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Abstract

The nanomaterials research spectrum has seen the continuous emergence of two-dimensional

(2D) materials over the years. These highly anisotropic and ultrathin materials have found

special attention in developing biomedical platforms for therapeutic applications, biosensing, drug
delivery, and regenerative medicine. Three-dimensional (3D) printing and bioprinting technologies
have emerged as promising tools in medical applications. The convergence of 2D nanomaterials
with 3D printing has extended the application dynamics of available biomaterials to 3D printable
inks and bioinks. Furthermore, the unique properties of 2D nanomaterials have imparted
multifunctionalities to 3D printed constructs applicable to several biomedical applications. 2D
nanomaterials such as graphene and its derivatives have long been the interest of researchers
working in this area. Beyond graphene, a range of emerging 2D nanomaterials, such as layered
silicates, black phosphorus, transition metal dichalcogenides, transition metal oxides, hexagonal
boron nitride, and MXenes, are being explored for the multitude of biomedical applications. Better
understandings on both the local and systemic toxicity of these materials have also emerged over
the years. This review focuses on state-of-art 3D fabrication and biofabrication of biomedical
platforms facilitated by 2D nanomaterials, with the comprehensive summary of studies focusing
on the toxicity of these materials. We highlight the dynamism added by 2D nanomaterials in the
printing process and the functionality of printed constructs.
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1. Introduction

1.1. Two-dimensional nanomaterials

The isolation of graphene layers in 2004 has led to unprecedented interests in two-
dimensional (2D) nanomaterials [1,2]. A myriad of research endeavors demonstrating
graphene’s excellent electrical, mechanical, and thermal properties quickly stemmed in
nanomaterials research arena [3,4]. The dimensionality of nanomaterials was identified

as a critical parameter as the properties of 2D graphene were strikingly different from
other forms of carbon [5,6]. Over the years, this insight on the dimensionality has

led to the discovery of several other 2D nanomaterials with exotic properties compared

to bulk materials [6,7]. Layered silicate nanomaterials, transition metal dichalcogenides,
phosphorene, hexagonal boron nitride, graphitic carbon nitride, and transition metal oxides
(Fig. 1) have emerged as promising 2D nanomaterials [6-8].

Optoelectronics, sensors, catalysis, supercapacitors, and batteries have been established

as potential application prospects of these materials [9-13]. Additionally, their ultrathin
structure has caught the attention of biomedical researchers to develop drug delivery,
biosensing, theranostic, and gene sequencing platforms [14-17]. The high surface area to
volume ratio of these materials has also inspired the research in developing nanocomposite
scaffolds with enhanced mechanical and biological properties for tissue engineering and
regenerative medicine (TERM) applications [18,19].

1.2. Three-dimensional printing

Three-dimensional (3D) printing, also referred to as additive manufacturing (AM), has
emerged as a new paradigm driving significant innovations in biomaterials development and
their applications for TERM. Stereolithography (SLA), powder bed fusion (PBF), digital
light processing (DLP), and extrusion printing are some of the 3D printing techniques
adapted widely in TERM [20]. The advantages offered by this technology, like design
flexibility, architectural complexity, and high precision, have enabled the development of
synthetic constructs resembling the anatomical structures [21,22]. Furthermore, enormous
and rapid investment of resources on technological innovations has led to the advancement
of available 3D printers that can accommodate the printing of biological factors and living
cells at high-resolution [23-25]. This has not only enabled the development of disease and
tissue models for therapeutic innovations but has also given a glimmer of hope towards the
development of fully functional 3D organs [26-29].

1.3. 2D nanomaterials and 3D printing

The 3D printing of pristine 2D nanomaterials is challenging in several ways. For printing
techniques based on photocuring of materials such as SLA or DLP, these materials
inherently lack the chemical groups needed for such curing. Attempts have been made

with the selective laser sintering (SLS) technique to 3D print the pristine 2D nanomaterials,
especially graphene [30]. However, the outcome is limited by the lack of design flexibility
and printing resolution. Several research endeavors have shown that modifying these 2D
nanomaterials enable 3D printing either in aerogel or composite form. These studies have
primarily utilized extrusion-based printing systems for such applications [31-34]. However,
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the lack of relevant biological data with these systems, makes it difficult to affirm if these
models would be suitable for biomedical applications as the property of 2D nanomaterials
can vastly vary after the chemical modification [34]. Addition of pristine 2D nanomaterials
to the biocompatible thermoplastics or hydrogels, thus, has been established as a viable
avenue for the 3D printing of 2D nanomaterials for biomedical applications. Due to the
ease of fabrication and lower associated costs, extrusion-based printing such as fused
deposition modeling (FDM) and pneumatic extrusion systems are commonly used for
TERM applications [35].

FDM systems require high temperature to enable the extrusion of fibers, making

the technique almost impossible to incorporate the cells and biological factors during
printing [36]. This essentially demands additional processing of the printed structures to
generate the functionality for biological and biomedical applications. The incorporation
of 2D nanomaterials into biocompatible thermoplastics has facilitated the development
of multifunctional polymer composites. These composites have been applied for a range
of biomedical developments, including scaffolds for tissue regeneration, platforms for
photothermal and photodynamic therapies, and vehicles for drug delivery [37].

1.4. 2D nanomaterials and 3D bioprinting

Pneumatic extrusion printing systems that involve the pressure-induced extrusion of
biomaterials from the needles and nozzles have garnered significant interest from
researchers working on tissue engineering, /n-vitro drug testing, and disease modeling

[35]. The precision of printing combined with high printing resolution has enabled hydrogel-
based system with controlled microstructure to better mimic the extracellular matrix

(ECM) environment for tissue modeling and drug testing [27,38,39]. Furthermore, with

the innovations in ink development, perfusion hydrogels have been developed, recapitulating
the in vivotissue environment for in vitrotissue and disease modeling [27,40]. Several
parameters can affect the extrusion of biomaterials that could hinder the repeatability of

the printing outcomes. In this respect, 2D nanomaterials, especially layered silicates, have
received special attention in hydrogels’ extrusion printing. The shear-thinning property

of these materials, combined with their lower toxicity, has enabled the development of
extrusion printable bioink that could incorporate cells with minimal-to-no adverse effects

on their viability and functionality. The biocompatible and widely adopted polymers such

as gelatin methacrylate (GelMA) have been shown to become printable with high printing
fidelity when combined with such materials [41-43].

Additionally, emerging reports on the applicability of 2D nanomaterials, other than layered
silicates, for bioprinting with cells have unlocked advanced and exciting avenues to use
less explored 2D nanomaterials for such applications. Recently, 3D bioprinting of graphene
oxide (GO) hydrogels with mesenchymal stem cells (MSC) was reported. Such constructs
preserved the long-term viability of MSC, with GO having a direct effect on the osteogenic
differentiation of bioprinted MSC [44].
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Introductory synopsis

At the outset, this review emphasizes on biomedical applications of 3D printing and
bioprinting, and the recent advancements in this area leveraged by unique properties of
emerging 2D nanomaterials at disposal. We present a comprehensive overview of several
2D nanomaterials-based 3D printed platforms developed for tissue engineering, tumor
therapies, and drug delivery. We also outline the current advancements in 3D bioprinting

of hydrogels with 2D nanomaterials and multifunctionalities imparted by these materials
towards developing functional constructs. Finally, we present a critical summary of toxicity
aspects of 2D nanomaterials (Table 1).

2. Carbon-based 2D nanomaterials

Nanomaterials based on carbon, such as carbon nanotubes (CNTSs), were popular choices
because of their excellent conductive properties for several applications [45]. Though CNTs
are still used in divergent nanomaterials research areas, the emergence of a 2D form of
carbon known as graphene has dominated this space since its discovery. The properties such
as higher specific surface area, ease of functionalization, and lower production cost make
graphene unique from CNTs while maintaining properties such as excellent mechanical
strength, electrical conductivity, and biocompatibility like CNTSs [1,45]. Structurally,
graphene is a layer of sp2-bonded carbon atoms arranged in a hexagonal lattice and can

be referred to as one atomic layer of graphite. The family of graphene 2D nanomaterials
comprises graphene, GO, and reduced GO (rGO). In general, these nanomaterials have been
considered safe for biological applications, dependent on the concentration and size of the
particles (Table 1). The modified form of these nanomaterials such as PEG functionalized
rGO have shown some level of local toxicity (Supplementary Table 1).

2.1. Graphene

Graphene, an exciting 2D material, has found its applications in different frontiers of
biomedical applications after its discovery back in 2004 [1,46]. Given significant progress
in developing graphene-based materials, 3D printing of pure graphene without chemical
modification or without usage of binders is challenging, especially with direct ink writing.
Other AM techniques, such as SLS, have been successful only for printing graphene in the
composite form.

Sha et al. attempted to 3D print the pristine graphene foams. As shown in Fig. 2A, it
involved CO, laser sintering of manually fed powder of nickel and sucrose. Sucrose acted
as a solid carbon source for graphene and nickel as catalyst and substrate for graphene
growth. After 20 cycles of laser irradiation, the resulting twenty-layered nickel-graphene
was treated with ferric chloride (FeCls) solution to etch out the nickel. The laser path guided
the structural design of pristine graphene foam [30]. This technique presented a method to
3D print bulk graphene structures which lacked precisely designed complex and rational
topologies typically expected of AM modalities.

The direct ink writing or extrusion printing of graphene with polymeric binders is a well-
established technique to develop the constructs by preserving the conductive properties of
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graphene for biomedical applications. Jakus et al. applied polylactide-co-glycolide (PLG)

to print elastomeric graphene composites with neurogenic potential. Graphene (3-8 atomic
layers thick) was combined with PLG at 60%, 40%, and 20% (volume %) for 3D printing.
The extrusion printing of graphene-PLG was performed at room temperature without a
melting the polymer (Fig. 2B: a). The randomly dispersed graphene flakes in PLG solution
were highly aligned and oriented along the fiber surface after printing, as shown in Fig. 2B:
b-e. Due to the elastomeric nature of PLG, the printed structure was flexible and moldable
(Fig. 2B: f). The electrical conductivity of the printed scaffolds with 60% and 40% graphene
was close to 600 S/m compared to approximately 100 S/m for 20% samples.

Furthermore, the conductivity was higher for the constructs printed with a lower diameter
extrusion nozzle which showed the importance of graphene alignment for effective
conductivity. The scaffolds with such a high concentration of graphene appeared to support
the viability and proliferation of MSC.

Additionally, even in the absence of neuro-differentiation supplements, MSC were observed
to develop axonal elongation on the 60% graphene scaffolds (Fig. 2B: g-i). The upregulation
of neurogenic factors on these scaffolds further confirmed the differentiation activities

[31]. Thus, graphene ink applications were further expanded for bone tissue regeneration

by combining it with hydroxyapatite (HA) microparticles. The 35% dry powder of

HA was combined with 35% graphene flakes and 30% PLG to formulate a composite

ink for extrusion printing. Though the addition of HA was observed to lower the

electrical conductivity of scaffolds, the neuronal differentiation of MSC was not affected.
Additionally, upregulation of osteogenic markers was observed [47].

The facile extrusion printing method established for polycaprolactone (PCL) makes it an
attractive polymer choice to develop 3D printed scaffolds for bone tissue engineering. The
addition of graphene to such scaffolds has been shown to impart the scaffolds with added
benefits such as electrical conductivity, improved mechanical properties, and enhanced cell
responses on the scaffolds [48-50]. The /n vivo implantation of 3D printed PCL-graphene
scaffolds in rat calvarium defects followed by electrical stimulation at 10 pA for 5 min,
twice a week, resulted in higher tissue formation at the defect site. A clear difference

in mineralized tissue was not observed in groups with electrical stimulation. However,
improved osteoblast remodeling activities were apparent, as indicated by the upregulation of
RANKL/OPG markers [50].

2.2. Graphene oxide

The increased hydrophilicity of graphene oxide (GO) compared to graphene makes it more
attractive for biomedical applications. The caveat, however, is a significant reduction in
electrical conductivity and mechanical strength [51]. Unlike applications in nanoelectronics
and sensors, the electrical conductivity of GO has been demonstrated to instill sufficient
stimulatory behavior for biological activities. The possibility of facile chemical modification
of GO and eventual combination with polymers has enabled the achievement of sufficient
mechanical strength of GO in composite formulations [52,53].

Biomaterials. Author manuscript; available in PMC 2023 February 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gaihre et al.

Page 6

Like graphene, the 3D printing of GO is mostly accomplished with direct ink writing.
The development of ultralight graphene aerogels is of particular interest due to their
superior mechanical properties, high surface area, and extraordinary electrical and
thermal conductivity [33]. The development of graphene aerogel microlattices has been
accomplished using 3D printing technology [32,33]. The biggest challenge, similar to that
for direct ink writing of graphene, is the unsuitable rheological properties of GO aqueous
suspension without incorporating additives.

The higher concentration of GO in the alkaline suspension can induce its gelation [54]. It
can also undergo gelation with sol-gel polymerization of resorcinol and formaldehyde using
sodium carbonate as a catalyst [55]. Zhu et al. applied these techniques of forming GO
aerogel to 3D print the aerogel microlattices (Fig. 3A). Their observation showed that adding
hydrophilic silica powders to a high concentration (20 mg/ml and 40 mg/ml) GO suspension
can superiorly improve the rheological properties of suspension, making it suitable for
extrusion printing (Fig. 3B). The addition of 20% and 10% silica to 20 mg/ml and 40 mg/ml
GO suspension increased the elastic modulus and yield stress by order of magnitude and
over an order of magnitude, respectively (Fig. 3B) [33].

Jian et al. showed that calcium chloride could induce the ionic gelation of GO and impart
shear thinning behavior suitable for extrusion printing. Compared to the earlier reports, this
method of printing GO aerogel microlattices appears to be more facile, superficial, and
bio-friendly [32] (Fig. 3C). To obtain microfibrous scaffolds, GO gel with calcium chloride
can also be subjected to microfluidic printing [56]. The studies discussed here utilized one or
the other gelling agents as additives for extrusion printing of graphene.

In a different approach, studies have focused on the concentration-dependent thickening of
aqueous GO colloids [57,58]. Beyond critical concentration in aqueous colloid solution, GO
can undergo liquid crystalline phase transition making the rheological properties suitable for
extrusion printing Interestingly, until recently, 3D printed GO scaffolds, mostly in pristine
form, have not been explored much for their biological functionalities. Lu et al. utilized
ferric (Fe) ion-induced gelation of concentrated GO suspension for the extrusion printing

of GO hydrogels, intended for tissue engineering applications. Fe ions were observed

to improve the rheological properties and printing fidelity in a concentration-dependent
manner. The stability of printed structure supported the post-lyophilization process to obtain
porous struts, which were observed to promote hepatic cell attachment on the printed
structure [59].

The applications of GO as a filler phase in polymeric matrices or as an additive for
bioceramics have attracted significant attention for the development of nanocomposite
scaffolds for tissue engineering and antibacterial treatment [60-62]. The commonly used

3D printing technologies such as microextrusion or stereolithography have been applied to
develop GO-based 3D printed composite scaffolds [63-65]. 3D printed polymer scaffolds
with macroporous morphology often compromise the mechanical properties of the bulk
polymer. Incorporation of microporous morphologies into the 3D printed polymer scaffold’s
design alters the mechanical properties of the bulk polymer. The inclusion of GO to these
polymers can facilitate additional degree of freedom to further control these mechanical
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properties [66,67]. Furthermore, 3D printed scaffolds fabricated for bone tissue engineering
have superior osteogenic behavior because of GO incorporation [68,69]. Recent studies have
shown that GO incorporation can also upregulate chondrogenic differentiation of MSC on
3D printed hydrogels [63,64, 70]. The 3D organization of GO facilitated by the printing
process has also induced antibacterial properties to the PCL scaffolds, especially against

S. epidermisand E. coli[71]. Furthermore, the reactive charged groups of GO make it a
favorable bioactive coating moiety that can modulate the cellular responses on the surface of
3D printed scaffolds [72,73].

Owing to the lower conductivity of GO compared to graphene, its incorporation method and
design of 3D printed scaffolds appear to be vital to achieving the maximum beneficial
effects of GO for nerve regeneration. Qian et al. utilized 3D printing technology to

perform layer-by-layer casting of GO-PCL and develop the conduits for peripheral nerve
regeneration. Their results showed that loading GO to conduits enables Schwann cells to
function better for nerve regeneration, including recovery of motor and electrophysiology
activities [74]. By using PCL as a template, Zhang et al. showed that GO-coated 3D printed
structures could not significantly improve the neurogenic activities of PC-12 cells. However,
the anisotropy in the design of printed scaffolds, could elicit better neurite extension
compared to isotropic architectures [73] (Fig. 3D).

With the rapid emergence of 3D bioprinting, a subset of 3D printing technology where cells
and bioactive factors are incorporated into a printable ink, GO has found recent attention

as an additive to improve the printing fidelity, and overall biological activity of 3D printed
bioink [63,64,75]. Zhang et al. reported that the addition of GO to alginate/-gelatin bioink
increased the viscosity, improved shear-thinning behavior, and promoted shear recovery of
the bioink resulting in a high printing fidelity with GO. Bioprinted constructs with GO
supported long-term (up to 42 days) viability of encapsulated human MSC while promoting
their proliferation and spreading within the constructs (Fig. 4A-B). Furthermore, bioprinted
cell-laden constructs showed a progressive increase in mineralization under osteogenic
medium maintained in a bone bioreactor with higher mineral volume observed on samples
with GO [44] (Fig. 4C-E).

2.3. Reduced graphene oxide

The interruption of graphitic sp2 by oxygen-containing bonds in GO results in loss of charge
transport capacity of GO [76]. Subsequently, GO is often applied in reduced form as rGO

to restore the electrical conductivity of graphene sheets [76,77]. rGo has been pivotal for the
development of several biosensors, photodynamic and photothermal therapy applications,
and functional nerve guide conduits [78-84].

3D printed form of rGO has been developed mostly from the 3D printed GO due to the ease
of fabrication and the eventual chemical or thermal reduction process [56,85]. For example,
3D printed GO aerogel microlattices can be treated with hydroiodic acid for the chemical
reduction to produce rGO microlattices [32].

The application of 3D printing techniques to create microfibrous scaffolds has enabled
the continuous distribution of rGO with the eventual benefit of efficient transmission of
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electrical signals for nerve regeneration applications. In a recent study, Wang et al. utilized
near-field electrostatic printing, a technique that combines electrostatic spinning and 3D
printing, to develop microfiber patterns (15-148 um) of GO incorporated poly (L-lactic
acid-co-caprolactone) (PLCL). Individual microfibers of PLCL primed with cationic groups
underwent electrostatic interaction with anionic GO, which were eventually patterned into
3D mesh before subjecting to L-ascorbic acid induced reduction of GO to rGO (Fig.

5A). Such microfiber patterns with uniform rGO coating showed a maximum electrical
conductivity up to 0.95 Sem™1. As a result, under electrical stimulation, magnitude-
dependent neurite outgrowth of PC-12 cells was observed. The outgrowth was independent
of the direction of electrical stimulation, and rather the neurites were found to be tightly
distributed along the microfiber orientation. Several other patterns of microfibers, such

as the spiderweb-like patterns were printed, and similar fibrillary orientation of neurite
outgrowth was observed along the radial and axial directions. The fibrillary orientation of
neurite outgrowth was not affected when the patterns were rolled into a tube. The neurite
outgrowth of 1.96 mm and 2.5 mm was observed for PC-12 cells and mouse neurons along
the longitudinal direction of tubes, respectively [82] (Fig. 5B-C).

In another recent study, Fang et al. developed rGO-mesoporous silica composite termed
nanocookie (NC) incorporated into a commercially available resin to 3D print the nerve
conduits responsive to magnetoelectric stimulation. Using digital light processing (DLP), the
design rationale of this study enabled the exposure of NCs on the surface of the conduits

for efficient magnetoelectric conversion and consequent release of neuronal growth factors
to modulate PC-12 cell activities [81]. Like GO, rGO has also been found to improve the
osteogenic properties of 3D printed polymeric and ceramics scaffolds [86,87]. There is no
clear deduction on the actual mechanism of rGO promoting the osteogenesis of 3D printed
scaffolds and has been generally assigned to a combination of various outcomes such as the
increase in surface roughness and stiffness.

3. Layered silicate clays

3.1.

Clays used in biomedical applications are layered silicate materials mostly belonging to
smectites [37]. These materials, especially Laponite and Montmorillonite, are popular

due to their biodegradability, mostly degrading to non-toxic components and better
biocompatibility than other 2D nanomaterials at comparable concentrations (Table 1). The
net negative surface charge makes them attractive for localized and controlled delivery of
drugs and growth factors for tissue engineering applications [24,88,89]. The weak surface
charges enable the facile delamination of individual layers, facilitating clays’ nanoscale
interaction with other molecules. Furthermore, due to their hydrophilic surface chemistry,
these materials impart unique rheological properties to the aqueous polymer solutions
making them attractive fillers for the extrusion-based 3D printing of hydrogels [90-92].

Laponite

Laponite consists of lithium and magnesium oxide layers sandwiched between two silicate
layers (Fig. 6A). It has been known for its gel-forming ability in water resulting from ionic
interactions between the anionic surface and cationic edges of clay particles assembled
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into a house-of-cards structure (Fig. 6A). It has been explored significantly as an additive
for 3D printing of mechanically robust hydrogels as it offers the shear-thinning properties
to facilitate extrusion printing with high shape fidelity [42,93-95]. Furthermore, its yield
stress properties have unlocked exciting directions in additive manufacturing such as direct
ink writing of self-supporting hydrogels on air in the form of aerogels [96], support-bath
assisted 3D bioprinting of cell-laden hydrogels [97], and clinically relevant intracorporeal
3D printing [98]. The ionically interacted Laponite with charged polymers such as kappa-
Carrageenan included within the covalently crosslinked GelMa has resulted in several
studies on 3D printing for tissue engineering applications [90, 99-102]. Such combination
could generate 3D printed structures with high structural stability and shape fidelity that can
ultimately facilitate the development of complex anatomical structures (Fig. 6B) [100].

Liang et al. applied Laponite to coaxially print micro-tubular hydrogel structures of
GelMa and N-acryloyl glycinamide (NAGA) for potential application as tubular tissue
grafts. The interpenetration of Laponite to the polymer network allowed shear thinning
of the hydrogels that eventually facilitated scalable manufacturing of the tubes. Hydrogel
microtubes possessed swelling stability, high toughness, superior stretchability, excellent
perfusion, and controllable permeation. Additionally, the microtubes were biocompatible
and supported accelerated endothelialization [103] (Fig. 6C-D).

Due to the presence of bioactive elements, Laponite has also found significant interest in

the development of 3D printed bone scaffolds [104-107]. Zhai et al. used it to empower

the extrusion printing of polyethylene glycol (PEG) hydrogels. Employing a two-channel
printing process, they successfully fabricated layer-by-layer constructs comprising of PEG-
clay composite and cell-laden hyaluronic acid. This layer-by-layer deposition of cells
elicited significant improvement in osteoblast response, explicitly relating to distribution
along the constructs, with enhanced viability and osteogenic differentiation compared to
static cell seeding post-printing of hydrogels. This excellent osteogenic behavior was further
reflected in /n vivo studies where an enhanced bone formation was observed with cell-laden
PEG-clay constructs in the tibia repair model (Fig. 7A) [108].

Among the several classes of 2D nanomaterials discussed in this article, clays have found
significant interest in 3D bioprinting applications. Their excellent cytocompatibility (Table 1
and Supplementary Table 1) coupled with the ability to impart the shear thinning behavior
to cell-loaded pre-hydrogel solutions has inspired researchers to utilize these materials for
extrusion bioprinting applications [101,104,106, 109]. The cells mixed with pre-hydrogel
solution can be subjected to shear stress through small diameter needles or nozzles during
the pneumatic extrusion. Due to the shear thinning of hydrogels during extrusion facilitated
by the clay particles, lower shear stress is exerted on the cells that help to improve

the cell viability after extrusion. Furthermore, for naturally sourced polymers such as
GelMa, which lack sufficient mechanical stiffness, clay incorporation has been found to
improve the hydrogel strength and post-crosslinking stability of the printed GelMa structure.
One of the critical parameters in 3D bioprinting is the UV exposure time, as prolonged
exposure time for polymer crosslinking can negatively affect the bioprinted cells. For
polymers like alginate that can undergo ionic crosslinking with divalent ions, bioprinting
cell-laden constructs with long-term stability might not be the problem [110]. However,
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for photocrosslinkable polymers, the optimization of crosslinking time is pivotal to elicit
minimal adverse effects on cells while ensuring complete polymer crosslinking to achieve a
stable cell-laden construct. The addition of clays to these polymers can provide the added
benefit for such needs. The presence of charged clay particles enables ionic entanglement
with the oppositely charged polymers, which can be advantageous to improve the long-term
stability of bioprinted cell-laden hydrogels. One of such strategies developed is shown

in Fig. 7B, where Laponite clays are entangled with the electrostatically coiled structure

of kappa-Carrageenan and GelMa chains, thereby creating a secondary ionic crosslinking
mechanism that improved the viscoelasticity and printability of the bioink [99]. This bioink,
termed nanoengineered ionic-covalent entanglement (NICE), has been shown to support the
long-term viability of the bioprinted cells with excellent osteogenic behavior suitable for
bone tissue regeneration [101].

3.2. Montmorillonite

Montmorillonite (MMT) consists of an aluminum oxide layer sandwiched between two
silicate layers. Comparatively, MMT clays have found less interest in 3D printing and
especially bioprinting applications. There are sparse reports of MMT clays used for FDM
and SLA printing of polymers [111-113]. The use of MMT for the extrusion printing of
hydrogels is especially under-researched. We strived to utilize acrylated-MMT to facilitate
the extrusion printing of oligo[poly (ethylene glycol) fumarate] (OPF) hydrogels [114]. We
observed that, in addition to supporting high fidelity printing of OPF, MMT also enhanced
the osteogenic differentiation of bioprinted pre-osteoblasts. Additionally, MMT has also
been reported to support the 3D bioprinting of alginate hydrogels [115]. With emerging
reports on focused on MMT incorporated hydrogels supporting an excellent cell behavior
[116], the interest is expected to rise for the MMT-facilitated 3D printing and bioprinting of
hydrogels.

4. Black phosphorus

Like graphene, black phosphorus (BP) is metal-free and has stacked layers of phosphorus
that can be exfoliated into nanosheets or nanoparticles, quantum dots, and nanoribbons
[117-119]. Nano-BP consists of six phosphorus atoms arranged in a unique puckered
ortho-rhombic structure. It has been shown to generate singlet oxygen species with visible
light irradiation and heat with near-infrared (NIR) irradiation [120]. Consequently, there

has been a rapid surge in research interests of BP in the current paradigm of biomedical
applications, including photodynamic therapy and photothermal therapy of tumors, in
addition to biosensing and bioimaging [121-127]. Furthermore, its biocompatibility and
biodegradability, have also found an elevated interest as a biomaterial for tissue repair [128].
The level of toxicity imposed by these nanomaterials is largely dependent on the size,
concentration, and duration of exposure (Table 1). The major degradation products of BP are
phosphates and phosphate ions, which do not pose any safety concerns to the human body.
Given the role of phosphorus and phosphates in the development of bone, researchers have
focused on developing BP-incorporated 3D printed scaffolds primarily for bone regeneration
with an inherent photothermal or photodynamic therapy potential [72,129-131].
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Yang et al. developed BP nanosheets coated 3D-printed bioglass (BG) as BP-BG

3D scaffold. These scaffolds were shown to generate photothermal ablation toward
osteosarcoma and enhance subsequent bone regeneration. The hypothesized mechanism
is shown in Fig. 8A. The biodegradation of BP nanosheets was expected to release a

large quantity of phosphate (PO43) ions. The availability of calcium ions in the body fluid
was further expected to trigger the biomineralization at the implantation site, eventually
improving bone regeneration. They demonstrated these photothermal and bone formation
activities with 3D printed BP-BG scaffolds using an osteosarcoma model in mice and a
calvarium defect model in rats [129].

A multifunctional 3-D printed PLGA structure incorporated with BPNs, p-tricalcium
phosphate (B-TCP), doxorubicin (DOX), and bone morphogenic protein-2-like osteogenic
peptide (P24) was developed by Wang et al. using the microextrusion technique. The
photothermal and chemical ablation of the tumors was achieved with BPNs and DOX.
Incorporating BPNs within the PLGA matrix enabled prolonged photothermal effects lasting
up to 4 weeks and modulated the release of DOX and P24 from the scaffolds. The
implantation of scaffolds with BPN and DOX and subsequent NIR irradiation at the tumor
site in mice resulted in significantly reduced tumor volume just after 4 days. However, the
recurrence of the tumor was not prevented by scaffolds with only BPN, which suggested
that tumor ablation due to BPN induced photothermal activity may not be sufficient to
prevent the continuous re-growth of the tumor. In contrast, the combined effects of BPN and
DOX prevented tumor recurrence. Excellent osteogenic responses further complemented the
anti-cancer potential of these scaffolds due to the presence of p-TCP and P24. The scaffolds
with B-TCP and P24 or all four components showed significant healing of calvarial bone
defects compared to other groups (Fig. 8B) [130].

5. Transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) are a class of 2D nanomaterials with a general
structure of MX», where a monolayer of transition metal atom M (Ti, V, Mo, W) is
sandwiched between two layers of chalcogen atom X (S, Se, Te) (Fig. 9A) [132]. These

2D nanomaterials are known in optoelectronics for their unique properties, such as direct
bandgap, strong photoluminescence, and large exciton binding energy [133]. Furthermore,
their catalytic properties, optical absorption, and high wear resistance make them an
exciting biomaterial for biosensors, bioimaging, and photothermal and photodynamic
therapy [134,135]. A better understanding of the biological properties of these nanomaterials
has evolved over time. Similar to other 2D nanomaterials, the toxicity effects are largely
dependent on the concentration (Table 1). Cell responsive modifications have been shown
to mitigate the toxic effects of these nanomaterials at higher concentrations (Supplementary
Table 1).

Transition metals in disulfide form such as molybdenum disulfide (MaoS,), tungsten disulfide
(WS), and titanium disulfide (TiS;) have found attention in biomedical applications

[136]. Mainly, MoS, and WS, have been studied for 3D printing of scaffolds with tumor
therapeutic and bone regenerative potentials [137-139].
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MoS, nanosheets have been used mostly to create a coating on the surface of 3D printed
osteogenic scaffolds to impart those scaffolds with dual bone regeneration and tumor
ablation [137,138]. Wang et al. developed akermanite (AKT) based 3D printed scaffolds
combined with MoS,. To utilize the excellent NIR absorbance property of MoS, nanosheets
for photothermal tumor therapy, they employed hydrothermal treatment for the /n-situ
growth of MoS, nanosheets on the surface of such scaffolds. The AKT-MoS, scaffolds
displayed photothermal behavior with temperature rise to 115 °C when irradiated at 0.5

W cm 2 (Fig. 9B), which induced /n vitro tumor ablation against bone tumor cells and
breast cancer cells. As shown in Fig. 9A, this photothermal behavior was further observed
in vivo, with the temperature of the tumor site reaching up to 50 °C under irradiation
without affecting the temperature of the surrounding healthy tissues. The rapid rise of the
temperature resulted in the lower tumor volume on the functionalized scaffold group with
irradiation compared to non-functionalized scaffolds (Fig. 9B). The photothermal behavior
at the tumor site due to MoS, functionalization was shown to have non-significant effects
on the excellent osteogenic capabilities of AKT biomaterials. The implantation of scaffolds
demonstrated this on the femoral head of rabbits, where the new bone formation was not
affected by the photothermal behavior at the bone implantation site [138].

WS, nanotubes and nanosheets are found to be excellent physical reinforcing agents for
biodegradable polymers [140]. Chen et al. employed the chlorophyll pigment-assisted
exfoliation of WS, to improve its dispersion in the polymer solutions (Fig. 10A). They
demonstrated that adding such nanosheets at 5% (w/w) to PCL-calcium silicate composite
could improve the compressive strength and modulus of 3D printed composite scaffolds by
300% and 450%, respectively. Furthermore, WS, incorporated composite scaffolds showed
higher collagen I absorption to the surface, facilitating early-stage MSC attachment and
improving osteogenic differentiation than the scaffolds without WS,. The excellent /n vitro
responses were further replicated in /n vivo bone formation where WS,-incorporated 3D
printed scaffolds were observed to have higher bone formation in rabbit femoral defects than
other groups without WS, (Fig. 10B-C) [139].

6. Transition metal oxides

Transition metal oxides (TMOs) are long-studied nanomaterials due to their wide range of
electronic, chemical, mechanical, and thermoelectric properties [141]. While TMOs such

as molybdenum trioxide (MoQ3), tungsten trioxide (WQO3), gallium (lI11) trioxide (Gay03),
and vanadium pentoxide (V,Os) possess intrinsic layered 2D atomic structure, TMOs more
relevant to biomedical applications lack this property. For instance, titanium oxide (TiO5,),
manganese oxide (MnO5), and cobalt oxide (CoO) all require further processing to obtain
the 2D form of these nanomaterials [142]. Several techniques, such as gas and liquid

phase exfoliation, have been adapted for the synthesis of 2D TMOs. While the gas phase
process is more complex and challenging, simple bottom-up synthesis such as liquid-phase
exfoliation has been successfully demonstrated to synthesize TiO, MnOo, zirconium, and
aluminum oxides [143]. The biological applications of TMOs such as MnO, and TiO, span
bioimaging, drug delivery, biosensing, and tumor therapy [144]. With potential acute toxicity
imposed by these nanomaterials, special precautions should be taken while considering these
nanomaterials for biomedical applications (Table 1).
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MnO, nanosheets consist of interlayer cations between monolayers composed of metal
oxide octahedral units. Due to convenient functionalization routes and Mn ion sensitivity

to magnetic signals, MnO, has found special attention for targeted magnetic resonance
imaging (MRI) of tumors [145]. These properties, combined with its ability to modulate

the hypoxic tumor microenvironment by attenuating the expression of hypoxia-inducible
factor-1a, have made it an attractive 2D material for developing nano theranostics platforms
[146,147]. The glutathione-mediated degradation of MnO, has inspired its investigation

as potential drug carriers with high target specificity and efficacy [148]. The use of 3D
printing technologies to develop MnO, based platforms has not been extended to biomedical
applications though it has been explored for the development of energy storage devices and
micro-batteries [149,150].

TiO, is another TMO that has found several applications in the biomedical field [151].
Structurally, TiO, possesses a wide-bandgap that provides it with a photo-absorption
property at the UV range. It has found interest in developing UV light-based photodynamic
therapy platforms for tumor therapy [152]. The challenges associated with the clinical
application of UV light-based systems have further inspired the modification of TiO, to shift
the absorption band to NIR/visible range or make it responsive to sound signals [152—154].
TiO, has been used as the UV-filter component of 3D printable resin for high-resolution
printing of polymers using continuous digital light processing [155, 156]. It has also been
used as an additive to 3D printable polymers or as a coating material to improve the surface
properties of printed scaffolds [157,158]. The addition of TiO, was shown to improve the
overall mechanical and biological properties of the 3D printed scaffolds for bone tissue
engineering [157].

7. Hexagonal boron nitride and graphitic carbon nitride

Hexagonal boron nitride (hBNs), due to their excellent thermal properties and electrical
insulating properties, are primarily 3D printed with resins and thermoplastics to

develop well-designed composites for applications in electronics and aerospace [159,160].
Structurally, the hBN layer consists of alternating boron and nitrogen atoms (Fig. 11

A). It has been studied for drug delivery, biosensing, and imaging to some extent

[161]. TERM application of these materials, including 3D printing, is yet to be explored
adequately. Guiney et al. showed hBN could be extrusion printed with PLGA to develop
nanocomposites with high thermal conductivity [162]. With a higher concentration of hBN,
it was demonstrated that some complex structures with excellent structural stability could be
printed (Fig. 11B).

Interestingly, hBN was observed to increase the viability, attachment, and proliferation of
MSC on the PLGA scaffolds (Fig. 11C). This study laid the foundation for a few recent
studies where researchers aimed to 3D print hBN scaffolds for bone tissue engineering
applications [163,164]. The mineralization of pre-osteoblasts grown on the 3D printed
scaffolds was demonstrated to increase due to hBN functionalization [164].

The application of graphitic carbon nitride (QCN) like that of hBN is slowly emerging
over the past few years in the biomedical field. Structurally, gCN (accurately: g-C3Ny) is a
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polymeric material composed of tris-triazine-based patterns with a carbon to nitrogen ratio
of 3:4 and a small amount of hydrogen. It has visible light absorption and photocatalytic
properties and has found biomedical applications in diagnostic imaging, therapeutic
platforms, biosensors, and antibacterial applications. For tissue engineering applications,
although previous studies have demonstrated the biocompatibility of bulk gCN, lack of
aqueous dissolution and biodegradation can create challenges for further applications. The
modification of gCN has been sought as an alternative approach to utilize this material

to develop tissue-engineered platforms. There are no reports of gCN incorporated 3D
printed platforms for biomedical applications. However, researchers have explored the

3D printing of gCN composites with polymers such as sodium alginate to develop the
aerogel membranes for wastewater remediation during direct ink writing. This strategy could
potentially be transitioned to biomedical applications to develop a well-designed platform
based on gCN.

8. MXenes

MXenes are a relatively newer class of ultrathin 2D nanomaterials (transition metal carbides,
nitrides, or carbonitrides) discovered in 2011 [165,166]. MXene has a structural formula

of Mp+1 X Tx Where ‘M’ refers to the transition metal, “X’ refers to carbon or nitrogen,

and ‘T’ refers to the terminal groups such as —O, —OH, or —F [167]. With the emergence

of theranostic nanomedicine platforms based on 2D nanomaterials, MXenes have been
explored for biosensing, bioimaging, and photothermal therapy platforms [168-170]. The
room temperature sensing ability of MXenes, compared to higher temperature metal oxide
semiconductors-based sensing, and their suitable bandgap than that of graphene, has led to
a newly found attraction of researchers in the biosensing field using MXenes [171]. The
biocompatibility and high photothermal efficiency of MXenes at NIR bio-window have
recently attracted researchers’ attention in TERM [165,172]. Furthermore, the degradation
of MXene after interaction with water and oxygen yields non-hazardous byproducts such as
CO5, or No. Additionally, for MXenes with bioactive transition elements such as titanium,
the degradation product promotes bone tissue regeneration [173].

3D printable MXene inks have been developed in pure suspension form or combination
with binders for inkjet printing and screen printing, mostly for industrial applications
[174,175]. TisCoTy based aqueous suspension (minimum 50 mg/ml concentration) had
suitable rheological properties for extrusion printing. Though such structures were shown

to be suitable for electronic applications [176,177], the attractive biological properties of
MXenes have also inspired their utilization for the development of 3D printed scaffolds with
multi-functionalities for biomedical applications. Pan et al. integrated TizC, MXene with
bioactive glass (BG) ceramics for extrusion printing of porous BG scaffolds with both tumor
ablation and bone regeneration capabilities (Fig. 12A). The results showed the NIR-induced
photothermal effect, and eventual ablation of tumors in mice after MXene incorporated
scaffolds were implanted. Though BG-based scaffolds have osteogenic properties by
themselves, this hybridization was observed to promote their osteogenic capabilities further
as indicated by a higher bone formation in MXene incorporated groups [172].
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Another biomedical application for MXene based platform encompasses the development
of wearable medical devices [178,179]. Like graphene, MXene has favorable electronic
properties and can transduce the pressure signals, making it suitable for developing high
sensitive pressure sensors [179]. Its attractive bending strength empowers the development
of flexible substrates to develop flexible 3D printed wearable devices (Fig. 12B-C). These
devices can be implanted on the skin, joints, or muscles to capture mechanistic signals
facilitated by the piezoresistive phenomenon of MXenes. The printable ink based on
aqueous suspension or in combination with other materials such as oxidized cellulose has
been developed for stimuli-responsive platforms.

9. Outlook on the toxicity of 2D nanomaterials

2D nanomaterials have become more widely studied for their potential biomedical
applications and 3D printing technologies. Graphene quantum dots (GQDs), not discussed
earlier, have shown low toxicity /n vitro and in vivo[180-182]. GQDs have been shown to
accumulate in treated mice’s liver, spleen, lung, and kidney, but no significant toxicity or
organ damage has been reported [182].

Studies comparing graphene and its derivative graphene oxide have reported size-dependent
toxicity with small and large sizes of both materials reducing cell viability via increased
DNA damage and ROS generation in zebrafish [183]. In mice, there have been opposing
findings of the toxicity of graphene and its derivatives. Park et al. showed a subchronic
inflammatory response in mice with commercially available graphene nanoplates (GNPs)
[181], while Singh et al. found a thrombo-protective effect following intravenous (1V)
administration of amine-modified graphene in mice [180] as compared to GO and rGO.
Thus, these previous studies suggest potentially safer modifications of graphene for in vivo
biomedical applications.

Moreover, GO has demonstrated dose-dependent cytotoxicity as supported by in vitro
studies in HelLa cells [184] as well as potential antibacterial activity [185,186], although
other studies suggest no noticeable antimicrobial effect with GO alone against £. cali and
P, aeruginosa [187]. Similar antibacterial activity with low cytotoxicity has been reported
using rGO in £. coli[188]. /n vivo, higher doses of GO have been shown to induce chronic
toxicity in the lung, liver, spleen, and kidney, as well as inflammatory responses in mice
[184,189]. An et al. showed that short-term repeated GO exposure could result in multiple
ocular inflammatory findings, but these findings were not present with rGO in mice [190].
Similarly, Hasan et al. did not find a preliminary toxic response to rGO-derived GQDs in
mice [191]. Whether graphene and its derivatives have a cytotoxic effect in humans is still to
be further elucidated.

Laponite clay studies have revealed selective cytotoxicity towards cancer cells while proving
relatively safe in concentrations less than 1 mg/ml in human MSC [192] and as implantable
bioceramics in rats [193]. As shown from the studies outlined in Table 1, Laponite’s

low cytotoxicity proposes clay materials as safe alternatives for drug delivery and other
biomedical applications. Other clays, such as MMT, have been researched extensively to
prevent aflatoxin toxicity in mice and rats at low concentrations [194,195]. MMT has also
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been shown to decrease biomarkers of aflatoxin exposure in studies of Ghanaians at high
risk of aflatoxicosis [196]. Certain modifications of MMT have proven to be less toxic than
other modifications, as outlined in Supplementary Table 1. Overall, 2D silicate clays appear
to have either no or low toxicity at concentrations studied and have already shown promising
applications related to preventing aflatoxin toxicity in humans.

TMDs and TMOs have shown various toxic effects depending on which transition metal
is used [197] and whether it has been modified [198]. For instance, WS, appears to elicit
slightly more toxic responses than MoS, and WS,, which some studies have found to be
safe and less hazardous [199]. Moreover, PEGylated MoS,, WS, and TiS, nanosheets
appear to have no appreciable /n vitro toxicity even at higher concentrations (200 pg/ml)
[200].

Antibacterial activity has been shown in multiple studies of hBN [201-203]. Mild

cytotoxic and dose-dependent cytotoxicity has been found with hBN materials and potential
inflammatory response and damage to main organs such as the liver, kidney, heart, spleen,
and pancreas in studies with mice and rats, respectively [204,205].

Lastly, 2D nanomaterials, including BP, gCN, and MXenes, have shown promising
biomedical applications like wound healing and tissue regeneration with no or low toxic
effects, particularly 7n vitro [206—208]. While some studies have shown nephrotoxicity
with BP and toxicity with multiple administrations of BP [209,210], other studies have not
found long-term pathological damage to main organs [211]. Similarly, /in vitro studies of
graphitic carbon nitride appear to show no or low cytotoxicity, but more research is needed
to confirm these findings /n vivo. MXenes are a fast-growing family of 2D nanomaterials
that have expanded the number of compositions that can be synthesized. Toxicity studies
of MXenes have shown no or low cytotoxicity, as shown in Table 1. Many of these
explored compositions of MXenes have a unique combination of properties that could

be used for biomedical applications and offer newer alternatives to existing treatments
[166]. In conclusion, the studies highlighted in Table 1 and Supplementary Table 1 largely
indicate potentially safe applications of these 2D nanomaterials. However, more studies in
larger animals and a better understanding of toxicities are needed before newer biomedical
applications of these 2D nanomaterials are developed for the patients.

10. Outlook and conclusion

There have been significant individual research interests in both 2D nanomaterials and

3D printing for biomedical applications. The convergence of these two research topics

has resulted in several novel approaches to tissue-engineered scaffolds and therapeutic
platforms. Design flexibility and rationality enabled by 3D printing technologies have
resulted in the development of constructs with proper orientation and assembly of 2D
nanomaterials to leverage their unraveled properties for a range of healthcare applications.
One emerging trend in this area is the development of multifunctional platforms with

both therapeutic and regenerative potential. Certain 2D nanomaterials, due to their unique
photoabsorption properties and inherent bioactivities, have been combined with 3D printable
polymers to develop these platforms. 3D printed constructs with BP, TMDs, and MXenes
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have all found interest in photothermal and photodynamic therapy of bone tumors and
eventual promotion of bone regeneration at tumor resection site. With the perpetual
advancements in 3D printing technologies and classes of 2D nanomaterials, the converged
research on these areas is expected to soar for the years.

Among the several classes of 2D nanomaterials, silicate clays have attracted significant
attention for extrusion-based 3D bioprinting applications. The aqueous rheological
properties of these materials, combined with their cytocompatibility, have been leveraged
to develop the bioprinted cell-laden constructs for TERM. Furthermore, the mineral
composition of clays has been demonstrated to induce osteogenic activities desired for
bone tissue engineering, and its surface chemistry makes it an ideal material to bind growth
factors and drugs for the development of sustained-release platforms. As such, silicate clays
hold great potential to improve the 3D printability of existing biocompatible hydrogels

for tissue engineering, wound healing, and drug delivery applications. Furthermore, the
excellent retention of growth factors and drugs, owing to the unique surface property of
clays, can be utilized to develop robust /in vitro drug testing cell-laden platforms.

Here, we attempted to review the most recent advances in 3D printing and bioprinting
with emerging 2D nanomaterials and highlighted the multifunctionalities imparted by
these materials to such printed constructs for biomedical applications. Graphene and

its family, and silicate clays have been the focal point of research in 3D printing and
bioprinting. However, several other 2D nanomaterials have emerged over the years and
been combined with existing 3D printable materials to add the dynamism in biomaterial
design and applications. With the exceptional properties of 2D nanomaterials along with
the unprecedented potential of additive manufacturing in designing and molding materials
to clinically relevant structures, an enormous opportunity lies ahead for the development
of next-generation regenerative approaches, cancer therapies, drug delivery platforms,
biosensors, and bioelectronics.
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Fig. 1.
Schematics showing common 2D nanomaterials currently used in 3D printing of

multifunctional and biocompatible platforms.

Biomaterials. Author manuscript; available in PMC 2023 February 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Gaihre et al.

Page 32

A 10.6 pm Repeat
laser

Adding another
" Laser conversion Graphene/Ni Ni/sucrose layer
Ni powder

article size|
L ad Jad /o
/ A 1 *
KA Ni / Vi
/

Sucrose Sucrose over
Ni particle  Ni/sucrose layer

- -

e

Computer 1. Ni etching &
Gesipn. ™ purification
2. Critical Point
Drying
B
a A
Disperse
Liquid Ink 100 - 1000 ym
Shear
Compaction
Shear
Alignment
"""""""" x L
Precipitation /,,/—f—
Condensation = Dense 3DG

Radial Flake
Stacking

QELS
! Li““f",‘i' X

= =70 CeLLsoDY

Presynaptic

ell Body € Axon > Terminals

& Dendrites

Fig. 2.

(A?) Schematics showing the 3D printing of graphene foams and images of the 3D printed
graphene foams before and after dissolving the nickel layer. Scale bar: 5 mm. (Adapted with
permission from Ref. [30], Copyright 2017, American Chemical Society). (B) ‘a’ shows the
liquid nature of graphene-PLG ink prior to application of pressure and flow, ‘b’, ‘c’, ‘d’,
and ‘e’ show the images of graphene flake alignment along the exterior of extruded fibers
and flake stacking within the fibers. ‘f” shows the SEM and optical (inset) image of 3D
printed structure. ‘g’ shows the SEM image of hMSC connecting via a small segment of
long intercellular wire on the scaffolds at day 7. “h” and ‘i’ show the confocal images of cells
with neuronal structures growing on the scaffolds (Adapted with permission from Ref. [31],
Copyright 2015, American Chemical Society).
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Fig. 3.
(A) Schematic demonstration of direct ink writing of GO ink to develop aerogel

microlattices. The addition of silica and catalyst to GO aqueous suspension enabled direct
ink writing of GO ink. (B) Charts showing the apparent viscosity vs. shear rate and shear
modulus vs. shear stress of GO ink with and without silica fillers. (Adapted with permission
from Ref. [33], Copyright 2021, Springer Nature). (Ca-k) Photographs and SEM images

of GO microlattices printed with calcium chloride as ionic gelation agent. (Adapted with
permission from Ref. [32], Copyright 2018, John Wiley and Sons). (D) Schematic showing
the coating process of GO to 3D printed PCL scaffolds. Proliferation index of PC-12 cells
on 1-2 anisotropic design and average neurite length on 1-1 isotropic, and 1-2 and 1-3
anisotropic designs. (Adapted with permission from Ref. [73], Copyright 2020, Elsevier).
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Fig. 4.
(A) Live/Dead cell-stained image showing the excellent viability of h(MSC in the 3D

bioprinted cell-laden GO scaffolds at day 1, 7, and 42. (B) Quantitative representation of
cell viability showing GO role in improving cell viability (C) Defect scaffold STL model
for bioprinting and the ink composition. (D) Representative images of the 3D cell-laden
GO defect scaffold at day 1 after printing and the bioreactor setup for /n situ micro-CT
scanning. (E) 2D CT slide image after culture in osteogenic medium for 42 days showing
the mineralization of construct. (Adapted with permission from Ref. [44], Copyright 2020,
Elsevier).
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Fig. 5.
(Ag Schematic illustration of the preparation of rGO encapsulated PLCL microfiber
patterns using near-field electrostatic printing and layer-by-layer coating. (B) Schematics
and macroscopic images of 3D tubular constructs with axially oriented GO and rGO
encapsulated PLCL microfibers. (C a-c) Immunofluorescence images showing the neurite
outgrowths of PC-12 cells on rGO encapsulated tubules. (Adapted with permission from
Ref. [82], Copyright 2020, John Wiley and Sons).

Biomaterials. Author manuscript; available in PMC 2023 February 16.

/C

¢) PLCL Tube +rGO

el (4) ¢ et
HN V\Nﬂ""}’v N,

R n

. "

Page 35

AA__

reduction




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Gaihre et al.

Parietal bone

Page 36

Gel formation:
House-of-cards
structure

Inner nozzle

30 printed structure

f ‘ Outer nozzle
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Fig. 6.
(A) Single layer of Laponite clay with its structural formula and house-of-cards arrangement

of several layers in laponite gel. (Adapted with permission from Ref. [96], Copyright 2017,
American Chemical Society). (B) 3D printed anatomical structures with Laponite-GelMa-
kappa carrageenan ink demonstrating high printing fidelity and high design precision to
reproduce the anatomical craniomaxillofacial defects. (Adapted with permission from Ref.
[100], Copyright 2020, John Wiley and Sons). (C) Coaxial extrusion printing of Laponite,
GelMa, and NAGA ink to develop hydrogel microtubes with high strength, perfusability,
and endothelialization, (D) Photographs of printed microtubes with the demonstration of
perfusion through tubes. (Adapted with permission from Ref. [103], Copyright 2020, John
Wiley and Sons).
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Fig. 7.
(A) Live/Dead cell assay for 3D bioprinted PEG-laponite constructs developed with

two channel extrusion printing. One channel printed PEG-laponite and another channel
deposited cells-hyaluronic acid laden in layer-by-layer fashion. SEM images showing the
cell attachment to PEG-laponite scaffolds. Relative ALP activity and ALP stain (cross
section) of PEG-laponite cell-laden constructs and the evaluation of /n vivo bone formation
with the cell-laden constructs in rat tibia model. (Adapted with permission from Ref.

[108], Copyright 2017, John Wiley and Sons). (B) Constituents of NICE bioink where
laponite is used to reinforce an ionic-covalent entanglement hydrogel developed with GelMa
and kappa-carrageenan. TEM images show the uniform morphology of laponite particles.
(Adapted with permission from Ref. [99], Copyright 2018, American Chemical Society).
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(A) Schematic illustration of fabrication of bifunctional scaffolds with black phosphorus and
bioactive glass using extrusion printing and the stepwise therapeutic strategy for the removal
of osteosarcoma followed by osteogenesis through BP-induced photothermal therapy and
biomineralization. (Adapted with permission from Ref. [128], Copyright 2018, John Wiley
and Sons). (B) /n vivobone regeneration in cranial defects of rats implanted with different
groups of multifunctional PLGA scaffolds. The scaffolds with calcium phosphate and BP
showed better bone regeneration at defect site compared to other groups. (Adapted with
permission from Ref. [129], Copyright 2020, IOP Publishing Ltd).
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Fig. 9.

(A?) Ilustration of monolayer and bilayered transition metal dichalcogenides with
representative atomic arrangement. (Adapted with permission from Ref. [131], Copyright
2019, Springer Nature). (B) Molybdenum disulfide-modified akermanite (MS-AKT)
scaffolds implantation to mice tumor and corresponding NIR thermal images and heating
curves at different time intervals. Bottom panel shows the whole-body fluorescence imaging
of tumor and the quantitative analysis of relative tumor volume for different treatment
groups at different time points [137], Copyright 2017, Springer Nature).
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Fig. 10.
(A) Photographs showing the chlorophyll-assisted synthesis of tungsten disulfide suspension

to improve its exfoliation in polymer solution. Bottle A having chlorophyll showed excellent
dispersion in acetone compared to that without chlorophyll in bottle B. Absorbance

ratios of the suspension shows better stability of samples with chlorophyll than without

it. Characteristic absorbance of exfoliated tungsten disulfide thin sheets and extracted
chlorophyll molecules. (B) Micro-CT images and qunaitifcation of bone formation at 4

and 8 weeks after implantation of PCL-tungsten disulfide to rabbit femoral defects. (C)
Histology images showing the bone footnprints along the struts of 3D printed scaffolds
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with more prominence observed on tungsten disulfide incorporated scaffolds (Adapted with
permission from Ref. [138], Copyright 2020, Springer Nature).
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Fig. 11.
(A) 2D structure of hexagonal boron nitride (hBN) with red sphere representing boron atom,

blue sphere representing nitrogen atoms, and yellow sphere representing hydrogen atom. (B)
Photographs of 3D printed hBN-PLGA nanocomposites in different shapes such as lumbar
spine replica, double helix, scaffold meshes and sheets. SEM image shows the individual
strands of printed grids. (C) a, b Cytocompatibility of composite scaffolds illustrated with
live/dead cell assay showing the attachment of viable hMSC at different days of culture

and SEM images showing the spreading of cells. ¢ Quantitative DNA assessment showing
the proliferation of cells on the composite scaffolds over 4-week period. (Adapted with
permission from Ref. [161], Copyright 2018, American Chemical Society).
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Fig. 12.
(A) Schematic illustration of TizC, MXene and bioactive glass (TBGS) scaffold fabrication

using 3D printing and their application in bone tumor ablation, and bone tissue regeneration
in four steps. (Adapted with permission from Ref. [171], Copyright 2019, John Wiley and
Sons). (B) a Schematics of the fabrication process of flexible wearable transition pressure
sensors with MXene nanosheets using screen printing technique. b-e TEM, AFM, and SEM
characterization of Mxene nanosheets. f-g Photographs of the flexible wearable transient
pressure sensor. (C) a-b Photograph of pressure sensor built from MXene and its schematic.
c-f Application of two and three fingers on the pressure sensors and corresponding pressure
distribution mapping from the sensing responses. g Attachment of pressure sensor to a robot
femorotibial joint to measure the sensing responses remotely. (Adapted with permission
from Ref. [178], Copyright 2019, American Chemical Society).
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