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1  Introduction

On the nanoscale, bone tissue is a composite of organic and inorganic constituents 
(Fig. 1) [1]. The organic phase, which makes up 30% of bone, consists of a variety 
of structural proteins and polysaccharides. Its main constituents are collagen fibrils 
that have diameters between 35 and 60 nm and can be up to 1 μm in length [2]. The 
remaining 10% of the organic phase consists of noncollagenous proteins that include 
osteocalcin, osteonectin, bone sialoprotein, bone phosphoproteins, and small pro-
teoglycans. Additionally, these fibrils are organized with a periodicity of 67 and 
40  nm gaps and are mineralized with hydroxyapatite crystals. Making up the 
remaining 70% of bone, the inorganic phase functions as an ion reservoir for Ca, P, 
Na, and Mg and provides stiffness and strength of bone in the form of apatite, car-
bonate, acid phosphate, and brushite. As the main component of the inorganic 
phase, hydroxyapatite is an anisotropic and extremely stiff inorganic component 
that lies in the collagen gaps [3]. This unique combination between the two phases 
has allowed the bone to achieve an ideal mechanical strength and architecture to 
support de novo bone formation.

Most bone tissue engineering (BTE) research to date has focused on mimicking 
the mechanical properties of the native tissue and induction of new tissue ingrowth 
[4]. Numerous biomaterials have been utilized to match the stiffness of bone and 
support bone formation. However, most have failed to integrate completely with the 
host tissue due to several factors that have limited bone restoration capabilities [5]. 
While attempts have been made to mimic the macro and microstructure of bone 
using porous scaffolds, these fabrication methods have not been able to fully reca-
pitulate the complex cortical and trabecular architecture of native bone. As a result, 
nanostructured scaffolds based on nanomaterials have been explored to better mimic 
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the natural bone extracellular matrix (ECM) [6]. The nanotechnology utilized in 
these constructs has demonstrated added benefits in stimulating functional tissue 
due to improved cellular- and protein-level interactions [7] and has provided new 
avenues to engineer scaffolds with better bioactivity, cytotoxicity, and mechanical 
properties suitable for bone regeneration.

The purpose of this chapter is to highlight the current developments in BTE with 
regard to 3D bioprinting and nanotechnology. We will first introduce how 3D bio-
printing has been applied in BTE and then examine various nanomaterials that have 
been utilized for bone regeneration. The combined application of 3D bioprinting 
and nanotechnology will be discussed in each section.

2  Overview of 3D Bioprinting in Bone Tissue Engineering

Additive manufacturing methods have become a more attractive approach for BTE 
due to their ability to replicate complex macroscale geometries using patient defect- 
specific scanning techniques [8]. Another advantage of these techniques is their 
ability to produce constructs with consistent microscale geometry, which eliminates 
sample to sample variability that has critical implications for future clinical transla-
tion. Additive manufacturing techniques have been available since the 1980s and 

Fig. 1 Bone tissue is a complex structure consisting of organic and inorganic phases down to the 
nanoscale. Making up 30% of bone, the organic phase consists of a variety of structural proteins 
and polysaccharides. The collagen fibrils are the main constituents of the organic phase with rang-
ing between 35 and 60 nm in diameter and up to 1 μm in length. The inorganic phase makes up the 
remaining 70% of bone and functions as an ion reservoir for Ca, P, Na, and Mg. Additionally, this 
phase provides stiffness and strength mainly in the form of hydroxyapatite. (Created with 
Biorender.com)
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have been increasingly utilized in the tissue engineering field to fabricate bone con-
structs [9].

The three main 3D bioprinting strategies that have been utilized in BTE are ste-
reolithography (SLA), extrusion printing, and inkjet printing [10]. Stereolithography, 
which utilizes ultraviolet (UV) light beam focused on a bed of liquid photopolymer 
to print layer-by-layer, is a prevalent 3D printing strategy utilized to create anatomi-
cal models to preplan orthopedic and craniofacial surgeries. While many others 
have utilized this strategy to manufacture biodegradable scaffolds for several 
decades, numerous challenges associated with SLA printing still remain, such as 
overcoming the toxic effects of the residual photoinitiators and the negative impact 
of UV light on cells [11]. In contrast, extrusion printing utilizes pneumatic or 
mechanical force to extrude the bioink. Due to the ability to print high viscosity 
bioinks and print high cell densities, extrusion-based printing still remains an attrac-
tive printing strategy for BTE [4]. However, distortion of the cell structure post- 
printing and low resolution of the final printed constructs remain key challenges in 
building upon extrusion-based printing [12]. The last printing strategy available for 
BTE involves inkjet printing, which utilizes thermal, piezoelectric, or electromag-
netic means to deposit droplets of bioink. While this methodology provides great 
advantages of high speed, availability, and relatively low cost, there are major chal-
lenges involving the lack of precise droplet size and placement and its requirement 
for low viscosity bioinks with less than ideal mechanical properties for BTE [13]. 
Earlier studies involving inkjet printers used this strategy as a means to achieve 
indirect fabrication of the bone scaffold [14]. Nonetheless, more research needs to 
be done to optimize the printing parameters of inkjet printing for BTE.

All three bioprinting techniques have demonstrated promise in manufacturing 
BTE scaffolds. Each printing strategy offers advantages and disadvantages in terms 
of accessibility, cost, and resolution. Therefore, the selection of a particular bio-
printing option mostly depends on the specific needs of the user. Chapter “Additive 
Manufacturing Technologies for Bone Tissue Engineering” provides additional 
details on various additive manufacturing technologies.

3  Nanomaterials in Bone Tissue Engineering

Extensive research in BTE has revealed that there are numerous physical and bio-
logical requirements in designing an ideal bone implant. Since the native bone ECM 
possess structures that extend down to the nanoscale, nanomaterials have been 
investigated to help replicate these nanostructures within the bone microenviron-
ment and better control cell behavior. Nanomaterials possess at least one dimension 
that is less than 100  nm, and they have numerous advantageous traits that their 
micro-sized counterparts do not possess. These properties range from specific sur-
face characteristics to superior mechanical, electrical, optical, and/or magnetic 
properties that are oftentimes absent in micro-sized counterparts [5]. When nano-
materials are incorporated into scaffolds, the surfaces obtain nanoscale roughness 
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and specific surface chemistries, wettability, and surface energies that can mimic the 
bone ECM [5]. Nanomaterials have demonstrated better osteoblast cell adhesion 
and proliferation than standard materials [7]. While the underlying mechanisms of 
cell response on the nanostructures are still being investigated, the unique surface 
topography provided by these materials plays a large role in modulating bone heal-
ing [15]. More specifically, the nanotopography introduced by the nanomaterials 
have been shown to affect cell adhesion, proliferation, and differentiation behavior 
and matrix organization [16]. Mechanistically, cell fate is influenced by changes to 
the surface texture, geometry, spatial position, and height of the scaffold, because 
these changes all affect the clustering of integrins responsible for signal transduc-
tion, development of focal adhesions, and cytoskeletal structure [17]. Additionally, 
nanostructures further promote protein adsorption to aid the process of cell adhe-
sion on biomaterials [18]. These proteins ultimately help regulate cell attachment 
and initiate signal transduction within cells to further influence cell migration, pro-
liferation, differentiation, and ultimately tissue formation [19].

In general, nanomaterials are subdivided into nanoparticles, nanofibers, and 
nanocomposites. Nanoparticles, which are particles with a size less than 100 nm in 
all three dimensions, have been explored to improve bone healing and provide cel-
lular cues for osteogenesis. Nanoparticles have demonstrated the ability to enhance 
bone regeneration, prevent infection, and improve the outcome of implant osseoin-
tegration [20, 21]. These particles have been commonly utilized as delivery agents 
for bioactive molecules, cell labeling agents to monitor and target sites of interest, 
and supplements to improve the overall performance of bone scaffolds [5]. 
Nanofibers, where only two dimensions are less than 100 nm, are fibers that mimic 

Fig. 2 Various nanomaterials have been utilized for BTE to date, which include calcium phos-
phates, bioactive glass, metal nanoparticles, graphene, nanofibers, and synthetic polymer nanopar-
ticles. Recent scaffold strategies involving these nanomaterials have tried to enhance a biomaterial 
response to meet the mechanical and physiological demands of the host bone tissue. (Created with 
Biorender.com)
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the nanofibrous nature of the native ECM and provide the topographical layout to 
aid cell attachment [18]. Lastly, nanocomposites are composite scaffolds that utilize 
various combinations of nanomaterials, since bone engineering strategies utilizing 
only one material have not been able to fulfill the requirements of an ideal bone 
scaffold. Figure 2 overviews nanomaterials that have been used in BTE to date. 
More recent strategies have attempted to tailor a biomaterial response that can meet 
the mechanical and physiological demands of the host tissue capitalizing on the 
beneficial properties of multiple materials. The properties of specific nanomaterials 
in BTE and how each are incorporated into bone bioprinting will be discussed in the 
following subsections.

3.1  Calcium Phosphate Nanoparticles

Calcium phosphates have been extensively utilized in BTE. Table 1 summarizes 
current bone bioprinting studies utilizing calcium phosphate nanoparticles to date. 
Being composed of calcium and phosphorus ions, these minerals have demonstrated 
the ability to regulate the bone remodeling process by influencing osteoblast and 
osteoclast differentiation [48, 49]. Additionally, controlling the surface properties 
and porosity of calcium phosphates have also been shown to influence protein 
absorption, cell adhesion, and bone mineralization [50]. Depending on the type of 
calcium phosphate, the bioactivity will vary due to different rates of ion release, 
solubility, stability, and mechanical strength [51]. As the osteoconductivity and 
osteoinductivity of calcium phosphates are influenced by physical and chemical 
properties, numerous types of the mineral have been investigated for BTE 
applications.

Hydroxyapatite (Ca10(PO4)6OH2 or HAp) is a very common form of calcium 
phosphate used in BTE applications. HAp crystals make up the inorganic phase of 
bone, which forms needle-like 20–60 nm crystals and can be harvested from bone 
[52]. Various studies have established that HAp is the most stable calcium phos-
phate with low solubility in physiological conditions [53]. Additionally, HAp has 
demonstrated good biocompatibility since it does not induce an inflammatory reac-
tion when utilized clinically [54]. The surface of HAp particles can serve as nucleat-
ing site for bone minerals in body fluids [55]. While HAp is inherently 
osteoconductive, additional ions such as fluoride, chloride, and carbonate ions have 
been incorporated to make these minerals more osteoinductive [56, 57]. Numerous 
studies have demonstrated the potential for HAp to improve in vivo bone regenera-
tion through increased mesenchymal stem cell proliferation, due to better osteoblast 
adhesion, and enhanced differentiation [58].

More recent studies have demonstrated that nanohydroxyapatite (nHAp) 
enhances the performance of engineered scaffolds with respect to its microscale 
counterpart. Since the morphology of nHAp inherently leads to a greater surface 
area compared to micro-HAp, these nanoparticles can be densely packed as the 
scaffolds are fabricated [59], which significantly improves the mechanical 
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properties of the scaffold [60]. Additionally, the increased surface area of nHAp 
drastically improves protein adsorption capabilities compared to larger HAp parti-
cles [61]. Synthesized nHAp can be fabricated as rods, fibers, or particulates due to 
the different modes of synthesis [62, 63]. Since nHAp is very similar to native bone 
in terms of size and chemistry, it has firmly established itself as a favorable material 
for BTE.

Research has demonstrated that nanohydroxyapatite can be successfully incor-
porated into bone bioprinting strategies. The most prevalent approach involves add-
ing nHAp to synthetic polymer such as polycaprolactone (PCL) [39]. While some 
groups resorted to coating the scaffold surface with nHAp post-printing, others have 
successfully mixed the nHAp particles directly into the bioink formulation for 
extrusion printing. Trachtenberg et al. utilized an extrusion-based printing strategy 
to develop poly(propylene fumarate) (PPF) scaffolds with a mineral gradient within 
the scaffold (Fig. 3) [43]. In order to improve the dispersion of the nHAp particles 
within the scaffold, a surfactant was added to the print formulation without compro-
mising the compressive strength overall. The printed PPF composite scaffolds with 
nHAp nanoparticles consisted of well-defined layers with interconnected pores that 
could potentially serve as mechanically robust bone implants. Few groups have pro-
ceeded on to functionalize scaffolds with even more constituents to create complex 

Fig. 3 Schematic of printed scaffolds. (a) PPF-HA (10 wt%) scaffold with or without SDS. (b) 
PPF-HA bilayer scaffold containing PPF and PPF-HA (10 wt%). (c) PPF-HA gradient scaffold 
containing layers of 1.25, 2.5, 5, and 10 wt% HA. Respective SEM cross-sections of (d) a PPF-HA 
scaffold with or without SDS, (e) a PPF-HA bilayer scaffold, and (f) a PPF-HA gradient scaffold. 
Pore interconnectivity is lost with the addition of multiple materials. Scale bars in (d–f) represent 
0.5 mm. (Reprinted by permission of the publisher (Taylor & Francis Ltd.) [43])
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multiphase scaffolds. Deng et al. recently fabricated poly(lactic-co-glycolic) acid 
(PLGA)/nHAp/chitosan (CS)/rhBMP-2 scaffolds with an extrusion printer [36]. CS 
nanospheres encapsulating rhBMP-2 were embedded within a CS hydrogel to pre-
pare a nano-sustained release carrier, which was then co-printed with PLGA/nHA 
bioink to create the composite scaffold. The scaffold complex demonstrated an 
effective controlled burst release of rhBMP-2 that further aided in osteogenesis 
within mandibular bone defects. Others have loaded antibiotics within these com-
posites scaffolds to introduce an antibacterial effect with good results [28].

Some groups have explored the use of hydrogel incorporated with nHAp for 
bone bioprinting. Wang et al. 3D printed alginate/nHAp scaffolds incorporated with 
atsttrin, which is a progranulin-derived engineered protein that exerts an antagonis-
tic effect on proinflammatory TNF-α [44]. This composite scaffold was able to dem-
onstrate sustained release of the atsttrin that enhanced the bone regeneration within 
a mouse calvarial defect. Another group successfully printed chitosan/nHAp scaf-
folds that had superior cell proliferation and differentiation capabilities compared to 
alginate-based scaffolds [35]. However, hydrogels are still challenging to use as a 
bone scaffold due to inadequate mechanical properties. In order to enhance the 
mechanical and bioactive properties of hydrogel scaffolds, Chen et  al. extrusion 
printed with a bioink formulation consisting of 60% nHAp particles and 40% gela-
tin/hyaluronate hydrogel [33]. These scaffolds were lyophilized and then coated 
with multiple layers of chitosan and sodium hyaluronate, which significantly helped 
improve the compressive strength and ability to load growth factors onto the scaf-
fold surface.

Tricalcium phosphate (Ca3(PO4)2 or TCP) is another common calcium phosphate 
utilized in bone regeneration other than HAp [51]. While two phases of TCP exist, 
β-TCP is generally used in bone regeneration due to its more stable structure and 
higher biodegradation rate [64]. Additionally, β-TCP degrades faster and is more 
highly soluble than HAp, which leads to a higher resorption rate and increase bio-
compatibility [65]. β-TCP also promotes proliferation of osteoprogenitor cells due 
to its inherent nanoporous structure that enables excellent biomineralization and 
cell adhesion [66]. Therefore, numerous groups have utilized β-TCP as the main 
additive for bone bioprinting. Tovar et  al. successfully robocasted 100% β-TCP 
scaffolds that were biocompatible, resorbable, and could anisotropically regenerate 
bone within a rabbit model [24]. Additionally, Wang et  al. fabricated a complex 
β-TCP/PLGA scaffold with a novel cryogenic 3D printer involving water-in-oil 
polyester emulsion inks with multiple functional agents—2D black phosphorus 
nanosheets, doxorubicin hydrochloride, and BMP-2-like osteogenic peptide (P24) 
[25]. The group was able to print hierarchically porous and mechanically strong 
scaffolds that can be potentially applied for large defect repair.

Lastly, calcium phosphates with variable compositions have also been utilized 
during bone bioprinting. To capitalize on the beneficial properties of both nHAp and 
β-TCP, some groups have utilized biphasic calcium phosphate within bone- 
engineered scaffolds. Biphasic or multiphasic calcium phosphates are homoge-
neously mixed at the submicron level to make the separation of each constituent 
difficult [67]. Song et al. used low-temperature robocasting to fabricate a 3D printed 
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ceramic scaffold composed of nano-biphasic calcium phosphate, polyvinyl alcohol, 
and platelet-rich fibrin [27]. Without the addition of toxic chemicals during the 
printing process, the group demonstrated that these composite scaffold could be 
printed with the desired internal and external architecture while enhancing bone 
defect repair with the incorporated bioactive factors. Also possessing intermediate 
properties, amorphous calcium phosphate (Ca3(PO4)2·nH2O) is a less-ordered, tran-
sition phase calcium phosphate that serves as a precursor state that precedes biologi-
cal apatite formation [68]. Since the mineral in natural bone is composed of poorly 
crystalline, highly substituted apatite nanocrystals interspersed within a collagen 
matrix, one potential bone regenerative strategy is to deposit a less ordered mineral 
phase to mimic the biomineralization process [55]. Wang et al. demonstrated that 
PLA scaffolds loaded with amorphous calcium phosphate nanoparticles with 
rhBMP-2 could improve cell viability, attachment, proliferation, and differentiation 
for BTE applications [22].

3.2  Bioactive Glass Nanoparticles

Bioactive glass nanoparticles (BGNP) are another class of ceramic nanoparticles 
that are commonly used in bone regeneration due to their high bioactivity and great 
bone bonding properties [69]. BGNPs are generally comprised of silicates or phos-
phosilicates supplemented with distinct proportions of glass modifiers like sodium 
oxide (Na2O) and calcium oxide (CaO) [69]. The common compositions of BGNPs 
are binary (e.g., SiO2-CaO), ternary (e.g., SiO2-CaO-P2O5), or quaternary systems 
(e.g., SiO2-CaO-P2O5-Na2O), which in turn affects the porous structure and surface 
area of the BGNPs [70–72]. Most BGNPs possess a spherical morphology, but non- 
spherical BGNPs have also been generated in the form of pineal or rod shapes [73, 
74]. Some reports have indicated that spherical nanoparticles may be taken up by 
the cell more quickly and efficiently than non-spherical nanoparticles [75]. However, 
non-spherical nanoparticles present a more biomimetic morphology analogous to 
the natural HAp structural units, which can ultimately improve the mechanical 
properties and biomineralization capability more ideal for bone scaffolds [76].

Decreasing the dimensions of the bioactive glass particles down to the nanoscale 
increases the specific surface area, pore size, and ion exchange capabilities com-
pared to bioactive glass microparticles [77]. In effect, BGNPs are able to generate a 
calcium phosphate layer more quickly due to improved exposure to the bioactive 
elements. Ajita et  al. highlighted how nanoscale bioactive glass particles could 
affect the proliferative behavior in mouse MSCs [78]. The group demonstrated that 
all BGNPs administered at 20  mg/mL showed no cytotoxic effect, but the cells 
treated with smallest nanoparticles (37 nm) experienced the greatest increase in cell 
proliferation. The faster ion release rate and the increased surface area improve 
protein adsorption, which in turn promote cell adhesion, proliferation, and differen-
tiation. Some studies have indicated that calcium silicate exhibits better 
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biodegradation and osteoconductivity than calcium phosphate, which has led to 
research adding these powders into the 3D bioprinting process [79].

Various bioactive glass nanoparticles have been explored for bone bioprinting. 
Table  2 summarizes current bone bioprinting studies utilizing bioactive glass 
nanoparticles to date. Carrow et al. extrusion-printed bioactive nanocomposites by 
incorporating 2D nanosilicates into a co-polymer (PEOT/PBT) scaffold [85]. The 
inclusion of nanosilicates improved the stability and bioactivity of the scaffold 
under physiological conditions without compromising the mechanical stiffness of 
the printed scaffold. Laponite nanoclay, a type of nanosilicate similar to hectorite, 
was also utilized in several different hydrogel nanocomposites to demonstrate 
improved printability and mechanical stability of the printed constructs, without 
compromising cell viability and distribution [86–89]. Current research has demon-
strated that these nanoparticles possess a versatile ability to functionalize additional 
components onto their surface. Luo et  al. integrated the adhesion peptide (RGD 
sequence) onto mesoporous silica nanoparticles to dually functionalize bone form-
ing peptide-1 [90]. This dual-peptide-loaded alginate hydrogel system promoted the 
sequential differentiation of hMSCs. Some groups have also succeeded in function-
alizing photothermal or photoluminescent components onto these nanoparticles, 
opening up the possibility of utilizing them for bioimaging, tumor therapy, and bone 
regeneration applications [80, 81]. Lastly, few groups have begun to develop ternary 
nanocomposites with additional biopolymers to supplement more bioactivity, 
mechanical advantages, and cell attachment potential within the printed construct 
[83, 91].

3.3  Metal and Metal Oxide Nanoparticles

Metals have been widely explored as a material to replace bone tissue, primarily 
because of their strong mechanical properties to withstand physiological forces 
experienced by bone. While most research into the area has utilized metals as the 
major implant component, recent studies have demonstrated the potential of utiliz-
ing metal nanoparticles to enhance the bioactivity of the implants.

 Titanium-Based Nanoparticles

Titanium and its alloys are some of the most explored metals to date due to their 
ideal mechanical properties, resistance to corrosion, and no cytotoxic effect when 
implanted in the body [92]. Therefore, titanium-based implants are often utilized to 
repair critical-sized bone defects [93]. Some studies have begun to investigate com-
posite scaffolds that incorporate titanium nanoparticles for bone regeneration. 
Rasoulianboroujeni et al. recently printed a nanocomposite scaffold, comprised of 
PLGA and TiO2 nanoparticles with an extrusion printer [94]. Incorporation of the 
nanoparticles improved the compressive modulus of the scaffolds, enhanced the 
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wettability of the scaffold surface, and increased osteogenic proliferation and min-
eralization. Another group fabricated a hybrid polymer (Ormocomp®) scaffold 
doped with barium titanite (BaTiO3) nanoparticles via two photon lithography [95]. 
Preliminary in vitro testing demonstrated enhanced cell differentiation due to the 
refined architecture generated and the piezoelectric cues from this printing strategy.

 Magnesium-Based Nanoparticles

Magnesium has been explored in bone bioprinting since it is biocompatible, regu-
lates the density and structure of bone apatite, and mediates cell–ECM interactions 
[96]. Roh et al. utilized magnesium oxide (MgO) nanoparticles as a bioink additive 
during extrusion printing [42]. A composite scaffold comprised of PCL, HAp, and 
MGO contributed to enhanced adhesion, proliferation, and differentiation of cells 
within the scaffold. Another group developed a ternary nanocomposite consisting of 
PCL, nHA powder, and compatibilized magnesium fluoride nanoparticle (cMgF2) 
fillers with enhanced mechanical and biological properties through extrusion print-
ing [31]. The incorporation of cMgF2 nanoparticles particularly led to significant 
improvements in the mechanical properties within the scaffolds, enhanced osteo-
genic differentiation, and stimulated mineralization.

 Metal Nanoparticles with Antimicrobial Properties

Chronic implant-related bone infections are a major problem in orthopedic and 
trauma-related surgery with serious consequences that can affect the final prognosis 
of bone implants [97]. As a result, silver nanoparticles (AgNP) with antimicrobial 
properties have been incorporated into 3D printed bone scaffolds. Jia et al. demon-
strated that the addition of silver nanoparticles on titanium alloy meshes helped 
reduce bacterial biofilm buildup, especially in combination with antibiotic therapy 
[98]. Silver nanoparticles have also been incorporated into extrusion printed 
ceramic/polymer scaffolds, further establishing their potential to enhance biocom-
patibility, mechanical properties, and osteogenic activity [26, 99]. Besides AgNPs, 
several other metal nanoparticles with antimicrobial properties have been investi-
gated with bone bioprinting. Zou et al. recently incorporated copper-loaded-ZIF-8 
nanoparticles within PLGA scaffolds through extrusion printing and found that 
these scaffolds possessed enhanced antibacterial and osteoconductive properties 
[100]. Additionally, 3D printed zirconia ceramic hip joints with a coating of ZnO 
nanoparticles also demonstrated antibacterial properties while maintaining the ben-
efits of precise structure and wear resistance [101].
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 Iron-Based Nanoparticles

Iron oxide (Fe2O3) nanoparticles, being in the ferrimagnetic class of magnetic mate-
rials, have various preclinical and therapeutic uses [102]. On top of retaining the 
bioactivity of nanomaterials, magnetic iron nanoparticles are able to directionally 
aggregate and localize under a constant magnetic field. Consequently, iron oxide 
nanoparticles can couple to the cell surface and control cell functions such as MSC 
differentiation [103]. Huang et al. developed a novel diphasic magnetic nanocom-
posite scaffold utilizing low-temperature deposition manufacturing [104]. These 
scaffolds demonstrated good biocompatibility and mechanical properties, while 
also promoting cell differentiation. Another group incorporated presynthesized iron 
oxide nanoparticles into polyamide scaffolds fabricated on a selective laser sinter-
ing (SLS) printer [105]. These nanoparticles demonstrated the ability to heat up 
rapidly in response to an applied AC magnetic field, offering a potential avenue to 
remotely induce controlled gene expression within cells on these scaffolds. At the 
very least, iron oxide nanoparticles possess osteogenic and radiopaque properties 
that can be used to develop biodegradable and radiographically detectable bone 
implants that can aid in diagnostics and bone healing [106].

 Gold-Based Nanoparticles

One nanoparticle that has not been fully utilized in bone bioprinting are gold 
nanoparticles (AuNPs), which have become a promising tool in nanomedicine due 
to their nanoscale dimensions, ease of preparation, high surface area, and function-
alization capability [107]. Therefore, some groups have investigated how AuNPs 
can promote osteogenic differentiation in stem cells. Choi et al. demonstrated that 
chitosan-conjugated AuNPs increase the calcium content and osteogenic gene 
expression at non-toxic concentration through the Wnt/β-catenin signaling pathway. 
The particle size also appears to play a role in MSC differentiation, as 30 and 40 nm 
AuNPs were taken up by the MSCs, the most and consequently demonstrated the 
highest cell differentiation rates [108]. Some groups have explored functionalizing 
AuNPs to influence the MSC behavior. Li et al. functionalized gold nanoparticles 
with various chemical groups to find that amino-functionalized AuNPs exhibited 
increased ALP expression and matrix mineralization [109]. AuNPs can also serve as 
a suitable protein or peptide delivery mechanism, as Schwab et  al. were able to 
assess the impact of surface immobilized BMP-2 on the Smad signaling pathway 
with these particles [110]. The group utilized nanolithography to create a precisely 
spaced, tunable gold nanoparticle array embedded with single BMP-2 molecules. 
Compared to the control condition consisting of soluble BMP-2, the AuNP- 
immobilized BMP-2 demonstrated a prolonged and elevated intracellular signal 
transduction that could help upregulate the TGFβ superfamily growth factors to 
further stimulate bone regeneration.
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3.4  Graphene Nanomaterials

Graphene is a novel nanomaterial that has potential applications for BTE.  With 
exceptional conductivity and physiochemical and mechanical properties, these thin 
carbon sheets with large surface area can significantly improve the properties of the 
composite at minute concentrations. Graphene has an aromatic configuration that 
been reported to promote cell attachment, growth, proliferation, and differentiation 
[111]. Choe et al. utilized an extrusion printer to fabricate alginate/graphene oxide 
(GO) composites to improve the printability, structural stability, and osteogenic 
potential of scaffolds [112]. This bioink formulation demonstrated high printability 
and stability and was able to maintain high cell viability and stimulate osteogenic 
differentiation. Another study printed polylactic acid (PLA) scaffolds incorporated 
with GO using fused deposition modeling (FDM) printer [113]. The addition of GO 
increased the surface roughness, hydrophilicity, and mechanical properties of the 
PLA/GO scaffolds. Additionally, the PLA/GO scaffolds proved to be more biocom-
patible and promoted cell proliferation and mineralization more efficiently than 
pure PLA scaffolds.

Some researchers have also incorporated carbon nanotubes (CNT) into bone tis-
sue regeneration. CNTs are a variation of a single graphene sheet that is rolled up 
into a hollow cylindrical nanostructure and are commonly divided into either single- 
walled carbon nanotubes (SWCNT) or multi-walled carbon nanotubes (MWCNT) 
[114]. SWCNTs are formed from a single tubular graphene while MWCNTs consist 
of multiple concentric tubular graphene layers. Their unique nanoscale cylindrical 
shape makes them capable delivery agents for various biomolecules and drugs 
[115]. CNTs offer great strength, elasticity and fatigue resistance that can help rein-
force composite scaffolds for bone regeneration [116]. With enhanced mechanical 
properties, CNTs are able to create a strong bond on composite scaffolds that facili-
tates load transfer and strengthens the scaffold matrix [117]. Additionally, CNTs are 
more conducive to protein adsorption and cell attachment due to their high specific 
surface area resulting from their highly porous structure [118, 119]. This porous 
interlinked nanostructure is favorable for nutrient transport throughout the bone 
matrix. CNTs can also influence cell morphology and promote osteogenesis with 
modifications to their surface chemistry and affinity for cell-binding proteins [120].

Recent studies have examined how CNTs can be incorporated into the bioprint-
ing process. Huang et  al. fabricated a porous PCL/MWCNT composite scaffold 
utilizing an extrusion printer (Fig. 4) [121]. The addition of the MWCNT improved 
protein adsorption, mechanical and biological properties of the scaffolds, indicating 
that these composite scaffolds can be a viable candidate for bone tissue regenera-
tion. Another group similarly developed a three-phase nanocomposite scaffold with 
nHAp, CNTs, and PCL via extrusion printing [38]. They also found that the com-
posite scaffolds demonstrated typical bioactivity, good cell adhesion, and 
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proliferation with added mechanical performance and electrical conductivity from 
CNT. These graphene-based nanocomposites show promise as they help improve 
the mechanical properties and cytocompatibility within scaffolds. However, more 
work is being done to effectively synthesize these novel CNT-based nanocompos-
ites. Liu et al. were able to effectively print PPF scaffolds with negatively charged 
CNT/ssDNA nanocomplexes through stereolithography [122]. Their rapid and 
homogenous functionalization process helped coat the scaffold surface to promote 
adhesion, proliferation, and differentiation of the cells. Another group explored 
incorporating carbon nanotubes within a hydrogel [123]. Utilizing a polyion com-
plex composed of poly(sodium p-styrene sulfonate) and poly(3-(methacryloylamino)
propyl triethylammonium), a tough hydrogel with MWCNT was formulated to 
manufacture 3D scaffolds via extrusion printing. These composite scaffolds demon-
strated biocompatibility and facilitated osteogenic differentiation, suggesting that 
hydrogels with CNTs can be used to enhance the efficiency of bone repair.

Fig. 4 SEM images of (a) top view and (b) cross-section view of PCL scaffold, (c) top view and 
(d) cross-section view of PCL/MWCNT 0.25 wt% scaffold, (e) top view and (f) cross-section view 
of PCL/MWCNT 0.75  wt% scaffold, and (g) top view and (h) cross-section view of PCL/
MWCNTs 3  wt% scaffold; High-magnification SEM images showing spherulites in the PCL 
matrix and boundaries between crystal structures in the filament surface of (i) PCL, (j) 0.25 wt%, 
(k) 0.75 wt%, and (l) 3 wt% PCL/MWCNT composite scaffolds; TEM images showing (m) the 
alignment and migration of long-length MWCNTs, (n) the agglomeration of short-length 
MWCNTs in PCL/MWCNT 3 wt% [121]
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3.5  Synthetic Polymer Nanoparticles

Biodegradable synthetic polymers have been among the most investigated polymers 
due to good biocompatibility, mechanical properties, and rates of degradation that 
are comparable to the bone turnover rate [124]. Synthetic polymer nanoparticles 
have garnered much interest as a drug delivery mechanism because they have con-
trolled degradability and have shown the potential to deliver small molecules, 
nucleic acids, and proteins [125, 126]. These nanoparticles are superior to conven-
tional drug delivery mechanisms because they are more readily available, can 
undergo controlled release over a longer duration of time, and minimize undesirable 
effects such as toxicity and immunogenicity [127].

Past research has demonstrated that PLGA nanoparticles can maintain a sus-
tained release of BMP-2 to support bone healing in vivo [128]. Kim et al. investi-
gated the performance of a 3D-printed calcium phosphate scaffold coated with a 
layer of PLGA nanoparticles loaded with BMP-2 [129]. The group was able to 
achieve a uniform distribution of the nanoparticles and a gradual release of BMP-2. 
Additionally, higher de novo bone formation was observed in vivo. However, there 
are limited studies that have directly incorporated the polymer nanoparticles into the 
3D printing process. Another study fabricated novel biphasic nanocomposite scaf-
folds for osteochondral regeneration that incorporated nHAp and TGF-β1-loaded 
PLGA nanoparticles through stereolithography [32]. These scaffolds demonstrated 
that a biomimetic graded construct could be printed with hydrogels and offers a 
strategy to develop an implant for orthopedic application.

3.6  Nanofibers

Nanofibers are a valuable tool in tissue engineering for their ability to simulate the 
physical and biochemical environment of the natural bone ECM. Several strategies 
have been utilized to produce nanofibers, including phase separation and self- 
assembly [130, 131]. The most ubiquitous fabrication method to produce nanofibers 
is electrospinning, which controls the extrusion of the polymer fibers through the 
use of an electric field [132]. Yao et al. recently fabricated 3D nanofibrous scaffolds 
utilizing solely electrospinning [133]. The group demonstrated that PCL/PLA nano-
fibrous scaffolds, with respect to neat PCL scaffolds, possessed greater mechanical 
properties while enhancing cell viability of hMSCs and osteogenic differentiation 
in vitro and in vivo. The improved performance of the copolymer nanofibrous scaf-
fold was noted to be attributed to the higher mechanical stiffness and bioactivity 
introduced by PLA itself. However, since the densely packed nanofibers lead to a 
distinctly smaller pore space, tissue ingrowth can be negatively affected within 
these scaffolds [134]. Additionally, the mechanical performance of nanofibrous 
scaffolds are poorer in comparison to other tissue-engineered constructs due to their 
large surface area-to-volume ratios and high porosities [135].
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An alternative strategy is to incorporate both electrospinning and extrusion print-
ing into the scaffold fabrication process. Since extrusion printed scaffolds often 
suffer from low print resolution, nanofibers have been infused into the 3D printed 
scaffold to introduce nanoscale features within the overall construct [136]. Vasquez- 
Vasquez et al. were able to show that incorporating a PLA nanofiber coating on a 
PLA scaffold promoted bioactivity, cell attachment, and proliferation when com-
pared to neat PLA scaffolds [137]. Even though both the scaffold and nanofibers 
were synthesized with the same polymer, the nanotopographical changes introduced 
by the nanofibers enhanced the overall performance of the tissue construct. 
Nanofibers can also be functionalized with various bioactive molecules through 
encapsulation or surface immobilization. Li et al. examined the performance of bio-
active glass short nanofibers functionalized with BMP-2 on 3D-printed PCL scaf-
folds [135]. Immobilizing BMP-2 onto the scaffold surface through nanofibers 
allowed enhanced osteogenic gene expression of bone marrow MSCs, further dem-
onstrating that expanded applications that can be incorporated into a BTE approach 
of combining 3D printing and electrospinning.

Few studies have directly incorporated nanofibers directly into the bioink before 
the printing process. Thermoplastic polymer printing has limitations due to high 
temperature and pressure that can interfere with the integrity of the print [138]. 
Therefore, hydrogels have offered a low-temperature printing strategy that bypasses 
some of the issues associated with synthetic polymer printing. Abouzeid et  al. 
recently demonstrated that alginate/PVA hydrogels can be prepared with bifunc-
tional cellulose nanofibers with reactive carboxyl and aldehyde groups [139]. The 
3D printed scaffold was able to demonstrate the ability to mineralize. However, 
there is still more work to be done to print a hydrogel construct that can withstand 
physiological load while maintaining precise control over fiber diameter and mor-
phology due to the intrinsic effect of material properties on printing precision and 
overall scaffold mechanics.

4  Future Outlook and Conclusions

Nanotechnology has provided tissue engineers the ability to mimic native bone 
ECM and improve the bone regeneration process. Numerous nanomaterials have 
demonstrated immense potential in bone bioprinting applications since they present 
nanoscale cues that can positively impact osteogenic attachment and differentiation. 
Additionally, various nanocomposites have displayed improved mechanical and 
biological properties in bioprinted bone scaffolds. Many of the scaffolds incorpo-
rated with nanoparticles have displayed the capacity to better mimic the complex 
properties of the natural bone environment that can promote cellular attachment, 
ingrowth, and bone formation. However, there are still questions regarding the inter-
actions between the nanosurface topography and the osteal defects into which these 
enhanced scaffolds are introduced. Furthermore, new design strategies and fabrica-
tion methods will need to be expanded upon experimentally to be ultimately tailored 
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for complex bone defect repair treatment in the clinic. Also, large animal model 
studies that confirm that these scaffolds support vascularization and bone formation 
in clinically sized defects are still needed. Tissue engineers will need to examine the 
nanomaterials within structures that best support bone regeneration in a controlled 
manner. Ultimately, future research will need to overcome current challenges of 
bone regeneration and expand the multifunctional capabilities of nanomaterials 
for BTE.
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