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Orthopedics has been identified as a major clinical medicine branch since the 18th century for musculoskeletal

disease diagnosis and therapeutics. Along with technological progress, the surgical treatment of bone disorders

became available in the 19th century, while its growth faced several obstacles due to a lack of proper

biocompatible material and alternative structures. Therefore, tissue engineering has emerged as a key building

block to overcome these challenges, providing the capability for bone growth, and fabricating scaffolds with

enriched desirable cellular compatibility as well as mechanical properties. Among various structures, the

electrospun layer has implied high porosity and fine pore sizes, and succeeded in cell growth and proliferation.

Collagen nanofibers have represented a wide potential for mineralization, bone regeneration, and forming

processes. Despite this, such scaffolds have accosted bone remodeling limitations due to inadequate

osteoinductivity and mechanical strength. Hence, the tendency to fabricate efficient collagen-based nanofibrous

layers enriched with organic and inorganic materials has been extensively declared. Embedding these materials

leads to engineering a membrane with appropriate physical, degradability, and mechanical properties, as well as

proper mineralization and biological activity required for better replicating the bone organ’s natural

microenvironment.

collagen  bone regeneration  electrospun collagen fibers  electrospinning

inorganic additives  organic materials

1. Introduction

Collagen is assumed as a major constituent of the extracellular matrix (ECM) in both hard and soft tissues, forming

25 to 33% of the body’s protein mass in mammals. Generally, 28 collagen types have been recognized so far,

disseminating in various tissues, such as bone, teeth, tendon, skin, and so forth. Collagens could be synthesized

through different body cells based on their localizations. As an example, in the connective tissues, fibroblast cells,

as well as bone osteoblast cells support collagen production. Along with the structural characteristics of collagen,

proper hemostatic capacity, low iminium genicity, and appropriate dimensional stability are considered their unique

features .

According to the literature, a different hierarchical conformation of collagen has been identified, including amino

acid-triplet, alfa-helix, triple-helix, and collagen fibrils. Moreover, three types of collagens are the most common
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among the collagen family, differing in the size and length of the helix. Type I collagen is recognized as the most

vital family member, which could be found in skin, tendons, and bone. Additionally, collagen type II is commonly

extracted from cartilage, while type III is frequent in the vascular system . The above-mentioned

characteristics of collagen and its great compatibility with the body have resulted in promising applications in

biomedical and tissue engineering fields, containing cosmetic surgeries, corneal bandages, contact lenses,

implants, sutures, dental composites, and drug delivery systems .

As a critical organ, bone provides fate-bearing sustainment, motion assistance, and physical protection of the brain

and heart. Meanwhile, the crucial roles of bones could be adversely influenced by injuries, fractures, diseases,

accidents, and functional disorders. Correspondingly, various treatment strategies have been introduced, in which

employing implants is considered a major great solution for bone tissue function . In this era, material selection,

matrix fabrication, and biological interactions are three factors affecting the final efficiency of engineered implants

. Regarding the material parameter, extracted biopolymers from natural resources, such as collagen, chitosan,

alginate, silk, cellulose, chitin, agar, starch, and lignin, as well as their derivatives (e.g., gelatin) are the most

applicable substances through revealing proper biocompatibility, biodegradability, and great cell response in bone

tissue engineering.

2. Bone Regeneration Techniques

The treatment method for bone defects is divided into major bone grafting and transplant strategies, in which

transplants include autograft, allograft, and xenograft . Bone graft is known as an implanted material in the body,

resulting in osteogenesis, osteoinduction, and osteoconduction . In the autograft method, an iliac or fibular bone

graft from the patient’s body is used, causing several disadvantages, such as essential secondary surgery, donor

limitation, high cost, infection, and pain . Allograft also applies fresh or transplanted tissue from another

person, possibly facing some difficulties, including the rejection or transmission of diseases, infections (e.g., HIV),

and high cost . Meanwhile, xenograft is a bone graft from the body of other organisms (e.g., animals), suffering

from the transmission of common diseases between animals and humans, immune response, and poor outcomes

. As a result, many efforts are looking for suitable alternatives to fix defects related to bone. Material selection,

matrix design, and biological interactions are key factors toward approaching an ideal structure for bone

regeneration. Inorganic and organic biomaterials are the main substances used for mimicking the structural

characteristics of natural bone tissues.

Tissue engineering knowledge is aimed at providing an appropriate scaffold that can mimic the natural bone

environment to respond to bone damage. In this case, the designed scaffolds are expected to have sufficient

mechanical strength and porous architecture. These features ameliorate cell migration and differentiation to

scaffolds . Various biomaterials have been utilized as scaffolds for bone tissue engineering. Among them, the

combination of type I collagen and different types of bioceramics, such as hydroxyapatite (HA), are frequently

suggested. This could be linked with the point that natural bones are mostly assembled from type I collagen with a

tiny amount of type V to form a network with nanosized bioceramics crystals . The HA bioceramic has received

extensive attention in bone tissue engineering due to its excellent features, such as biocompatibility,
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osteoinductivity, and osteoconductivity. Therefore, in the design of suitable networks for bone reconstruction,

benefiting from the synergistic effect of collagen along with additives could be a valuable strategy .

Besides material type and synthesis process in the determination of biomaterial characteristics, fabrication

methods have a key role in morphological, physiochemical, mechanical, and biological features. In 1988, Dahlin et

al. used a physical substrate for bone tissue regeneration for the first time . Then, different configurations,

including hydrogels, films, sponges, micro- and nano-spheres, and electrospun layers were declared as other

promising approaches for bone tissue engineering. Among the mentioned fabrication techniques, cross-linking, 3D

printing, and electric-field techniques have caught many interests, leading to the formation of hydrogels, proper

membranes, and nanofibrous structures, respectively.

The cross-linking procedure could successfully generate various hydrogel configurations. Hydrogels are hydrophilic

polymeric materials, capable of holding large amounts of water in their three-dimensional structure. In other words,

they are formed by the interaction of one or more monomers that produce a cross-linked network structure with the

ability to swell while not being dissolved in water . Collagen could be prepared in hydrogel forms for use in bone

tissue engineering. Sotome et al.  produced a hydrogel composed of collagen/HA and alginate that is

automatically cross-linked by the simultaneous titration coprecipitation method in 30 min. The proposed hydrogel

was also employed as a carrier of recombinant human bone morphogenetic protein 2 (rh-BMP2), resulting in

successful implantation after 5 weeks without structural deformation. Wang et al.  developed chitosan and

collagen hydrogels with different ratios using beta-glycerophosphate as an initiator, loaded by adult human bone

marrow-derived stem cells. The presence of collagen in the hydrogel increased cell expansion and proliferation, the

hydrogel density, and stiffness.

Another technique used to fabricate collagen structures is 3D printing. For the first time in 1980, 3D printer

technology was used to produce segments of different sizes, shapes, and materials. It is also able to synthesize

porous scaffolds with layer-by-layer techniques, which are suitable for tissue applications, especially for bone

tissue engineering . Kim et al.  designed a 3D-printed polycaprolactone (PCL) scaffold reinforced with

different percentages of carbonated HA coated with marine atelocollagen (MC). The obtained results of the

culturing of MC3T3-E1 cells on the 10% CHA/MC/PCL scaffold had a 1044% higher osteogenic differentiation than

the pure PCL. Diogo et al.  also designed and fabricated a 3D printable cell-laden hydrogel, consisting of blue

shark (Prionace glauca (PG))/Collagen/HA/alginate. The presence of collagen in the scaffold made the fibroblast

cell line viable during and after successful printing.

Electrospinning is a fabrication technique, in which a polymer solution or melt is stretched in an electrostatic field,

resulting in the assembling of fibers with distinct diameters onto a conductive collector. This simple procedure could

mimic the porous structure of natural ECM due to the production of a large surface area and highly porous

substrate with multi-scale fibers . Electrospraying is another method that has been investigated for bone

tissue engineering, in which droplets are created instead of fibers . This route is similar to electrospinning, and

so can be adjusted by manipulating the electrospinning conditions, such as voltage, polymer concentration, and

syringe-to-collector distance. Based on the literature, bioceramic nanoparticles are able to coat a layer over the
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electrospun membranes via the electrospray procedure. Benefiting from the electrospinning procedure, Chen et al.

 depicted that the electrospun PCL/collagen fibers incorporating 5% cerium/HA could result in uniform fibers with

an average diameter of 396 nm, as well as a 30-times-greater corrosion rate than the bare Mg alloy substrate.

Electrophoretic deposition is supposed to be another fabrication technique in the electric field category, which is

utilized for thick-film coating. Accordingly, charged particles (metal, polymer, ceramic, and glass) that are dispersed

in a liquid phase migrate to the opposite electrode under the electric field. Unlike other solutions, the combination

of organic and inorganic materials deposits to create different coatings in this technique. Deposition time, the

electrical field, and concentration can influence the morphology of the produced coating. Collagen (type I), known

as a natural material with a net-positive charge can move over the electrical field and deposit onto the cathode.

Also, it can combine with HA or other nanoparticles (e.g., calcium phosphate) to cover the surface. In addition,

chitosan as another biomaterial could co-deposit with collagen to form a film by modifying the deposition

properties. Rosei et al.  co-deposited phosphate glass doped with copper via collagen–chitosan over a

stainless-steel surface during the electrophoretic deposition method.

Overall, in comparison with different available fabrication methods, electrospinning has illustrated outstanding

advantages, due to versatility, simplicity, cost-effectiveness, high loading capacity, and applicability at room

temperature. Also, multi-scaled fibers produced via electrospinning have illustrated unique configurations with

desirable surface area, porous structure, tiny and interconnected pores, pore tortuosity, diameter, and the ability to

adjust the morphological features. Furthermore, a wide variety of polymer solutions can be used in this process .

These benefits make the electrospinning process reliable in abundant research areas, specifically in the design

and engineering of versatile bone tissues. Therefore, the collagen resources, suitable conditions for its

electrospinning procedure, as well as their characterizations as bone tissue scaffolds are comprehensively

reviewed in the following sections.

3. Collagen Resources and Electrospun Fiber Formations

Collagen is a fibrillar protein in animals and comprises more than 25% of the total protein content of the

mammalian body . Collagen maintains structural integrity by forming molecular lines that reinforce tendons using

large elastic sheets . Being known as a viscoelastic material, collagen possesses high tensile strength with

low extensibility. In the form of an ECM, collagen provides structural and mechanical support to connective tissues,

such as skin, joints, and bones . Collagen fibers have a similar structure to the fibers that make up the ECM.

The triple-helix construction allows collagen molecules to form fibrils that provide mechanical strength and elasticity

to tissues. It also supports the skin by providing elasticity and strength, as well as protecting it from pathogens and

toxins. In addition, collagen is a key building block in cell biological functions, such as proliferation and

differentiation, and contributes to the healing of damaged bones and vessels, resulting from the presence of

specific sites for integrin receptors on cell surfaces, which attest to the cell’s adherence and interaction with the

ECM . Moreover, collagen can act as a signaling molecule through binding to specific receptors on cell surfaces

and activating intracellular signaling pathways, which can regulate bioactivity behavior. Furthermore, its

biodegradability and biocompatibility are vital means, enabling it to be well tolerated by the body and be broken
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down through natural procedures. Bones and teeth are the components, where collagen could be found in

association with mineral crystals, especially HA .

The collagen family have consisted of polypeptidic chains with a triple-helix structure. The diameter of the three

polypeptide fibrils is in the range of 10–500 nm with an estimated length of 1400 amino acids and a molecular

weight of 285 kDa . A repeating sequence of three amino acids consisting of glycine, proline, and

hydroxyproline forms the primary structure . In each individual chain, the atoms are linked by covalent bonds. In

contrast, a triple-helical structure of three chains is generated by weaker bonds (dipole–dipole bonds, hydrogen

bonds, van der Waals interactions, and ionic bonds) . The stabilization of collagen within a fibril is caused by

various intramolecular and intermolecular forces, while the hydrogen bonds are critical in stabilizing the triple helix

of collagen. The charged groups in the collagen molecules lead to electrostatic interactions that contribute to the

intramolecular structure. Thus, each collagen molecule creates a strong molecular bond with neighboring

molecules .

Three types of collagens, including types I, II, and III, are the most common in the collagen family, differing in the

size and length of the helix. Type I collagen, which is the most important member of the family is obtained from

skin, tendons, and bone. Type II collagen is extracted from cartilage and type III from the vascular system. It is

worth mentioning that type I collagen involves about 90% of the body’s collagen and is the most commonly

employed type for various applications .

Collagen can be extracted from different resources. Bovine, porcine, and marine collagen are the most common

bases . Bovine collagen, obtained from the skin and bones, is one of the major resources utilized in various

industries. The bovine Achilles tendon is used to obtain type I collagen, while type II is derived from articular or

nasal cartilage. The suitable biocompatibility of bovine collagen makes it a proper candidate for various

applications. Generally, it is used to cover burns and extra-oral wounds of the body. The major concern about

bovine collagen is the prevalence of diseases, such as bovine spongiform encephalopathy, transmissible

spongiform encephalopathy, and foot and mouth disease, which are considered a threat to humans. Moreover,

about 3% of people are allergic to bovine collagen, motivating researchers to seek a safer alternative for collagen

sources .

In contrast, another widely used industrial source of collagen is porcine collagen, obtained from pigs’ skin and

bones. Since porcine collagen is very similar to human collagen, it causes fewer allergic reactions. Collagen

matrices made from porcine collagen have been applied for soft tissue grafting. It has been shown that porcine

collagen materials can be a biocompatible alternative for autogenous transplant; however, there is still a risk of

zoonosis. Moreover, religious constraints limit this collagen source in some regions and cases .

Given the concern about the outbreak of various diseases in terrestrial animals, marine sources have been

considered for obtaining collagen. This collagen source can be considered the safest collagen base and has been

classified by the FDA as GRAS (generally recognized as safe). The numerous advantages of marine collagen over
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land collagen could be no zoonotic risk, higher collagen content, lower molecular weight, better absorption, less

inflammatory and immune responses, as well as fewer religious and ethical restrictions .

Considering several disadvantages compared to animal-derived collagen, including batch-to-batch inconsistency

and the risk of inflammation and disease transmission, synthetic collagen has recently been investigated. In this

type of collagen, the amino acids self-arrange into a triple-helix structure that mimics natural collagen . Synthetic

collagens could also be obtained using recombinant technology, in which insect, yeast, mammalian, and plant cell

cultures are employed as precursors. Recombinant collagen has been successfully utilized for several medical

applications in the form of sponges, gels, and fibers. Results have revealed the superior performance of the

recombinant collagen than that of the collagen extracted from animals in terms of processing ability and therapeutic

efficiency . Despite the mentioned advantages of synthetic collagens, some shortcomings, such as low

profitability and high cost, have limited their applications. In addition, the lack of enzymes essential for bioactive

collagen formation leads to a decrease in demand for this product. Therefore, animal-based collagen remains the

first choice for the field of research and clinical applications .

Reconstructive medicine is a brilliant instance where collagen-based materials have been successfully utilized and

have resulted in approaching top results. Collagen matrices (especially type I) are usually used as an ECM

substitute for tissue regeneration or repair . Collagen-based three-dimensional scaffolds for tissue engineering

have been fabricated using various methods, such as gas-forming foam , thermally induced phase separation

, freeze-drying , 3D printing , and electrospinning .

As discussed earlier, electrospinning is a robust and potential technique for the fabrication of matrices with

nanoscale and/or microscale fibers that mimic the fibrous nature of native ECM . Electrospun fibers have a

fibrous structure that is similar to the fibrous network of the ECM, providing robust mechanical support and a

proper scaffold for cells to attach and grow. Additionally, they have a high surface area to volume ratio, providing

more surface for cell attachment and growth, which is in line with the ECM architecture. Electrospun fibers could be

fabricated using biocompatible and biodegradable substances, as well. Moreover, the properties of tissue

engineering scaffolds fabricated with electrospinning can be tuned by changing the spinning parameters. The

diameter and orientation of the fibers, as well as the porosity of the electrospun scaffold, can be altered during the

spinning process, resulting in a wide range of scaffold architectures with the ability to mimic the ECM .

Moreover, various crosslinking techniques could be employed to improve the mechanical properties of collagen-

based electrospun scaffolds and increase their degradation resistance . For instance, UV radiation  and

dehydrothermal treatment (DHT)  are physical crosslinking methods, while EDC/NHS is a common chemical

crosslinking system in this field . It is declared that the crosslinked samples with EDC/NHS have higher

compressive modulus than the DHT-treated ones. Additionally, EDC/NHS enhances the resistance of the scaffold

to degradation against collagenase .

Huang et al.  first studied the electrospinning of collagen in 2001. They employed 10 mM HCl as the solvent

system and reported that no fibers could be obtained with pure collagen at a concentration of less than 2 wt.%.

This could correspond to the low solubility and high viscosity of collagen in general organic solvents. So, mixing
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collagen with synthetic and frequent polymers, such as PCL, polyglycolide acid (PGA), polyethylene oxide (PEO),

etc., has been declared as an influential strategy. For example, the addition of PEO to the solution led to uniform

fiber formation with diameters ranging from 100 to 150 nm. Another way to overcome the challenging

electrospinning process of collagen is by using organic versatile solvents. In 2002, Matthews et al.  described

the prosperous electrospinning of pure collagen (type I and type III) using 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)

as a solvent. Li et al.  investigated the influence of polymer concentration on the resulting electrospun collagen

nanofibers. They concluded that increasing the concentration contributes to the rise in the diameter, and uniform

fibers could be yielded above the concentration of 5%. Furthermore, the tensile modulus of collagen nanofibers

was reported to be 262 ± 18 MPa. The discovery of HFIP as a strong solvent suitable for the electrospinning of

numerous natural and synthetic biopolymers led to performing several attempts for various applications .

Meanwhile, HFIP is a highly volatile and corrosive solvent that poses serious risks to humans. There are critical

concerns about the use of HFIP due to the danger to laboratory personnel and the environmental hazards of its

use. Furthermore, some studies have claimed that HFIP can denature collagen into gelatin during the

electrospinning process . Another beneficial solution, specifically in the case of medical applications, is applying

non-toxic aqueous systems. Accordingly, Dong et al.  described the electrospinning of type I collagen using

ethanol and phosphate-buffered saline. The diameter of the resulting fibers was reported to be in the range of

collagen nanofibers obtained from the HFIP solvent system. In another study, Liu et al.  published a paper on

the electrospinning of type I collagen using 40% acetic acid. They compared the degradation of collagen in HFIP

and a 40% acetic acid solvent system for electrospinning and reported greater denaturation of the scaffolds

obtained from HFIP.

In addition, collagen is a suitable biopolymer for blending with other biomaterials. Therefore, the downsides of the

collagen fibrous structures could be modified through fabricating collagen-based composites. Several electrospun

collagen nanofiber composite systems have been extensively investigated for application in bone tissue

engineering. In such cases, the poor mechanical strength of the collagen could be tackled with the presence of

other substances. Considering this, Balasubramanian et al.  prepared the electrospun collagen/PCL nanofibers

using HFIP as the solvent and a subsequent dip-coating step in 45S5 bioglass. The results demonstrated suitable

osteoblast differentiation in vitro. According to tremendous studies carried out to design bone tissue composites

based on the collagen polymer, the electrospun collagen-based fibrous structures could be promising as the matrix

of many cell types. In the following section, the techniques used for the fabrication of nanofibrous bone tissues, as

well as their performances are highlighted.

4. Collagen-Based Nanofibrous Bone Scaffolds

Considering the downsides of bone-therapeutic techniques, such as transplants and implants, the ability of bone

for regeneration has received wide attention. In this era, the formation of collagens was focused more on other

substances, due to their biocompatibility, biodegradability, non-toxicity, non-antigenicity, mimicking of native bone

ECM, proper topology, biological renewability, ability to be cross-linked, and so forth. Collagen nanofibers have

illustrated superior pros compared with other polymers because they could closely imitate the native tissues’ ultra-
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architectures. Additionally, collagen-based nanostructures do not activate the host iminium response in the body.

Also, the cells are compatible with nano collagen structures, since collagen is present in most body parts. Among

various collagen types, electrospun fibrous structures of collagen types I, II, III, and IV are more applied in bone

tissue engineering. These structures could be feasibly obtained in the shapes of aligned and random nanoarrays. It

is widely shown that the aligned configurations could result in better mechanical properties and more appropriate

cell activity.

Meanwhile, several drawbacks have been declared for the collagen-based bone tissues, such as the negative

effect of sterilization, low melting point, poor mechanical stability, challenging processes, and difficult degradability

adjusting. Therefore, collagen-based structures are commonly combined with other organic materials, inorganic

compounds, or both organic and inorganic structures to address the mentioned obstacles.

Table 1 summarizes the attempts reported toward enriching the collagen electrospun bone tissues with organic

materials, such as alginate, polyvinyl alcohol (PVA), PCL, PLGA, silk, and so on, and inorganic materials, including

HA, metal alloys, bio-active glass, etc.

Table 1. Summary of collagen-based electrospun-synthesized with organic and inorganic materials.

Route
Inorganic

Element
Organic Element Main Results Ref.

Collagen/PVA

nanofibers grafted

on titanium alloy

Ti-6Al-4V PVA

The effects of fiber alignment

and density on osteoblast

mineralization were

investigated. In the first week

of cell culturing, the collagen-

aligned fibers could induce

osteoblasts to elongate along

the fiber direction.

Meanwhile, it could not be

observed in randomly aligned

collagen fibers. Also, the cell

growth, found on the high-

density aligned collagen

fibers showed more calcium

than it on both high- and low-

density collagen random

fibers.

Lin and Peng [57]
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Route
Inorganic

Element
Organic Element Main Results Ref.

Electrospun

PVA/collagen/HA

nanofibers

HA PVA

The designed filled

nanofibrous membrane

showed in vitro degradability,

better mechanical properties,

and hydrolytic resistance.

Also, excellent adhesion and

proliferation of the MC3T3

cells were obtained on the

designed scaffold, proposing

the capability for an

orthopedic prosthetic surface.

Song et al. 

Electrospinning of

Collagen/PCL

nanofibers on

titanium

Titanium PCL

The cytocompatibility of

titanium was improved

through the addition of

electrospun Collagen/PCL

nanofibers, resulting from the

increase in the titanium’s

surface roughness. It also

influenced the shear strength

of titanium implants by

facilitating the connective

tissue growing on them.

Khandaker et al.

Mineralization of n-

HA through Ca–P

treatment on

PLGA/collagen

nanofibrous layer

HA PLGA

Bone-like apatite was shaped

on the collagen/PLGA

nanofibrous layer and

showed the presence of

collagen-boosted n-HA

nucleation. More n-HA

affected the osteoblasts‘

attachment and proliferation.

Ngiam et al. 
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