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Abstract
Biomimetic materials for better bone graft substitutes are a thrust area of research among researchers and clinicians. Autografts,
allografts, and synthetic grafts are often utilized to repair and regenerate bone defects. Autografts are still considered the gold-standard method/material to treat bone-related issues with satisfactory outcomes. It is important that the material used for bone tissue
repair is simultaneously osteoconductive, osteoinductive, and osteogenic. To overcome this problem, researchers have tried several
ways to develop different materials using chitosan-based nanocomposites of silver, copper, gold, zinc oxide, titanium oxide, carbon
nanotubes, graphene oxide, and biosilica. The combination of materials helps in the expression of ideal bone formation genes of
alkaline phosphatase, bone morphogenic protein, runt-related transcription factor-2, bone sialoprotein, and osteocalcin. In vitro and
in vivo studies highlight the scientific findings of antibacterial activity, tissue integration, stiffness, mechanical strength, and degradation behaviour of composite materials for tissue engineering applications.

Introduction
Bone-related defects and diseases are a serious concern to the
life of patients [1]. Autografts, allografts, and synthetic grafts
are frequently utilized by clinicians to treat bone defects. Bone

grafts should have osteoconductive, osteoinductive, and
osteogenic properties to mimic the natural function of the bone
[2]. Autografts are considered the gold-standard bone graft
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substitute since it has all three properties previously mentioned.
Hence, the success rate of autograft techniques is always
maximum. On the other hand, allograft and synthetic grafts are
good in terms of osteoconductive properties; however, osteoinductive and osteogenic properties are limited. Cells and growth
factors provide the osteoinductive and osteoconductive properties to bone graft substitutes. Therefore, to get all the three
properties of bone graft substitutes, synthetic biomaterials are
often mixed with growth factors and host-derived cells to
increase bone formation [3]. Bone tissue engineering is the
process of developing bone graft biomaterials with the combination of materials, growth factors, and cells [4]. Both natural
and synthetic materials have been extensively studied for bone
graft substitutes [5,6]. Natural biomaterials often are biocompatible, biodegradable, and less toxic to cells, whereas synthetic biomaterials have excellent mechanical strength, uniform
raw materials quality, and are abundant. Chitosan is a natural
polymeric substance and an extensively studied material for
bone tissue engineering due to its biocompatibility, biodegradability, and antimicrobial properties [7-10]. Chitosan in combination with silver, gold, copper, titanium oxide, zinc oxide, carbon nanotubes, graphene oxide, and biosilica was developed to
improve bone scaffolds for better bone tissue repair and regeneration [11]. In tissue engineering applications, nanoscale topological characteristics influence cell adhesion, survival, proliferation, and differentiation. The rough surface of the materials at
the nanoscale helps cellular peptide adhesion for better stem cell
growth and differentiation [12,13]. Nanomaterials have several

advantages such as high surface area, increased mechanical
strength, and induction of several important genes for bone
tissue repair and regeneration [14]. Nanomaterials such as silver
[15], gold [16,17], titanium oxide [18], zinc oxide [19,20], carbon nanotubes [21,22], graphene [23] and biosilica have been
studied in terms of their osteogenic potential in stem cell differentiation. Chitosan materials are often combined with these
nanomaterials to fabricate a scaffold that can potentially mimic
the natural structure and function of the bones. The addition of
nanomaterials to chitosan provides several advantages including the retaining of biological activities of nanomaterials and
prevention of particle aggregation [24,25].

Review
Bone structure
Bone is a hard tissue that contains different kinds of cells including osteoblasts, osteocytes, and osteoclasts (Figure 1) [26].
The inorganic hydroxyapatite and organic type I collagen components are vital to bone tissue. The bone biomineralisation activities are formed by nanosized hydroxyapatite crystals with
connective collagen fibrils [27]. The bone possesses a unique
combination of strength and stiffness, and it has excellent
compressive strength and tensile strength due to the attribution
of deep nanostructures of inorganic and organic components.
Human bones are complex and their asymmetric matrix is
constituted of basic components hierarchically organized into
distinct structural layers at macro- and nanoscale levels.

Figure 1: The bone structure. The magnified image shows the physiological arrangement of the bone matrix. The internal structure of the bone has
the 100–500 µm osteon which contains 300 nm collagen fibrils, hydroxyapatite crystals, and 1.5 nm tropocollagen.
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Cortical (compact) and cancellous (trabecular) bones are two
kinds of bone classification based on their macrostructure. A
femur is a long bone with a thick cortical covering which is
porous and has a cancellous interior. The calvaria is a flat bone
with cortical layers on the outside and a cancellous structure on
the inside [28,29]. The physical behaviour of the cortical bone
is mainly controlled by porosity, mineralization rate, and solid
matrix structure (cancellous interior) [30]. Also, the mechanical
properties of cancellous bones are controlled by the structural
organization of the matrix [31]. The bone microstructure mainly
comprises collagen threads of lamellae coiled around layers to
form a 200–250 µm diameter osteon which can vary between
cortical and cancellous bones [31]. At the scale of 1 µm,
collagen fibrils are surrounded by minerals [32] (Figure 1).
Crystals, collagens, and non-collagen organic proteins are found
at sub-nanoscale levels ranging from 1 to 10 nm [33]. It has
been reported that 90% of the proteins identified inside the bone
extracellular matrix is produced by bone-forming osteoblasts
with a repeating amino acid sequence of [Gly(glycine)–X–Y]n,
where X and Y may be proline and hydroxyproline. Collagen
fibrils, composed of specific proteins, are usually responsible
for mechanical strength. Furthermore, osteoblasts generate a
membrane that includes alkaline phosphatase, which cleaves
phosphatase groups and causes calcium and phosphate precipitation, resulting in the formation of natural bone minerals with a
ratio of 1.67 [27].
Osteoblasts have been predominantly derived from mesenchymal stem cells, which express particular genes for the production of bone morphogenic proteins and wingless (Wnt) pathway elements. It has been revealed that runt-related transcription factors-2 (Runx2), osterix (Osx), and the distal-less homeobox 5 (Dlx5) are primarily responsible for osteoblast differentiation. Specifically, the gene RUNX2 upregulates the genes for
collagen type I alpha 1 (ColIA1), alkaline phosphatase (ALP),
bone sialoprotein (BSP), bone gamma-carboxyglutamate protein (BGLAP), and osteocalcin (OCN), which are important for
the regeneration process [34]. To mimic the natural bone function, the composite materials should be in the form of inorganic
and organic composites. To mimic the inorganic portion,
researchers have tried to utilize calcium phosphate materials
due to their similarity to the native tissue. To mimic the organic
portion of the bone, several materials including polymers, proteins, and carbon-based materials have been tested.

Biomaterials for bone graft substitutes
Hydroxyapatite and its composites have been widely utilized/
studied biomaterials for bone tissue engineering [35,36].
Hydroxyapatite with several polymeric materials has been used
to mimic the natural function of the bone. Different kinds of
polymeric materials have been utilized including chitosan, algi-

nate, fucoidan, carrageenan, and ulvan from natural polymeric
materials. Polycaprolactone (PCL), poly ᴅ,ʟ-lactic-co-glycolic
acid (PLGA), and polylactic acid (PLA) have been extensively
studied with hydroxyapatite to develop bone mimetic scaffolds
[37]. Bone morphogenetic protein 2 (BMP-2) is one of the
widely utilized growth factors for the treatment of bone-related
diseases and defects [38,39]. Growth factors are responsible for
bone formation which happens through the stimulation of different kinds of cells in our body. However, the drawbacks of
using growth factors and enzymes are stability, high cost, and
low availability. To overcome these issues, bioactive materials
are often studied to mimic the natural function of growth
factors. Several researchers are studying nanomaterial-based
chitosan composites regarding their osteoinductive properties
[40,41]. Chitosan is combined with several polymeric materials
and nanoparticles to mimic the natural function of the bone
(Table 1) [42,43]. Chitosan biomaterials enhance the proliferation of osteoblasts and the formation of bone minerals by
promoting gene expression of type I collagen, osteopontin,
osteonectin, and osteocalcin. Chitosan mixed with different
functionalized materials such as silver, magnesium oxide, and
bioactive glass has aided the treatment of infected bone defects
with a biodegradable behaviour at the bone defect site [44,45].
The N-(2-hydroxy)propyl-3-trimethylammonium chitosan
chloride (HACC) is a chitosan biomaterial used for the treatment of infected bone defects. The arrangements of amino acids
in the chitosan (degree of deacetylation) determines the growth
and support necessary for osteoblast differentiation. Increasing
the degree of deacetylation in the chitosan, the positive charge
density increases, which results in high electrostatic interaction
which electrically stimulate the osteoblasts to proliferative and
differentiate [46-48]. Chitosan biomaterials containing graphene
oxides were used as substrates for the generation of hydroxyapatite, which has a high elastic flexibility and tensile strength
for bone tissue engineering applications [49]. Carbon nanotubes were also used as fillers in chitosan to increase flexibility,
porosity, and mechanical strength of chitosan biomaterials for
applications in bone tissue engineering [50]. The porous structure of the chitosan with an absorbable collagen sponge encourages osteoblast stem cells to attach to the surface to proliferate
and differentiate promoting bone development. As compared to
absorbable collagen sponges, the increase in bone mineral density, defect closure, and new bone formation on rat calvaria
defects indicate a strong healing effect and new bone formation
on chitosan/absorbable collagen sponges [51].

Chitosan with metal nanomaterials for bone
tissue engineering
Chitosan–silver nanocomposites
Silver nanoparticles (AgNPs) have gained much attention in
bone-related implant research due to its intrinsic antimicrobial
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Table 1: Combinations of chitosan with several polymeric materials and nanoparticles to mimic the natural bone function.

S. No.

Materials

Methods

Cell line/animal

Bacteria

Ref.

1

chitosan–silver

coating

rabbit

Staphylococcus aureus

[52]

2

chitosan–silver

electrophoretic
deposition

MG-63 cells/rat

Staphylococcus aureus

[53]

3

chitosan–diatomite

freeze-drying

MG-63 cells/Saos-2
cells/human osteoblasts

–

[54]

4

chitosan–silica

cross-linking

–

–

[55]

5

chitosan–silver

self-assembly

–

Staphylococcus aureus
and Escherichia coli

[56]

6

chitosan–collagen

cross-linking

MC3T3-E1 cells

–

[57]

7

chitosan–carbon nanotubes

sonication

–

–

[58]

8

chitosan–carbon nanotubes

electrophoretic
deposition

MC3T3-E1 cells

–

[59]

9

chitosan–reduced graphene
oxide

self-assembly

MG-63 cells

–

[60]

10

chitosan–graphene oxide

sonication and
lyophilisation

MC3T3-E1 cells

–

[61]

11

chitosan–graphene oxide

solvent casting

MG-63 cells

Staphylococcus aureus
and Staphylococcus
epidermidis

[62]

12

chitosan–tetraethoxysilane

sol–gel

human osteoblasts

–

[63]

13

chitosan–bioactive glass

sol–gel/coprecipitation

human osteosarcoma
cells

–

[64]

14

chitosan–mesoporous silica
nanoparticles

electrospinning

MC3T3-E1 cells

–

[65]

15

chitosan film–graphene
oxide–hydroxyapatite–gold

hydrothermal and gel
casting

C3H10T1/2

[66]
Escherichia coli,
Streptococcus mutans,
Staphylococcus aureus,
and Pseudomonas
aeruginosa

16

chitosan–silver nanoparticle

reduction

human adipose-derived
mesenchymal stem cells

–

[67]

17

chitosan–carbon
nanotubes–gelatin

sonication

–

Bacillus subtilis,
Staphylococcus aureus
and Listeria
monocytogenes,
Escherichia coli 0157,
Salmonella enteritidis,
Salmonella typhi, and
Klebsiella pneumoniae

[68]

18

chitosan–hydroxyapatite–zinc
oxide

stirring and
self-assembly

MG-63 cells

[69]
Escherichia coli XL1B,
Lysinibacillus fusiformis,
and Bacillus cereus

19

chitosan–hydroxyapatite–zinc
oxide–palladium

coating

dental pulp stem cells

Pseudomonas
aeruginosa

[70]

20

chitosan–zinc–gelatin

electrophoretic
deposition

rat bone marrow stromal
cells/Sprague Dawley rat

Escherichia coli and
Staphylococcus aureus

[29]

21

chitosan–graphene
oxide–hydroxyapatite

ultrasonication

MG-63 cells

–

[71]

22

chitosan–graphene
oxide–polyvinylpyrrolidone

electrospinning

rat bone marrow
mesenchymal stem
cells/Sprague Dawley rat

–

[72]

23

chitosan–graphene
oxide–hydroxyapatite

layer-by-layer assembly mouse mesenchymal
technique
stem cells

–

[73]

24

polysaccharide 1-deoxylactit-1-yl coating
chitosan–silver nanoparticles

human adipose-derived
stem cells/mini-pig

Staphylococcus aureus
and Pseudomonas
aeruginose

[74]

25

chitosan–nanohydroxyapatite–nanosilver

osteoprogenitor cells

Staphylococcus aureus
and Escherichia coli

[75]

freeze-drying
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Table 1: Combinations of chitosan with several polymeric materials and nanoparticles to mimic the natural bone function. (continued)

26

chitosan–polyurethane–silver
nanoparticle

electrospinning

NIH 3T3 cells

Porphyromonas
gingivalis

[76]

27

carboxylated
chitosan–silver–hydroxyapatite

facile gas diffusion

MG-63 cells

Staphylococcus aureus

[77]

28

chitosan–nanohydroxyapatite–silver

cross-linking and
lyophilisation

MC3T3-E1 cells

Escherichia coli

[78]

29

chitosan–nanohydroxyapatite–silver

in situ hybridization

human osteoblasts

Escherichia coli

[79]

30

chitosan–multiwalled carbon
nanotubes–hydroxyapatite

sonication and
cross-linking

MC3T3-E1 cells

–

[80]

31

titanium oxide–naringin–chitosan dropping

osteoblasts

–

[81]

32

chitosan–nanosilicon
dioxide–chondroitin sulfate

cross-linking

MG-63 cells

–

[82]

33

chitosan–nanosilicon
dioxide-gelatin

cross-linking

MG-63 cells

–

[83]

34

chitosan–octa(tetramethylammonium)–polyhedral
silsesquioxane

Freeze-drying

MG-63 cells/ Saos-2
cells/3T3 cells

–

[84]

35

chitosan–bioactive glass–silver
nanoparticle

electrophoretic
deposition

MG-63 cells

Staphylococcus aureus

[85]

36

carboxymethyl chitosan–copper
ion–alginate

cross-linking

MC3T3-E1 cells

Staphylococcus aureus

[86]

37

chitosan–glycyl-ʟ-histidyl-ʟstirring
lysine–copper ions–mesoporous
silica nanoparticles

MC3T3-E1 cells

Escherichia coli and
Staphylococcus aureus

[87]

38

chitosan–nanohydroxyapatite–silver–magnesium ions

microwave-assisted
coprecipitation

human fibroblast skin
cells

Escherichia coli and
Staphylococcus aureus

[88]

39

chitosan–titanium
oxide–selenium

electrodeposition

osteoblasts

Escherichia coli

[89]

40

chitosan–silver–ion-loaded
calcium phosphate

electrospinning

bone marrow stromal
cells

Staphylococcus mutans [90]

41

chitosan–carboxymethyl
freeze-drying
cellulose–silver nanoparticle
modified cellulose nanowhiskers

MG-63 cells

Escherichia coli and
Enterococcus hirae

[91]

42

chitosan–silver–strontium–
hydroxyapatite

ultrasonication

human bone marrow
mesenchymal stem cells

Staphylococcus aureus

[92]

43

chitosan–collagen–functionalized multiwalled carbon
nanotubes–hydroxyapatite

lyophilisation/freeze
drying

MG-63 cells

–

[93]

44

chitosan–zein–polyurethane–
functionalized multiwalled
carbon nanotubes

electrospinning

MC3T3-E1 cells

[94]
Escherichia coli,
Staphylococcus aureus,
Micrococcus luteus, and
Staphylococcus
epidermidis

45

chitosan–titanium
substrate–titanium oxide
nanotubes–alginate

self-assembly

osteoblasts

Escherichia coli and
Staphylococcus aureus

[95]

46

chitosan–melatonin–titanium
oxide–gelatin

spin-assisted
layer-by-layer

mesenchymal stem cells

–

[96]

47

chitosan–alginate–hydroxyapatite–silver nanoparticles

freeze-drying

MG-63 cells

[97]
Escherichia coli,
Staphylococcus
epidermidis,
Staphylococcus aureus,
and Pseudomonas
aeruginosa

48

chitosan–copper–bioactive
nanoparticles–glycerophosphate–silk fibroin

stirring

MC3T3-E1 cells/rat

–

[98]

49

chitosan–titanium–silica–
silver–acemannan

induction plasma spray
coating

osteoblasts/rat

Staphylococcus
epidermidis

[99]
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Table 1: Combinations of chitosan with several polymeric materials and nanoparticles to mimic the natural bone function. (continued)

50

chitosan–nanohydroxyapatite–
nanocopper–zinc

freeze-drying

rat progenitor cells

Escherichia coli and
Staphylococcus aureus

[100]

51

chitosan–calcium
phosphate–graphene
oxide–silver nanoparticles

freeze-drying

bone marrow stromal
cells/Sprague Dawley rat

Staphylococcus
epidermidis and
Escherichia coli

[101]

52

chitosan–silver-doped
hydroxyapatite–iron oxide

ball milling

NIH-3T3 cells

Staphylococcus aureus
and Escherichia coli

[102]

53

chitosan–bone morphogenic
protein–silver–hydroxyapatite

coating

bone marrow stromal
cells/Japanese big-ear
white rabbit

Staphylococcus
epidermidis and
Escherichia coli

[103]

54

chitosan–silk
cryogel–silver–strontium–
nanohydroxyapatite

freeze-drying

rat bone marrow stromal
cells/Sprague Dawley rat

Escherichia coli and
Staphylococcus
epidermidis

[104]

55

chitosan–calcium
silicate–gelatin–silver

coating

MG-63 cells

Staphylococcus aureus
and Escherichia coli

[105]

56

chitosan–silver–magnesium–
strontium– iron–hydroxide

ultrasonication

human bone marrow
mesenchymal stem cells

Staphylococcus aureus

[106]

57

chitosan–nanohydroxyapatite–
gelatin–nanocopper–zinc

freeze-drying,
cross-linking and
lyophilisation

mouse embryonic
fibroblasts/rabbit

–

[107]

58

chitosan–poly
(3-hydroxybutyrate)–multiwalled
carbon nanotubes–nanobioglass–titania

coating

MG-63 cells

–

[108]

properties. Xie et al. (2019) developed AgNPs composites containing polydopamine–hydroxyapatite–chitosan by adding
AgNPs to hybrid materials, which significantly reduced microbial infection in the implanted place [109]. Polydopamine and
chitosan play an important role in the controlled release of
AgNPs at the implanted site and also behave as biocompatible
scaffolds. Wang et al. (2019) developed a system containing
hydroxyapatite and silver-based composites and electrodeposited those onto titanium implants and chitosan to regulate
silver ion and calcium ion release [110]. Silver and antibiotic
drugs were mixed into the biocomposite containing chitosan,
graphene oxide, and hydroxyapatite. Furthermore, using onestep electrodeposition, biocomposites were coated on titanium.
It has been discovered that the addition of graphene oxide and
chitosan improves mechanical strength and cell adhesion. Importantly, the developed biocomposites have excellent antimicrobial activity [111]. AgNP-loaded fibrillar collagen–chitosan
matrix was used for further biomineralisation using a simulated
body fluid (SBF) solution. The developed composites show
better mineralisation and also significant antimicrobial activity
[112]. The hydroxyapatite was coated onto titanium by using an
induction plasma-spray coating approach. The hydroxyapatite
was then buffed with silver and silica. In the SBF solution, the
release of acemannan from the coating material was also evaluated. Acemannan was found to be released in a long-term
manner. Furthermore, an in vitro cell interaction study on
osteoblasts revealed that the produced material stimulates cell
growth. In addition, in vivo investigations on a rat distal femur

model show that a considerable amount of new bone has grown
(Figure 2). Besides this, significant antibacterial properties
against Staphylococcus epidermidis have been found [99].
Coating materials containing chitosan, bioactive glass, and
AgNPs were developed by using the electrophoretic deposition
method. The produced material was coated on stainless steel
316 substrates. Further, the developed material shows apatite
formation in SBF and it stimulates the growth of MG-63
osteoblast-like cells. In addition, antibacterial activity was
discovered against Staphylococcus aureus [85].

Chitosan–gold nanocomposites
Gold nanoparticles (AuNPs) have been extensively studied for
tissue engineering, drug delivery, diagnostic, and bioimaging
applications due to its biocompatibility, tuneable size, and
ability to cover different kinds of therapeutic agents. Gold nanoparticles control osteoclastic differentiation [113-115].
Osteogenic properties of AuNPs were proven by in vitro cell
interaction with mesenchymal stem cells through the p38
MAPK signalling pathway [17]. Gold nanoparticles show
promising results in bone marrow mesenchymal stem cell differentiation towards osteogenic lineages, which might be due to
the size and intrinsic factors of AuNPs. Mahmoud et al. (2020)
have carried out a study on bone regeneration efficiency by
using the AuNPs, hydroxyapatite nanoparticles, chitosan nanoparticles, gold hydroxyapatite-based nanocomposites, and
chitosan–hydroxyapatite-based nanocomposites. In vitro cell
interaction with bone-marrow-derived mesenchymal stem cells
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Figure 2: The in vivo development of new bone in a rat distal femur model five weeks after implantation. Figure 2a depicts 3D pictures created by
computed tomography (CT) scan radiographs which show good bone lodging in all implants. There are noticeable holes at the hydroxyapatite implant
interface. Ag–Si hydroxyapatite implants, on the other hand, have a smooth contact between the host bone and the implant. Acemannan and chitosan
coatings have been detected. Figure 2b depicts an optical microscopy image of Masson-Goldner staining which shows that acemannan and chitosan
accelerates the formation of new bone. Figure 2 was reprinted with permission from [99], Copyright 2019 American Chemical Society. This content is
not subject to CC BY 4.0.

was used to assess the osteogenic differentiation potential of
these nanoparticles. Alizarin red S test also confirms the development of mineralized nodules. Furthermore, qRT-PCR analysis reveals that runt-related transcription factor-2 and bone
morphogenic protein-2 gene expression was upregulated. The in
vitro biological assays prove that AuNPs possess excellent
osteoinductive properties [116]. In another research study, Choi
et al. (2015) developed chitosan-mobilized AuNPs for treating
bone defects. Chitosan was employed as a reducing agent to
produce AuNPs. The developed AuNPs promote osteogenic differentiation in human adipose-derived mesenchymal stem cells.
The proliferation of the cells was demonstrated by the alamarBlue test. Further, qRT-PCR analysis showed upregulation of
alkaline phosphatase, bone sialoprotein, and osteocalcin gene
expression. The Alizarin red S test was carried out by culturing
human adipose-derived mesenchymal stem cells with chitosanconjugated AuNPs, which shows calcium deposition confirming

that developed nanoparticles promote osteogenic differentiation
of human adipose-derived mesenchymal stem cells. The protein expression of human adipose-derived mesenchymal stem
cells related to β-catenin signalling for the osteogenic process
was confirmed by Western blot analysis [67].

Chitosan–copper nanocomposites
Several research discoveries have proven the osteogenic properties of copper nanoparticles (CuNPs). Injectable hydrogels comprising copper with bioactive nanoparticles/chitosan/glycerophosphate/silk fibroin were fabricated for bone regeneration applications. Further, in vitro biological assays performed with
MC3T3-E1 cells prove the osteogenic properties of the fabricated hydrogel. In addition, in situ experiments were conducted
on rat calvarial bone defects for eight weeks. The emergence of
new bone in the defective region is confirmed by microscale
computational micrographs and staining assay findings [98].
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Ning et al. (2019) developed glycyl-ʟ-histidyl-ʟ-lysine-containing copper ions integrated with mesoporous silica nanoparticles
(MSN) and chitosan. Further, the release of copper ions from
the composite was investigated by soaking it into a buffer solution. In addition, biological assays were done with MC3T3-E1
cells. It has been found that the developed material is biocompatible and enhances osteogenic gene expression. Besides this,
remarkable antibacterial properties against Escherichia coli and
Staphylococcus aureus were obtained [87]. In another study, Lu
et al. (2018) developed a scaffolding system of copper ions incorporated in carboxymethyl chitosan and alginate for bone
tissue repair. The porous size of the scaffolds was in the range
of 45 to 107 μm and with an average of 73.06 ± 21.13 μm. In
vitro biological assays were carried out with MC3T3-E1 cells.
Biological assays reveal that the developed scaffold promotes
cell adhesion and proliferation. Also, enhancement in alkaline
phosphatase, inducement of mineralisation, and upregulation of
osteogenic gene expressions were observed. In vivo studies
were done on Sprague Dawley rats. Microscale computational
analysis and histological analysis show that new bone has
formed. In addition, the developed scaffold demonstrated
remarkable antibacterial efficiency against Staphylococcus
aureus [86]. To achieve higher osteogenic properties, scaffolds
composed of nanocopper–zinc integrated with nanohydroxyapatite, gelatin, and chitosan were developed by the freeze-drying
method. The scaffolds were developed with a diameter of 8 mm
and thickness of 2.5 mm. The porosity ranges from 97.8 to
99.5% with a pore size of 113 to 143 µm. In vitro cell interaction investigations with mouse embryonic fibroblasts demonstrate the osteogenic capabilities of the scaffolds [107]. In
another study, Tripathi et al. (2012) investigated the osteogenic
properties of the scaffolding system composed of
nanocopper–zinc, chitosan, and nanohydroxyapatite. The
osteogenic properties of the fabricated scaffold were confirmed
by biological assays with rat osteoprogenitor cells. In addition,
the scaffold shows excellent antibacterial activity against
Staphylococcus aureus and Escherichia coli [100].

Chitosan–titanium oxide nanocomposites
Titanium and titanium-based alloy materials are often utilized in
the biomedical field especially in bone tissue engineering due to
several important properties which include excellent biocompatibility, higher resistance against corrosion, significant structural
rigidity, and tolerance to body fluids [117,118]. A recent study
has proven that synthetic changes made to the surface of titanium oxide (TiO2) nanotubes can influence their characteristics,
substantially impacting cell contacts and antibacterial activity.
As a result, antibiotic drugs combined with a surface-modified
TiO2-based drug delivery system in synthetic bone implants can
stimulate bone regeneration while preventing bacterial infection. Furthermore, coating materials containing TiO2 can help

drug stabilisation producing a long-term drug release profile
[119]. The electrochemical anodization process was used by Lai
et al. (2018) to create TiO 2 nanotubes. Naringin was also
dropped directly into TiO2 nanotubes, which were then subsequently covered with chitosan layers. There was a long-term
release of naringin from the system. In vitro biological tests on
osteoblasts revealed that the cells were viable and alkaline
phosphatase activity was increased. In addition, Alizarin red S
staining tests detected the development of mineralized nodules
[81]. On the Ti substrate, TiO2 nanotubes carrying a gentamicin drug mixture were deposited. Furthermore, a combination
of alginate and chitosan was utilized to cover the TiO2–gentamicin composite using a self-assembly method. The osteoblasts
obtained from newborn rat calvaria bones were subjected to biological tests. Cells were viable and proliferating with the produced composite material. In addition, there was an increase in
alkaline phosphatase activity. Aside from that, exceptional antibacterial activity was observed against Staphylococcus aureus
and Escherichia coli [95]. Melatonin-loaded TiO2 nanotubes
were synthesized by Lai et al. (2017). Subsequently, using a
spin-based layer-by-layer approach, chitosan and gelatin-based
films were applied. Further, an in vitro cell interaction study
using mesenchymal stem cells showed that the fabricated
biocomposite has exceptional osteogenic potential [96]. In
another research study, Chen et al. (2013) fabricated seleniumincorporated and chitosan-covered TiO2 nanotubes. Further investigation demonstrates the antibacterial, anticancer, and
osteogenic properties of the produced biocomposite [89].

Chitosan–zinc oxide nanocomposites
Zinc was utilized as a trace element in composites for bone
tissue engineering applications since it improves bone density
and minimizes bone loss. In this study, montmorillonite clay
was modified with chitosan/hydroxyapatite–zinc oxide nanocomposites to mimic the natural bone matrix. The nanocomposites attain mechanical strength of 30.13 ± 0.16 MPa. This composite demonstrates antibacterial efficacy against Gram-negative and Gram-positive bacterial strains including Escherichia
coli, Lysinibacillus fusiformis, and Bacillus cereus. The cytotoxicity behaviour was determined by an in vitro proliferation
experiment with MG-63 cells. The findings indicate that the
nontoxic substances are safe to be used in bone tissue engineering applications [69]. A new combination with palladium/
zinc oxide/hydroxyapatite was fabricated and coated with different quantities of chitosan (0.125 and 0.25 g) to achieve
higher compressive strength and toughness. The antibacterial
activity of the composites was tested against Gram-negative
bacteria (Pseudomonas aeruginosa) and the results show excellent activity and inhibition of bacterial growth at 25 µg/mL. The
bioactivity of the composites was evaluated by simulation
studies of body fluids. The results show that the composites can
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form hydroxyapatite bone minerals crystals in a ratio of Ca/P
1.67 [70]. Huang et al. (2017) have created a zinc-incorporated
chitosan/gelatin nanocomposite to reduce surgical site infections. The nanocomposites were coated on titanium substrates
and showed antibacterial efficacy against bacterial species of
Escherichia coli and Staphylococcus aureus. The in vitro
response of the nanocomposites was evaluated using rat bone
marrow stromal cells. The results demonstrate that the composites had higher proliferation rate following the addition of the
zinc trace element. Furthermore, the data indicate that cytotoxicity was reduced and also that the enzymatic alkaline phosphatase assay has significant activity [29]. The alkaline phosphatase assay was performed using mouse embryonic fibroblasts and the increased activity on the 21st day demonstrates a
favourable environment for cell development and differentiation. The in vivo investigation was conducted on two male
rabbits by making two 25 mm longitudinal incisions on the right
and left dorsum. The bioimplants were placed and examined
after four weeks of surgery. On the 14th day, histological
studies revealed that cells had infiltrated into the holes. Mean-

while, degradation of the scaffold matrix was observed and
represented as black spots in Figure 3 [107].

Chitosan with carbon nanomaterials for bone
tissue engineering
Chitosan–carbon nanotube composites
Carbon nanotubes have distinct physical, chemical, and optical
properties that enable new bioengineering applications, notably
in the development of natural bone tissue repair and replacement scaffolds. Carbon nanoparticles can provide a chemically
and physically comparable microenvironment to that of the
natural extracellular matrix, containing healing and stimulating
components necessary for bone repair, making them a potential
option for bone tissue regeneration. As carbon nanotubes are
combined with natural polymers, such as chitosan and collagen,
they develop an interlinked molecular framework with loadbearing applications and have superior mechanical qualities and
biological advantages [57]. A further study reported that carbon
nanotubes combined with synthetic polymers of poly-ʟ-lactide
acid, polylactic acid, polyhydroxyethylmethacrylate, and poly-

Figure 3: (a) Cross-sectional histological photomicrographs from the chitosan/gelatin/ nanohydroxyapatite/nanocopper/zinc alloy nanocomposite scaffold stained with haematoxylin/eosin at seven and 14 days after surgery. (b) Haematoxylin/eosin-stained sections of scaffolds from in vivo biocompatibility assessments. Figure 3 was reproduced from [107], (© 2017 J. C. Forero et al., published by MDPI, distributed under the terms of the Creative
Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0).

1059

Beilstein J. Nanotechnol. 2022, 13, 1051–1067.

ethylene glycol were used in composite preparation for bone
tissue engineering applications [10]. To create a fibrous scaffold for bone tissue regeneration, zein and chitosan were
combined with polyurethane and functionalized multiwalled
carbon nanotubes. The developed scaffolds have tensile strength
of ≈7.05 MPa. According to the findings in vitro, the combination of scaffolds promotes fast cell-to-cell contact, which boosts
the regeneration impact on pre-osteoblast (MC3T3-E1) cell
proliferation, growth, and differentiation [94]. The impact of a
hybrid nanocomposite of poly(3-hydroxybutyrate) chitosan/
multiwalled carbon nanotube scaffold coated with a nanobioglass–titania scaffold on bone cell regeneration was investigated. Scanning electron microscopy (SEM) examination verified
the porosity of the scaffolds in the 300–700 µm range. The incorporation of chitosan into poly(3-hydroxybutyrate) composites generates a hydrophilic environment which promotes cell
motility, adhesion, and protein adsorption. Furthermore, the
mixture enhances the surface roughness of the composites,
stimulating bone cells to attach to the surface [108]. The different characteristics of the 3D porous collagen/functionalized
multiwalled carbon nanotube/chitosan/hydroxyapatite composite were described in a bone tissue engineering application
study. The XRD patterns of the lyophilized scaffolds reveal the
presence of collagen, chitosan, and hydroxyapatite at 20°, 31.9°,
26.5°, 32.3°, 34.2°, 40.8°, and 75.6°. The developed scaffolds
have mechanical strength of 1112 kPa. The in vitro investigation using MG-63 demonstrates reduced cytotoxicity, providing
preliminary data for further research [93]. Further investigation
indicated that porous chitosan gelatin with multiwalled carbon
tubes functionalized with polyethylene glycol is extremely
stable and might be used in bone tissue engineering applications. The drug distribution ability of the scaffolds was investigated using ciprofloxacin, which is a general antibiotic drug.
According to the findings, approx. 98% of the medicines had a
sustained released within 90 min [68] (Figure 4). Cancian et al.
(2016) developed a novel bioactive scaffold based on a thermosensitive chitosan hydrogel. In this work, carbon nanotubes
were used to stabilise the chitosan hydrogel, which offers mechanical strength and controlled release of protein therapeutics.
The bioactivity of the scaffold was tested using simulated
bodily fluids, and mineral formation (calcium and phosphorous)
on the surface was analysed using SEM [58]. To achieve
biofunctionality, a scaffold composed of carbon nanotubes and
chitosan was fabricated via electrophoretic deposition. These
hybrid composites show degradation as well as bone mineral
formation on the surface. The in vitro biological characteristics
were tested using MC3T3-E1 cells, and the findings of adherence tests demonstrate osteoblastic cell adhesion to the coated
surface at various time intervals [59] (Figure 5). According to
Chen et al. (2013), composites of chitosan–multiwalled carbon
nanotubes with hydroxyapatite have the potential to enhance the

elastic modulus and compressive strength to 1089.1 MPa and
105.5 MPa, respectively. The cell proliferation of the nanocomposites was evaluated via the CCK-8 test. The results demonstrated the best biocompatible behaviour which is suitable for
bone tissue engineering applications [80].

Figure 4: The ciprofloxacin release rate (%) from several composite
films at pH 7.4. Figure 4 was reproduced from [68], (© 2018 S.
Sharmeen et al., published by Elsevier, distributed under the terms of
the Creative Commons Attribution-Non Commercial-No Derivatives 4.0
International License, https://creativecommons.org/licenses/by-nc-nd/
4.0/). This content is not subject to CC BY 4.0.

Chitosan–graphene oxide nanocomposites
Graphene oxide is gaining much attention in biomedical applications including drug delivery, tissue engineering, and bioimaging applications due to its large surface area, antimicrobial
activity, mechanical strength, osteoconductive and osteoinductive properties. In this particular study, the scaffolds of
chitosan/polyvinyl alcohol/graphene oxide/hydroxyapatite/gold
films were used in an orthopaedic application. The mechanical
strength of the developed composites was 36.4 ± 0.7 MPa. The
antibacterial activity of chitosan/polyvinyl alcohol/graphene
oxide/hydroxyapatite/gold was investigated against Escherichia
coli and Staphylococcus aureus with a zone of inhibition of
3–7 mm as compared to Pseudomonas aeruginosa and Enterococcus faecalis. The alkaline phosphatase staining revealed the
differentiation of mesenchymal stem cells to osteoblasts [66].
The addition of polymethylmethacrylate to powder composites
of chitosan/graphene oxide increased the compressive strength
by 16.2%, compressive modulus by 69.1%, and bending
strength by 24%. After four weeks of incubation with artificial
blood plasma, hydroxyapatite bone minerals were formed. The
cell survival and cell adhesion of composite-containing MG-63
cells exhibit improved biocompatibility [62]. Also, reduced
graphene oxide combined with chitosan was fabricated into a
hydrogel by using a tannic acid cross-linker either with acetic
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Figure 5: Adhesive molecules possibly involved in the initial cell adhesion events, analysed by immunostaining images. Signals positive for p-FAK,
p-paxillin, and vinculin were strongly expressed in all the CNT–chitosan hybrid coatings but not in CNT0. Figure 5 was reprinted with permission from
[59], Copyright 2014 American Chemical Society. This content is not subject to CC BY 4.0.

acid or lactic acid. The physicochemical characterisation of the
composites was evaluated to prove that the composites were
suitable for bone tissue engineering applications. The mechanical strength of the composites was proven through increased
Young’s modulus. The surface wettability of the chitosan/
reduced graphene oxide composites with specific acetic acid
and lactic acid shows water contact angles of (75.40° ± 4.32°)
and (36.71° ± 4.53°) [60]. The anticancer agent cisplatin was
loaded into graphene oxide/hydroxyapatite/chitosan composites
to enable proliferation of osteoblasts and inhibition of the development of osteosarcoma cancer cells in the work by Sumathra
et al. (2018). The in vitro experiment was carried out by using
the osteosarcoma MG-63 cell line. The MTT assay for the composites showed cell expansion and growth. The anticancer activity of cisplatin-loaded graphene oxide/hydroxyapatite/
chitosan composites was verified by an MTT assay using A549
cells. The results revealed that the cell viability of A549 cells
exceeded 23%, showing that the composites slowed osteosarcoma progression [71]. Graphene oxide-modified chitosan/polyvinylpyrrolidone developed nanofibrous structures imitating the
native extracellular matrix. The potential use of this membrane
for tissue engineering applications was demonstrated by using
rat bone marrow mesenchymal stem cells. The cell viability of
the chitosan scaffolds with 0, 0.5, 1, 1.5, and 2% of graphene
oxide content was evaluated by an MTT assay. The results
show that chitosan with 2% of graphene oxide has the highest
cell viability. The acridine orange–propidium iodide staining

was carried out after 24 h of incubation with developed
nanofibers: live cells were stained in green and dead cells were
stained in red, which were identified by fluorescence imaging.
Cells adhered on nanofibers show a better cell phenotype, and
this was corroborated by morphological characterisation via
SEM [72] (Figure 6). Misra and colleagues developed
chitosan–graphene nanocomposite scaffolds that modify
cell–scaffold interactions. Through cell viability, porosity measurements, in vitro degradation, and degradation tests,
researchers determined that the composites showed increased
biocompatibility and promoted cell proliferation and growth, in
addition to having a steady degradation rate [61]. In addition, a
layer-by-layer assembly approach has been used to create a
graphene oxide with chitosan and hydroxyapatite nanocomposite film for a possible use in bone tissue regeneration. As per
study results, the combined chitosan and hydroxyapatite nanocomposite film provides an excellent substrate for the growth of
mouse mesenchymal stem cells. Due to the porosity nature of
the scaffolds, the anti-inflammatory drug aspirin was entrapped
and gradually released [73]. Hermenean et al. (2017) reported
that chitosan–graphene oxide scaffolds were used for treating
critical-size mouse calvarial defects. Scaffolds of chitosan with
0, 0.5, and 3 wt % of graphene oxide were implanted on fourweek-old CD1 mice into calvarial bone defects. The alkaline
phosphatase activity was measured from the blood samples of
the animal and the results show that the alkaline phosphatase
activity was higher on the chitosan with a combination of silver,
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Figure 6: (a) The viability of mesenchymal stem cells in the developed electrospun membranes Live (green) and dead (red) staining of cells after 24 h
of incubation. (b) Chitosan-based nanofibers without the addition of graphene oxide or (c) containing 1 wt % of graphene oxide. SEM images show the
geometry of MSCs on the surface of membranes containing (d) 0% of graphene oxide, (e) 0.5% graphene oxide, (f) 1, (g) 1.5, and (h) 2% of graphene
oxide. Figure 6 was reprinted from [72], Materials Science and Engineering: C, vol. 70, by N. Mahmoudi; A. Simchi, “On the biological performance of
graphene oxide-modified chitosan/polyvinyl pyrrolidone nanocomposite membranes: In vitro and in vivo effects of graphene oxide”, pages 121–131,
Copyright (2016), with permission from Elsevier. This content is not subject to CC BY 4.0.

gold, copper, and 3 wt % of graphene oxide after 7 h, 4 weeks,
8 weeks, and 18 weeks post-implantation (Figure 7). The histological findings show that new bone formation in the chitosan
scaffolds containing graphene oxide was higher at 18 weeks
[120].

Chitosan with biosilica for bone tissue
engineering
Silica-based biomaterials are widely used in bone tissue engineering due to their superior biocompatibility and cell proliferation ability. In addition, biodegradability and higher mechanical strength make them more versatile to be used as a synthetic
bone implant. In addition, silica-based tailored materials such as
mesoporous bioactive glass possess exceptional osteogenic

properties [121,122]. Diatomite and chitosan-containing scaffolding systems were developed by Tamburaci and co-workers.
The developed composite shows excellent cell proliferation,
mineralisation, and alkaline phosphatase activity on MG-63
cells, Saos-2 cells, and human osteoblasts, demonstrating its
significance in bone tissue engineering [54]. Lemos and
colleagues synthesized nanocomposite films comprising
chitosan and bioactive glass, as well as a hybrid composition of
chitosan and bioactive glass. The chitosan with 20% of bioactive glass has a mechanical tensile strength of 67 MPa. In addition, excellent biomineralisation was observed in SBF which
shows the ability of bone mineral formation of chitosan nanocomposites [64]. Chitosan and tetraethoxysilane-based aerogels
show cell attachment and proliferation of human osteoblasts
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Figure 7: Alkaline phosphatase activity in mice calvaria defects
implanted with chitosan containing graphene oxide nanomaterials after
7 h, 4 weeks, 8 weeks, and 18 weeks post-implantation. Figure 7 was
reproduced from [120], (© 2017 A. Hermenean et al., published by
Springer Nature, distributed under the terms of the Creative Commons
Attribution 4.0 International License, https://creativecommons.org/
licenses/by/4.0).

[63]. In another study, Li et al. (2015) used the electrospinning
method to fabricate chitosan and MSN-containing nanofibers.
In addition, an increase in mechanical strength was observed
with an increase in the MSN content. Further in vitro assays
reveal that nanofibres slowly degrade and have a high swelling
ratio. Besides, in vitro biological assays with MC3T3-E1 cells
show that nanofibres promote cell proliferation, alkaline phosphatase activity, and induce mineralisation [65].
Chitosan and biosilica-containing nanocomposites which
include chitosan/ octa(tetramethylammonium)polyhedral
silsesquioxane, chitosan–nanoSiO 2 –chondroitin sulphate,
chitosan–nanoSiO2–gelatin, and chitosan–bioglass/hydroxyapatite/halloysite nanotubes have remarkable osteogenic characteristics [82-84,123]. Chitosan and silica-based microspheres
were produced by using sol–gel followed by emulsification and
cross-linking methods. Next, vancomycin hydrochloride was
encapsulated into the microspheres. In vitro biomineralisation
tests show apatite formation on the surface of the microspheres.
In addition, a sustainable drug release profile was detected. This
finding reveals that the produced microspheres have promising
applications in bone tissue engineering [55].

3D printing chitosan material for bone tissue
engineering
The 3D printing is an emerging technique used in tissue engineering, in which biomaterials are 3D printed to mimic the
native tissue architecture. In bone tissue engineering and regenerative medicine, the 3D scaffold system was used to imitate
bone tissue anatomy. These scaffold systems consist of composite scaffolds of polymeric materials. Among other composite

materials, chitosan composites were widely used in bone tissue
engineering applications due to their porous nature and biocompatibility with osteoblast stem cells. Chitosan with hydroxyapatite were used to 3D print the scaffolds used to improve the
mechanical strength of the bone implant. These dense and cylindrical structures of Ø 10 × 10 mm were 3D printed and 40 wt %
lactic acid was used as the binder solution. The results show
that the compressive strength of the 3D-printed samples was
16.32 MPa, with a porosity of 37.1% [124]. Nazeer et al. used
3D-printed poly (lactic acid) with chitosan and hydroxyapatite
scaffolds for bone repair applications. The honeycomb and
rectilinear pattern of the scaffolds were printed through a fused
deposition model at 210 °C with a layer height of 200 µm. The
in vitro ability of the 3D-printed scaffolds was evaluated in
human osteosarcoma cells and the results show that the composites are biocompatible and nontoxic to the cells [125]. An
extrusion-based 3D printing of methacrylate chitosan–laponite
nanosilicate composites was used for bone tissue engineering
applications. The MC3T3-E1 osteoblasts cultured on
3D-printed scaffolds show increased cell viability, cell growth,
and bone mineral formation. The SEM analysis results show
that osteoblasts seeded onto methacrylate chitosan–laponite
nanosilicate composites show similar extracellular growth
[126]. Shafiei et al. (2019) developed egg-shell-based
3D-printed multiphasic calcium phosphate scaffolds to induce
an osteoinductive character for bone tissue repair. The
3D-printed scaffolds achieved an interconnected porosity of
≈60.7% which promoted adhesion and migration of mesenchymal stem cells confirmed by cell adhesion and morphology
studies. The cell differentiation activity of 3D-printed scaffolds
was confirmed by the alkaline phosphatase activity assay on the
14th day [127]. Liu et al. (2020) has used 3D printing and electrospinning for the fabrication of scaffolds for cartilage tissue
engineering applications. The 2 cm × 2 cm PLGA electrospun
nanofibers were prepared by electrospinning which incorporated those with hydroxybutyl chitosan hydrogels. The polycaprolactone scaffold was 3D printed and reinforced with hydrogel
scaffolds to mimic the internal structure of cartilage. Human
mesenchymal stem cell differentiation in 3D-printed scaffolds
showed the differentiation ability of the cartilage tissue [128].

Future approaches
Nanomaterials are widely used in the fabrication of scaffolds as
they significantly mimic the extracellular matrix and rapidly
generate and stimulate functional bone tissue in defective areas.
In addition, nanomaterial-based grafts are biocompatible and
nontoxic and can more effectively promote osteoconductivity,
osteoinductivity, and neovascularization. Also, due to a higher
surface area, nanomaterials can promote wettability and protein
adsorption which can facilitate osteogenesis [129]. Biomaterials such as chitosan and its composites containing bioactive
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metals draw much attention in tissue engineering and regenerative applications. Chitosan-based composites are now being
studied in wound healing, bone and cartilage regeneration, and
other applications. Furthermore, chitosan-containing polymer
composites are being extensively explored for drug delivery in
targeted tumour treatment and nucleic acid delivery in genetic
engineering applications. More research is required to optimise
chitosan composites utilised in scaffolds in order to achieve
vascularization and rapid tissue growth. To achieve tissue scaffold maturation, research into the development of scaffolds with
supplied growth factors, programmable degradation rate, and
good mechanical stiffness with improved bioactivity is required.
Furthermore, mathematical modelling and clinical imaging of
the scaffolds will assist in the establishment of its micro- and
nanoarchitecture, which will aid in the regulation and activation of the immune system for bone tissue repair and regeneration.

References
1.

Amini, A. R.; Laurencin, C. T.; Nukavarapu, S. P.
Crit. Rev. Biomed. Eng. 2012, 40, 363–408.
doi:10.1615/critrevbiomedeng.v40.i5.10

2.

Fillingham, Y.; Jacobs, J. Bone Jt. J. 2016, 98-B, 6–9.
doi:10.1302/0301-620x.98b.36350

3.

Roberts, T. T.; Rosenbaum, A. J. Organogenesis 2012, 8, 114–124.
doi:10.4161/org.23306

4.

Hoffman, T.; Khademhosseini, A.; Langer, R. Tissue Eng., Part A
2019, 25, 679–687. doi:10.1089/ten.tea.2019.0032

5.

Sheikh, Z.; Hamdan, N.; Abdallah, M.-N.; Glogauer, M.; Grynpas, M.
Natural and synthetic bone replacement graft materials for dental and
maxillofacial applications. Advanced Dental Biomaterials; Elsevier:
Duxford, UK, 2019; pp 347–376.
doi:10.1016/b978-0-08-102476-8.00015-3

6.

Zou, L.; Zhang, Y.; Liu, X.; Chen, J.; Zhang, Q. Colloids Surf., B 2019,
178, 222–229. doi:10.1016/j.colsurfb.2019.03.004

7.

Madihally, S. V.; Matthew, H. W. T. Biomaterials 1999, 20,
1133–1142. doi:10.1016/s0142-9612(99)00011-3

8.

Di Martino, A.; Sittinger, M.; Risbud, M. V. Biomaterials 2005, 26,
5983–5990. doi:10.1016/j.biomaterials.2005.03.016

Conclusion
Chitosan is a naturally occurring biopolymer with appropriate
mechanical characteristics. Nanocomposites formed by chitosan
and metals, such as silver, gold, copper, titanium oxide, and
zinc oxide were studied in the treatment of bone tissue defects
and have proven to be effective in bone tissue repairing processes. Also, chitosan combined with carbon nanomaterials,
graphene oxide, and biosilica nanocomposites has bioconductive and osteoinductive behaviour with suitable mechanical
strength. The chitosan–graphene oxide composite is gaining
much attention in biomedical applications including drug
delivery, tissue engineering, and bioimaging, due to its large
surface area, antimicrobial activity, mechanical strength, and
osteoconductive and osteoinductive properties. The 3D
bioprinting technologies help to mimic micro- and nanoarchitectures of the bone by printing cells alongside developed
bioinks which maintain the scaffolds in a mature stage.
Following this, treating bone calvarial defects with a natural,
mechanical, and biochemical environment with accomplished
osteoblast differentiation and proliferation has been addressed
by using chitosan–graphene nanocomposite materials.

9.

Croisier, F.; Jérôme, C. Eur. Polym. J. 2013, 49, 780–792.
doi:10.1016/j.eurpolymj.2012.12.009

10. Venkatesan, J.; Kim, S.-K. Mar. Drugs 2010, 8, 2252–2266.
doi:10.3390/md8082252
11. Preethi, A.; Bellare, J. R. Front. Mater. 2021, 7, 594686.
doi:10.3389/fmats.2020.594686
12. Liu, X.-Q.; Tang, R.-Z. Drug Delivery 2017, 24, 1–15.
doi:10.1080/10717544.2017.1375577
13. Murugan, S. S.; Anil, S.; Venkatesan, J. Polysaccharides-based
nanoparticles for bone tissue engineering. Polysaccharide
Nanoparticles; Elsevier: Amsterdam, Netherlands, 2022; pp 603–614.
doi:10.1016/b978-0-12-822351-2.00001-2
14. Xiang, Z.; Wang, K.; Zhang, W.; Teh, S. W.; Peli, A.; Mok, P. L.;
Higuchi, A.; Suresh Kumar, S. J. Cluster Sci. 2018, 29, 1–7.
doi:10.1007/s10876-017-1311-0
15. Qin, H.; Zhu, C.; An, Z.; Jiang, Y.; Zhao, Y.; Wang, J.; Liu, X.; Hui, B.;
Zhang, X.; Wang, Y. Int. J. Nanomed. 2014, 9, 2469.
doi:10.2147/ijn.s59753
16. Ko, W.-K.; Heo, D. N.; Moon, H.-J.; Lee, S. J.; Bae, M. S.; Lee, J. B.;
Sun, I.-C.; Jeon, H. B.; Park, H. K.; Kwon, I. K. J. Colloid Interface Sci.
2015, 438, 68–76. doi:10.1016/j.jcis.2014.08.058
17. Yi, C.; Liu, D.; Fong, C.-C.; Zhang, J.; Yang, M. ACS Nano 2010, 4,
6439–6448. doi:10.1021/nn101373r
18. Hou, Y.; Cai, K.; Li, J.; Chen, X.; Lai, M.; Hu, Y.; Luo, Z.; Ding, X.;
Xu, D. Int. J. Nanomed. 2013, 8, 3619–3630. doi:10.2147/ijn.s38992
19. Suh, K. S.; Lee, Y. S.; Seo, S. H.; Kim, Y. S.; Choi, E. M.

Funding
The Basic Science Research Program supported this research
through the National Research Foundation of Korea
(2018R1A6A1A03024231 and 2021R1A2C1003566). This
work is also supported by a seed grant from Yenepoya Research
Centre and Yenepoya (Deemed to be University).

Biol. Trace Elem. Res. 2013, 155, 287–294.
doi:10.1007/s12011-013-9772-y
20. Foroutan, T.; Mousavi, S. Nanomed. J. 2014, 1, 308–314.
doi:10.7508/nmj.2015.05.004
21. Li, X.; Liu, H.; Niu, X.; Yu, B.; Fan, Y.; Feng, Q.; Cui, F.-z.; Watari, F.
Biomaterials 2012, 33, 4818–4827.
doi:10.1016/j.biomaterials.2012.03.045
22. Baik, K. Y.; Park, S. Y.; Heo, K.; Lee, K.-B.; Hong, S. Small 2011, 7,

ORCID® iDs
Sebanti Gupta - https://orcid.org/0000-0003-0346-6888
Sukumaran Anil - https://orcid.org/0000-0002-6440-8780

741–745. doi:10.1002/smll.201001930
23. Nayak, T. R.; Andersen, H.; Makam, V. S.; Khaw, C.; Bae, S.; Xu, X.;
Ee, P.-L. R.; Ahn, J.-H.; Hong, B. H.; Pastorin, G.; Özyilmaz, B.
ACS Nano 2011, 5, 4670–4678. doi:10.1021/nn200500h

1064

Beilstein J. Nanotechnol. 2022, 13, 1051–1067.

24. Tatara, A. M.; Mikos, A. G. J. Bone Jt. Surg., Am. Vol. 2016, 98,
1132–1139. doi:10.2106/jbjs.16.00299
25. Przekora, A. Int. J. Mol. Sci. 2019, 20, 435. doi:10.3390/ijms20020435
26. Florencio-Silva, R.; da Silva Sasso, G. R.; Sasso-Cerri, E.;
Simões, M. J.; Cerri, P. S. BioMed Res. Int. 2015, 421746.
doi:10.1155/2015/421746
27. Liu, Y.; Luo, D.; Wang, T. Small 2016, 12, 4611–4632.
doi:10.1002/smll.201600626
28. Carter, D. R.; Hayes, W. C. J. Bone Jt. Surg., Am. Vol. 1977, 59,
954–962. doi:10.2106/00004623-197759070-00021
29. Huang, P.; Ma, K.; Cai, X.; Huang, D.; Yang, X.; Ran, J.; Wang, F.;

50. Silva, S. K.; Plepis, A. M. G.; Martins, V. d. C. A.; Horn, M. M.;
Buchaim, D. V.; Buchaim, R. L.; Pelegrine, A. A.; Silva, V. R.;
Kudo, M. H. M.; Fernandes, J. F. R.; Nazari, F. M.; da Cunha, M. R.
Int. J. Mol. Sci. 2022, 23, 6503. doi:10.3390/ijms23126503
51. Pang, E.-K.; Paik, J.-W.; Kim, S.-K.; Jung, U.-W.; Kim, C.-S.;
Cho, K.-S.; Kim, C.-K.; Choi, S.-H. J. Periodontol. 2005, 76,
1526–1533. doi:10.1902/jop.2005.76.9.1526
52. Shao, J.; Wang, B.; Bartels, C. J. M.; Bronkhorst, E. M.; Jansen, J. A.;
Walboomers, X. F.; Yang, F. Acta Biomater. 2018, 82, 102–110.
doi:10.1016/j.actbio.2018.10.021
53. Croes, M.; Bakhshandeh, S.; van Hengel, I. A. J.; Lietaert, K.;

Jiang, T. Colloids Surf., B 2017, 160, 628–638.

van Kessel, K. P. M.; Pouran, B.; van der Wal, B. C. H.; Vogely, H. C.;

doi:10.1016/j.colsurfb.2017.10.012

Van Hecke, W.; Fluit, A. C.; Boel, C. H. E.; Alblas, J.; Zadpoor, A. A.;

30. Jurist, J. M. Phys. Med. Biol. 1970, 15, 427–434.
doi:10.1088/0031-9155/15/3/003
31. Van Rietbergen, B.; Odgaard, A.; Kabel, J.; Huiskes, R. J. Biomech.
1996, 29, 1653–1657. doi:10.1016/s0021-9290(96)80021-2
32. Glimcher, M. J. Anat. Rec. 1989, 224, 139–153.
doi:10.1002/ar.1092240205
33. Rho, J.-Y.; Kuhn-Spearing, L.; Zioupos, P. Med. Eng. Phys. 1998, 20,
92–102. doi:10.1016/s1350-4533(98)00007-1
34. Capulli, M.; Paone, R.; Rucci, N. Arch. Biochem. Biophys. 2014, 561,
3–12. doi:10.1016/j.abb.2014.05.003
35. Zhou, H.; Lee, J. Acta Biomater. 2011, 7, 2769–2781.
doi:10.1016/j.actbio.2011.03.019
36. Venkatesan, J.; Kim, S.-K. J. Biomed. Nanotechnol. 2014, 10,
3124–3140. doi:10.1166/jbn.2014.1893
37. Venkatesan, J.; Bhatnagar, I.; Manivasagan, P.; Kang, K.-H.;
Kim, S.-K. Int. J. Biol. Macromol. 2015, 72, 269–281.
doi:10.1016/j.ijbiomac.2014.07.008
38. Yilgor, P.; Tuzlakoglu, K.; Reis, R. L.; Hasirci, N.; Hasirci, V.
Biomaterials 2009, 30, 3551–3559.
doi:10.1016/j.biomaterials.2009.03.024
39. Venkatesan, J.; Anil, S.; Kim, S.-K.; Shim, M. S. Int. J. Biol. Macromol.
2017, 104, 1383–1397. doi:10.1016/j.ijbiomac.2017.01.072
40. Heo, D. N.; Ko, W.-K.; Lee, H. R.; Lee, S. J.; Lee, D.; Um, S. H.;
Lee, J. H.; Woo, Y.-H.; Zhang, L. G.; Lee, D.-W.; Kwon, I. K.
J. Colloid Interface Sci. 2016, 469, 129–137.
doi:10.1016/j.jcis.2016.02.022
41. Tautzenberger, A.; Kovtun, A.; Ignatius, A. Int. J. Nanomed. 2012,
4545–4557. doi:10.2147/ijn.s34127
42. Thein-Han, W. W.; Misra, R. D. K. Acta Biomater. 2009, 5,
1182–1197. doi:10.1016/j.actbio.2008.11.025
43. Li, Z.; Ramay, H. R.; Hauch, K. D.; Xiao, D.; Zhang, M. Biomaterials
2005, 26, 3919–3928. doi:10.1016/j.biomaterials.2004.09.062
44. Mathews, S.; Gupta, P. K.; Bhonde, R.; Totey, S. Cell Proliferation
2011, 44, 537–549. doi:10.1111/j.1365-2184.2011.00788.x
45. Tian, Y.; Wu, D.; Wu, D.; Cui, Y.; Ren, G.; Wang, Y.; Wang, J.;
Peng, C. Front. Bioeng. Biotechnol. 2022, 10, 899760.
doi:10.3389/fbioe.2022.899760
46. Mao, J. S.; Cui, Y. L.; Wang, X. H.; Sun, Y.; Yin, Y. J.; Zhao, H. M.;
De Yao, K. Biomaterials 2004, 25, 3973–3981.
doi:10.1016/j.biomaterials.2003.10.080
47. Zhao, X.; Li, P.; Guo, B.; Ma, P. X. Acta Biomater. 2015, 26, 236–248.
doi:10.1016/j.actbio.2015.08.006
48. Chou, C.-K.; Chen, S.-M.; Li, Y.-C.; Huang, T.-C.; Lee, J.-A.
SpringerPlus 2015, 4, 312. doi:10.1186/s40064-015-1106-4
49. Islam, M. M.; Shahruzzaman, M.; Biswas, S.; Nurus Sakib, M.;

Weinans, H.; Amin Yavari, S. Acta Biomater. 2018, 81, 315–327.
doi:10.1016/j.actbio.2018.09.051
54. Tamburaci, S.; Tihminlioglu, F. Mater. Sci. Eng., C 2018, 91, 274–291.
doi:10.1016/j.msec.2018.05.040
55. Niu, N.; Teng, S.-H.; Zhou, H.-J.; Qian, H.-S. J. Nanomater. 2019,
7425787. doi:10.1155/2019/7425787
56. Liu, P.; Hao, Y.; Ding, Y.; Yuan, Z.; Liu, Y.; Cai, K.
J. Mater. Sci.: Mater. Med. 2018, 29, 160.
doi:10.1007/s10856-018-6171-0
57. Kaur, K.; Sa' Paiva, S.; Caffrey, D.; Cavanagh, B. L.; Murphy, C. M.
Mater. Sci. Eng., C 2021, 128, 112340.
doi:10.1016/j.msec.2021.112340
58. Cancian, G.; Tozzi, G.; Hussain, A. A. B.; De Mori, A.; Roldo, M.
J. Mater. Sci.: Mater. Med. 2016, 27, 126.
doi:10.1007/s10856-016-5740-3
59. Patel, K. D.; Kim, T.-H.; Lee, E.-J.; Han, C.-M.; Lee, J.-Y.;
Singh, R. K.; Kim, H.-W. ACS Appl. Mater. Interfaces 2014, 6,
20214–20224. doi:10.1021/am505759p
60. Kosowska, K.; Domalik-Pyzik, P.; Krok-Borkowicz, M.; Chłopek, J.
Materials 2019, 12, 2077. doi:10.3390/ma12132077
61. Depan, D.; Girase, B.; Shah, J. S.; Misra, R. D. K. Acta Biomater.
2011, 7, 3432–3445. doi:10.1016/j.actbio.2011.05.019
62. Tavakoli, M.; Bakhtiari, S. S. E.; Karbasi, S. Int. J. Biol. Macromol.
2020, 149, 783–793. doi:10.1016/j.ijbiomac.2020.01.300
63. Perez-Moreno, A.; de las Virtudes Reyes-Peces, M.;
de los Santos, D. M.; Pinaglia-Tobaruela, G.; de la Orden, E.;
Vilches-Pérez, J. I.; Salido, M.; Piñero, M.; de la Rosa-Fox, N.
Polymers (Basel, Switz.) 2020, 12, 2802. doi:10.3390/polym12122802
64. Lemos, E. M. F.; Carvalho, S. M.; Patrício, P. S. O.; Donnici, C. L.;
Pereira, M. M. J. Nanomater. 2015, 150394. doi:10.1155/2015/150394
65. Li, K.; Sun, H.; Sui, H.; Zhang, Y.; Liang, H.; Wu, X.; Zhao, Q.
RSC Adv. 2015, 5, 17541–17549. doi:10.1039/c4ra15232h
66. Prakash, J.; Prema, D.; Venkataprasanna, K. S.;
Balagangadharan, K.; Selvamurugan, N.; Venkatasubbu, G. D.
Int. J. Biol. Macromol. 2020, 154, 62–71.
doi:10.1016/j.ijbiomac.2020.03.095
67. Choi, S. Y.; Song, M. S.; Ryu, P. D.; Lam, A. T. N.; Joo, S.-W.;
Lee, S. Y. Int. J. Nanomed. 2015, 10, 4383–4392.
doi:10.2147/ijn.s78775
68. Sharmeen, S.; Rahman, A. F. M. M.; Lubna, M. M.; Salem, K. S.;
Islam, R.; Khan, M. A. Bioact. Mater. 2018, 3, 236–244.
doi:10.1016/j.bioactmat.2018.03.001
69. Bhowmick, A.; Banerjee, S. L.; Pramanik, N.; Jana, P.; Mitra, T.;
Gnanamani, A.; Das, M.; Kundu, P. P. Int. J. Biol. Macromol. 2018,
106, 11–19. doi:10.1016/j.ijbiomac.2017.07.168

Rashid, T. U. Bioact. Mater. 2020, 5, 164–183.
doi:10.1016/j.bioactmat.2020.01.012

1065

Beilstein J. Nanotechnol. 2022, 13, 1051–1067.

70. Heidari, F.; Tabatabaei, F. S.; Razavi, M.; Lari, R. B.; Tavangar, M.;
Romanos, G. E.; Vashaee, D.; Tayebi, L. J. Mater. Sci.: Mater. Med.
2020, 31, 85. doi:10.1007/s10856-020-06409-2
71. Sumathra, M.; Sadasivuni, K. K.; Kumar, S. S.; Rajan, M. ACS Omega
2018, 3, 14620–14633. doi:10.1021/acsomega.8b02090
72. Mahmoudi, N.; Simchi, A. Mater. Sci. Eng., C 2017, 70, 121–131.
doi:10.1016/j.msec.2016.08.063
73. Ji, M.; Li, H.; Guo, H.; Xie, A.; Wang, S.; Huang, F.; Li, S.; Shen, Y.;
He, J. Carbohydr. Polym. 2016, 153, 124–132.
doi:10.1016/j.carbpol.2016.07.078
74. Marsich, E.; Travan, A.; Donati, I.; Turco, G.; Kulkova, J.; Moritz, N.;
Aro, H. T.; Crosera, M.; Paoletti, S. Acta Biomater. 2013, 9,
5088–5099. doi:10.1016/j.actbio.2012.10.002
75. Saravanan, S.; Nethala, S.; Pattnaik, S.; Tripathi, A.; Moorthi, A.;
Selvamurugan, N. Int. J. Biol. Macromol. 2011, 49, 188–193.
doi:10.1016/j.ijbiomac.2011.04.010
76. Lee, D.; Lee, S. J.; Moon, J.-H.; Kim, J. H.; Heo, D. N.; Bang, J. B.;
Lim, H.-N.; Kwon, I. K. J. Ind. Eng. Chem. (Amsterdam, Neth.) 2018,
66, 196–202. doi:10.1016/j.jiec.2018.05.030
77. Shen, J.; Jin, B.; Qi, Y.-c.; Jiang, Q.-y.; Gao, X.-f. Mater. Sci. Eng., C
2017, 78, 589–597. doi:10.1016/j.msec.2017.03.100
78. Qiao, Y.; Zhai, Z.; Chen, L.; Liu, H. Sci. Bull. 2015, 60, 1193–1202.
doi:10.1007/s11434-015-0838-4
79. Tavakol, S.; Nikpour, M. R.; Hoveizi, E.; Tavakol, B.; Rezayat, S. M.;
Adabi, M.; Shajari Abokheili, S.; Jahanshahi, M. J. Nanopart. Res.
2014, 16, 2622. doi:10.1007/s11051-014-2622-9
80. Chen, L.; Hu, J.; Shen, X.; Tong, H. J. Mater. Sci.: Mater. Med. 2013,
24, 1843–1851. doi:10.1007/s10856-013-4954-x
81. Lai, M.; Jin, Z.; Yan, M.; Zhu, J.; Yan, X.; Xu, K. J. Biomater. Appl.
2018, 33, 673–680. doi:10.1177/0885328218809239
82. Kavya, K. C.; Dixit, R.; Jayakumar, R.; Nair, S. V.; Chennazhi, K. P.
J. Biomed. Nanotechnol. 2012, 8, 149–160.
doi:10.1166/jbn.2012.1363
83. Kavya, K. C.; Jayakumar, R.; Nair, S.; Chennazhi, K. P.
Int. J. Biol. Macromol. 2013, 59, 255–263.
doi:10.1016/j.ijbiomac.2013.04.023
84. Tamburaci, S.; Tihminlioglu, F. Int. J. Biol. Macromol. 2020, 142,
643–657. doi:10.1016/j.ijbiomac.2019.10.006
85. Pishbin, F.; Mouriño, V.; Gilchrist, J. B.; McComb, D. W.; Kreppel, S.;
Salih, V.; Ryan, M. P.; Boccaccini, A. R. Acta Biomater. 2013, 9,
7469–7479. doi:10.1016/j.actbio.2013.03.006
86. Lu, Y.; Li, L.; Zhu, Y.; Wang, X.; Li, M.; Lin, Z.; Hu, X.; Zhang, Y.;
Yin, Q.; Xia, H.; Mao, C. ACS Appl. Mater. Interfaces 2018, 10,
127–138. doi:10.1021/acsami.7b13750
87. Ning, C.; Jiajia, J.; Meng, L.; Hongfei, Q.; Xianglong, W.; Tingli, L.
Mater. Sci. Eng., C 2019, 104, 109746.
doi:10.1016/j.msec.2019.109746
88. Mansour, S. F.; El-dek, S. I.; Dorozhkin, S. V.; Ahmed, M. K.
New J. Chem. 2017, 41, 13773–13783. doi:10.1039/c7nj01777d
89. Chen, X.; Cai, K.; Fang, J.; Lai, M.; Hou, Y.; Li, J.; Luo, Z.; Hu, Y.;
Tang, L. Colloids Surf., B 2013, 103, 149–157.
doi:10.1016/j.colsurfb.2012.10.022
90. Jin, S.; Li, J.; Wang, J.; Jiang, J.; Zuo, Y.; Li, Y.; Yang, F.
Int. J. Nanomed. 2018, 13, 4591–4605. doi:10.2147/ijn.s167793
91. Hasan, A.; Waibhaw, G.; Saxena, V.; Pandey, L. M.
Int. J. Biol. Macromol. 2018, 111, 923–934.
doi:10.1016/j.ijbiomac.2018.01.089
92. Xu, Z.-L.; Lei, Y.; Yin, W.-J.; Chen, Y.-X.; Ke, Q.-F.; Guo, Y.-P.;

93. Türk, S.; Altınsoy, I.; Çelebi Efe, G.; Ipek, M.; Özacar, M.; Bindal, C.
Mater. Sci. Eng., C 2018, 92, 757–768.
doi:10.1016/j.msec.2018.07.020
94. Shrestha, S.; Shrestha, B. K.; Ko, S. W.; Kandel, R.; Park, C. H.;
Kim, C. S. Carbohydr. Polym. 2021, 251, 117035.
doi:10.1016/j.carbpol.2020.117035
95. Liu, P.; Hao, Y.; Zhao, Y.; Yuan, Z.; Ding, Y.; Cai, K. Colloids Surf., B
2017, 160, 110–116. doi:10.1016/j.colsurfb.2017.08.044
96. Lai, M.; Jin, Z.; Tang, Q.; Lu, M. J. Biomater. Sci., Polym. Ed. 2017,
28, 1651–1664. doi:10.1080/09205063.2017.1342334
97. Marsich, E.; Bellomo, F.; Turco, G.; Travan, A.; Donati, I.; Paoletti, S.
J. Mater. Sci.: Mater. Med. 2013, 24, 1799–1807.
doi:10.1007/s10856-013-4923-4
98. Wu, J.; Zheng, K.; Huang, X.; Liu, J.; Liu, H.; Boccaccini, A. R.;
Wan, Y.; Guo, X.; Shao, Z. Acta Biomater. 2019, 91, 60–71.
doi:10.1016/j.actbio.2019.04.023
99. Banerjee, D.; Bose, S. ACS Appl. Bio Mater. 2019, 2, 3194–3202.
doi:10.1021/acsabm.9b00077
100.Tripathi, A.; Saravanan, S.; Pattnaik, S.; Moorthi, A.; Partridge, N. C.;
Selvamurugan, N. Int. J. Biol. Macromol. 2012, 50, 294–299.
doi:10.1016/j.ijbiomac.2011.11.013
101.Xie, C.; Lu, X.; Han, L.; Xu, J.; Wang, Z.; Jiang, L.; Wang, K.;
Zhang, H.; Ren, F.; Tang, Y. ACS Appl. Mater. Interfaces 2016, 8,
1707–1717. doi:10.1021/acsami.5b09232
102.Anjaneyulu, U.; Swaroop, V. K.; Vijayalakshmi, U. RSC Adv. 2016, 6,
10997–11007. doi:10.1039/c5ra21479c
103.Xie, C.-M.; Lu, X.; Wang, K.-F.; Meng, F.-Z.; Jiang, O.; Zhang, H.-P.;
Zhi, W.; Fang, L.-M. ACS Appl. Mater. Interfaces 2014, 6, 8580–8589.
doi:10.1021/am501428e
104.Li, P.; Jia, Z.; Wang, Q.; Tang, P.; Wang, M.; Wang, K.; Fang, J.;
Zhao, C.; Ren, F.; Ge, X.; Lu, X. J. Mater. Chem. B 2018, 6,
7427–7438. doi:10.1039/c8tb01672k
105.Wei, C.-K.; Ding, S.-J. J. Mater. Chem. B 2017, 5, 1943–1953.
doi:10.1039/c7tb00173h
106.Cao, D.; Xu, Z.; Chen, Y.; Ke, Q.; Zhang, C.; Guo, Y.
J. Biomed. Mater. Res., Part B 2018, 106, 863–873.
doi:10.1002/jbm.b.33900
107.Forero, J. C.; Roa, E.; Reyes, J. G.; Acevedo, C.; Osses, N. Materials
2017, 10, 1177. doi:10.3390/ma10101177
108.Parvizifard, M.; Karbasi, S. Int. J. Biol. Macromol. 2020, 152,
645–662. doi:10.1016/j.ijbiomac.2020.02.266
109.Xie, K.; Zhou, Z.; Guo, Y.; Wang, L.; Li, G.; Zhao, S.; Liu, X.; Li, J.;
Jiang, W.; Wu, S.; Hao, Y. Adv. Healthcare Mater. 2019, 8, 1801465.
doi:10.1002/adhm.201801465
110.Wang, X.; Yan, L.; Ye, T.; Cheng, R.; Tian, J.; Ma, C.; Wang, Y.;
Cui, W. Mater. Sci. Eng., C 2019, 102, 415–426.
doi:10.1016/j.msec.2019.04.060
111.Stevanović, M.; Djošić, M.; Janković, A.; Rhee, K. Y.;
Mišković-Stanković, V. J. Serb. Chem. Soc. 2019, 84, 1287–1304.
doi:10.2298/jsc190821092s
112.Socrates, R.; Prymak, O.; Loza, K.; Sakthivel, N.; Rajaram, A.;
Epple, M.; Narayana Kalkura, S. Mater. Sci. Eng., C 2019, 99,
357–366. doi:10.1016/j.msec.2019.01.101
113.Sul, O.-J.; Kim, J.-C.; Kyung, T.-W.; Kim, H.-J.; Kim, Y.-Y.; Kim, S.-H.;
Kim, J.-S.; Choi, H.-S. Biosci., Biotechnol., Biochem. 2010, 74,
2209–2213. doi:10.1271/bbb.100375
114.Gera, S.; Sampathi, S.; Dodoala, S. Curr. Drug Delivery 2017, 14,
904–916. doi:10.2174/1567201813666161230142123

Zhang, C.-Q. J. Mater. Chem. B 2016, 4, 7919–7928.
doi:10.1039/c6tb01282e

1066

Beilstein J. Nanotechnol. 2022, 13, 1051–1067.

115.Rao, S. H.; Harini, B.; Shadamarshan, R. P. K.; Balagangadharan, K.;
Selvamurugan, N. Int. J. Biol. Macromol. 2018, 110, 88–96.

License and Terms

doi:10.1016/j.ijbiomac.2017.09.029
116.Mahmoud, N. S.; Ahmed, H. H.; Mohamed, M. R.; Amr, K. S.;
Aglan, H. A.; Ali, M. A. M.; Tantawy, M. A. Cytotechnology 2020, 72,
1–22. doi:10.1007/s10616-019-00353-y
117.Kulkarni, M.; Mazare, A.; Gongadze, E.; Perutkova, Š.; Kralj-Iglič, V.;
Milošev, I.; Schmuki, P.; Iglič, A.; Mozetič, M. Nanotechnology 2015,
26, 062002. doi:10.1088/0957-4484/26/6/062002
118.Khorasani, A. M.; Goldberg, M.; Doeven, E. H.; Littlefair, G.
J. Biomater. Tissue Eng. 2015, 5, 593–619. doi:10.1166/jbt.2015.1361
119.Kunrath, M. F.; Leal, B. F.; Hubler, R.; de Oliveira, S. D.;
Teixeira, E. R. AMB Express 2019, 9, 51.
doi:10.1186/s13568-019-0777-6
120.Hermenean, A.; Codreanu, A.; Herman, H.; Balta, C.; Rosu, M.;
Mihali, C. V.; Ivan, A.; Dinescu, S.; Ionita, M.; Costache, M. Sci. Rep.
2017, 7, 16641. doi:10.1038/s41598-017-16599-5

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

121.Eivazzadeh-Keihan, R.; Chenab, K. K.; Taheri-Ledari, R.; Mosafer, J.;
Hashemi, S. M.; Mokhtarzadeh, A.; Maleki, A.; Hamblin, M. R.
Mater. Sci. Eng., C 2020, 107, 110267.
doi:10.1016/j.msec.2019.110267
122.Shadjou, N.; Hasanzadeh, M. Mater. Sci. Eng., C 2015, 55, 401–409.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.13.92

doi:10.1016/j.msec.2015.05.027
123.Molaei, A.; Yousefpour, M. Int. J. Polym. Mater. Polym. Biomater.
2019, 68, 701–713. doi:10.1080/00914037.2018.1493683
124.Chavanne, P.; Stevanovic, S.; Wüthrich, A.; Braissant, O.; Pieles, U.;
Gruner, P.; Schumacher, R. Biomed. Tech. 2013, 58 (Suppl. 1),
000010151520134069. doi:10.1515/bmt-2013-4069
125.Nazeer, M. A.; Onder, O. C.; Sevgili, I.; Yilgor, E.; Kavakli, I. H.;
Yilgor, I. Mater. Today Commun. 2020, 25, 101515.
doi:10.1016/j.mtcomm.2020.101515
126.Cebe, T.; Ahuja, N.; Monte, F.; Awad, K.; Vyavhare, K.; Aswath, P.;
Huang, J.; Brotto, M.; Varanasi, V. J. Mater. Res. 2020, 35, 58–75.
doi:10.1557/jmr.2018.260
127.Shafiei, S.; Omidi, M.; Nasehi, F.; Golzar, H.; Mohammadrezaei, D.;
Rad, M. R.; Khojasteh, A. Mater. Sci. Eng., C 2019, 100, 564–575.
doi:10.1016/j.msec.2019.03.003
128.Liu, X.; Song, S.; Huang, J.; Fu, H.; Ning, X.; He, Y.; Zhang, Z.
J. Mater. Chem. B 2020, 8, 6115–6127. doi:10.1039/d0tb00616e
129.McMahon, R. E.; Wang, L.; Skoracki, R.; Mathur, A. B.
J. Biomed. Mater. Res., Part B 2013, 101B, 387–397.
doi:10.1002/jbm.b.32823

1067

