are intertwined to form a right-
handed super-helix (Fig. 1.2b) with a pitch of approximately 8.6 nm. The rod-shaped
triple helical molecule has an average molecular weight of approximately 300 kDa,
a length of 300 nm with a diameter of 1.5 nm. Each α-chain consists of more than
1000 amino acids. The amino acids are arranged in a unique triple-helix forming a
sequence i.e. Gly-X-Y. Glycine with its smallest side group repeats at every third
position on the sequence allowing the close packing of the chains into a helix leaving
little space for residues in the core. About 35% of the non-glycine positions in the
repeating units of Gly-X-Y sequence are occupied by proline in X-position and 4-
hydroxyproline in the Y-position (Fig. 1.2a). Due to the steric repulsion between
proline and hydroxyproline residues in the X- and Y-positions, the central domain
of the collagen α-chains is folded into a tight left-handed helix (Ramachandran and
Kartha 1954). The occurrence of glycine in every third position in the triplet is
essential for the formation of three left-handed helices which subsequently form a
right-handed super helix. In the collagen molecule, all glycine residues are placed
inside the coil while other amino acids project outside (Ramachandran and Kartha
1954).

Fig. 1.2 Hierarchical structural organisation of collagen type I. a Primary amino acid sequence,
b secondary left handed helix and tertiary right handed triple-helix structure and c staggered qua-
ternary structure (Friess 1998)
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1.2.1 Hierarchical Structural Organization of Collagen

Collagen fibrillogenesis is a sequence of self-assembling of the triple-helical collagen
molecules which stagger longitudinally and laterally to form fibrils in the extracel-
lular space with distinct periodicity (Fig. 1.2c). The collagen molecules aggregate
into microfibrils consisting of four to eight collagen molecules and further into fib-
rils. These fibrils grow laterally from 10 to 500 nm in diameter depending on tissue
type and stage of development (Nimni and Harkness 1988). In the collagen fibril,
the triple-helices overlap by 0.4D and stagger by 0.6D where D equals 67 nm. The
collagen fibrils organize into fibers, which on their part can form even larger fiber
bundles.

1.3 Collagen Origin and Variability

Collagen is produced by fibroblast cells derived from the lineage of pluripotential
advential cells. Some of the most common sources of collagen for biomedical appli-
cations include bovine skin and tendons, porcine skin and rat tail among others.
Marine life forms also serve as a considerable source of collagen, which can be
extracted from sponges, fish and jellyfish. Recently, collagen has been discovered in
marine coral reefs and further research is going on to explore its biomedical applica-
tion. These collagens find wide industrial applications, but comparatively used less
in biomedical research and clinical usage. Further, the recombinant human collagen
has been prepared by Fibrogen® with less immunogenic and identical in compo-
sition (Parenteau-Bareil et al. 2010). Collagen obtained from decellularized ECM
serve as a scaffolding material for tissue engineering. Acellular ECM obtained from
human/porcine dermis, swine intestine and bladder submucosa are also employed in
biomedical applications (Badylak 2004).

1.4 Cross-Linking of Collagen

Cross-linking is crucial to stabilize the collagenmatrix. Various biocompatible cross-
linkers are widely utilized to fabricate self-standing, stable collagen scaffolds. Cross-
linking controls immunogenic properties, rapid degradation and calcification (Jorge-
Herrero et al. 1999). Various cross-linkers widely employed for cross-linking the
collagen based scaffolds are shown in the Fig. 1.3. The amine and carboxylic groups
of collagen are mainly responsible for cross-linking. Glutaraldehyde is one of the
cheap and highly reactive water soluble cross-linker and widely employed for sta-
bilizing the collagen scaffolds. Amine groups of collagen favors the cross-linking
through Schiff base formation. EDC and N-hydroxy succinimide forms a stable
ester known as o-acylisourea, on reacting with carboxylic acid group of collagen
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Fig. 1.3 Various cross-linkers widely employed for cross-linking collagen

and contributes to the cross-linking (Usha et al. 2012). Powell et al. fabricated col-
lagen scaffolds which display prolonged degradation with collagenase enzyme and
improved mechanical property without affecting the biocompatibility (Powell and
Boyce 2006). It is also widely reported that amine groups of collagen can effectively
crosslink with EDC in the absence of NHS. Genipin is extracted from plant extract
and utilized for cross-linking collagen (Sundararaghavan et al. 2008). Transglutam-
inase enzyme was also successfully used for cross-linking collagen (Orban et al.
2004). Charulatha et al. provided a detailed review about various cross-linker and
their influence on mechanical properties of collagen scaffolds. Briefly, GTA display
enhanced degree of cross-linking and amino acid side chains are crucial for cross-
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linking, increasing degree of cross-linking significantly improves the mechanical
properties (Charulatha and Rajaram 2003).

1.5 Collagen Over Other Biomaterials

Collagen is extracted from the wide range of various animal tissues by well studied
isolation and purification process. The structural, physical, chemical and biological
properties of the collagen are well studied (Stamov and Pompe 2012). Further col-
lagen is biocompatible, biodegradable with less immunological property compared
to other biomaterials. Collagen posses the cell binding RGD sequence is responsi-
ble for adhesion, growth and proliferation of cells which is almost absent in other
biomaterials. Collagen can be casted into films, beads, hydrogels, sponges and 3-D
matrices (Sinha and Trehan 2003). In addition, it can be easily functionalized with
wide range of materials for its utilization in desired biomedical application. Hence,
several clinical medicines are based on collagen for the wound dressing, hemostasis,
hernia repair, nerve regeneration, drug delivery, heart valves, ocular device and as
vascular grafts (Lee et al. 2001).

1.6 Collagen Based Scaffold in Tissue Engineering
Applications

In recent years, the demand for the development of biomaterials aimed at the replace-
ment of injured or damaged tissues in humans or animals has increased. Collagen
can be easily made into different material forms such as particles, fibers, hydrogel,
films/membranes, sponges, blends and composites. Collagen has then been employed
in a wide diversity of applications in the field of medicine including: sutures, hemo-
static agents, tissue replacement and regeneration materials (bone, cartilage, skin,
blood vessels, trachea, oesophagus, etc.), cosmetic surgery (lips, skin), dental com-
posites, skin regeneration templates, membrane oxygenators, contraceptives (barrier
method), biodegradable matrices, protective wrapping of nerves, implants, corneal
bandage, contact lens, drug delivery, etc. (Meena et al. 1999; Pannone 2007; Ratner
et al. 2004). Here, we will discuss the tissue engineering applications of biomate-
rial fabricated from collagen, collagen blended with inorganic material, synthetic
polymer and biopolymers, collagen composites with native structure and denatured
collagen i.e. gelatin.
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1.6.1 Collagen

Collagen is widely employed as biomaterial for the preparation of scaffold in tissue
engineering. Collagen films with porous structure were developed by Liu et al. using
NaCl ion leaching technique. Here the author had prepared cross-linked collagen
films with different amount of NaCl. Further, the porosity of the film was created by
leaching out of NaCl from the membrane. The developed porous membrane exhibit
biocompatibility with corneal epithelial cells leading to the growth of 2–3 layers of
corneal epithelial cells within a week. The author suggest that the developed porous
collagen film can be used to solve the problems in corneal regeneration (Liu et al.
2012).

Collagen type II is widely used as a scaffold material for cartilage tissue engi-
neering. Here the author has prepared lyophilized sponge of collagen type I and type
II and studied its influence on chondrocytes. The in vitro studies revealed that the
cells are viable and evenly distributed over both sponges. Further, Collagen type I
and type II sponge exhibit similar gene expression of type I, type II and aggrecan.
These results conclude that collagen type I sponge can be used for developing hyaline
cartilage-like tissue at initial stage of tissue regeneration (Ohno et al. 2004).

Chen et al. prepared 20–30 nm diameter collagen I particles using high-voltage
electrostatic field system. In vitro analysis done using rat Bone marrow stromal cells
(BMSCs) revealed the promotion of cell proliferation, osteogenic differentiation
and formation of bone nodules. From the observations the author suggested that
collagen I nanospheres might have a greater potential for its application in bone
tissue engineering (Chen et al. 2009).

Collagen hydrogel formed by cross-linking using four-armed polyethylene glycol
succinimidyl glutarate (PEG-SG) (Fig. 1.4) resist fibroblastmediated contraction and
thus act as a supporting dermal layer matrix for full thickness skin model. Cross-
linked matrix are mechanically stable and resist the collagenase degradation can be

Fig. 1.4 Schematic representation of development of skin graft equivalent using collagen and
PEG-SG (Lotz et al. 2017)
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used as skin graft equivalent after culturing with human epidermal keratinocytes
(Lotz et al. 2017).

1.6.2 Collagen/Inorganic Composite

Inorganic materials such as calcium phosphate (Cap), bioglass, clay, silica, zeolite
are widely utilized to reinforce collagen. Inorganic materials are incorporated into
collagen matrix in order to improve the bioactivity, mechanical stability and durabil-
ity. Various methods are widely practiced to fabricate collagen/Cap scaffolds such as
(I) In situ mineralization of inorganic particles in fibrous collagen scaffolds or inter-
connected non fibrous porous scaffolds, (II) Direct blending of inorganic particles
along with the fibrous or non-fibrous collagen matrix.

Calcium phosphate has been utilized to fabricate the scaffolds for tissue engineer-
ing application owing to their osteoconductivity, osteoinductivity, biocompatibility,
biointegration with the host and surrounding tissue and bioresorbability (Samavedi
et al. 2013; Vallet-Regí and González-Calbet 2004). Calcium phosphate display var-
ious phases such as monocalcium phosphate monohydrate (MCPM), anhydrous
monocalcium phosphate (MCPA), dicalcium phosphate dihydrate (DCPD), and
anhydrous dicalcium phosphate (DCPA) which are known as acidic calcium phos-
phate. Other phases such as octacalcium phosphate (OCP), α- and β-tricalcium phos-
phate (α-TCP, β-TCP), amorphous calcium phosphate (ACP) and hydroxyapatite
(HAp) are also observed (Dorozhkin 2012). The [Ca]/[P] ratio of various phase of
calcium phosphates are specificwhich ranges from 0.5 to 2. Bone contains hydroxya-
patite as one of themajor inorganic constituent and collagen as an organic constituent.
Hence mimicking the architecture of bone and fabricating scaffolds using collagen
and calcium phosphate based materials can facilitate the healing of damaged bone
tissues and considered as a suitable alternate for xenograft. Apart from chemical
similarity of calcium phosphate with the chemical constituent of bone and teeth, it
also displays enhanced osteoblast attachment, proliferation and differentiation which
are indispensable properties of bioactive scaffolds (Villa et al. 2015).

Porous collagen scaffolds display poor mechanical properties which can be sig-
nificantly improved using nano HAp reinforcement (Sionkowska and Kozłowska
2013). HAp can be incorporated through mineralization or insitu precipitation meth-
ods. Kozlovska et al. fabricated interconnected porous scaffolds and successfully
demonstrated the insitu precipitation of Cap in collagen matrix (Kozłowska and
Sionkowska 2015). Simulated body fluid was also employed for mineralization of
HAp on collagen scaffolds (Al-Munajjed et al. 2009). Incorporation of HAp into col-
lagen maintains structural stability such as size, shape and pore architecture of the
scaffolds compare to pristine collagen scaffolds as shown in the Fig. 1.5 (Kane et al.
2015). Collagenfilms incorporatedwithHApalso demonstrated as a compositemate-
rial for tissue engineering. Yamauchi et al. synthesized multilayer sheets of collagen
and HAPwhich are deposited alternatively through enzymatic mineralization. These
scaffolds are transparent and display excellent mechanical stability (Tensile strength
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Fig. 1.5 Histological sections (H&E stained) showing the infiltration of hASCs. a 0 vol.% and
b 40 vol.% HA whiskers after 14 days in culture (Kane et al. 2015)

and modulus) (Yamauchi et al. 2004). 3D printing technique was also employed to
fabricate collagen/HAp scaffolds. Ardelean et al. produced collagen-calcium ink and
fabricated the 3D printed structures. 3D printed structures were cross-linked using
GTA in phosphate buffer saline which allows the precipitation of HAp crystals in 3D
printed matrix producing biocompatible scaffolds (Ardelean et al. 2018; Ogata et al.
2005). HAp displays poor osteoinductivity which can be improved through ionic
substitution (carbonates, magnesium) (Samavedi et al. 2013). Collagen scaffolds are
also fabricated using β-TCP and amorphous calcium phosphate. Baheiraei et al. fab-
ricated β-TCP incorporated collagen scaffolds and cultured bone marrow derived
mesenchymal stem cells (BMMSCs) which displayed improved differentiation of
BMMSC into osteoblast (Baheiraei et al. 2018).

Bioglass (SiO2–CaO–P2O5) contains silica, calcium and phosphorous as a major
chemical constituent. It is biocompatible, bioactive and facilitates the osteogenic dif-
ferentiation (Jones et al. 2016; Li et al. 2016). Bioglass incorporated interconnected
porous scaffolds are fabricated and utilized for bone tissue engineering application.
Sharifi et al. fabricated bioglass incorporated collagen fibers and porous scaffolds
which are highly biocompatible (Sharifi et al. 2016). Long et al. produced porous
collagen/BG scaffolds which facilitate bone stromal cells attachment and prolifer-
ation (Long et al. 2015). Bioglass incorporated collagen scaffolds improve in vitro
mineralization and accelerate the osteogenic differentiation ofMC-3T3 cells (Marelli
et al. 2011). Miri et al. synthesized injectable collagen/BG scaffolds and analysed
their in vivo performance using adult rats which evidenced that the injectable hydro-
gels are highly osteoconductive (Miri et al. 2016). Collagen also used as a coating
material to enhance cell attachment and proliferation. Hum et al. produced bioglass
scaffolds and coated with collagen scaffolds which display improved cell attachment
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and proliferation (Hum and Boccaccini 2018). Incorporation of antimicrobial metal
ion in bioglass imparts antimicrobial property which were utilized for the fabrication
of collagen scaffolds for treating osteomyelitis (Ryan et al. 2019).

Clay is a layered silicatematerial, montmorillonite (MMT), saponite, smectite and
hectorite are some of the clay materials which are widely employed for biomedical
application. Clay has been employed for the fabrication of hydrogel, porous polymer
scaffolds for tissue engineering applications (Dawson and Oreffo 2013). Reyna-
Valencia et al. introduced laponite clay into collagen hydrogel which significantly
improved its mechanical property (Reyna-Valencia et al. 2012). Zeolites which are
aluminosilicate minerals were also tested for use in tissue engineering applications.
Faraji et al. synthesized collagen/zeolite composite and evaluated their biological
activity using rabbit in vivo model which evidenced that the composites are suitable
for the reconstruction of bone defects (Faraji et al. 2017).

1.6.3 Collagen/Synthetic Polymer Composite

Various synthetic polymers have been employed to improve the mechanical prop-
erty of collagen based matrix, such as synthetic polymers such as poly ethylene
glycol (PEG), Poly caprolactone (PCL), polyacrylamide, poly(lactic-co-glycolic
acid) (PLGA), polyvinyl alcohol (PVA), poly(glycolic acid) (PGA), poly(lactic acid)
(PLA) etc. Collagen based synthetic polymeric based biomaterial has been prepared
by coating, immobilization, coupling the collagen over the synthetic polymers.

PEG has been used in the preparation of scaffold because of its bio-inert property
and its capability to bemolded into variety of structures to form scaffoldwith different
architectures. Sargeant et al. developed a collagen-PEG in situ hydrogel forming
material for filling the defects with complex geometry and for adherence to adjacent
tissue for supporting cell proliferation. The hydrogel exhibits tunable mechanical
property, biodegradation and assisting cell adhesion and proliferation. These results
suggest that the developed collagen-PEG hydrogel exhibit mechanical, physical and
biological properties suitable for its application as an injectable tissue scaffold for
the treatment of a variety of simple and complex tissue defects (Sargeant et al. 2012).

PCL having biocompatible, mechanical and biodegradable properties, has been
widely used as a biomaterial in tissue engineering. PCL coated collagen matrix
was developed by immobilizing collagen over acrylic acid modified 3-D printed
PCL matrix. Sousa et al. developed square porous interconnected PCL filamentous
network with filament diameter 350 μm using bioextruder. Collagen coated PCL
matrix shows better biological properties such as adhesion, growth and proliferation
of cells and could be used as a biomaterial for tissue engineering (Sousa et al. 2013).

Yamamoto et al. fabricated collagen-polyacrylamide hydrogel by immobilizing
the gradient of collagen type I into the polyacrylamidehydrogel. The authors prepared
the biomaterial by coupling the amine groups of collagen with carboxyl group gen-
erated in the polyacrylamide hydrogel by sodium hydroxide treatment. The in vitro
studies reveal that the number of L929 fibroblasts cells adhered to the hydrogel
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depend on the amount of collagen immobilized. These results suggest that the cell
adhesion can be tuned by varying the concentration gradient of collagen. This dif-
fusion controlled fabrication could be used to modify the functional group of the
scaffold with chemicals for coupling with biomolecules for its desired biomedical
applications (Yamamoto et al. 2010).

PLGA formed by copolymerization of PLA and PGA is used for the preparation
of scaffold with designed shapes having high mechanical property. PLGA scaffold
exhibit hydrophobic nature making it unsuitable for cell adhesion and cell growth.
Hence, a hybrid 3D scaffolds combining the advantages of natural type I collagen and
synthetic poly(lactic-co-glycolic acid) (PLGA) knitted mesh was developed by Dai
et al. 2010. 3-D matrix was prepared by incorporating collagen in interstice, one side
and both side of the skeletal PLGAmesh to give THIN, SEMI and SANDWICHcom-
posite respectively. SEM analysis clearly reveals the development of porous collagen
sponge within the PLGA mesh (Fig. 1.6). When cultured with bovine chondrocytes
all composites exhibit uniformdistribution of cellswith chondrocytemorphology and
abundant cartilaginous ECM deposition. While SEMI and SANDWICH composites
exhibit higher production of glycosaminoglycans (GAG) and expression of type II
collagen and aggrecan mRNA. Hence, these scaffolds with the designed structure

Fig. 1.6 SEM micrograph of composites. a, b, c top view of the THIN scaffolds; d, g top view
of the SEMI and SANDWICH scaffolds, respectively; e, h bottom view of the SEMI and SAND-
WICH scaffolds, respectively; f, i cross-sectional view of the SEMI and SANDWICH scaffolds,
respectively (Dai et al. 2010)
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could be used with tunable thickness for tissue regeneration of articular cartilage.
Also this method also provides a new route for the design and fabrication of 3D
biodegradable porous scaffolds in tissue engineering (Dai et al. 2010).

PVA is water soluble, biocompatible and biodegradable that is used for the prepa-
ration of biomaterials. Biomimetic 3-D matrix with collagen and PVA was prepared
by coating collagen over the photo cross-linked electrospun fibers of methacry-
lated polyvinyl alcohol system.Morphological analysis showed uniform nanofibrous
structure with fiber diameter of 220–250μm. In vitro analysis of the 3-Dmatrix with
3T3 mouse fibroblasts and human umbilical vein endothelial cells (ECV304) cells
revealed attachment and growth of cells throughout the matrix (Fig. 1.7). Oktay et al.
concluded that the biocompatibility of the PVA fibres was enhanced by coating with
the collagen molecules and thus fulfilling the requirements of the scaffold for tissue
engineering application (Oktay et al. 2015).

PGA is a synthetic polymer with biodegradability and mechanical resistance
which could be combined with collagen to provide better mechanical and biologi-
cal properties to the scaffolds. Hiraoka et al. found that incorporation of PGA fiber
increased the compression modulus of collagen sponge by six fold with the weight
ratio of collagen to PGAfiber at 0.2.Moreover, PGA incorporation lowers the shrink-
age of collagen sponge thereby facilitating increased attachment of fibroblast L929
cells. It also favours deeper infiltration of cells when implanted subcutaneously on
the back of the mice. The incorporation of PGA fiber reinforces collagen sponge
without compromising the biocompatibility (Hiraoka et al. 2003).

PLA is the one such resorbable synthetic polymer with better mechanical strength
than the most of the natural polymers which is used for the fabrication of tissue

Fig. 1.7 Scanning electron microscopy images of attached cells on collagen-modified scaffold
a after 2 h of cell culture, b 24 h, c 72 h (low-magnification), and d high-magnification (Oktay et al.
2015)
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regeneration scaffolds. Collagen-PLA composite was developed by blending the
PLA with the collagen fibres formed by extrusion and cross-linking techniques. The
mechanical property of the developed collagen-PLA composites were found to be
superior that the collagen-collagen composite, which is formed by grafting collagen
with collagen fibers. The collagen-PLA composites support the formation of fibrous
tissue in growth and exhibit delayed resorption when implanted into New Zealand
white rabbit. Hence, Dunn et al. suggest that the developed composite can be used
in the reconstruction of anterior cruciate ligament of knee (Dunn et al. 1997).

1.6.4 Collagen/Biopolymer Composites

Several biopolymerswhich are produced by the biological systems are utilized for the
fabrication of the biomaterials. Biopolymers exhibit biocompatible and biodegrad-
able property which is one of the major criteria of the scaffold. Here the colla-
gen based scaffold with several biopolymers such as alginate, chitosan, silk fibroin,
elastin, fibroin, hyaluronic acid and cellulose has been discussed below.

Alginate is a naturally occurring anionic and hydrophilic polysaccharide com-
posed of (1→4) linked β-D mannouronate (M) and α-L guluronate (G) in different
composition and sequence. Because of its properties in terms of biocompatibility,
bioresorbability, non-antigenicity, and elasticity, alginate has been used as a bioma-
terial in tissue engineering. Here, Guillaume et al. had fabricated collagen-alginate
composite by lyophilisation to obtain porous and shape memory property to fill the
defects in degenerated intervertebral discs. In vitro and ex vivo organ defect model
studies also reveal the compatibility of the composite towards bone marrow derived
mesenchymal stem cells. Hence, it could be used as an effective biomaterial for
intervertebral disc repair (Guillaume et al. 2015).

Chitosan is an amino cationic polysaccharide obtained by deacetylation of chitin.
Chitosan is comprised of glucosamine and N-acetyl glucosamine connected through
β (1–4) linkage. Chitosan mimics glycosaminoglycan (GAG) which is one of the
components of extracellular matrix (ECM) involved in cell-cell and cell matrix
interaction. Mighri et al. developed a material by coating chitosan over the colla-
gen membrane and further it was stabilized by cross-linking with glutaraldehyde.
This composite membrane support chondrocyte adhesion, proliferation, and IL-6
secretion which were confirmed by the in vitro studies using human chondrosar-
coma cell line. This hybrid membrane could be employed as a potential biomaterial
for cartilage regeneration (Mighri et al. 2015).

Silk fibroin is a protein extracted from silkworm cocoons mostly from Bombyx
mori. Silk fibroin fibers possess excellent mechanical strength, toughness, biocom-
patibility, biodegradability and thermal stability. Hence, it represents one of the best
biopolymerswith superior properties tomany synthetic and natural polymers. Tissue-
engineered nerve conduit (TENC) was developed by blending silk fibroin-collagen
nerve scaffold and co-cultured Schwann cells and adipose-derived stem cells. Mor-
phology of the schwann cells exhibited elongated spindle shape and immunocyto-
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Fig. 1.8 Morphology of Schwann cells. a Phase contrast microscopy. b An immunocytochemical
assessment of Schwann cells. Scale bar, 100 (a) and 50 μm (b) (Xu et al. 2016)

chemical analysis reveals the presence of S-100 protein which is the characteristic of
positive Schwann cells (Fig. 1.8). It was developed with an intension to bridge a 1-cm
gap in the rat sciatic nerve transection model. Electrophysiological examinations and
morphological analyses of the developed TENC resulted in the nerve regenerative
outcome similar to that of the autologous nerve grafts and superior to that of indi-
vidual collagen and silk fibroin scaffold. Based on the results it is concluded that the
developed TENC could be a promising material for peripheral nerve repair (Xu et al.
2016).

Elastin is the major component of the elastic fibres present in the connective tis-
sue of extra cellular matrix. It provides the mechanical strength and elasticity to the
connective tissues. Minardi et al. developed a biomimetic mesh from the blend of
collagen type 1 and elastin for the application in ventral hernia repair. They devel-
oped flat sheet and porous scaffolds from the blended composite to compare the
morphological effect on the performance of the implant. Both the sheet and porous
scaffolds were analysed for in vitro studies using human bone marrow-derived mes-
enchymal stem cells (h-BM-MSC) and then implanted in a rat ventral hernia model.
Porous scaffold displayed mechanical property similar to that of native tissue and
stimulated the gene expression of genes associated with de novo matrix deposition,
angiogenesis, adipogenesis and skeletal muscles, when compared to that of sheet.
Thus, the results conclude the capability of the collagen-elastin composite material
for ventral hernia repair application (Minardi et al. 2017).

Fibrin is the insoluble network of fibrous protein derived from soluble fibrinogen
after tissue injury to cease the bleeding of blood. Kim et al. developed a fibrin
network on the collagen sponge by immersing the collagen sponge in the fibrin
polymerisation solution having different concentration of fibrinogen and thrombin.
The porosity and water uptake capacity of the collagen-fibrin matrix was reduced
due to the cross-linking and fibrin network formation over the collagen sponge. The
developed collagen-fibrin matrix seeded with MG-63 cells had shown enhanced cell
attachment, proliferation and osteoblast differentiation. Suggesting the incorporation
of fibrin network to the collagen scaffold support and improves the differentiation of
osteoblast cells for stimulating bone repair (Kim et al. 2013).

Hyaluronic acid is an unsulfated glycosaminoglycan found in the extra cellular
matrix of soft tissues. 3-D collagen–hyaluronic acid scaffoldswith uniform, intercon-
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nected pore structure (total porosity of about 85%) were fabricated by freeze-drying
technique and cross-linking with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride. The addition of hyaluronic acid improved the thermal stability, com-
pressive modulus and elastic collapse stress of the composite. In vitro studies of the
composites with murine pre-adipocyte (3T3-L1) cell line has shown the increased
expression of genes, adipsin and PPARγ (adipogenesis transcription factor). Thus
collagen–hyaluronic acid scaffolds may exhibit porous and permeable 3-D matri-
ces that support the growth and differentiation of mammary stromal tissue for its
application in adipose tissue engineering (Davidenko et al. 2010).

Li et al. developed a porous collagen-cellulosematrix loaded gelatinmicrospheres
having basic fibroblast growth factor (bFGF) for skin tissue regeneration. The mate-
rial was fabricated for the long term release of the bFGF growth factor for enhancing
angiogenesis,which is as revealed fromELIZAanalysis. The composites also support
the proliferation of human umbilical vein endothelial cells when cultured in vitro.
Further, subcutaneous implantation of the composite into Sprague-Dawley rats also
resulted in formation of new blood vessels as observed from hematoxylin and eosin
and immunohistochemical staining. Thus the fabricated composite posses the capa-
bility to repair the damaged skin tissue and can be effectively used in skin tissue
engineering (Li et al. 2015).

1.6.5 Collagen Composite with Native Structure

Biomaterial mimicking the native structures has been developed to improve the
biomaterial interaction with surrounding tissues through biomolecular recognition
(Sakiyama-Elbert and Hubbell 2001). Biomaterial mimicking the characteristics of
extracellular matrix (ECM) will serve as an excellent biomaterial for tissue engi-
neering application. To mimic the ECM, several researchers utilize collagen type I
which is one of the component of the ECM and fabricate the biomaterial using self-
assembling process to mimic the molecular structure of collagen fibril formation in
natural tissue. Here, few of such collagen composites having native structures have
been discussed below.

Biomimetic collagen–apatite scaffold with a multi-level lamellar structure was
developed by combining a time-dependent self-compression process with control-
lable freeze casting of a mineralized collagen hydrogel. A mineralized collagen
hydrogel composed of bone-like mineralized fiber bundles was prepared by a sim-
ple biomineralization technique using collagen containing m-SBF. The multilevel
lamellar porous structure resulted in a 12-fold increase in Young’s modulus and a
two-fold increase in the compression modulus along the aligned direction compared
to the conventional scaffold with an equiaxed pore structure. Further, In vitro studies
reveal that the lamellar scaffold supported adhesion and spreading of osteoblast over
the scaffold. Therefore, Xia et al. concluded that the developed scaffold with hierar-
chical biomimetic structure showed improved anisotropic mechanical strength and
has great potential for its application in bone tissue engineering (Xia et al. 2014).
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Li et al. fabricated densified collagen films (up to 100μm thick) by a plastic com-
pression technique and cross-link them using carbodiimide chemistry. Initially the
author developed mineralized collagen by using a polymer-induced liquid-precursor
(PILP)mineralization process tomimic the in vivomineralization process and used it
for preparing densified film. The hardness and elastic modulus of the film in dry state
was observed to be as comparable to that of woven bone. Hence the author suggest
that the biomimetic mineralized collagen film with tunable mineral and mechanical
stability can be used for the development of bone substitutes (Li et al. 2012).

Socrates et al. describes the preparation of a novel tAgNPs incorporated native
fibrillar collagen-HAp composite having antibacterial property. The author prepared
spherical silver nanoparticles of mean diameter 25 nm and incorporated on to col-
lagen and initiated collagen fibril formation to yield composites exhibiting native
collagen fibril with D-periodicity. Later the composites were biomimetically miner-
alized by using m-SBF for mimicking the bone mineral. The formed composites are
biocompatible and antibacterial which was shown form in vitro studies with MG-63
cells and antibacterial activity with E. coli and Staphylococcus aureus respectively.
Hence, the author concluded that their developed material can be used as a bone
repair material for preventing infection and for faster calcified tissue repair (Socrates
et al. 2015).

Biomimetic fabrication of mineralized native fibrillar collagen-chitosan compos-
ites with incorporated silver nanoparticles exhibiting an antibacterial property was
developed by Socrates et al. The surface and cross-sectional micrographs of the
composite reveal the presence of fibrillar collagen similar to the native tissue. The
composites exhibit mineralization of spherulitic calcium phosphate mineral onto the
surface. The composites displayed collagen in the native fibrillar state, improved
mechanical property, hemocompatibility, biocompatibility towards MG-63 cells and
antibacterial property. These fabricated composites could be employed as a promis-
ing bone scaffold for preventing infection and assisting faster healing of the bone
(Socrates et al. 2019).

1.7 Conclusion

Collagen based biomaterials are widely employed in several biomedical applications
owing to their better biocompatibility, biodegradability and low immunogenicity. It
was extracted and purified from various sources of animal tissues and functionalized
with different inorganic and organic polymeric materials for improving its mechan-
ical, biodegradable and other biological properties for specific biomedical applica-
tion. Collagen scaffold faces several challenges such as stability and immunogenicity
caused from utilization of collagen from xenogenic source. In order to reduce the
immunogenicity caused from the xenogenic source non helical portion was cleaved
during the extraction of collagen. In that course we are eliminating non helical por-
tion, we are losing several cell binding sites and cross-linking sequences which may
play a vital role in tissue engineering. To overcome this, recombinant collagen has
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been utilized for the preparation of composites for tissue engineering. At present
several researches are being carried out on the fabrication of collagen based bioma-
terial cultured with cells to mimic the in vivo structures by biomimetic process to
cut down the gap between the in vitro and in vivo studies.
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