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Abstract

Tissue engineering is an interdisciplinary field that aims to combine life sciences and engineering
to create therapies that regenerate functional tissue. Early work in tissue engineering mostly used
materials as inert scaffolding structures, but research has shown that constructing scaffolds from
biologically active materials can help with regeneration by enabling cell-scaffold interactions or
release of factors that aid in regeneration. Three-dimensional (3D) printing is a promising
technique for the fabrication of structurally intricate and compositionally complex tissue
engineering scaffolds. Such scaffolds can be functionalized with techniques developed by
nanotechnology research to further enhance their ability to stimulate regeneration and interact with
cells. Nanotechnological components, nanoscale textures, and microscale/nanoscale printing can
all be incorporated into the manufacture of 3D printed scaffolds. This review discusses recent
advancements in the merging of nanotechnology with 3D printed tissue engineering scaffolds,
with a focus on applications of nanoscale components, nanoscale texture, and innovative printing
techniques and the effects observed in vitroand in vivo.

1. Cell scaffolds and tissue engineering

Organ failure and loss of tissue function are issues that impact many people across the globe,
often reducing their quality of life. In the United States 20 people die each day while
awaiting an organ transplant?. Tissue and organ dysfunction can be caused by many
diseases, including but not limited to kidney failure2, heart failure3, and joint
degeneration®. The result is that tissue replacement is desperately needed, and a number of
approaches to tissue replacement already exist or are being developed. These alternative
therapies include donor organs, artificial mechanical organs®, xenotransplantation’, and
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tissue engineering approaches8°. The field of tissue engineering is an interdisciplinary union
of engineering and life sciences that is working to develop biological substitutes by seeding
cells on scaffolds to restore or enhance tissue functionl?, Tissue engineering relies on
manipulating cell interactions, regulatory signals, and scaffold materials to precisely restore
native tissue structure and function!1.12,

The source of cells used in tissue engineering depends entirely upon the tissue or organ
intended to be regenerated and the native regeneration potential of the site to be regenerated.
The cells used in tissue engineering can be freshly isolated cells taken from another site and
placed directly into the defect site1314, cells comprising a 3D tissue assembled or grown in
vitro>18  or simply local cells that are near the defect site and engage in Jin situ tissue
regeneration!’. The signals to which the cells are exposed must be tightly controlled for
optimal tissue engineering because these signals can influence tissue formation by affecting
cell proliferation, differentiation, migration, and adhesion18,

Ideal tissue engineering scaffolds are those that imitate the properties of native tissue and are
highly porous to enable diffusion of nutrients and migration of cells!®. An ideal scaffold is
composed of biocompatible and biodegradable materials in order to prevent adverse immune
reactions and enable full replacement of the scaffold with regenerated tissuel820, Scaffolds
should also have mechanical strength such that they are easily handled, withstand the
physiological environment into which they will be placed, and have the desired effect on cell
growth, adhesion, and differentiation1220-23, The mechanical properties desired in a scaffold
can vary widely depending on the tissue and even the subregion of tissue intended to be
regenerated. For example, cortical bone tissue carries a compressive strength of ~200MPa
while trabecular bone carries a compressive strength of ~2.5MPa24

Multiple manufacturing techniques have been utilized for the production of tissue
engineering scaffolds, such as fiber bonding, particulate leaching, solvent casting, phase
separation, electrospinning, melt molding, fiber mesh assembly, freeze drying, and gas
foamingZ2-30, Three dimensional (3D) printing is another manufacturing technique that has
shown promise in tissue engineering scaffolds because it allows the scaffolds to have
complex, defined shapes that range from the centimeter to nanometer scale. The term 3D
printing does not refer to a singular technique, and in fact there are multiple categories of 3D
printing that refer to more specific methods by which 3D scaffolds can be printed3L. Some
common 3D printing methods are material extrusion, powder bed fusion, and
stereolithography, each of which operate via similar principles but which use different means
to produce the final structure. Printing a 3D object involves sequential horizontal layering of
a series of layers (or slices) on top of one another3L. For material extrusion (synonymous
with fused deposition modeling, or FDM) each slice is made by extruding material in a
pattern slice by slice, creating a stack of slices in the shape of the desired object3!. Powder
bed fusion (synonymous with selective laser sintering, or SLS) uses a different approach
where each layer is initially deposited as powder material and then fused together (typically
with a binding solution or using a sintering laser) in a specific pattern to create each new
slice of the object3L. For stereolithography the print surface is immersed in polymerizable
liquid ink that is selectively cured to create each slice, effectively hardening the liquid ink to
erect the object from its liquid surroundings slice by slice3L. The specific 3D printing
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technique to be used often depends on which material the final scaffold is intended to be
constructed from since certain materials are only compatible with a specific 3D printing
technique. Additionally, the materials compatible with 3D printing manufacturing are not
always the most biocompatible and this can limit the use of 3D printing with respect to
tissue engineering applications. Also, using 3D printing to manufacture scaffolds can be a
time-consuming process relative to non-3D printing techniques, especially when making
scaffolds with intricate features and shapes32. Despite these issues, scaffolds produced by
3D printing can be highly uniform porous structures, containing multiple materials
incorporated into discrete regions, and may also be designed to have a morphology specific
to the intended implantation site. As a result of these characteristics, scaffolds produced by
3D printing can be made to mimic the extracellular matrix (ECM) and provide
microenvironmental cues that stimulate cells to distribute, differentiate, proliferate, attach,
and differentiate to form functional tissue3!. 3D printed scaffolds have also already been
used in clinical studies with varying degrees of success33:34.

The objective of this review is to highlight the importance of nanoscale features and
nanotechnology in relation to 3D printing of scaffolds for tissue engineering (Figure 1). The
advantages that such scaffolds are afforded due to nanoscale manipulations will be
discussed.

2. Cell-material interactions can be mediated by nanoscale texture and

nanotechnological components

The overarching goal of tissue engineering is the creation of viable replacements for
damaged tissues and organs3°:36. Multiple factors contribute to the regenerative potential of
a tissue engineering scaffold, including topography, surface composition, porosity,
hydrophilicity, size, shape, and mechanical strength37-3%, Early on in tissue engineering
research, investigators believed that scaffolds with microporous topography were simply a
support structure for cells and the material’s function was to manipulate the growth of cells
indirectly by enabling infiltration of cells and facilitating diffusion of nutrients and waste
products throughout the volume of the scaffold3540. As a result, the focus of the research
from that time was on the materials used and the mechanical properties of scaffolds3®. More
recently, the biological properties of scaffolds have been manipulated to provide synthetic
microenvironments conducive for interactions at the cell-scaffold interface, in addition to
providing biomolecules that promote cellular functions such as proliferation and
differentiation3>4142, The effectiveness of this artificial microenvironment depends upon the
scaffold’s ability to mimic the native microenvironment3°38, The ECM contains growth
factors and mediates both cell-cell and cell-substrate interactions, making it a key
component of native microenvironments*!. Evidence suggests that proliferation and
differentiation among other functions of cells can be modified by the geometrical restrictions
placed by scaffolds on seeded cells*3.

The ECM is a composite of biomolecules produced by the cells that comprise a particular
tissue*4. A typical ECM is a well hydrated nanocomposite which contains a variety of
proteins and fibers, including signaling proteins, proteoglycans, reticular fibers, adhesion
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proteins, collagen fibers, and elastic fibers many of which contribute to the ECM a measure
of rigidity37:45. The specific makeup of the ECM depends on a multitude of parameters
including the pH, gene expression patterns, applied mechanical forces, the requisite oxygen
for proper function38. All the constituent parts of the ECM are necessary for maintaining the
biological, physical, and mechanical signaling that controls essential cell functions including
migration, differentiation, adhesion, migration, apoptosis, polarity, gene expression,
proliferation, and tissue morphogenesis3®:37:38:41,

It has been shown that cell migration, signaling, cytoskeleton arrangement, differentiation,
and adhesion can all be improved when scaffolds are designed to specifically mimic the
native microenvironment37-38:42:46.47 Bjomimicking scaffolds have demonstrated success in
directing cellular behavior and have been investigated as potential regenerative therapies for
myriad tissue types, including blood vessels, dentin, cartilage, nerves, bone, skin, and the
cornea3’3845 |t has been found that the structure of a scaffold directly impacts cell
function, and in particular it has been found that scaffolds enhance signaling and function
when the topography of the scaffold is closer to that of native ECM3°. The patterning of
such surfaces can even impact cell adhesion, signaling, and lineage differentiation, with
mesenchymal stem cells (MSCs) differentiating into either osteoblasts or adipose tissue
based upon whether cell adhesion sites are spaced 34 nm apart or 63 nm apart,
respectively3?.

The topography of a tissue engineering scaffold is a particularly critical component that
facilitates cell function, and as a result a great deal of research has focused on replicating
naturally occurring ECM topography37-3945, Tissue engineering matrices that closely
replicate surface area and porosity of native ECM at the nanoscale create a
microenvironment that has been observed to foster improved cell responses, including
proliferation and adhesion37:3845, High surface to volume ratios allow for efficient transport
of nutrients and waste products, and scaffold surfaces can be modified at the nanoscale to
further enhance function384345, Research has shown that a nanofibrous topography is
important in precursor cell differentiation towards odontoblasts and osteoblasts in both /n
vitro and in vivo settings38. The fibrous topography has been found to induce expression of
specific signaling molecules that direct cellular differentiation38.

Nanoscale alterations of a scaffold can also be made by the introduction of nanomaterials
into otherwise conventional scaffolds#3. Such nanomaterials can be used to alter the physical
and chemical properties of a scaffold by occluding the native surface and conferring changes
in physicochemical properties such as electrical conductivity, mechanical strength, and
surface chemistry#3. The encapsulation of therapeutic proteins and nucleic acids in
nanoparticles (NPs) has been shown to assist with stimulating healing in bone tissue
engineering applications when these NPs were used to coat scaffolds*®. For cardiac tissue
engineering, carbon nanotubes (CNTSs) have been incorporated into scaffolds to increase
their electroconductivity4?. Metallic NPs have also been explored as a potential imaging
technique and to confer antimicrobial activity to scaffolds®0.
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3. Incorporation of nanomaterials into scaffolds

Nanotechnological components such as nanoclays, NPs, and nanotubes have been used in
3D printed (3DP) tissue engineering scaffolds to increase their functionality®l. Ceramic NPs
and NPs containing biomolecules required for the proper formation of tissue have been
included in 3DP scaffolds to enhance their bioactivity. Carbon nanostructures such as CNTs
and graphene have been used to make scaffolds electroconductive to enhance their utility in
applications that benefit from such electroconductivity, such as in cardiac tissue engineering.
This section will describe and summarize (Table 1) various nanomaterials incorporated into
3DP scaffolds for tissue engineering, the ability of nanomaterials to modify scaffold
functions, incorporation strategies, and effectiveness in tissue engineering related outcomes.

3.1 Polymeric nanomaterials:

Using polymeric particles as sustained release systems for the delivery of growth factors and
biomolecules that enhance tissue regeneration is a ubiquitous technique®2. Due to the
technique’s popularity, review articles discussing the fabrication of such particles®® and their
more general applications® have been published recently. NPs comprised of poly(lactic-co-
glycolic acid) (PLGA) and containing bone morphogenetic protein 2 (BMP-2) were
produced by Kim et al.#8 using the double emulsion technique to enhance bone tissue
engineering scaffolds regenerative abilities. These particles were immersed in a
polycaprolactone (PCL) solution and dip coated onto 3DP hydroxyapatite (HA) scaffolds?S.
The resulting release profile of the loaded BMP-2 resulted in a burst release with 50% of the
loaded protein being released over the first 3 days, followed by a steady release of the
protein over the next 27 days*8. The inclusion of the loaded NPs increased alkaline
phosphatase (ALP) activity in human mesenchymal stromal cells seeded onto the
scaffolds*8. The nanoparticle-loaded scaffolds yielded 40% bone regeneration in 6 mm
rabbit calvarial defects over 8 weeks, while scaffolds lacking NPs and the PCL coating
resulted in just 20% bone regeneration over the same time*8. Another group, Zhu et al.,
investigated a composite hydrogel containing polyethylene glycol diacrylate (PEGDA) and
gel methacrylate (GelMA) embedded with PLGA nanospheres loaded with transforming
growth factor B1 (TGF- 1) as a material for cartilage regeneration>®. Zhu et al. verified,
using fluorescent nanospheres, that they were evenly distributed throughout the hydrogel and
then analyzed the effect of the TGF- B1-loaded nanospheres on MSC gene expression /in
vitro®®. They found that the TGF-B1 induced increases in collagen 11, aggrecan, and s0z-9
expression in the MSCs after 3 weeks®®. Wei et al. utilized PLGA NPs to deliver insulin-like
growth factor-1 to improve cartilage tissue formation outcomes®®. PCL scaffolds were 3DP,
coated with polydopamine, and then coated with the insulin-like growth factor-1 (IGF-1)-
loaded NPs. The resulting scaffold demonstrated an initial IGF-1 burst release of 40% over
three days and another 40% released over the next 27 days®®. Both rabbit chondrocytes and
BMSCs were seeded on the scaffolds and, with the addition of the IGF-1-loaded NPs,
significantly increased cell viability, and expression of SOX-9, type Il collagen and aggrecan
as compared to scaffolds without NPs. A different polymer, chitosan, was used by Zhang et
al. to create NPs via electrostatic binding with plasmid DNA encoding AVELL 1 at an amine
to phosphate ratio (N:P ratio) of 1057. The resulting NPs were combined with bioglass and
polyvinyl alcohol (PVA) scaffolds seeded with bone marrow stromal cells (BMSCs) that
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were then implanted into rhesus macaque mandibular bone defects and harvested after 12
weeks. The defects were analyzed with micro-computed tomography (UCT) and the
scaffolds containing the chitosan particles had 70% bone regeneration while the control had
just 55% bone regrowth®’.

In addition to improving connective tissue regeneration, polymeric NPs have been used to
supply growth factors for other tissue engineering goals, such as nerve tissue regeneration.
Lee et al. conducted a study investigating the promotion of nerve tissue growth with nerve
growth factor (NGF)-loaded PLGA NPs incorporated into 3DP PEG hydrogels®®. They
found that inclusion of the NPs resulted in a significant increase in the average neurite length
and the total length of neurites formed by rat adrenal medulla cells (PC-12 cell line). They
also found a trend towards increased neurite length in primary cortical neurons seeded on
scaffolds containing NGF-loaded NPs.

Polymeric NPs have also been investigated to increase electrical conductivity of scaffolds in
addition to delivering growth factors. Such electrical activity could be useful in the tissue
engineering of electrically active tissues, such as cardiac tissue. Ma et al. created a printable
ink by dissolving poly-L-lactic acid (PLLA) in a 1,4-dioxane solution with polypyrrole
nanotubes and nanospheres®. Their scaffolds were 3DP using a pneumatic extrusion 3D
printer with a low temperature, after which the scaffold was lyophilized. They found that the
addition of polypyrrole conferred minimal cytotoxicity in comparison to PLLA scaffolds
lacking the polypyrrole, and that inclusion of polypyrrole brought the conductivity of the
scaffolds to ~7.5x1075S/cm®°,

3.2 Mineral nanomaterials:

Nanomaterials that are derived from minerals, such as silica NPs or hydroxyapatite NPs, can
modify the mechanical properties of 3DP scaffolds and provide ions that are necessary for
proper tissue formation. These mineral-based nanomaterials can be produced with a variety
of techniques such as plasma spraying, milling, and precipitation from solution46:60,
Investigators have added mineral-based nanomaterials to both the bulk of a 3DP scaffold and
to the surface of 3DP scaffolds to modify their properties.

Nanomaterials made from calcium phosphate (CaP) are frequently added to 3DP scaffolds to
improve bone tissue engineering outcomes since the mineral component of bone is mostly
comprised of the CaP mineral carbonated apatite51:62, Wang et al. printed a PLLA scaffold
containing CaP NPs and recombinant human BMP-2 on a cryogenic platform that froze the
printed material so the finished scaffold was able to be immediately freeze dried®3. The
investigators found that inclusion of the CaP NPs improved the elastic modulus and
compressive strength of the 3DP scaffolds from 8.5 to 13 MPa and 0.8 to 1.1MPa,
respectively. A trend of improved cell attachment and osteogenic differentiation in scaffolds
containing CaP particles alone was suggested, but statistical tests did not indicate significant
differences®3. Another group, Yu et al., used a hydrothermal method to create
nanohydroxyapatite (nHA) and mixed it with a poly(ester urea)-based ink to 3DP
scaffolds®4. The scaffolds were produced with 0-40% (w/w) nHA and MC3T3-E1 cells were
seeded onto them for /n vitro analysis of cell viability, gene expression, and production of
ALP. Interestingly, the 30% nHA group was the ideal group for osteodifferentiation and cell
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viability. Concentrations greater than 30% nHA had reduced cell viability, whereas 30% and
lower nHA content either improved cell viability or had no effect. ALP activity was
significantly increased after 4 weeks of culture when the nHA content was above 30%, and
the expression of both osteocalcin and bone sialoprotein was significantly increased in
scaffolds that contained nHA. These studies demonstrate that CaP nanomaterials can be used
in 3DP scaffolds for tissue engineering with minimal impact on cell viability while also
improving the osteogenicity of the scaffold.

Silicon dioxide (SiO5) NPs have also been used in bone tissue engineering to increase the
osteogenicity of 3DP scaffolds and to improve the minimum possible printing resolution by
enhancing the viscosity of gel inks®°:66. Roopavath et al. produced SiO, NPs with a
diameter of 64 nm using the Stober process, then mixed the particles with an alginate gel in
varying amounts, and finally manually extruded the resulting gels before crosslinking with
calcium chloride®®. They found that in comparison to the control (0% SiO, NPs) the gel
containing 5% SiO, NPs had an improved compressive modulus (from 32 MPa to 49 MPa),
reduced swelling (from 1268% swelling to 990% swelling), and reduced degradation over 72
hours (61% degraded to 55% degraded)®°. They also found that the viability of umbilical
cord MSCs was increased after 7 days of culture and remained above the other experimental
groups until day 21. Another mineral used for tissue engineering is zinc oxide, and Cleetus
et al. dispersed zinc-oxide NPs in an alginate gel to provide antimicrobial activity and stiffer
mechanical properties®’. Additionally, UV-light shone on the gels stimulated the zinc-oxide
NPs to produce free radicals which furthered the antimicrobial activity. Of note the inclusion
of zinc oxide NPs was not toxic to mitomycin-C treated STO (MITC-STO) fibroblasts
seeded on the gels, suggesting this could be a useful inclusion for wound treatments®”.

3.3 Carbon nanotubes (CNTSs):

CNTs have been used to increase the conductivity of 3DP scaffolds to improve their efficacy
in cardiac tissue engineering. Various methods are utilized to produce CNTSs, including
chemical vapor deposition, arc discharge, and laser vaporization, after which they are
purified®8. One property of CNTSs that differentiates them from biological agents is that they
are highly heat resistant, thus they are able to be incorporated into printable thermoplastic
materials. The most common use of CNTSs in tissue engineering is for cardiac tissue
engineering, however they have also been used for bone and nerve tissue engineering. Ho et
al. mixed CNTs (30 nm diameter, 20 um length) into 3DP scaffolds made from PCL
polymer at ratios between 0% and 5% (w/w) to test their application in cardiac tissue
engineering®®. They found that the elastic modulus, conductivity, and maximum load of the
scaffolds increased with increasing CNT content. The hardness of the scaffolds they
produced was analyzed with nanoindentation, and they found that the hardness of the
scaffolds increased slightly when CNTs were included. Viability of HO9C2 myoblast cells
seeded onto the scaffolds was also investigated, and they found that the presence of CNTs
had no impact on the viability of seeded cells*. Izadifar et al. took another approach and
embedded CNTSs within alginate gels, methacrylated collagen gels, and hybrid gels that were
printed into scaffolds and then assessed the effect of the inclusion of CNTs on conductivity,
cell compatibility, and the mechanical properties of the 3DP scaffolds®®. They found that the
addition of up to 10% CNTs w/w (the highest concentration tested) did not affect the cell
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compatibility of the scaffolds, and that the conductivity and mechanical properties were both
significantly enhanced. In another approach, a nanoscale printing technique,
electrohydrodynamic printing (EHDP), was used by He et al. to print composite scaffolds
made from polyethylene oxide, PCL, and CNTs’0. Cell attachment in the scaffolds
containing CNTs was found to be lower when HIC2 cells were seeded onto them, but
further investigation showed that those cells that were attached could proliferate and align
themselves along the scaffolds’?.

Lee et al. incorporated CNTs into a PEGDA hydrogel ink at concentrations up to 0.1% (w/v)
that was then printed into scaffolds designed for nerve tissue engineering /1. Scaffolds
containing CNTs had significantly decreased hydrophilicity yet did not reduce the cell
viability of neural stem cells after 14 days in culture. Scaffolds containing CNTSs also
demonstrated increased average total neurite length (113% increase) over the control
scaffolds and seeded cells experienced increased neuronal differentiation gene expression
upon electrical stimulation’. Huang et al. tested CNTs in scaffolds intended for bone tissue
engineering by mixing CNTs with PCL at concentrations of up to 3% (w/v) before
subsequent 3D printing into scaffolds whose mechanical strength, cell compatibility, and
protein adsorption were tested (Figure 2)72. They found that scaffolds containing 3% CNTSs
(vs scaffolds without CNTs) had higher hardness (0.05 GPa vs 0.04 GPa), elastic moduli
(0.65 GPa vs 0.48 GPa), compressive moduli (81 MPa vs 55 MPa), and higher cell viability
when seeded with human adipose-derived MSCs. For bone tissue engineering purposes, Liu
et al bound single-stranded DNA (ssDNA)-CNT complexes to ammonolyzed 3DP
poly(propylene fumarate) (PPF) scaffolds through electrostatic interactions between the
ssDNA and the amine groups’3. The ssDNA reduces the aggregation and the toxicity of the
CNTs and the CNTSs can consequently enhance the conductivity of the scaffold, allowing for
electrical stimulation of the attached cells that has been reported to enhance osteogenesis /n
vitro. With continuous electrical stimulation of seeded MC3T3-EL1 cells, ALP, OCN, and
OPN were all significantly increased at the 21-day timepoint’3.

3.4 Metallic nanomaterials:

Metal compounds dissolved in solution have been demonstrated to influence cell
differentiation when added to tissue engineering scaffolds, however incorporation of metals
as NPs can yield different properties and effects’4. Silver NPs can give scaffolds
antimicrobial activity while iron NPs can behave like imaging agents for diagnostics and
give otherwise non-magnetic scaffolds magnetic properties. Such metal NPs can be
manufactured using physical methods, biological methods, and through wet chemistry. For a
more comprehensive overview of metal NPs, the reader is directed to a recent review article
specifically on metal NPs by Tan et al®.

Deng et al. fabricated 3DP scaffolds with polyether ether ketone (PEEK) and coated the
scaffolds first with dopamine and then with silver nitrate to create silver NPs on the surface
of the scaffold®0, Upon exposing the scaffolds to £. coliand S. aureus they found
significantly reduced bacterial viability in a 5 mm radius of the scaffold. The researchers
also found a slight decrease in cell viability when human osteoblast-like cells (MG-63 cells)
were grown on the scaffold. In another study, Buyukhatipoglu et al. loaded magnetic iron
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oxide (Fe,O3) NPs into alginate gels (2% w/v) by either exposing porcine aortic endothelial
cells to the NPs prior to the cells embedment into alginate gel or mixing the cells with
alginate gels and then adding in the NPs’®. The resulting gel mixtures were then printed, and
the researchers found that the FeoO3 NPs can be moved both within cells and through the
alginate gels by exposing them to an external magnet. The investigators postulated that
bioactive molecules could be moved within cells by conjugating them to the Fe,O3 NPs. The
NPs were also trackable with pCT, which the investigators suggested could be used to track
specific biomolecules within cells and scaffolds’.

Titanium dioxide (TiO,) NPs were added to PCL scaffolds by Tamijib et al. by solvent
casting of a PCL solution that contained the NPs in molds made by 3D printing’’. Scaffolds
that contained the TiO, NPs had improved mechanical properties, with their elastic modulus
and hardness being superior to that of scaffolds without the NPs. Despite improved
mechanical properties, the production of ALP by MC3T3 cells was unaffected by the
inclusion of NPs, suggesting that the particles do not significantly impact
osteodifferentiation. In a study by Celikkin et al., gold NPs (AuNPs) were embedded into
GelMA hydrogel to create a printable ink that could be visualized with uCT?8. They found
that GelMA required the AuNPs in order to be visible using uCT and that the AuNPs did not
impact cell viability nor osteoinduction.

4. Adding nanoscale roughness and features to scaffolds

The modification of scaffolds to create nanoscale features and texture is one way that 3DP
scaffolds can be made to interact with cells at the nano scale. As described above, research
has demonstrated that nanoscale features can guide cellular behaviors to improve
regeneration. This section will summarize many approaches to modifying 3DP scaffolds to
create these nanoscale features have been investigated, such as degradation, surface
modification, and incorporating nanoscale materials (Table 2).

4.1 Nanocomposite scaffolds:

Tissue engineering scaffolds made only from 3DP polymeric materials are often quite
smooth after printing. One approach to giving these surfaces nanoscale texture is to
incorporate crystalline NPs into the polymer mix, creating a composite material. Tricalcium
phosphate (TCP) and HA nanocrystals are popular materials that have been extensively
tested as additives to polymer bases to create 3DP tissue engineering scaffolds that have
nanotexture. In particular, nHA was able to increase cell viability, cell adhesion, and
osteoconduction upon incorporation into polymers for 3DP tissue engineering scaffolds’9-82,

Castro et al. investigated incorporating nHA into a PEG-based hydrogel at a concentration of
60% (wt/wt) that was then investment cast with a 3DP construct’®. They found that the
scaffold containing the nHA increased primary MSC adhesion by 114%, that MSC
proliferation increased by 57% after 5 days, that glycosaminoglycan and collagen content
indicated enhanced osteogenic differentiation, and that the compressive modulus had
increased by 61%. In a parallel study, Castro et al. mixed nHA into a PEG mixture with
nanospheres containing growth factors that was then 3DP with a stereolithographic printer80,
In this study they found that scaffolds containing nHA but not growth factor-loaded
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nanospheres had enhanced compressive moduli (increased by 29%) and enhanced primary
MSC proliferation (increased by 20% on day 3)8°. A follow up study was conducted by
Zhou et al. on 3DP scaffolds that were similar to those mentioned above but with a biphasic
structure®2. They also found that incorporation of nHA alone enhanced primary MSCs’
expression of genes that indicate osteogenic differentiation (collagen I, osteopontin,
osteocalcin, Runx-2, alkaline phosphatase), but did not promote chondrogenic differentiation
in the primary MSCs. Domingos et al. conducted a study that looked at the importance of
nanotexture induced by nHA by comparing microhydroxyapatite (mHA) to nHA in 3DP
scaffolds made from PCL8L. The study showed that mHA addition resulted in a 56%
increase in the compressive modulus compared to nHA (217.2 MPa vs 138.8 MPa), while
scaffolds containing nHA had improved osteogenic differentiation as indicated by increased
cell spreading and higher ALP activity.

4.2 Nanofibrous scaffolds:

Typical ECM often contains a nanofibrous network, and so nanofibers have been of interest
in tissue engineering research as they can be used to mimic that network. Electrospinning
can be used to create fibers with nanoscale diameters and the technique has been used
extensively in tissue engineering constructs, as reviewed elsewhere83. In recent work,
electrospun fibers have been included in 3DP scaffolds to add the benefits of 3DP scaffolds
to the benefits of nanofibers®4-%0. Macroscale 3DP scaffolds that contain nanofibers can
confer a uniform alignment of fibers that can guide cell differentiation and the formation of
certain cell structures8®89. Yeo et al. (2016) found that combining aligned PCL fibers with
3DP PCL scaffolds improved the morphology of seeded myoblasts and the expression of
myogenic genes®. In particular, the genes for troponin T, MyoD, and myosin heavy chain
were all upregulated in the myoblasts seeded onto the aligned fiber scaffolds and the cells
were also seen to have changed their morphology from a star shape toward an elongated
morphology that closely matched the orientation of the fibers and is associated with
myogenic differentiation®. In a subsequent study, Yeo et al. (2020) investigated encasing
human umbilical vein endothelial cells (HUVECSs) and C2C12 cells in fibers via
electrospinning a hydrogel cell suspension containing alginate and poly(ethylene oxide)
(PEO) onto a 3DP scaffold®L. They experimented with multiple 3DP scaffolds comprised of
PCL, PVA-leached PCL, and PVA-leached collagen, and also co-culturing of electrospun
HUVECs with C2C12 myoblast cells. The result was that C2C12 cells seeded onto scaffolds
comprised of PVA-leached collagen with electrospun HUVECs encased in alginate/PEO
fibers had enhanced myogenic gene expression (myogenin, troponin T, myosin heavy chain,
MyoD) while the HUVECs retained high viability after electrospinning®l. Another group,
Touré et al., looked at modifying scaffolds comprised of PCL, poly(glycerol sebacate)
(PGS), and bioactive glass (BG) with electrospun fibers made from PCL and PGS%. They
found that upon inclusion of the electrospun fibers the tensile Young’s modulus of their
scaffolds increased for all experimental groups (240-310 MPa for scaffolds with fibers vs.
125-280 MPa for scaffolds without fibers)92. They also reported good biocompatibility with
3T3 fibroblasts cells, with increases in viability seen on days 1, 2 and 7 for the scaffold
containing fibers and 10% BG%2.
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4.3 Subtractive methods to induce nanoscale features:

Rather than adding materials and coatings to scaffolds and their constituent materials to
yield nanoscale features, some investigators have turned to subtractive techniques to confer
nanoscale features to the scaffolds they develop. In particular, etching and incorporation of
water-soluble components have proven effective in generating the desired nanoscale features
in typically smooth and non-porous scaffolds.

Cheng et al. acid-etched scaffolds they printed via laser sintering titanium-aluminum-
vanadium alloy to create nanoscale roughness on the surface of scaffolds®3. This approach
draws on previous research that showed the benefits of rough titanium surfaces in bone
tissue engineering applications, with the roughened surfaces enhancing growth factor
production and osteoblastic differentiation®4-%. Cheng et al. designed their titanium-
aluminum-vanadium 3DP scaffolds to have differing macroscale porosities and the resulting
scaffolds had similar surface roughness, high viability after seeding with osteoblast-like cells
(MG-63 cells), though they had differing compressive strengths (from 2579 MPa to 3693
MPa)?3. In a subsequent study Cheng et al. seeded human MSCs onto their 3DP titanium-
aluminum-vanadium scaffolds and similar 2D surfaces®’. They found that the MSCs on the
3DP scaffolds had higher expression of BMP-2, BMP-4, osteocalcin, and vascular
endothelial growth factor (VEGF).

As mentioned above, scaffolds printed from polymeric materials alone often have smooth
surfaces, thus researchers have investigated the modification of such scaffolds after printing
to give them surface texture. Wang et al. explored treating their 3DP scaffolds comprised of
polylactic acid (PLA) with cold atmospheric plasma (CAP) to increase both the roughness
and hydrophilicity of their scaffolds8. The result was that exposure of their scaffolds to
CAP for 5 minutes reduced the hydrophobicity of the scaffolds and increased their surface
roughness (Rq) from 120 nm to 27.60 nm. They also found that the proliferation of MSCs
and osteoblasts was enhanced in some of the tested CAP treatment groups at most time
points and that the CAP treatment increased fibroblast adhesion in some groups tested8.
Gbmez-Cerezo et al. chose a different route for inducing nanoscale texture on their scaffolds
and made a blend of water-soluble PVA and mesoporous bioglass (MBG) that was then 3DP
to create scaffolds (Figure 3)%. The resulting scaffolds were then immersed in phosphate
buffered saline (PBS) for varying times to remove the PVA and induce mineralization on the
surface of an apatite-like mineral. The result was that scaffolds immersed in PBS for 2 days
had increased surface area (from 58.3m?/g to 186.9m?/g), increased roughness (from 9.48
nm to 56.74 nm), and enhanced expression of bone-related gene markers (ALP, osteocalcin,
Runx2).

5. 3D Printing of scaffolds at the micro and nano scales

Some researchers have taken a different approach to producing 3DP scaffolds with
nanoscale features in that they have used 3D printing techniques that can print scaffolds at
the micro and nano scales. These printing methods can allow for the design of certain cell-
scaffold interactions at the cellular scale to direct differentiation and also enable high levels
of control of the overall morphology of scaffolds!%9. Two common approaches to 3D
printing at this scale are two-photon polymerization (2PP) and electrohydrodynamic printing
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(EHDP). The 2PP method is basically stereolithographic printing at a vastly smaller scale
while EHDP is more of a blend of traditional 3D printing techniques merged with
electrospinning, and both techniques’ applications towards 3DP tissue engineering scaffolds
is discussed in the following section (Table 3).

5.1 Electrohydrodynamic printing (EHDP):

Researchers have used EHDP to print defined structures with electrospun fibers for
applications that need structures with walls or a mesh with high fidelity to the original
design. The method of EHDP is similar overall to the method of electrospinning. In short, a
high voltage is applied to a syringe needle containing a polymer solution so the polymer
solution jets off from the tip of the needle and dries in flight to create a nanoscale polymer
fiber. With typical electrospinning, these strands collect in a disordered fashion on a
grounded collection surface, however for EHDP the strands are directed to fabricate specific
structures with highly ordered fiber alignment and stacking'91. EHDP can offer advantages
that include fine control over pore diameter, fiber thickness, fiber orientation, and overall
porosityl9l, These parameters are tuned by optimizing parameters including nozzle
diameter, syringe pressure, printing height, printing speed, applied voltage, and polymer
solution viscosity191.102. EHDP has also found applications in other fields, such as fluidics
and electronics, which has been reviewed elsewherel0l. For tissue engineering, however,
investigators have used EHDP to print 3D scaffolds whose structures are impossible to
fabricate with other techniques.

EHDRP is particularly useful when making high resolution lattice structures intended to be
added to a macroscale scaffold or used as independent scaffolds. One group, Yuan et al.,
used EHDP to fabricate a PLLA mesh scaffold and looked at cell interactions with scaffolds
that had either aligned or random orientations193. They seeded the scaffolds with human
umbilical arterial smooth muscle cells and found that the cells had greater penetration depth
and increased proliferation on scaffolds with aligned fibers compared to the randomly
orientated scaffolds. Another group, Kim and Kim, modified the standard EHDP technique
by using pins that guide PCL fibers into the correct orientation1%4. The result was a scaffold
containing both macroscale PCL fibers and nanoscale PCL fibers that had increased cell
alignment, with up-regulated cell metabolism, and cell proliferation after being seeded with
MC3T3-E1 cells compared to scaffolds lacking the aligned nanoscale fibers. Bai et al.
explored the addition of antibacterial agents to scaffolds fabricated with EHDP by adding
roxithromycin (ROX) to PCL/PEG polymers before printing so as to reduce the chance of
infection after implanting a scaffold into a bone defect (Figure 4)105. They found that the
scaffolds were able to induce inhibition zones for both £. coliand S. aureus while not
impacting the viability of MG-63 osteoblast-like cells1®. Wu et al. tried a different
application of EHDP by creating mesh sheets that were rolled into cylinders intended for
guided tendon regeneration1%. These cylindrical scaffolds were seeded with human
tenocytes and exhibited enhanced alignment, metabolism, elongation, and collagen |
expression. Lei et al. used EHDP to produce a conductive mesh scaffold made with
nanoscale conductive fibers fabricated from a conductive polymer blend, poly(3,4-
ethylenedioxythiophene)—poly (styrenesulfonate) (PEDOT:PSS) mixed with PEO
(PEDOT:PSS-PEQ), and microscale PCL fibers'97. The inclusion of the PEDOT:PSS-PEO
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fibers was found to increase adhesion of HIC2 cells, improve the overall conductivity of the
scaffolds, and improve both the coordinated beating behavior and the alignment of
cardiomyocytes seeded onto the scaffolds.

Investigators have also explored using EHDP to produce walled scaffolds with defined
microscale pores1®8-111 | ee and Kim showed that scaffolds made from PEO nanofibers can
be fabricated by repeatedly depositing the fibers onto a grounded metal shape, resulting in a
walled structure resembling the design%8. Another group, Wu et al., used EHDP to produce
walled scaffolds made from PCL and PCL-chitosan fibers and found that human embryonic
stem cells could attach and proliferate on them!11. Vijayavenkataraman et al. printed
conductive scaffolds with EHDP by mixing reduced graphene oxide with PCL solution
before printing1%9. They found that the rat medullar cells (PC-12 cell line) they seeded on
the scaffolds had enhanced expression of GAP43 (a neuronal marker) and better
proliferation in the conductive scaffolds as compared to the control scaffolds lacking
reduced graphene oxide. Wang et al. tried a different approach by fabricating a walled
scaffold made from graphene-loaded PCL that also had cores made from PEO that contained
dopamine and gelatinl19, After being submersed in water the PEO would dissolve, allowing
the dopamine and gelatin to interact with the PCL to improve its surface properties and
leaving the PCL fibers with channels to enhance diffusion and cell infiltration throughout the
scaffold. Their scaffolds with the PEO/gelatin/dopamine cores were found to have adequate
biocompatibility and improved migration of rat medullar cells (PC-12 cell line) in
comparison to scaffolds without the cores.

5.2 Two-photon polymerization (2PP) printing:

As mentioned above, 2PP printing is similar to stereolithographic 3D printing but at a much
smaller scale and uses a photocurable polymer that is activated only by the absorption of
multiple photons. 2PP printing works by using a focused excitation laser to create a focal
point where the curing of the polymer is most efficient because the intensity of light is the
highest, making the absorption of the multiple photons required for curing most efficient at
the focal point of the laser}12.113, The spaces above and below the focal point of the
excitation laser have a lesser intensity, and since absorption of multiple photons is less
efficient in these zones the curing is vastly reduced as the laser is guided along the defined
path that creates a single slice of a 3D object!4. For further information on the topics of
multiphoton absorption and 2PP printing the reader is directed towards more in-depth
reviews available elsewhere113.114,

PLA scaffolds made via 2PP printing by Koroleva et al. had their biocompatibility assayed
by seeding them with primary rat Schwann (glial) cells and neuronal cells (SH-SY5Y
cells)115, 1t was found that the primary Schwann cells could proliferate on the scaffolds
while exhibiting expected morphologies and that DNA damage from the scaffold’s materials
could be reduced by washing the scaffolds in ethanol for 7 days before cell seeding. Another
study, by Kuznetsova et al., explored using star-shaped PLA molecules in combination with
2PP and showed that increasing the arm length of the molecules could increase the surface
roughness of the resulting scaffolds16. The scaffolds with longer PLA molecule arms were
also found to enhance the /n vitro osteogenic differentiation of seeded MSCs and led to CaP
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deposition /n vivo. Rather than fabricate single scaffolds at a time, Maibohm et al.
investigated a multi-beam 2PP printing technique in which a repeated pattern was printed
over a large area while still retaining near nanoscale resolutionl1’. HelL a cells that were
seeded onto the completed scaffolds and observed over 120 hours and it was demonstrated
that cells could interact with the scaffold in ways that may modify their morphology and that
there seemed to be more cells within areas containing 3D structures than in planar areas of
the growth surface!”. In a different approach, Heitz et al. produced 2PP printed 3D lattices
with varying pore sizes using a mixture of pentaerythritol triacrylate and bisphenol A
glycidyl methacrylate (PETA:BisGMA) and seeded them with primary fibroblast cells
before culturing with osteogenic medium to induce differentiation!18, They reported that
when the pores were 35 um in diameter the pores nearly fill with cells and ECM material
and the cells have the best differentiation and collagen type | production. Paun et al. looked
into whether a 2PP printed 3D honeycomb scaffold made with multiple layers of vertical
microtubes could improve large volume bone tissue regeneration1®. They found that the
MG-63 cells they seeded on the scaffolds had the best penetration and improved osteogenic
differentiation (determined by ALP activity) when the layer separation was between 2 um
and 10 um. Turunen at al. used 2PP printing to create tubular microtowers for 3D cell culture
of neuronal cells and found that the microtowers enabled directed neurite generation and
long-term culture of the neuronal cells!20,

In all the work described above the materials used were purely polymeric and lacked
biomolecules, but researchers have also investigated using structural proteins and other
biomolecules in scaffolds produced by 2PP printing. One research group, Kufelt et al.,
explored adding a major component of ECM, hyaluronic acid, to PEGDA to improve the cell
adhesion properties of their scaffolds'?l. They found that the scaffolds were cytotoxic to
fibroblasts but not osteoblasts, and that by varying the quantity of hyaluronic acid in the mix
they could control the physical properties of the scaffold without affecting cytotoxicity.
Prina et al. used 2PP printing to create structures resembling stem cell crypt niches out of
GelMA and investigated their effect on the differentiation of primary human limbal
epithelial stem cells (NLESCs) seeded onto the scaffolds!22. They found that cells could
grow in the niches and that there was a difference in differentiation of the hLESCs based on
where they were physically located on the structurel?2, Engelhardt et al. attempted a
different method by using 2PP printing to print polymer-protein hybrid constructs that had
the biocompatibility and function of structural proteins in addition to the mechanical
strength and stability of polymers123. In this case, the polymer structures were printed as
supports onto which protein membranes made from GelMA and bovine serum albumin were
printed to create hybrid scaffolds. Ovsianikov took a step further and used 2PP printing to
print scaffolds made from a gelatin solution containing cells, forgoing any polymeric
component in the final scaffolds!24. They determined that the printing process did result in
some cell death after which the surviving cells could replicate and that the cell death was not
due to the laser. Chatzinikolaidou et al. incorporated BMP-2 into the base of their 2PP
printed scaffolds (a blend of hydrolyzed methacryloxypropyl trimethoxysilane, zirconium
isopropoxide, and 2-(dimethylamino)ethyl methacrylate (MAPTMS-ZPO-DMAEMA) in
propanol)125. They reported that the inclusion of BMP-2 improved ALP and osteocalcin
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activity and enhanced calcium and collagen levels in human mesenchymal stem cells seeded
onto the scaffolds as compared to the control which lacked BMP-2.

Maggi et al. investigated a different method of scaffold formation, with 2PP printing being
used to generate 3 types of 3D nanolattices: 1) sputter coated with TiO, and plasma etched ;
sputter coated with 2) tungsten (W) or 3) titanium (Ti) followed by a TiO, coating'26, They
assayed which scaffold conformation and material combination resulted in the greatest
mechanosensitive response and the largest mineral deposition by analyzing fluorescent actin
staining and the amount of mineral deposited onto the scaffolds. The results were that
osteoblasts (SAOS-2 cell line) had more actin and deposited more mineral when they were
seeded on the less stiff nanolattices than when they were seeded on more stiff nanolattices.
The potential for 2PP 3DP scaffolds to perform as multifunctional drug release and cell
scaffold systems was investigated by Do et al. in their study in which they analyzed the
release of their model drug, rhodamine B, from scaffolds made with poly(ethylene glycol)
dimethacrylate (PEGDMA)127. They found that release of the model drug was tunable by
adjusting the strand diameter and pore size of their mesh scaffold and that the scaffolds had
no observable cytotoxicity on bone marrow stromal cells, induced pluripotent stem cells, or
HEK 293T cells.

6. Future Research Areas and Conclusion

Based on reported findings it is clear that nanotechnological components and nanoscale
features can improve the tissue regenerative efficacy of 3DP scaffolds intended for a variety
of tissues. However, thus far research on this topic has been mostly simple addition of
singular features or additives and there is a lack of studies directly comparing different
methods or exploring possible synergies induced by combining multiple methods. Such
studies could explore loading multiple nanoparticle treatments into scaffolds to combine
antibacterial effects with those that enhance tissue regeneration, or utilizing controlled
release properties of polymeric NPs to temporally control the release of specific growth
factors. Alternate methods of treating seeded cells with growth factors could be explored as
well, for example direct loading of protein growth factors could be replaced with gene
activation techniques in which local expression of those growth factors is induced. Gene-
activation systems have already been investigated in other tissue engineering studies, but
thus far the gene-activation of 3DP scaffolds is under-explored!28-130. Modification of
macroscale scaffolds to confer nanoscale features is an important step in improving the
inherent regenerative ability of scaffolds, as has been demonstrated by the works described
above. However, other modifications of scaffolds are more pressing in terms of improving
overall tissue regeneration of an implanted macroscale scaffold, namely modifying scaffolds
to contain vascular structures to perfuse large volumes of regenerated tissue. Modifying the
nanotexture of scaffolds is still important in guiding the differentiation of local cells and
optimizing the regeneration of tissues, but its potential will be squandered if the issue of
vascularization of large scaffolds is not resolved. For micro/nanoscale printing, there has
been progress in terms of reducing the minimum resolution of prints and utilizing these
printing techniques to produce scaffolds that are able to replicate some aspects of tissue
microenvironments, but in most cases the smallest printable features on scaffolds are in the
microscale range rather than the nanoscale range. Additionally, the materials used for these

Eur J Pharm Biopharm. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Laird et al. Page 16

printing techniques often have poor biocompatibility as compared to materials able to be
printed at the macroscale. There is a need for the development of ever more refined printing
techniques that can enable truly nanoscale printing with materials that are not only
biocompatible, but also are able to guide cells in their regeneration of tissue.
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Figure 1:
Methods of merging nanotechnology with 3D printed tissue engineering scaffolds.
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Figure 2:
SEM images of PCL scaffolds lacking CNTs (A, B) and containing 3% CNTs (C, D). TEM

images showing extended and aggregated CNTSs in the 3% CNT PCL scaffolds (E, F). SEM
images of PCL scaffold lacking (G, H) and containing 3% CNTs (1, J) seeded with MSCs
and cultured for 14 days. Fluorescence images of PCL scaffolds lacking (K, M) and
containing 3% CNTs (L, N) showing cell morphology after MSCs were seeded and cultured
for 14 days. Adapted from Huang et al. 2019.
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Figure 3:
(A) SEM images of MBG/PVA blend scaffolds after incubation in PBS for 0 or 2 days. (B)

Atomic force microscopy images of scaffold surfaces after incubation in PBS for 0 or 2
days. (C) SEM images and fluorescence images of scaffolds seeded with MC3T3-EL1 cells
and incubated for 3 or 7 days. Adapted from Gomez-Cerezo et al. 2020.
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Figure 4:
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(A) Photograph and SEM image of fiber mesh printed with EHDP. (B) Photographs of
inhibition zones surrounding scaffolds lacking ROX (PCL) or containing ROX (ROX+
groups). (C) Fluorescence images of MG-63 cells seeded onto scaffolds or a 2D control
surface. Adapted from Bai et al. 2020.
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Summary of materials, methods, and results from studies incorporating nanomaterials into 3DP scaffolds

nanocomplexes

with ssDNA-CNT complexes

Material(s) Cell Type/ Method Results Citation #
Animal Model
HA scaffold. PCL NPs primary MSCs, Dip-coated particles onto scaffold | Improved ALP activity in MSCs; 44
containing BMP-2 rabbit model improved bone regeneration in rabbit
calvarial defect
PEGDA/GelMA scaffold. primary MSCs Mixed nanospheres with liquid Increased expression of genes 51
PLGA nanospheres ink before printing associated with chondrogenic
containing TGF-p1 differentiation
PCL scaffold, primary MSCs, Coated scaffold with Enhanced cell viability; increased 52
polydopamine coating, primary rabbit polydopamine before co- expression of chondrogenic markers
PLGA NPs containing chondrocytes incubation with NPs
IGF-1
PEGDA scaffold, PLGA PC-12 neural cells, Mixed NPs with liquid ink before Increased average neurite length and 54
NPs containing BSA primary cortical printing total neurite length in PC-12 cells
neurons
PVA and bioglass primary MSCs, Added NPs and cells to printed Improved bone regeneration in 53
scaffold, chitosan/pDNA rhesus monkey scaffolds prior to surgical rhesus monkey mandibular model
NPs model implantation
PLLA scaffold, tubular L.929 fibroblasts Dissolved PLLA in solvent with Inclusion of NPs was minimally 55
and spherical polypyrrole NPs before printing, then cytotoxic; enhanced conductivity
NPs lyophilized printed scaffolds
PLLA scaffold, CaP NPs, primary MSCs PLLA emulsion mixed with CaP Improved compressive strength with 59
BMP-2 and BSA protein NPs and protein solutions before addition of CaP NPs; trend of
printing on a cryogenic stage, improved attachment and
then lyophilized printed scaffolds | differentiation
Poly(ester urea) scaffold, MC3T3-E1 cells Dissolved poly(ester urea) in Improved cell viability in 30% HA 60
HA nanocrystals solvent with HA nanocrystals scaffolds; enhanced ALP activity;
before drying and melting into increased expression of both
filament, printed filament into osteocalcin and bone sialoprotein
scaffolds
Alginate gel scaffold, primary MSCs Mixed NPs with liquid ink before | Improved compressive modulus and 61
SiO2 NPs extrusion MSC viability; reduced swelling and
degradation
Alginate gel scaffolds, MITC-STO Mixed NPs with liquid ink before Increased stiffness; antimicrobial 63
ZnO NPs fibroblasts, S. extrusion properties; no cell toxicity observed
epidermis
PCL scaffold, CNTs H9C2 myoblast Mixed CNTs with PCL in solvent | Inclusion of CNTs did not impact 45
cells before printing cell viability; increased elastic
modulus conductivity, maximum
load, and hardness of scaffolds
Methacrylated collagen, primary endothelial Mixed CNT solution with liquid Inclusion of CNTs did not impact 65
alginate, and hybrid cells ink before printing cell viability; conductivity and
scaffolds, CNTs mechanical properties were
improved
PCL/polyethylene oxide H9C2 myoblast Mixed CNTs with PCL/ CNTs decreased cell attachment; 66
scaffold, CNTs cells polyethylene oxide solution cells could still proliferate and align
before printing with scaffold
PEGDA scaffold, CNTs neural stem cells Mixed CNTs with liquid ink Increased average neurite length; 67
before printing electrical stimulation induced
neuronal gene expression
PCL scaffold, CNTs primary MSCs Mixed CNTs with melted PCL CNTs improved hardness, elastic 68
before printing modulus, compressive modulus, and
viability
PPF scaffold, MC3T3-E1 cells Printed PPF scaffolds which were | Toxicity and aggregation of CNTs 69
ssDNA/CNT then ammonolyzed and coated reduced; increased scaffold
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Material(s) Cell Type/ Method Results Citation #
Animal Model
conductivity; enhanced expression
of osteogenic markers
PEEK scaffold, silver MG-63 osteoblast- Sequentially dip-coated with Silver NPs conferred antibacterial 46
NPs, polydopamine like cells, E. coli, S. polydopamine and then silver activity; slight decrease in cell
coating aureus nitrate, followed by UV exposure viability
to form silver NPs
Alginate gel scaffold, iron | primary endothelial Mixed NPs with liquid ink before NPs can be magnetically 72
oxide NPs cells printing manipulated within cells and within
scaffold; NPs are trackable with pCT
PCL scaffold, TiO2 NPs MC3T3-E1 cells Mixed NPs with polymer solution | Improved mechanical properties; no 73
before casting in 3DP-derived effect on ALP activity
scaffold cast
GelMA scaffold, gold NPs | primary MSCs Mixed NPs with liquid ink before | NPs were visible with LCT; no effect 74

printing

on cell viability
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before printing, then incubated
scaffolds in PBS

Material(s) Cell Type/ Method Results Citation #
Animal Model
PEG/PEGDA scaffold, primary MSCs Mixed NPs with liquid ink before Increased cell adhesion, cell 75
HA NPs casting in 3DP-derived scaffold cast proliferation, and mechanical
properties; indications of enhanced
osteogenic differentiation
GelMA/PEGDA primary MSCs Mixed NPs with liquid ink before Indications of enhanced osteogenic 78
scaffold, HA and PLGA printing differentiation in scaffolds containing
NPs only HA NPs
PCL scaffold, HA NPs primary MSCs Mixed particles with molten polymer Incorporating microparticles led to 7
and microparticles to create composite pellets for better mechanical properties; only
printing nanoparticle incorporation led to
osteogenic differentiation
PCL scaffold, PCL C2C12 Printed scaffold then electrospun Aligning fibers led to increased 86
micro/nanofibers, myoblast cells fibers onto the structure myogenic gene expression; improved
alginate/PEO gel myoblast morphology
PCL, PVA-leached PCL, HUVECs, Printed scaffolds out of PCL, PCL High HUVECS viability after 87
or PVA-leached collagen | C2C12 mixed with PVA, or collagen mixed electrospinning; co-culture of
scaffold, alginate/PEO/ myoblast cells with PVA (PVA groups were HUVECSs with seeded C2C12 cells
cell fibers incubated in water to remove PVA via | enhanced expression of myogenic
leaching), then an alginate/PEO genes
hydrogel containing HUVECs was
electrospun over the scaffold
PCL/PGS/BG scaffold, 3T3 fibroblast Printed scaffold then electrospun Increased mechanical properties; good 88
PCL/PGS fibers cells fibers onto one side of the structure biocompatibility
Titanium-aluminum- MG-63 Printed scaffolds which were then Differing macroporosities resulted in 89
vanadium alloy scaffold osteoblast-like blasted with calcium phosphate differing compressive strengths;
cells particles, acid etched with nitric acid, microscale surface roughness and
and then had their surfaces pickled surface area were equivalent for all
with a sodium hydroxide and macroporosities
hydrogen peroxide solution
Titanium-aluminum- primary MSCs Printed scaffolds blasted with CaP All textured surfaces had improved 93
vanadium alloy scaffold NPs, acid etched with nitric acid, and osteogenic differentiation; 3D
and surface then had their surfaces pickled with a scaffolds had improved osteogenic
NaOH and H,0, solution differentiation over 2D textured
surfaces
PLA scaffold treated primary MSCs, Printed scaffolds treated with CAP for | Reduced contact angle; increased 94
with CAP primary different lengths of time and at roughness; increased proliferation of
fibroblasts, different voltages MSCs and osteoblasts; increased
primary fibroblast adhesion
osteoblasts
PVA/MBG scaffold MC3T3-E1 cells | Mixed MBG with PVA solution Mineralization with PBS increased 95

surface area, roughness, and hardness
of scaffolds; enhanced osteogenic
gene expression
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Table 3:

Page 30

Summary of materials, methods, and results from studies making 3DP scaffolds at the micro and nano scales.

like cells

Material Cell Type/ Method Results Citation
Animal Model #
PLLA fiber scaffolds human smooth Polymer solution was electrospun using Aligned fiber orientations 99
muscle cells stable jet electrospinning onto a movable improved cell proliferation and
stage to create aligned fiber scaffolds penetration
PCL scaffold and PCL | MC3T3-E1 cells, Scaffolds were assembled layer by layer Increased cell alignment, cell 100
fibers mouse model through 3DP of macroscale PCL struts length, and proliferation
followed by pin-modified electrospinning
PCL fibers onto the struts for each layer
PCL tube and PCL human tenocytes PCL fiber mesh made with EHDP is rolled Improved elongation, alignment, 102
fibers into a cylinder into which a uniaxially metabolism, and collagen |
stretched PCL tube is inserted and heat expression
sealed together
PCL fibers scaffold H9C2 myoblast PCL microscale fibers were laid down with Improved conductivity; 103
and PEDOT:PSS-PEO | cells EHDP, followed by EHDP of PEDOT:PSS- enhanced cell adhesion,
fibers PEO nanofibers to fabricate each layer of the | alignment, and coordinated
3D scaffold beating of cells
PEO fibers nla PEO solution electrospun onto stationary Can create a walled structure 104
metal line from electrospun polymer
PCL/PEG fibers, ROX | MG-63 osteoblast- | Polymer solution mixed with antibacterial Bacterial inhibition zones were 101
antibacterial drug like cells, E. coli, drug, then printed with melt EHDP using a demonstrated with ROX-loaded
S. Aureus grounded heated cannister and a printing scaffolds; minimal impact of
surface with a high voltage applied to it scaffolds on cell viability
PCL fiber scaffold, human embryonic Polymer solution electrospun onto a Cells were able to attach and 107
chitosan coating stem cells movable stage to create walled scaffolds and | proliferate on scaffolds
dip-coated with chitosan solution
PCL/reduced PC-12 neural cells Polymer solution mixed with reduced Conductive scaffolds had 105
graphene oxide fiber graphene oxide then printed into scaffolds improved cell proliferation and
scaffold with EHDP neuronal differentiation
PCL/PEO/graphene/ PC-12 neural cells Coaxial nozzles were used in conjunction Inclusion of dopamine/gelatin 106
dopamine/gelatin fiber with EHDP to create scaffolds comprised of | improved cell migration
scaffold PCL/graphene fibers that contained dual
cores made from PEO, PEO/dopamine, or
PEO/gelatin
Photo polymerizable primary rat 2PP printed scaffold models were used to Proliferation was possible on 111
PLA scaffold Schwann cells, make molds that the photopolymerizable scaffolds; expected
SH-SY5Y cells PLA was cast in to create final scaffolds morphologies were seen; DNA
damage could be mitigated by
washing scaffolds with ethanol
Modified PLA primary MSCs, 2PP printed scaffolds made from modified Rougher surfaces; enhanced 112
polymer scaffold mouse model PLA molecules osteogenic differentiation of
cells and calcium deposition in a
mouse calvarial model
SZ2080 photoresist Hel.a cancer cell Repeated polymer structure patterns were Higher cell counts in areas with 113
scaffold line printed with multi-beam 2PP 3D structures; cells seen to
interact with polymer scaffold
and possibly alter morphology
PETA:BisGMA primary fibroblast Scaffold was 2PP printed using mixed liquid | Printed micropores fill with cells 114
scaffold cells polymers and ECM; cells differentiated
down osteogenic lineage and
produced collagen |
IP-L.780 scaffold MG-63 osteoblast- | 2PP printed scaffolds using a liquid polymer | Layer separation of 2um to 10pm 115

had best cell penetration;
improved osteogenic
differentiation
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Material Cell Type/ Method Results Citation
Animal Model #
Ormocomp scaffold human neural cells | 2PP printed scaffolds using a liquid polymer | Scaffolds allowed directed
neurite generation and long term 116
culture
PEGDA/hyaluronic MG-63 osteoblast- | 2PP printed scaffolds made from hyaluronic | Scaffolds cytotoxic to fibroblasts 117
acid scaffold like cells, primary acid that was modified with acrylate groups but not osteoblast-like cells;
fibroblast cells and mixed with PEGDA inclusion of hyaluronic acid
allowed modulation of physical
properties
GelMA scaffold primary hLESCs 2PP printed scaffolds using a liquid ink Observed difference in 118
differentiation of cells based on
location in printed structure
Polymer scaffold, primary 2PP printed polymer scaffolds were made, Proved protein-polymer hybrid 119
GelMA and bovine chondrocytes then membranes of GelMA or bovine serum | constructs could be printed; pure
serum albumin albumin were printed in a second printing printed protein structures were
membranes step lacking in mechanical stability
GelMA scaffold MG-63 osteoblast- | 2PP printed scaffolds were generated and Cells could be incorporated into 120
like cells cells were mixed with liquid ink before 2PP printed scaffolds before
printing printing; cell death was not
attributed to laser exposure
MAPTMS-ZPO- primary MSCs Liquid polymer blend was used to make BMP-2 addition enhanced 121
DMAEMA scaffold, scaffolds using 2PP printing, after which osteogenic differentiation,
BMP-2 protein BMP-2 was either covalently bound or calcium and collagen levels
physically adsorbed to the scaffold
IP-Dip and TiO2 SAOS-2 cells Liquid polymer was printed into a lattice Enhanced actin and mineral 122
scaffolds, Ti, TiO2, using 2PP printing, coated with TiO2, Ti/ deposition on less stiff scaffolds
and W coatings TiO2, or W/TiO2 and then plasma etched
(TiO2 group only)
PEGDMA scaffold, primary MSCs, 2PP printed scaffold using liquid polymer Tunable release of model drug; 123

rhodamine model drug

HEK293T cells,
induced pluripotent
stem cells

loaded with model drug

scaffolds were not cytotoxic
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