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Focus on Development of Big Data and Digital Twin
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Abstract: The application of machine learning (ML) in bioprinting has attracted considerable attention recently. Many have
focused on the benefits and potential of ML, but a clear overview of how ML shapes the future of three-dimensional (3D)
bioprinting is still lacking. Here, it is proposed that two missing links, Big Data and Digital Twin, are the key to articulate
the vision of future 3D bioprinting. Creating training databases from Big Data curation and building digital twins of human
organs with cellular resolution and properties are the most important and urgent challenges. With these missing links, it is
envisioned that future 3D bioprinting will become more digital and in silico, and eventually strike a balance between virtual
and physical experiments toward the most efficient utilization of bioprinting resources. Furthermore, the virtual component of
bioprinting and biofabrication, namely, digital bioprinting, will become a new growth point for digital industry and information

technology in future.
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1. Introduction

Recently, there is surge in scientific publications
regarding the application of machine learning (ML) to
bioprinting-relevant researches such as medical imaging
and segmentation, optimization of bioinks or bioprinting
process as well as in vitro parametric studies, which are
well reviewed in Yu and Jiang!", Ng et al.”?!. Both recent
articles focused on the benefits and potential of ML but
missed a clear portrait of what future bioprinting looks
like. This perspective article is, therefore, written as
an extension of previous reviews, focusing on a vision
of future three-dimensional (3D) bioprinting enabled
by ML.

ML is a collection of computational methods of
discovering approximate mathematical functions of the
real world based on historical data (Figure 1). Given a
set of input (X) and output (Y) data, humans are usually

able to find a relationship between X and Y as a function
of Y(X). If the input has multiple variables ranging from
X, to X and the output Y to Y , humans will be easily
overwhelmed by the complexities. However, computer
algorithms can replace human to “inspect” the input and
output and “guess’ an approximate function among them.
This approximate function generated by the algorithms is
called ML model. The more input and output data there are,
the more accurate the ML model becomes. This approach
is known as mapping or supervised learning. In contrast,
in grouping or unsupervised learning, the output (Y) is not
given, the computer algorithms must figure out the output
on its own, such as a pattern, a cluster, or a relationship
in the input data (X, X ,... X ). Therefore, this approach
is best for uncovering hidden patterns or relationships
in data. Another approach in ML is reinforcement
learning, in which both input (X, X, ... X ) and output
(Y, Y,... Y ) are known, the algorithms (or agent) are

© 2021 An, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License
(http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the original

work is properly cited.
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Input
Supervised Xo» X1 o X,
Unsupervised  Xg, X; ... X,
Reinforcement X, X; ... X,,
Deep learning X, X; ... X,

Figure 1. Example methods in machine learning.

to find the functions between X and Y like in supervised
ML, but through a dynamic interaction with another
test algorithm called environment. The environment
rewards or punishes the agent’s trial and error learning
so that the ML model becomes more and more accurate
in predication by maxing the reward. Another similar
method is deep learning, in which the trained learning
algorithms have multiple hidden layers and are always
applied to new datasets instead of dynamically adjusting
agent’s actions from the continuous feedback. Above are
example methods in ML. In fact, learning is quite a broad
topic and several techniques have already been used in
3D printing in general®*.

2. Complexities in bioprinting

In general, ML models are preferred when complexities
arise, because they can account for factors or conditions
not considered in traditional mathematical models, that
is, they tend to be more robust in the real-world context
in terms of predication. Bioprinting coming across
ML is inevitable for the reason of complexities. The
complexities of bioprinting span across the entire process
chain, namely, pre-processing, processing, and post-
processing (Figure 2). In pre-processing, it is challenging
to perform segmentation of tissue images at a single cell
level and reconstruct them into a 3D tissue model with
cross-scale cellular resolution and tissue properties. ML

Approximate function Output
? Yo, Yl vee Yn
?

Environment

I i Yo, Y. Y,
? |

|| | <

‘? ? ‘? Yo, Yl .ee Yn

is, therefore, needed because of multiscale complexities of
representing biological tissue models. In addition, ML can
also help predict the compatibility of dissimilar materials
used in bioprinting®®*®!. In processing and post-processing,
it is almost impossible to perform wet experiments when
the number of changing parameters exceeds a certain
number, for example, ten parameters. ML is, therefore,
needed because of multiparameter complexity of finding
optimal protocol of bioprinting. Here, it is envisioned that
ML coupled with Big Data, will solve the multiscale and
multiparameter complexities and transform present 3D
bioprinting into future 3D bioprinting, which is “heavily
virtual” in nature.

3. In silico experiment and big data

In silico, experiment such as digital fabrication and
computational study is believed to be akey innovation driver
and play a major role in the new era of tissue engineering!”*#.
Although the current challenge is creating more realistic
virtual experiment with satisfactory accuracy, there are
various methods such as statistical tools and techniques
that can be combined with first-principles simulations to
solve it?. In the case of bioprinting, ML has already been
used to optimize the printability of bioinks and drastically
reduced the number of experiments from thousands of
possible combinations!'”. Moreover, various mathematical
models on bioink printability have been developed as
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Figure 2. A vision for future bioprinting.

recently reviewed in Zhang et al.""!, Schwab et al.'?. These
mathematical models are useful for construction of virtual
bioprinting process. ML models have also been used in
in vitro study for identification of cell signature genes out
of complex gene expression profiles among different cell
groups!'*14. Another in vitro example is virtual histological
staining, which bypasses the lengthy and laborious process
for tissue preparation. Researchers used deep learning to
transform autofluorescence images of tissue into images
equivalent to histologically stained tissue!'”), and achieved
blending of multiple stains by assigning each stain at the
pixel levell'*!"). Furthermore, mathematical models and
ML models, which help us understand the complexities of
biological systems and extract new biological knowledge
from complex experimental datasets, are expected to
bring tissue engineering much closer to clinical reality!'®!,
Collectively, the above evidence of virtual experiments
in either processing or post-processing of bioprinting
suggests that we will see more in silico experiments with
ML in bioprinting in future.

However, ML cannot be performed without Big
Data about modern clinical imaging of organs, histology,
immunohistochemistry, biomechanical properties of
tissue and organs, molecular profiles of cell, tissue, and
organs (genomics and proteomics) function and so on. Big
Data can be structured, unstructured or semi-structured
and it is much more than traditional databases!'?). For ML
purposes, the first step is collection of Big Data or Big
Data curation. The sources of big data for bioprinting are

3D Bioprinting
(future)

Digital twin
e Cellularresolution
* Cell properties for
simulation
* Tissue material
fidelity
I
| }

In silico experiment Processing

¢ Bioink selection __, °* Bioinkselection
* Bioprinting e Bioprinting

¢ |n vitro/vivo tests i

Post-processing
* Invitro/vivo tests

huge and diverse, it could be all types of diagnostic images
stored in hospital databases, all types of experimental
data in worldwide laboratories and research centers, all
the “omics” databases already established in past years,
or simply the vast scientific literature. Standard and open-
access databases with meaningful and valuable training
datasets specifically targeting for bioprinting must be
created from Big Data curation. A recent example is
the construction of a web-based nanomaterial database
through Big Data curation, which contains 705 unique
nanomaterials, and the annotation of nanostructures
generates 2142 nanodescriptors for modeling and ML, but
more importantly, the database is publicly available®".
Another example is geoscience databases, which is large
and ideal for ML and automated geoscience analysis!l.
In fact, numerous experimental data and various materials
directly related to bioprinting have been generated over
past years, making bioprinting a potentially a data-
driven research, but so far there is limited database
created specifically for bioprinting. In future, we hope
to see more developments in this area, in line with the
development of databases for 3D printing. Perhaps it may
be even possible to predict new bioprinting discoveries
by exploiting the current literature alone without relying
on experts’ opinions??,

4. Digital twin of human organ

On the other hand, design process in 3D bioprinting must
be organized around the concept of digital twins of organs

International Journal of Bioprinting (2021)—Volume 7, Issue 1 3
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and virtual shadow. Creating such cell-level twins of
organs requires high quality tissue specimens and advanced
imaging and 3D reconstruction methods. Fortunately, the
Human BioMolecular Atlas Program from Institute of
Health in the United States®’!, which aims to develop an
open and global framework to create 3D molecular and
cellular atlas of the human body, may enable the building
of an integrated tissue map across scales. However, as
pointed out in Campos and De Laporte!®, digital tissues
should not only enable architectural replication of native
tissues but also be biologically functional. This would
require the capability of assigning fidelitous tissue
materials to the digital twin and a profound understanding
of individual and collective behaviors of cells. Cell-
based mathematical models and software?¥, which have
been extensively used in computational biology, may be
useful tools for modeling cell and tissue properties and
behaviors to enable the simulation of biological functions
of the virtual tissue and organs. In fact, from the economic
point of view, an alternative but efficient method should
be one that directly converts current magnetic resonance
imaging (MRI)/confidence interval-based 3D models into
cell-based models, that is, cells and tissue properties are
intelligently assigned to a virtual organ model with spatial
accuracy and material diversity by artificial intelligent
algorithms. Slicing of the digital twin for layer-by-layer
bioprinting should also be intact cell-based and matching
extrusion layer thickness, which is very different from
common slicing in 3D printing. Another alternative further
empowering our imagination is in vivo cellular imaging
such as MRI®!, which can map the anatomic locations of
specific cells within living tissue. Given that ML has been
successfully used for recognition of cell phenotype®, it
might be reasonable to imagine “in vivo 3D scan” of a
patent-specific live tissue model into a digital twin with
cellular resolution. Nevertheless, the immediate impact of
the digital twins of organs on bioprinting is that the in vivo
performance of physical bioprinting such as preclinical
as well as clinical studies must collect information with
specially designed assay, biosensor, and so on for updating
original model in the form of digital twin. Furthermore,
the cell-level digital twins together with physical 3D
bioprinting could also revolutionize biology fundamentally
by building tissues from scratch to explore entirely
new cell configurations for cell cross-talks and cellular
morphogenesis?”. This would help provide new insights
into the challenging question: “Print me an organ! Why we
are not there yet?” which was recently raised in Ng ez al.*®).

5. Other aspects of the future

In future, it is necessary to include the development of
correspondent infrastructures such as education and
training specialists and development and adaptation
of software and computational power and so on.

Interestingly, ML had been applied to nanotechnology
to develop nanocomputing hardware that can boost
artificial-intelligence-based applications!?!. It could be
a reciprocal advancement to expect in future. Another
topic worth watching is ML-based programmable design
for 4D printing®, as it is relevant to 4D bioprinting, a
method in which bioprinted tissues transform shape, size,
or pattern over timel*!l, Aside from academy, the industry
also expects a bright future for use of artificial intelligence
in 3D bioprinting. For example, in 2019 Procter and
Gamble partnered with a biotechnology company Aether
to develop AI 3D Bioprinter*?l.

6. Toward digital bioprinting

Application of ML in bioprinting and biofabrication
will induce dramatic transformation and bioprinting
will became a part of digital industry and information
technology®*34, What could be done to implement
these forthcoming transformations? First, bioprinting
community must attract experts in computer sciences,
mathematical modeling, computer simulations, and ML.
Second, special efforts must be done for generation,
assembly and maintaining of desirable Big Data.
Maintaining and up-dating of such databases are essential.
Third, digital organ twins based on sophisticated
mathematical modeling and advanced software
will become a new type of knowledge presentation,
accumulation, and compaction in bioprinting. Finally,
during transition from empiric to digital approach
bioprinting will enter in digital era and it will become not
descriptive but rather predictive technology increasingly
based on virtual or in silico experiments.

7. Conclusion

In our opinion, when applying ML to bioprinting the
most important and urgent challenges are: (1) To build
training databases for ML from Big Data curation and
(2) to build digital twins of human tissue/organs. The
goal is to achieve a predictive power of digital twin of
human tissue/organ based on Big Data which is close to
virtual crash test in automobile industry. Ultimately, we
hope to see a standard bioprinting simulation practice in
future to reduce or replace present 3D bioprinting studies.
We envision that future 3D bioprinting will become more
digital and in silico, and eventually strike a balance
between virtual and physical experiments to maximize the
efficiency of bioprinting resource utilization. In future,
digital bioprinting will become a new growth point for
digital industry and information technology.
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microvalve-based, laser-assisted, electrohydrodynamic
printing)®1!! and vat polymerization (stereolithography,
digital light processing, and two-photon
polymerization)!'>'¥, Each printing process is unique
for its characteristics. Since natural tissues, such as
the heart, nerves, and blood vessels, tend to have
unique anisotropic fiber structures of exceptionally rich
internal components!'?, it is quite difficult to fabricate a
bioconstruct that features multi-scale and heterogeneous
microstructures using a single-step printing process!'®l,
Therefore, an increasing number of researches have
begun to integrate two or more printing processes with
different forming principles to prepare complex biological

1. Introduction

Driven by clinical needs, tissue engineering,
bio-fabrication, and additive manufacturing have been
deeply intersected, and this multi-disciplinary intersection
effectively promotes the rapid development of three-
dimensional (3D) bioprinting technology. 3D bioprinting
not only inherits the principle of additive manufacturing
but also has obvious particularity in printing ink and
printing object. Specifically, the “ink” for 3D bioprinting
refers mostly to biological materials, cells, drugs, growth
factors, etc.'?l The ideal printing process needs to
effectively fabricate items that imitate the structure and
composition of natural biological tissues and organs as

well as take into account the regulation of the behavior
of printed biological tissues/organs in the later cultivation
and growth processt®#,

It is well known that 3D bioprinting is divided into
the following types: Material extrusion (mechanical/
pneumatic  extrusion)®7, material jetting (inkjet,

structures or functional scaffolds, which is also the origin
of 3D composite bioprinting. In fact, 3D composite
bioprinting has become a research hotspot in the field of
artificial biological tissue and organ construction. The
current 3D composite bioprinting not only features a
combination of two or more printing processes but also

© 2020 Zhang, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International
License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the

original work is properly cited.
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often involves physical field regulation that can regulate
filaments or cells during or after printing.

It should be pointed out that the steps of multi-
physical field regulation are often adopted in the process
of 3D composite bioprinting to form micro-scale
structure inside the macro-scale 3D printing structure.
Correspondingly, the computer-aided design and
computer-aided manufacturing (CAD/CAM) software
for 3D composite bioprinting are different from the
traditional 3D printing system. In other words, the CAM
software for 3D composite bioprinting should be able to
combine the scale information that cannot be modeled in
CAD software with the modellable information from the
CAD software, presenting new challenges to the design
of 3D composite bioprinting system.

2. The process of 3D composite bioprinting

The intention of 3D composite bioprinting is to effectively
overcome the limitations of a single-step printing process
and ensure the inclusion of multiscale heterogeneous
characteristics in the final construction by the integration
of multiple process technologies. However, according
to the status quo of research, two principles are very
important for good integration: (i) The material structure
formed by different printing processes can form a good
composite interface and (ii) the integration of different
printing processes has engineering realizability in the
system implementation.

2.1. Combination of extrusion printing and
dynamic crosslinking

Extrusion printing is the most typical and common
process method. It uses air pressure or mechanical force
as the driving energy to controllably extrude bioink, and
by the spatial motion of the platform and the print nozzle,
different two-dimensional patterns can be depicted and
stacked to form a 3D structure. In extrusion printing,
materials with different viscosity can be used as bioink.
The highly viscous materials can be extruded to form
continuous fibers, while the lower ones can be applied
to obtain discrete droplets. Therefore, various materials
are available for extrusion printing which are beneficial
for manufacturing structures with good mechanical
properties. Recently, many studies on 3D composite
bioprinting based on extrusion printing have been carried
out and the most representative is the combination of
dynamic crosslinking technologies, which specifically
refer to a class of technologies that can achieve various
degrees of crosslinking in extrusion printing process
through online control of process parameters or dynamic
adjustment of external physical field.

At present, by adding temperature gradient in the
process of extrusion printing, printing technologies

and equipment with the capacity of imposing different
temperature conditions have been developed!'’". Direct
extrusion of biomaterials such as gel, slurry, particle,
and filament that represent temperature-dependent phase
transition is the main operating mode and the printing
path can be obtained from conventional 3D modeling,
slicing, and path planning methods and software. One
research hotspot in this field is to improve the mechanical
properties and biocompatibility of the printed construct
at the same time using a composite printing system
which combines the printing processes under different
temperature field; some progress has already been made.
Chen et al. built a hierarchical construct by alternately
depositing the Wharton’s jelly mesenchymal stem cells-
coated polydopamine (PDA)-coated calcium silicate/
polycaprolactone (PCL) fibers and HUVECs-laden
hydrogel in a composite printing system combining melt
extrusion, normal temperature extrusion, and electrospray
processes to obtain a bone scaffold with good mechanical
properties and the ability to promote angiogenesis and
osteogenesis??!). Mekhileri et al. designed a singularization
device that was capable of capturing and extruding a single
microtissue of hydrogel spheroid with more than 80%
accuracy. The integrated system of this device with melt
extrusion equipment was capable of precisely delivering a
single microstructure to a specific position in the scaffold
during the printing process, thereby realizing the preparation
of complex hierarchical bioconstruct (Figure 1A)>%.

In addition, the introduction of ionic crosslinking
and coaxial nozzle enables the extrusion process to
effectively construct vessels like microchannels??3-26],
Dynamic reactive extrusion printing technology, which
has shown good potential in the realization of cell printing
under room temperature, is a growing research interest.
Narayanan et al. produced meniscus by printing human
adipose-derived stem cells (hASCs) with polylactic acid
(PLA) fibers and alginate hydrogel. Previous studies
indicated that the composite fiber structure enhanced cell
proliferation and promoted extracellular matrix (ECM)
secretion and chondrogenic differentiation (Figure 1B)
271, Tabriz et al. prepared a 3D cellular biological structure
by extruding pre-crosslinked sodium alginate into calcium
ion bathing. After that, the structural stability was further
enhanced by barium ion crosslinking (Figure 1C)=*.
Lozano et al. printed 3D brain-like structures composed
of discrete layers of primary cortical neural cells with a
coaxial nozzle. The result showed that the cortical cells
inside the structure could develop into 3D neuronal
networks in <5 days™. Wang et al. prepared in vitro
glioma model by coaxially extruding materials into the
calcium chloride (CaCl,) solution. The shell consisted of
sodium alginate and glioma stem cells (GSC23), while the
cell suspension containing glioma cell U118 was taken as
the core material. The experimental results showed that
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Figure 1. Fabrication of bioconstruct through the composite forming technology by combining extrusion printing with dynamic crosslinking.
(A) Complex hierarchical construct made by the integrated system combining melt extrusion and singularization printing (from ref.*
licensed under Creative Commons Attribution 3.0 license). (B) Meniscus printing based on the extrusion of bioink containing polylactic
acid (PLA) fibers, human adipose-derived stem cells, and alginate, and crosslinking by CaCl, (Reprinted with permission from Narayanan
LK, Huebner P, Fisher MB, et al., 2016, 3D-Bioprinting of Polylactic Acid (PLA) Nanofiber—Alginate Hydrogel Bioink Containing hASCs.
ACS Biomater. Sci. Eng., 2(10):1732—1742E7, Copyright © 2016 American Chemical Society). (C) Vascular structure formed by stacking
pre-crosslinking alginate patterns and subsequently enhanced by adding Ba** (from ref.?® licensed under Creative Commons Attribution

3.0 license).

the glioma model prepared by this method could mimic
the glioma microenvironment and had enhanced drug
resistancel*"l.

In summary, the integration of dynamic crosslinking
means is an important driving force for the development
of extrusion printing technology; especially, the
combination of coaxial extrusion printing and materials
with ionic crosslinking properties gives great advantages
in the construction of vessel-like structures. Compared
with the existing two-dimensional lamellar microchannel
manufacturing technology, this method has obvious
advantages and potentials in the integration forming
process with living cells. Besides, the vessel-like constructs
made by this method can better mimic the tubular structure
and is more convenient for 3D bioprinting. In addition,
the aforementioned dynamic crosslinking technology
usually achieves various degrees of crosslinking in the
whole extrusion printing process through online control of
process parameters or dynamic adjustment of the external
physical field. Hence, this kind of method accords with
the characteristics of the above-mentioned 3D composite
bioprinting.

2.2. Combination of electrohydrodynamics and
extrusion printing

Electrohydrodynamics refers to the dynamics of
electrically charged fluid, which constitute the basis of
electrospinning, material jetting, and electrostatic direct
writing. The process of electrospinning, electrospray,
or electrostatic direct writing is achieved similarly by
applying a voltage between the nozzle and the receiving
plate. However, due to different material properties, the
resultant forces formed on the charged fluid surface are
different, resulting in different shapes of material after
they leave the nozzle.

Compared with other methods, electrospinning
is more widely used to fabricate tissue engineering
scaffolds because the structure made by electrospinning
resembles ECM. However, the electrospinning structure
does not have enough mechanical properties and cannot
form a 3D structure with a certain thickness; therefore,
many researchers start to combine electrospinning
with extrusion printing. Besides, some of the research
results pointed out that electrostatic direct writing can
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generate micron-scale fibers and properly control the
fiber deposition position. However, electrostatic direct
writing encounters challenges when constructing thick
structuresP®!. According to recent studies, the composite
forming process based on electrospinning/electrostatic
direct writing and extrusion printing has emerged as
a powerful technique in the field of developing new
scaffolds, including vessel, bone, and skin.

Among various attempts, the most representative one
lies in the preparation of the artificial blood vessel, which
contains the integration of micro-nano fibers generated
by electrospinning and the macrostructure formed by
extrusion printing to mimic the multilayer structure
of the blood vessel wall and regulate the mechanical
propertiest*3¢, Wu et al. utilized melt extrusion printing
and electrospinning to prepare a bi-layered vascular graft
with 3D interconnected circumferential microchannels.
The bi-layered structure was fabricated by casting and
electrospinning  poly(I-lactic  acid-co-ge-caprolactone)
while the microchannels in the inner layer were formed
by sacrificing the extruded sugar fiber®”’. By combining
electrospinning with melt extrusion printing process,
Lee et al. proposed a fabrication method of building a
composite artificial vessel which using electrospinning
PCL membranes with highly-aligned fiber surface as the
inner layer and extruding PCL grid structure as the outer
layer. After PDA coating and vascular endothelial growth
factor immobilization, this vessel scaffold achieved good
mechanical properties and biocompatibility’®®. Due to
the tubular structure of the artificial blood vessel, most
of the composite printing process in this field can adjust
the properties by controlling the rotation of the receiving
axis instead of the planning printing path by CAD/CAM.

In the field of bone and skin-repairing, the
composite fabrication method containing electrospinning,
electrostatic direct writing, and extrusion printing has
drawn lots of attention as it is capable of controllably
shaping both macro and micro characteristics™#?. The
core idea of this kind of technology is to take advantage
of the respective characteristics of different processes.
Extrusion printing, capable of forming mesoscale
filaments, is chosen to provide mechanical support for
the scaffold. Meanwhile, the microstructure formed by
sub-10-micrometer fibers can be readily manufactured
by electrohydrodynamic processes. Along with the
development of this technology and increasing fulfilment
of various application requirements, this method has
begun using materials with different attributes. At the same
time, with the improvement of technology, the number of
cross-scale features is progressively increasing, putting
this technology to great advantages for manufacturing
bioconstructs with stable mechanical properties and
controllable cell distribution. Recently, for the 1% time,
de Ruijter et al. verified the hydrogel extrusion printing

and electrostatic direct writing composite forming system.
The system can achieve the preparation of bioconstructs
with stable mechanical properties as well as controllable
cell distribution™]. Rajzer et al. used fused deposition
modeling (FDM) and electrospinning to prepare a kind of
layered scaffold for the reconstruction of nasal cartilage
and subchondral bone. The upper layer of the scaffold was
made of osteogenon-gelatin by electrospinning to promote
cell adhesion and proliferation. The lower layer of the
scaffold was prepared by printing poly-L-lactide with
FDM. The porous grid structure could not only provide the
mechanical strength for the scaffold as well as convenient
in vivo fixation of the implant but also promote the tissue
growth and the penetration of gelatin®!. Diloksumpan et al.
proposed a method to prepare bone cartilage scaffold by
composite technology. In this method, PCL framework was
constructed by melt electrowriting and then the printable
calcium phosphate-based materials (pCaP) subchondral
bone was directly built on the PCL layer by extrusion
printing. After that, the cartilage was prepared by injecting
methacryloyl-modified gelatin (GeIMA) into the former
framework. The experimental results showed that the
PCL framework improved the interfacial shear strength
between GelMA and pCaP by 6.5 times. Furthermore, the
PCL grid embedded in GelMA increases the compression
stiffness of the cartilage layer, increasing its resemblance
to the natural one (Figure 2)™.

The composite forming method combining extrusion
printing and electrospinning has been proven to be able
to effectively prepare the scaffold with a multiscale pore
structure, which has obvious advantages in realizing the
composite forming of multiscale micro-nano structures.
However, most of the existing research results are still
limited in the use of biomaterials to prepare artificial
regeneration scaffolds while the research on the direct
printing of cells, growth factors, and scaffolds materials
to achieve the composite forming of active biological
structures is still at the stage of exploration.

2.3. Combining cell printing and hybrid
additive/subtractive manufacturing

Cell printing technology has advantages in achieving
direct cell assembly, but most of the technologies with
high cell printing resolution are often unable to directly
construct large-scale complex biostructures“+1. For
this reason, tackling this bottleneck requires combining
them with scaffold printing technologies. Due to the
complexity of the vascularization process, the use of
artificial biological tissue is limited to clinical application
at presentl®®3 Tt is necessary take into account the
requirements of cell metabolism in the process of preparing
biological structures and the role of scaffold materials,
cells, and growth factors from macro, meso, and micro
scalest*+% In this context, as hybrid additive/subtractive
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Figure 2. Manufacture of bioconstruct using composite forming technology that combines electrohydrodynamics and extrusion printing.
Bone cartilage scaffolds are successively made by three processes — melt electrowriting, fused deposition modeling, and hydrogel casting

(from ref.™! licensed under Creative Commons Attribution 4.0 license).

manufacturing has already archived many positive results
in the preparation of prevascularized tissuesP°!, the
composite forming technology combining cell printing
and hybrid additive/subtractive manufacturing is applied
to the manufacture of biological structure.

At present, in the process of the preparation
of biostructures, the composite forming technology
combining cell printing with hybrid additive/subtractive
manufacturing has been able to initially realize the
structural shaping in different scales and the position
control of different materials and cells, which proves
it to be a potential technical means to construct
heterogeneous biostructures with a multiscale vascular
network. Kim et al. used extrusion printing to form
human preadipocytes, human dermal fibroblasts, and
gelatin to construct subcutaneous tissue, dermis, and
vascular channels between them, respectively. After that,
primary human epidermal keratinocytes were ink-jetted
on the surface of the dermis to form the epidermis layer
to complete the manufacture of the vascularized full-
layer skin model in vitro. Compared with the in vitro skin
model only with the epidermis or dermis layer, the cell
morphology and functional expression markers in the
dynamically cultured, vascularized full-thickness skin
model were similar to those in the natural one and can
better simulate the complexity of real skin(®2. Kang et al.
proposed an integrated tissue—organ printer for human-
scale organ manufacturing, which uses PCL and F-127 as
the structural support frame while composite of gelatin,
fibrin, hyaluronic acid, and glycerin as the cell carrier.
Through the integrated printing of these materials, the
method could fabricate vascularized tissue structures

International Journal of Bioprinting (2021)—Volume 7, Issue 1

that resemble the size and stable mechanical structure of
human organs!®l. Noor et al. verified the possibility of
making a personalized vascularized heart patch with no
immune response by capitalizing on multi-head extrusion
printing with the patient’s cells and acellular matrix. On
this basis, through the combination of embedded printing,
the fabrication of a human heart with natural structure
characteristics was achieved (Figure 3)%4,

In summary, hybrid additive/subtractive
manufacturing has been proven to have great potential
in the construction of vessel-like microchannel structure,
highlighting its significance in the formation of
vascularized bioconstructs using cell printing technology.
The printing of sacrificial materials into the whole
biological structure not only helps provide mechanical
support in the manufacturing process but also is important
for the construction of microchannel structures.

2.4. 3D composite bioprinting integrated with
light, magnetic and acoustic field control

As 3D bioprinting not only constructs structures that
mimic the structure and component distribution of natural
biological tissues and organs but also take into account
the regulation of cell behavior in the printing process,
the research of combining non-contact field regulation
technology, such as light, magnetism, and sound, with
traditional 3D bioprinting technology has attracted more
attention, especially in combination with environmentally
responsive intelligent materials.

Some innovative research results have been achieved
recently. Yang et al. combined the external DC electric
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Figure 3. Manufacture of bioconstructs using the composite forming process of cell printing and hybrid additive/subtractive manufacturing.
This example shows the preparation of personalized perfusable cardiac patches and cellularized human heart using multi-head extrusion
printing of autologous stem cells and acellular matrix (from ref.!*¥ licensed under Creative Commons Attribution 4.0 license).

field and the photocuring mask projection process so that
the modified multiwalled carbon nanotubes (mwecnt-s)
embedded in the photosensitive resin could be controllably
arranged by the electric field imposed. The tensile test
shows that the arrangement of mwecent-s will produce
anisotropic elastic modulus, which is higher in the
direction parallel to mwent-s, but lower in the vertical one.
Using this approach, a reinforced artificial meniscus with
carbon nanotubes aligned in the circumferential and radial
directions was fabricated!®”. Chansoria et al. developed an
ultrasound-assisted bio 3D printing technology that used
the standing bulk acoustic wave produced by an ultrasonic
alignment chamber around the printing platform to arrange
the cells in the printed structure to construct single or multi-
layer anisotropic cell structure (Figure 4A). Kirillova
et al. performed two-dimensional extrusion printing with
methacrylated alginate or methacrylated hyaluronic acid
on the glass substrate. By taking advantage of the photo-
crosslinking gradient between the upper and lower surface
of the structure, the printed film would have a self-folding
behavior to form a tubular structure of which the internal
diameter could achieve as low as 20 um!®7,

Thus, it can be observed that multi-physics field
control has unique advantages in improving printing
flexibility. Although some studies have not yet been
applied in the field of biological manufacturing, it can
be predicted from the latest technical characteristics
analysis that these methods will provide new solutions
for biological manufacturing. Kokkinis et al. proposed a

12

“5D” printing method. By integrating the printhead with
component mixing function as well as rotating magnetic
field in the extrusion printing system, the composite
system allowed additional control over component
concentration and orientation of magnetic particles, which
realized the printing of the structures with anisotropic
texture arrangement (Figure 4B)®; Kim et al. added
a magnetic coil around the extrusion printing nozzle to
achieve the desired orientation of ferromagnetic particles
contained in the materials. This method could pattern
the magnetic polarity of the printed filament so that fast
transformations between complex 3D structures through
magnetic actuation could be realized™.

3. 3D composite bioprinting system

With the continuous development of 3D printing
technology for biological purposes, the research of
bio-CAD/CAM/3D printing forming system is also
progressing. However, it should be pointed out that most
of the early research on biological manufacturing is based
on commercial 3D printers, and some commercial CAD/
CAM software has been widely used. The representative
software includes Makerbot proposed by Makerbot,
which is a slicing software customized for Makerbot
printer; Xbuilder of Xery 3D printing technology, a
Chinese software supporting STL, G-Code, obj, and other
formats; Cura developed by Ultimaker, which has a high
degree of integration and the best support for Ultimaker’s
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adjusting the material concentration and particle orientation during printing procedure (from ref.®® licensed under Creative Commons

Attribution 4.0 license).

products; Skeinforge, an open-source program composed
of Python scripts that can convert 3D models into G-Code
files. Focusing on the needs of medical applications, the
Magics developed by Materialise is the most representative
program, as Magics can process not only the CAD model
generated through 3D model reconstruction by Mimics
but also the general CAD data output by the CAD/Re
software system. The generated model files by Magics
are saved in STL format and can be fabricated by a rapid
prototyping machine.

With  the  continuous improvement  in
biomanufacturing and 3D bioprinting technology, the
application field has also expanded from the preparation
of biological scaffolds to cell printing, cell assembly,
construction of complex biological structures, etc., which
make the technical route based on industrial 3D printers
no longer meet the demand. Many research institutions
develop corresponding bio-CAD/CAM/3D  printing
systems for specific bioprinting processes. Shim et al.
combined air pressure extrusion with piston extrusion

to prepare a multi-nozzle extrusion printing platform
that is suitable for 3D printing of various materials!®.
The NovoGen MMX bioprinter of Organovo has two
printheads for printing cell-laden materials and cell-free
materials. Two vials housed on the instrument can adjust
the temperature of materials. Besides, the device is also
equipped with a laser calibration device to calibrate the
position of the micropipettel’). Whatley et al. developed
a 3D additive manufacturing equipment to prepare the
biomimetic elastic intervertebral disk scaffold”. The
3D bioprinting system of RegenHU uses air pressure for
the extrusion of materials to satisfy the requirements of
biological fabrication. The printer has strong adaptability
and is easy to operate. The inlet air pressure can be
adjusted according to different viscosity of the materials
so that the fabrication of bioconstruct consisting of multi-
materials can be carried out. The 3D-Bioplotter printing
platform of EnvisionTec has high mobile precision and
multiple printheads. The printheads have embedded
heating modules and can be swiftly changed. A high-
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resolution camera is used to position the nozzle while the
z-axis sensor can accurately control the height between
the nozzle and the receiving platform. Lu et al. used CAD
software to design the 3D model of the internal micropore
structure of the bionic bone scaffold and fabricated it
based on the path planned by an independently developed
path planning software!!. Yan et al. put forward the low-
temperature 3D bioprinting technology and equipment
and made a number of achievements in the preparation
of bone scaffolds’. Liu et al. introduced the inertial
force injection (AVIFJ) and extrusion printing composite
forming system, which can achieve precise deposition of
droplets containing a single cell and the printing of cell-
laden hydrogel™!. Xie et al. introduced a printing system,
which integrates extrusion printing and electrospinning
for forming structures with micro-nano scale features.
The system had a micro-level printing resolution to meet
the requirements of forming exquisite complex cross-
scale structures”®. Liu et al. proposed and preliminarily
provided the test platform of the bio-CAD/CAM/3D
composite printing technology, abbreviated as a composite
forming test platform[”-®1,

Itcanbe found that combining the process with micro-
nano forming precision and 3D bioprinting effectively
solves the problem of limited precision and the inability
of forming micro-scale structures inside the structure,
which are evident in the formation process of traditional
3D printing. This feature makes the corresponding bio-
CAD/CAM process different from the traditional CAD/
CAM, that is, the biological CAM process needs to
merge the scale information that cannot be modeled in
the CAD process with the information from the CAD
process. In addition, the composite forming process,
which combines printing technology and micro-nano
forming technology, often integrates multiple physical
fields, cross-linked reaction, and other effects so as to
effectively regulate the interface effect in the composite
structure which make the prepared scaffold satisfy the
requirements of cell attachment and growth while taking
into account the structural controllability and mechanical
properties. These also call out challenges upon the
corresponding printing system and the designation of the
CAD/CAM function module. To solve these problems,
Liu Yuanyuan et al. from Shanghai University proposed
a type of a composite forming system consisting of
multiple functional subsystems with which the bio-CAD/
CAM software system was studied. The system designed
the automatic processing flow and detail implementer
method that encompass the following: Obtaining STL
models of injury tissue from manual designs or medical
imaging modalities reconstruction, generating printing
path information and drive file containing processing
information by post-processing. Importantly, an approach
of adding process management module which innovates

the bio-CAD/CAM system and realizes the use of bio-
CAM processing for fabricating structures which could
not be modeled in the CAD processing was put forward
(Figure 5) ),

In summary, for tissue engineering scaffold
printing, the CAD/CAM system for 3D bioprinting
is the same as the traditional 3D printing system if the
scale of the printing structure is single or common and
the material used is suitable for the current mainstream
3D printing technology and system. Otherwise, if the
goal of printing is to assemble components such as cells,
drugs, biomaterials, etc., both path planning strategy and
process control can become more complex. Hence, it
is necessary to add a process management module in a
traditional CAD/CAM system and supplement with more
information reflecting component gradient in the path
planning strategy. Besides, it should be pointed out that
at present, the 3D composite bioprinting system proposed
by different institutions involves different processes,
so there will be differences in the scope of applicable
materials and specific application objects. As for the index
advantage analysis from the engineering and technology
perspectives, the detailed parameter comparison is not
available at present because most of the systems are not
commercial.

4. Discussion and prospects

According to the researches and demands for tissue
engineering and regenerative medicine, the core issue
of the regeneration of tissue and organ by biofabrication
technologies lies in the effective assembly and behavior
regulation of cells. A typical way of cell assembly is
using the biodegradable scaffolds with autologous stem
cells seeded and then co-cultured on it in vitro. After that,
the scaffold can be planted in vivo to repair the injured
tissue and organ. In this context, to ensure the effective
adhesion of the inoculated cells and further realize the
accurate positioning and reasonable distribution of cells
or cell clusters, the solution of precisely controlling the
components and microstructures of scaffolds as required
has become an important goal of the development of 3D
printing technologies and equipment. Another route is the
technology of direct assembly of cells which is capable
of precisely depositing living cells in the spatiotemporal
dimension. Although great progress has been made
in this field in obtaining a 3D biological structure, its
shortcomings still lie in the manufacturing efficiency,
achievable scale, and complexity of the structure; these
problems pose new challenges to the biological printing
process and equipment technology.

In such a context, the research interest in 3D
composite bioprinting based on the integration of two
or more printing processes with different forming
principles is gradually intensifying (Table 1). 3D
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Table 1. Current efforts toward 3D composite bioprinting

Combined proce

sses

Main characteristics

References

Phase transition through Extrusion printing

temperature gradient

Ionic crosslinking

Electrohydrodynamics

Cell printing

Physical field control

of the printed construction at the same time

Improve the mechanical properties and biocompatibility

Extrusion printing

Extrusion printing

Hybrid additive/
subtractive
manufacturing
Extrusion printing

Provide more fabrication flexibility by controlling ion
diffusion and material extrusion speed; perform cell
printing under room temperature; effectively construct
vessels like microchannels

Fabricate scaffolds with good mechanical properties
and large scales, and the structure can mimic natural
extracellular matrix on the micro-nano scale; effectively
prepare the scaffolds with a multiscale pore structure
Construct vascularized bio constructs with certain
mechanical strength and complex microstructure

Improve printing flexibility, especially with
environmentally responsive intelligent materials;
regulate materials and cells in the printing process

[21,22]

[27-30]

[37,38,43-45]

[62-64]

[65-69]

composite bioprinting is a combination of two or more
printing processes, and it may often involve physical field

after printing.
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Some research results in the field of tissue damage
repairing demonstrated a technology with broad
application prospects. For example, 3D composite
bioprinting which combines extrusion forming with
electrospinning technology has been proven to be able to
effectively prepare tissue scaffold with a multiscale pore
structure, showing obvious advantages in the formation
of multi-scale micro-nano composite structure. Besides,
hybrid additive/subtractive manufacturing has been proven
to have great potential in the construction of vessel-like
microchannel structure, which is of great significance in
the formation of vascularized bioconstructs. Moreover, the
printing of sacrificial materials into the whole biological
structure not only helps provide mechanical support in
the manufacturing process but also is very important
for the construction of microchannel structures. On the
other hand, the 3D composite bioprinting integrated with
light, magnetic, and acoustic field control would have
a greater development potential if it is combined with
environmentally responsive smart materials. Recently,
some innovative research achievements have been
made, such as the manufacture of artificial blood vessels.
However, it is still limited by the difficulties in the
construction of large-scale artificial regeneration tissue as
well as repairing large area tissue damage. Furthermore,
how to attain rapid vascularization of large-scale artificial
regeneration tissue remains an urgent question to address.

In terms of 3D composite bioprinting process and
system research, the printing process, whether extrusion
printing, electrospinning or the existing 3D composite
bioprinting technology, is being further integrated with
the technologies such as direct cell assembly, dynamic
cross-linking formation, cell behavior guiding, controlled
drug-releasing, etc. as required. The constant expansion
and enrichment of the research scope of 3D composite
bioprinting promote further application and innovation of
this technology in the field of tissue and organ repairing
and regeneration. The existing interface problems in the
integration of multiscale structure and multi-gradient
components and in the technical feasibility of multi-
process integration remain to be addressed in parallel
with the continuous innovation of the 3D composite
bioprinting process and system.
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Abstract: Additive manufacturing (AM) is among the most attractive methods to produce implants, the processes are very swift
and it can be precisely controlled to meet patient’s requirement since they can be produced in exact shape, dimension, and even
texture of different living tissues. Until now, lots of methods have emerged and used in this field with diverse characteristics. This
review aims to comprehensively discuss 3D printing (3DP) technologies to manufacture metallic implants, especially on techniques
and procedures. Various technologies based on their main properties are categorized, the effecting parameters are introduced, and
the history of AM technology is briefly analyzed. Subsequently, the utilization of these AM-manufactured components in medicine
along with their effectual variables is discussed, and special attention is paid on to the production of porous scaffolds, taking
pore size, density, etc., into consideration. Finally, 3DP of the popular metallic systems in medical applications such as titanium,
Ti6Al4V, cobalt-chromium alloys, and shape memory alloys are studied. In general, AM manufactured implants need to comply
with important requirements such as biocompatibility, suitable mechanical properties (strength and elastic modulus), surface
conditions, custom-built designs, fast production, etc. This review aims to introduce the AM technologies in implant applications
and find new ways to design more sophisticated methods and compatible implants that mimic the desired tissue functions.
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1. Introduction with rapid healing time, fast preparation of implants,

As the world’s elderly population grows, the need for and custom-built implants that are tailored to patients’

medical implants is rapidly growing. It is expected that fract}lr.e c9nditi0ns.. Furthermore, 'fWOidin.g possible
the number of people aged 65 or above will increase to subsidiary issues arise from low-quality designs, stress-
about 20% of the world population by 2050, These shielding effects, and infections. The traditionally
elderly patients and other patients with bone fracture and ~ manufactured implants have a lot of limitations, such as
failures need special cares, specifically those associated a time-consuming production process, low capability in
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producing complex shapes, and difficulty to manufacture
the custom-built designs. Hence, advance procedures are
highly required to meet various demands from patients
and healthcare market.

Three-dimensional printing (3DP)isanevolutionary
technology and a branch of additive manufacturing
(AM) methods that cover a range of applications in
modern industries, including manufacturing of computer
components, electricity, machinery, and digital control
devices™. According to the AM principles and the use of
special 3D bioprinters, human organs can be artificially
produced® in the future, and the realization of this goal
will be accompanied by a revolution in the healthcare
system. These 3DP techniques have great potentials
in producing porous and complex-shaped materials
and components with very intricate internal structures.
Therefore, 3DP technology enables fabrication of
hierarchical materials with porous structure and
mechanical properties (strength and elastic Young’s
modulus) very similar to natural bone and inhibits
stress-shield effect in bone implants!**. Moreover, 3DP
technologies have some other advantages, including
the ability in mass production, economic efficiency,
low cost, repeatability, and shorter time to market.
In addition, 3D technology together with computer-
aided design (CAD) technique!” can be used in the
production of completely patient-specific implants®?.,
3DP method developed rapidly and a variety of new
techniques with many advantages were devised to cure
the previous limitations. The first description about 3DP
dates back to 1981 when Dr. Hideo Kodama fabricated
a device that uses ultraviolet (UV) lights to harden
polymers and create solid objects!'%. Although it was not
commercialized, it was the first step to the conception
of stereolithography (SLA) technique in 1983. Later,
Charles Hull invented the first SLA machine!'!). In 1987,
a selective laser sintering (SLS) process was patented,
and the first commercial rapid prototyping printer
entitled SLA-1 was sold 1 year later. Subsequently,
fused deposition modeling (FDM) and laser AM (LAM)
were introduced. Following the introduction of newly
developed 3D printing techniques, Israeli scientists
made a successful achievement in the fabrication of
an entire heart with human cells in 201912, Figure 1
schematically represents the 3DP history.

The 3DP process is performed sequentially based on
the following steps: First, using the digital design software
(SolidWorks, AutoCAD, Autodesk, etc.), 3D digital
scanners, or other applications, the digital virtual version of
the desired object is generated. Then, the 3D digital model
is transformed into SLA or standard tessellation language
(.STL) file format. The .STL file involves numerous
triangulated facets that demonstrate the exact spatial
coordinates (xyz) information of 3D model surfaces. A large
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Figure 1. Timeline of 3D printing technologies.

number of triangles means more data points and higher
resolutions. Third, by utilizing particular slicer software in
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the 3D printer machine, the .STL file is converted into G
file through slicing the designed model into 2D horizontal
cross-section arrays in a size range of 25 — 100 um.
Then, the first layer of the 3D object is formed by the x-y
movement of the printer head. Finally, the rest of the object
was created through the incessant movement of the printer
head in the z-direction; hence, the desired morphology
can be deposited layer by layer on the first basal sheet as
a substrate!'*. However, this printing procedure is highly
dependent on the 3DP machine. The general production
procedure is represented schematically in Figure 2.

3DP canutilize various types of materials such as ABS
plastic, PLA, polyamide (nylon), glass filled polyamide,
SLA materials (epoxy resins), silver, titanium, steel, wax,
photopolymers and polycarbonate, cells, hydrogels, etc.
Among these materials, metallic materials are of great
importance in the biomedical field. The metallic materials
used in AM technology must adhere to two crucial
requirements: First, they must have good weldability to
prevent crack formation during solidification; second, the
raw metallic material should be prepared in the form of
spherical powder with a size of tens micrometers range to
satisfy the acceptable packing density and homogeneity
requirements of the AM manufactured part. About 50
metallic alloys can be used in AM manufacturing, and they
are mostly Ti-, Ni-, Al-, and Cu-based alloys, tool steels,
stainless steels, Co-Cr alloys, and some precious and
refractory metals!'¥. More than 80% of all used implants
in medicine are metallic ones and they are categorized into
two different groups: Bio-degradable and non-degradable
metallic implants!'l. Biodegradable metals include iron,
magnesium, zingc, and calcium. Considering the excellent
advantages of 3DP, this technology will have a great
impact and an increase of its applications, especially in
the biomedical field, is expected in near future. Therefore,
a comprehensive understanding of the recent methods and
techniques opens up a new horizon for optimum design
and fabrication of more advanced materials for implant
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applications. This thematic review provides some insights
into the realization of this purpose.

2. 3DP process techniques

ASTM Committees grouped different types of AM into
seven main categories based depending on the material
addition method and working procedure (Figure 3). In
fact, each of these seven main methods has its pros and
cons according to the main objective of fabricating a 3D
printed specimen. A right method is essential and it is
generally selected according to the following parameters:
Material type (plastic, metal alloys, ceramics, sand, and
wax), material state (liquid, powder, wire, etc.), material
compatibility, and its availability, consolidation type
(polymerizing, laser melting or sintering, fusing, UV
curing, etc.), desired feature size, resolution, throughput,
and speed!"®. In biomedical 3DP extrusion!™, thermal
inkjet and laser-assisted techniques are commonly
used. The most common techniques for metal 3DP are
powder bed fusion or melting methods, among which
the selective laser melting (SLM) and electron beam
melting (EBM) are very popular and they are the most
widely used 3DP methods in the world. Direct energy
deposition uses metal feedstock and a laser to fabricate
parts. Vat photopolymerization selectively cures a vat
of liquid photopolymer through targeted light-activated
polymerization to produce 3D printed components. All
the various methods are well-classified and represented
in Figure 3 and the detailed information about each of the
methods is included in following sections.

2.1. Vat photopolymerization

SLA is the first patented and commercialized AM process
which uses a vat photopolymerization technique, and the
3D objects are generated in this process by selectively
curing a vat of liquid photopolymer through targeted
light-activated polymerization. The SLA, digital light
processing (DLP), continuous, direct light processing

é» Printing
\ Printing
ey —

ﬁ Printing
—l

Figure 2. Schematic representation of the 3D printing process (Reprinted from 3D Printing Technology in Nanomedicine, 1% edition,
Ashish, Ahmad N, Gopinath P, et al, 3D Printing in Medicine: Current Challenges and Potential Applications, pp 1-22, Copyright (2019),

with permission from Elsevier)!'?).
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Figure 3. An overview of the most important additive manufacturing technologies.
(CDLP), and bio-plotters use vat photopolymerization
technology!®!. In the photopolymerization technology, WH Scanner ]
the primarily used materials are liquid, radiation-curable
Laser beam

resins, or photopolymers such as polyimides, elastomers,
pure polymer resin, composite resins, supramolecular
polymers, graphene, and ceramic slurry + resins. Mostly,
UV wavelength and some light systems can be used for
radiation of photopolymers. Radiation on photopolymer
materials leads to a chemical reaction, known as
photopolymerization, that solidifies the materials.
Photopolymers were first used in 1960s and later applied
in glossy coatings of papers and cardboards, dentistry, etc.
In the middle of the 1980s, Charles Hull fabricated a 3D
solid part by laser scanning over a UV-curable material
and cured one layer over a previous layer, representing
the very first step toward SLA technology!'®. In this
regard, Figure 4 shows a schematic of the SLA vat-
based method. Vat-based AM methods have numerous
advantages, including excellent print resolution, good
surface finishing, high efficiency, versatility, and superior
printing accuracy.

In SLA technique, the production process starts with
the deposition of photopolymer material as a first layer
on the build platform by utilizing a recoating mechanism.
The desired pattern produced by a UV laser raster on the
resin surface and leads to the cross-linking of the liquid
photopolymer into solid form. The subsequent layers are
built by recoating a new layer and its patterning with a
UV beam. The controlling parameters in this technique
are scanning speed, exposure time, laser power, material
composition, and photoinitiator!'”. Three different

Liquid photopolymer
Vat
Build platform

3D printed part

Figure 4. A schematic diagram of the stereolithography vat-based
technique.

mechanisms are used in vat-based photopolymerization
methods, including vector scan SL, mask projection,
and two-photon approach (Figure 5). Among different
influencing parameters, laser wavelength has a key role
in regulating laser power. Each laser type uses a specific
wavelength; for example, in the SLA-250 device, a helium-
cadmium (He-Cd) laser type with 325 nm wavelength is
used; other SLA devices from 3D Systems have Nd-YVO4
lasers with 1062 nm wavelengths (near-infrared); a high
power titanium-sapphire laser with 790 nm wavelength is
used in a 2p-VP two-photon vat-based device!'l.

Another popular vat-based method is mask-
projection vat photopolymerization (MPVP), also known
as DLP, that can achieve resolutions in the range of 30 um.
In DLP method instead of laser beam utilization in the
two-photon and vector scan systems, a large radiation
beam is patterned by the utilization of another device such
as Digital Micromirror Device™ (DMD) a large radiation

24 International Journal of Bioprinting (2021)—Volume 7, Issue 7



Attarilar, et al.

beam is patterned by the utilization of another device
such as Digital Micromirror Device™. In the two-photon
approach, the photopolymerization process is implemented
at the intersecting point of two laser beams!!®l.

2.2. Powder-bed fusion

In powder-bed 3DP techniques, a thermal source is
utilized to selectively melt or fuse the substances (wax,
metal, nylon, polymer, plastic, ceramic, composite)
which are held in a tray and the melt or fused materials
are then sequentially printed in a layer-by-layer manner.
Several examples of the printing methods following the
power-bed 3D printing include EBM, SLS, polymer laser
sintering, direct metal laser sintering and SLM!'®,

The basic of laser powder-bed fusion is shown in
Figure 6A. A laser beam scans the target location of the
powder bed with specified speed and energy to convert
the powder fusion into solid form, under full melting SLS
(SLM) or partial melting SLS condition. According to the

defined layer thickness, the powder bed is lowered, and
the fresh layer of powder is prepared after the completion
of previous layers. This method was repeated several
times to complete the fabrication'*2",

(1) SLM method

Being one of the most popular prototyping methods, the
SLM method uses high power-density laser to fuse metal
or metallic alloy powders to produce AlSil0Mg parts??,
martensitic high strength steel®, and Al-Scalloy®*. The
production of 3D part by SLM involves a series of steps
from digital design data preparation to the removal of
the completed part from the building platform. First, to
generate the slice data of each layer for laser scanning,
SLA (STL) files must be produced by software such as
Materialise Magics. Then, the CAD data are uploaded
to the SLM machine. The building procedure starts with
laying the first thin layer of metal powder on a tray. Soon
after the powder is laid, a laser beam with a high energy-
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Figure 5. Various photopolymerization mechanisms in vat-based methods. (A) Vector scan SL. (B) Mask projection. (C) Two-photon

approaches.
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Figure 6. (A) Schematic presentation of the laser-based powder-bed fusion process. (B) Main components of an electron beam melting
technique (Reprinted from Additive Manufacturing, Volume 19, Galati M and Luliano L, A literature review of powder-based electron beam
melting focusing on numerical simulations, pp 1-20, Copyright (2018), with permission from Elsevier)?'.
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density beam is utilized to melt and fuse the preferred
regions according to CAD data. After the completion of
the first layer, the building platform is lowered, and the
subsequent layer of powder is deposited on the previous
layer before the laser beam begins to scan a new layer.
This procedure is repeated several times until the entire 3D
part is fabricated. The completed 3D part is then removed
from the platform manually or by electrical discharge
machining (EDM) and the loose powders removed from
the surface!®!. Figure 7 shows the schematic presentation
of the processing steps in the SLM technique.

The key process variables of the SLM technique,
such as scanning speed, laser power, hatch spacing,
and layer thickness, must be accurately regulated.
Furthermore, some important physical aspects should be
considered, including thermal fluctuation in the material
that will lead to crack initiation and failure, the balling
issue that intervenes in continuous melt formation, and
the absorptivity of material toward laser irradiation®*,

(2) EBM method

The EBM method, as one of the layer-by-layer techniques,
is among the most used AM techniques. It can be used to
produce high-quality metal and metallic alloys parts/>™-*’!
and the near net shape metallic samples with complex
geometriesP?l. In this method, the structures are made
by selective melting of discrete powder layers through
electron-beam gun under the vacuum condition. The

melting process is engendered by the energy emission from
the electron beam of a tungsten filament which consists of
two magnetic coils for controlling the beam position and
diameter and the adjustment of focusing and defocusing
conditions®!; Figure 6B demonstrates a schematic
presentation of the EMB device. Furthermore, Figure 8
represents the EBM chamber (Figure 8A) and the EBM
process steps (Figure 8B). In the EBM technique, each slice
is categorized in two distinct regions named contours and
squares. First, the contour region which acts as an interface
between the part and the surrounding powders is produced.
Then, the square parts of the inner region of these boundary
and contour zones are fabricated by EBM. Performing the
EBM process in the vacuum condition prevents impurity
and contamination that leads to the formation of high-
quality parts with good mechanical propertiest®*1. After
the complete fabrication of a 3D printed object, the part is
kept inside the chamber for cooling. Then, excess powders
are removed from the part, and because of the relatively
rough surface of the EBM partsi**3, they are subject to
final surface treatments through milling, turning, polishing,
and grinding devices?*®!,

2.3. Binder jetting

The binder jetting-based techniques, also known as the
direct 3DP, use the inkjet printing system. Specifically,
the printer head in this system not only moves in the
x-y plane as the conventional state but also runs in the

3D CAD model (sliced)

Powder depositions

Irradiation by laser

.
m
platform

Selective Laser Melting

|

rh

Powder Mixture

Finished parts

Figure 7. Schematic representation of the processing steps in the selective laser melting (Reprinted from International Journal of
Refractory Metals and Hard Materials, Volume 77, Sing SL, Wiria F E and Yeong WY, Selective laser melting of titanium alloy with
50 wt% tantalum: Effect of laser process parameters on part quality, pp 120-127, Copyright (2018), with permission from Elsevier)?¢.,
The powder mixture is added into chamber and then the laser scanned and fused the powders according to the sliced computer-aided
design data. Subsequently, the cycle of powder deposition, laser irradiation, and lowering the tray is repeated until the entire 3D part is

produced.
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3D partB®”!

z-direction using the height-adjustable platform. This
type of movement in the coordinate system is suitable for
simultaneous printing of the objects in all directions®.
This system is similar to that of the powder-bed fusion,
in which a substance layer is deposited over the bed and
then leveled with the roller. Then, the multichannel print
head, according to the coordinate system and parameters
of the CAD file, dispenses the droplets of binder material
onto the powder bed before the ultimate binding of
powder particles. After finishing the first layer, the device
piston lowered the powder bed and the deposition of
the next layer began®’l. Figure 9 shows the schematic
presentation of binder jetting technology in 3DP.

2.4. Material jetting

Material jetting or multijet modeling (MJM) is one of the
photopolymer-basedinjectingsystemswhichbuildthewhole
3D object layer-by-layer through multiple nozzles. The
chemical basis that is similar with vat photopolymerization
is also utilized in material jetting technique, but the liquid
material is not kept inside the vat container. Furthermore,
similar to the inkjet printing technology, the printer head
of this method distributes the polymeric substance over
the substrate which is subsequently cured with UV light.
Afterward, the finished layer of the object is gradually
lowered to let the upper layers to be built!*!l, Along with
the photopolymeric substance, some kind of jelly or wax
material was added to support the printing procedure™?.
The impressive characteristic of these MIM methods is

]Z‘ ? ::f:l:end
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Figure 9. The binder jetting technology (Reprinted from Additive
Manufacturing, Zhang Y, Jarosinski W, Jung YG, et al,
Additive manufacturing processes and equipment, pp. 39
—51, Copyright (2018), with permission from Elsevier)*.

their ability to simultaneously deliver up to fourteen types
of materials; therefore, this kind of method can build a 3D
object with multiple properties such as various colors, hard
and soft type of plastics for different regions of an object,
and different morphological and elastomeric conditions*.
Figure 10 represents the schematic illustration of this
method.

2.5. Material extrusion

Material extrusion method utilizes special heating nozzles
and pneumatic or mechanical facilities and through them
the collected 3D printing material in the chamber is
dispensed. These extrusion-based methods are favorites
of both industrial manufacturers and researchers since
they are easy to use and economical. This method can
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Figure 10. Schematic illustration of material jetting or multijet
modelling (Reproduced by permission of The Royal Society
of Chemistry)4,

be used in two distinctive ways along with material
melting (precise extrusion deposition!*, precise extrusion
manufacturing®®, multiphase jet solidification®”, and
fused deposition modeling®®!) and without material
melting (direct-write assembly™!, solvent-based extrusion
free-forming®”, 3D bioplotting, robocasting®®!, pressure-
assisted microsyringe®?, and low temperature deposition
manufacturing)®*!. FDM is the most well-known among
these versatile material extrusion techniques. In FDM, the
material (usually a thermoplastic or composite) is extruded
by special nozzle systems which consist of, for instance,
heated and digitally controllable nozzles that can move in all
three directions. After the heating or melting procedure, the
material or substance that flows through the nozzle equipped
with a temperature control system will rapidly solidify upon
its first contact with the air. After the deposition of the first
layer, the stage is lowered to continue and complete the
layer-by-layer formation of the 3D object!**44,

2.6. Sheet lamination

The3DPmethods, similarto laminated objectmanufacturing
(LOM), are categorized in sheet lamination group. This
type of method fabricates a 3D object that involves a layer-
by-layer lamination of a sheet material such as metal,
plastic, and paper. Initially, the sheet material which is
coated with an adhesive substance is located on the stage;
subsequently, the sheet is traced using a beam of laser or
a razor, and its cross-section is cut based on the 3D CAD
model**3, Second, the excess material that is not needed
anymore is removed by the laser. Following this procedure,
the stage is lowered to deposit the next layers on the
previous ones. Finally, these steps are repeated until a 3D
object is made. Figure 11 shows the schematic illustration
of the LOM process. The LOM-fabricated objects
have several benefits compared to other AM-produced
objects, including (i) higher resistance to deformation and
distortions due to their low internal tensions, (ii) lower

Scanning device

Laser light

Roller AM part

Material sheet

N

T M

Figure 11. Schematic representation of laminated object
manufacturing  (Reprinted  from  Laser  Additive
Manufacturing, Hagedorn'Y, Laser additive manufacturing of
ceramic components: Materials, processes and mechanisms,
pp. 163-180, Copyright (2017), with permission from
Elsevier)&7,

production price, (iii) lower fragility or higher durability,
(iv) a wide range of materials with versatile mechanical
and chemical properties can be used in LOM, and (v) no
post-processing is required. Unfortunately, the z-direction
accuracy of LOM products is low.

2.7. Directed energy deposition (DED)

In DED methods, a focused energy source like laser
and electron beam and plasma arc is utilized to melt the
material, and the melted substance is deposited in the wire
or in powder form through a nozzle. This method uses both
features of material extrusion and power bed fusion AM
processes. Unlike DED, the powder-bed fusion method
melts the material during the deposition procedure’™”,
In DED technique, the nozzle head can shift in multiple
directions and around the fixed object according to the
3D CAD model. The high-energy beam is directed to the
desired location to melt the material which immediately
solidifies on the platform®®. After the deposition of the
initial layer, both nozzle and energy source shift upward
to enable the deposition of the next layers on the previous
ones, and this procedure is continued and repeated until
the final 3D object is fabricated. The DED-based technique
includes electron beam direct manufacturing, direct metal
deposition (DMD), direct laser deposition, directed light
fabrication, and laser engineered net shaping (LENS)&#,
These methods have the same processing steps but do not
use the same energy source (type, power, and resolution),
motion-control and powder delivery system, etc. Figure 12
shows a schematic of the laser powder DED process.

28 International Journal of Bioprinting (2021)—Volume 7, Issue 7



Attarilar, et al.

Laser beam

Powder Feed
Nozzles

Powder stream

Layer thickness

Motion ‘4~ I/ | 1.1
Track width

Figure 12. Schematic presentation of simple laser powder
directed energy deposition technique (Reprinted from Additive
Manufacturing Technologies, Directed energy deposition processes,
2015, pp. 245-168, Gibson I, Rosen D and Stucker B (original
copyright notice as given in the publication in which the material
was originally published) “With permission of Springer”*!.

3. AM in bioimplant applications

Until 2019, roughly 13% of annual 3DP revenues come
directly from the medical industry. Medical experts
can make use of AM technology to design patient-
specific devices at an affordable cost. There are several
reasons for the growing utilization of AM products in
medicine: (i) Complex patient-specific implants and other
specimens can be created by AM without any additional
costs; (i1) 3D printed parts can be designed with high
resolution (even nanometric ranges) to fit perfectly
with a patient’s anatomy; (iii) it is very easy to conduct
sterilization during production and post-production
stages on 3D printed samples; (iv) being a high-speed
technology, AM can produce the implants at a rapid rate,
thereby delivering therapies quickly; and (v) the flexible
nature of AM technology significantly reduces the cost
of custom medical devices. Considering these benefits,
AM is utilized in many medical aspects, ranging from
hearing aids, artificial limbs, surgical implants, bones,
and blood cells to synthesized human organs®”. Common
applications of AM manufactured for biomedical
applications are listed in Table 1[°1,

3.1. Influencing parameters in biological
response of 3D printed metals

(1) Pore size

In 3D printed metallic parts, two types of pores can be
found; the first one is inter-particle pores and the second
one is pre-designed pores. These pores can be arranged
in an interconnected or non-interconnected manner that
allows the formation of open or close porosity. Inter-

particle pores are usually produced due to insufficient
melting of metal powders, and afterward incomplete
bonding but the fabrication of these inter-particle pores is
totally undesirable. On the other hand, the pre-designed
pores are in a regular arrangement and are particularly
used for triggering osteoinduction, reduction of elastic
modulus, and weight of implant”-%2. The word “pore” in
this review refers to the pre-designed version.

Pore size is among the crucial parameters which
control the osteogenesis, migration of various cells,
and supplement of nutrients and thus, the optimal pore
size should be used in implant applications®™4. The
favorable pore size for cell seeding should be in the range
from 100 to 400 um. It was reported that above this size
range, cell seeding would become extremely difficult, the
increased cell sizes are suitable for nutrients, waste, and
blood transfer®. Cheng et al. produced porous Ti6Al4V
constructs with different porosity and pore sizes through
laser sintering and discussed the effects of 177-um, 383-
um, and 653-um pore sizes on biological behavior!®,
By increasing the pore size, the level of osteocalcin
was increased and the alkaline phosphatase activity was
reduced since it is more beneficial to maturation rather
than proliferation. Another study confirmed that 500-um
pore sizes are better than 700- and 1000-um ones from the
osteogenic activity aspect since it seems that the optimum
pore size range is about 300 — 600 um®7,

It has been demonstrated that the heterogeneous pore
size designs are very beneficial both from the mechanical
property and biomedical reaction points of view!®8,
The upgraded heterogenous gyroid structures with both
coarse and fine pore sizes were produced by EBM through
the control of cell wall spacing and the contribution
of patterned extrude cuts onto the gyroid walls; hence,
a dual bio-structural functionalization was achieved.
Nutrient transportation can be improved by the smooth
curvature of the gyroid walls. Moreover, the introduction
of the micro-pores led to efficient bone cell seeding.
This design has acceptable values of Young’s modulus
and compressive strength that are similar to those of the
natural human bone®. In addition, Wang et al. produced
a FEM-optimized heterogeneous porous lattice structure
mimicking the human bone mechanical properties®.
The produced structure includes a combination of micro-
scaled pores for nutrients transfer and milli-scaled pores
for cell seeding. The obtained results show the successful
anisotropic design with mechanical properties similar to
those of the human bone with the compressive strengths
between 169 and 250 MPa, Young’s modulus of 14 and
25 GPa, and densities of about 1.57 and 1.85 g/cm’.

(2) Porosity

Porosity simply shows the volume percentage of voids
in a solid material which is measured in comparison
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Table 1. Various AM technologies in medical applications and their advantages and disadvantages reproduced (Reprinted from 3D and
4D Printing of Polymer Nanocomposite Materials, Sinha SK, Additive manufacturing (AM) of medical devices and scaffolds for tissue
engineering based on 3D and 4D printing, pp 119-160, Copyright (2020), with permission from Elsevier)!*!!

Technique Pros Cons References
Vat * High resolution * Shrinkage and heat effects [62-68]
photopolymerization * Enhanced mechanical property * Material limitation
and Selective laser ¢ Able to print high-density cells * Require a UV source
sintering * Suitable for many photocurable polymers ¢ Toxicity due to near UV blue light
» The raw material base is a fluid * Cell damage
e Complex structure formation through < Limitations in multicomponent cells
power bed * Thermal damage during the
* Biomaterial deposition in the solid or liquid ~ procedure
phase
* Able to use ceramic materials
Stereolithography * Great resolution and fast production » Common for photopolymers [69]
* Independency of printing time to complexity ¢ UV blue light is toxic to cells
* Nozzle-free technique » Multicell printing is not possible
Powder fusion » High range of materials (metals, polymers, ¢ Microfractures and voids [61,63]
printing (PFP) etc.) * Crack generation
» Excellent mechanical strength * Hard to produce horizontal gradients
* Complex geometries * Need post processing
* Powder recycling * High power usage
* Thermal distortion
Extrusion printing * High simplicity * Low speed [66,70,71]
* Excellent controlling * Only applicable for viscous liquids
e Capability to print both physical and ¢ Should control the material usage
compositional gradients and other factors
« Capability to print cells and bioactive factors « Require binder/polymer removal
* Able to print polymers, metals, and ceramic ~ at high temperature followed by
parts sintering
Directed energy * The raw material platform is solid polymers ¢ Expensive procedure [64-67,72]
deposition * High resolution * Possibility of thermal damages
* No need to powder bed * Poor part resolution and tolerances
* Able to easily print multi-material structures
along with compositional gradient
Sheet lamination * Speed, low cost, ease of material handling < Just for layered laminates [64-67,73]
» Formation of layered laminate structure * Post-processing is needed
* Possibility to print hydroxyapatite, zirconia, * The strength and integrity of models
various cells are reliant on the adhesive used
* May require post-processing
* Limited material use
Indirect 3D printing e Suitable for prototyping/preproduction * Low resolution [74]
* Applicable for various materials * Time-consuming
* Requirement for dedicated waxes for
biocompatibility and molds for casting
Inkjet printing * Applicable for wide range of biomaterials  * Toxic nature [74,75]
» Without any need to support structural e Compared to SLS, low mechanical
complexities strength
* High-speed * Expensive setup
* Coprinting the multiple solution compositions ¢ Low applicable material range
* [t can simultaneously print bioactive composites  « Continuous procedures are not possible
* Materials with low viscosity can be ¢ Low cell density
printed * Clogging of the head issues
(Contd...)
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Table 1. (Continued)

Technique Pros Cons References
Direct ink writing ¢ Easy to use with hydrogels « It is not a good choice for complex [76,77]
(DIW) * Simple nature parts and processes
* Possibility to use multiple inks * Crucial to carefully control the
* Cost-effectiveness thickening and thinning agents in
* Environmental friendliness bio-ink
*Hard to attain the desired
microstructure
* Hard to extrude liquids
Fused deposition e« Lower toxicity compared to 3D printing < Need to use additional support [78]
modeling (FDM) with photopolymers structure
* Cheap procedure * Need to do post-processing
* Low resolution
Bioplotting * Possibility to print viable cells * Limited size ranges for nozzle [74]
* Suitable for soft tissue *Need to use additional support
structure
Laser-assisted * Excellent precision printing » Expensive [74,77]

bioprinting (LAB) * Single-cell patterns

« [t can use various bioactive materials

* Scaffolds have limited heights

* It can print different solutions at a time

* Easy automation
* High throughput

with materials without any pores. This parameter can
be influenced by pore size, strut thickness, and pore
shape. It is believed that higher porosities lead to better
growth of osteon cells, increase the surface area which
causes more cellular interactions, and provide proper
interface-locking in laser-processed porous titanium®.
Moreover, it has been shown that pore shape can affect
osteogenic differentiation®. The improved osteogenic
differentiation was observed on scaffolds with high
porosities compared to low-density ones®'l. In fact, the
porosity of human trabecular bone is within in the range
of 70 — 90%, so this range seems to be suitable for a 3D
printed implant. In a previous study by Cheng et al.,
different porosities (70%, 37.9%, and 15%) were designed
in EBM-produced Ti6 Al4V samples, and the sample with
the highest porosity has a higher potential for stimulating
osteoblast differentiation than the other samples®. Other
studies also confirmed this observation and asserted that
implants with porosities similar to human bone’s (70 —
90%) had the best bone ingrowth and greatly improved
cell viability, but there would be some differences about
the results of other biological responses toward porosity,
like cell proliferation and differentiation®”3,

(3) Interconnectivity of pores

The interconnectivity of pores determines whether the
pores are connected or isolated. Formation of tissues in the
interconnective structures can be progressively continued
from the openings up to the central regions while dead

ends due to isolated pore structures impede the growth
of the cells and cause poor cellular interactions, such as
differentiation, osteogenesis, and angiogenesis. Higher
values of the influencing factors, such as detour indexes
and pore throats, can sometimes lead to suppression of
the proper bone ingrowth and tissue formation®*.

It is difficult to obtain the desired pore size and
shape, porosity, and interconnection at the microscale
level with traditional ways and evaluate their possible
biological effects. However, it is rather simple to obtain
well-designed and regular pore structures through AM
technology. The CAD-based models can be utilized to
predesign and produce any kind of porous structure using
3DP technologies. Two porous structures can be used: The
honeycomb-like structure is a CAD-based structure with
a diamond lattice, in which each atom is enveloped by
four neighboring atoms*®!, while the cubic structure is
formed by scanning powder layers with the use of electron
beams in constant intervals and parallel manner, and in
every eighth layer, the scanning direction is rotated 90°C7.,

(4) Lattice structure topologies

Many studies have focused on improving the lattice
designs, especially on from the aspects of weight
reduction and customizability, and various lattice
structure topologies have therefore been proposed. In
this regard, truss lattices with interconnecting struts in a
3D space are among the well-known class of lightweight
parts. They have superior strength, stiffness, and energy
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absorption capabilities®®. The high-quality trusses with
complex geometry and fine features can only be made by
AM methods, specifically the SLM and EBM techniques.
Some of the most popular truss lattices include simple
cubic (SC), body-centered cubic (BCC), and face-
centered cubic (FCC), as shown in Figure 13. These
structures are made from the unification of vertical and
inclined struts; for example, SC lattice includes vertical
struts (and some tension in the horizontal struts) under
compression; BCC consists of pure bended-inclined
structure and FCC is a mixture of inclined struts with
both bending and tension®®!.

Structures can be categorized according to their
geometrical features as shown in Figure 13 the well-
known truss lattices include: SC, BCC, and FCC. The
structure with only some solid edges is called an open
cell structure, whereas the structure with both solid edges
and faces is known as a closed-cell structure. Foams have
random connectivity of unit cells, and lattices have regular
or periodic connectivity®. In this regard, other possible
lattice structures and topologies were shown in Figure 14
and include (a) Kagome, (b) octet truss, (c) MS1 lattice,
(d) pillar textile, (e) square collinear/cubic, (f) re-entrant
auxetic, (g) octahedron, (h) honeycomb, (i) square, (j)
diamond, (k) triple periodic minimal surfaces (TPMS)
P-type, (1) TPMS gyroid, (m) TPMS D-type, and (n) TPMS
I-WP type. It was found that topological features can
affect the mechanical behavior of the material, and the octet
truss design demonstrates superior mechanical properties,
in addition to its ability to tolerate higher loads compared
with other cellular structures. The main advantage of
using cellular structure design is its ability in systematic
and adroit utilization of material to reduce unnecessary
consumption of material, energy, and time and manufacture
lightweight parts with favorable mechanical strength!%,
Furthermore, cellular structures have a potential to show
excellent thermal energy absorption and acoustic insulation
properties!°!l. From the aspects of geometry, porosity, and
pores size, TPMS can be used as a topology suitable for
manufacturing trabecular bone scaffolds!'??.

3.2. Metallic scaffold parts in medicine

At present, metallic porous scaffolds are becoming one
of the popular material choices in medical applications.
One of the most important classes of materials in
these applications is titanium (Ti) and its alloys due
to its numerous mechanical advantages along with
biocompatibility with living tissues!!®1%], Compared to
stainless steel and other metallic systems, the medical-
grade Ti-based alloys show enhanced performance,
especially in bone tissue ingrowth capability since Ti
has a 50% higher strength to weight ratio and less Young
modulus in comparison to stainless steel!'%1%], Moreover,
Ti-based materials are free of any toxic effects!!””), and

SC BCC

FCC

by

Figure 13. The most popular truss lattices: Simple cubic, body-
centered cubic, and face-center-cubic (FCC) ((Reprinted from
Composites Part A: Applied Science and Manufacturing, Volume
135, Li X, Tan YH, Wang P, et al, Metallic microlattice and epoxy
interpenetrating phase composites: Experimental and simulation
studies on superior mechanical properties and their mechanisms,
Copyright (2020), with permission from Elsevier)®.

they have acceptable mechanical properties (strength,
elastic modulus, and hardness). In fact, the Young elastic
modulus is of great importance in bone applications since
a higher elastic modulus can lead to stress-shielding
effect that could lead to implant failure; hence, the
porous designs are preferred since they have a potential
to control the stress-shielding effect!!!. Furthermore,
Ti-based alloys exhibit excellent corrosion resistance
in simulated body fluids!'!!"2l. Considering the above-
mentioned superior features of Ti-based materials, 3DP
of Ti is growing in importance for its application and
bound to attract much attention. Recently, a successful
case of 3DP of titanium was reported in a cancer patient;
a 15-year-old boy received a Ti implant fabricated by
the EOS Technology in a process that takes only about 6
weeks, starting from the CAD model designing model to
the final implantingf®!.

(1) Titanium-based porous structures

Recently, the AM manufactured porous structures attract
much attention. Trabecular bone structure is one of the
examples that can be designed by 3DP, and the obtained Ti
porous structures can improve the bioactivity of implant,
enhance cell adhesion, proliferation, and differentiation of
osteoblasts!!'*. Li et al. performed a systematic investigation
about different aspects of 3D printed porous Ti-based
materials that were produced by the EBM technique!''#!. The
highly porous and well-interconnected pore architecture
shows good mechanical properties with enhancements in
biological activity, osteoblast adhesion, cell morphology,
proliferation, and alkaline phosphatase (ALP) activity.
Moreover, to produce a Ti-based porous structure by the
EBM technique, Zhang et al. designed a repeating array of
titanium alloy unit-cells to mimic trabecular or cancellous
bone structure!'”). Toward this end, various kinds of unit
cells mimicking the trabecular bone structure with different
pore sizes and porosity were produced. The result shows
that the capacity of load-bearing is dependent on the
porosity; a higher porosity value leads to a reduction of
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Figure 14. Various lattice structure topologies (International Journal of Advanced Manufacturing Technology, A state-of-the-art
review on types, design, optimization, and additive manufacturing of cellular structures, Volume 104, 2019, pp. 34893510,
Nazir A, Abate KM, Kumar A, et al (original copyright notice as given in the publication in which the material was originally
published) “With permission of Springer”’)””. (A) Kagome, (B) octet truss, (C) MS1 lattice, (D) pillar textile, (E) square collinear/
cubic, (F) re-entrant auxetic, (G) octahedron, (H) honeycomb, (I) square, (J) diamond, (K) triple periodic minimal surfaces (TPMS) P-type,

(L) TPMS gyroid, (M) TPMS D-type, and (N) TPMS I-WP type.

stiffness and load capacity; compared to dense Ti material,
the 3D printed porous structure manifested a 96% decrease
in elastic modulus and strength values.

AM manufactured porous titanium interbody cages
are very useful in spine treatment, and they have desirable
levels of biocompatibility that is beneficial for better bone
ingrowth and fixation. A comparative in vivo study that
utilized 3D printed titanium porous implants produced by
Stryker on several mature sheep found that bone ingrowth
on porous titanium alloy was superior to both PEEK and
plasma spray-coated implants and the histomorphometric
results showed better osteoblastic deposition on these
implants!''®!.  Furthermore, peri-implant osteogenesis
and increased stability were observed in 3D printed
titanium samples. The titanium porous materials can be
further improved in different strategies. For instance,
Songetal.capitalizeduponthe varying macro architectures
and surface topological morphology on SLM produced
porous titanium for modulation™'”). This dual modulation

was initially carried out together with the utilization of
a wide range of compressive strengths and subsequently
by alkali treatment, heat treatment, and hydroxyapatite
coating formation through electrochemical deposition.
The in vitro results indicated good cytocompatibility,
improved osteon cell adhesion, and proliferation, while
in vivo experiments indicated superior tissue-materials
interfaces in dual modulated samples. Figure 15 shows
the fabrication method of dual modulation on 3D printed
titanium material.

Coating with biologically beneficial substances
is one of the methods for improving AM manufactured
porous materials. Bose et al.l'"® manufactured titanium
porous structures with about 25% volume porosity through
LENS method, produced TiO, nanotubes on the structure
surface and a coating functionalized by Sr** and Si** ions,
doped bioactive calcium phosphate (CaP) ceramic in
simulated body fluid and implanted the samples in the rat
model. These doped CaP-coated 3D printed Ti implants
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Figure 15. Schematic presentation of the dual modulation procedure (Adapted from Ref !''”! with permission from The Royal Society of

Chemistry).

resulted in early bone tissue integration and proper tissue
ingrowth. Furthermore, a good bonding in the interfacial
regions between the bone tissue and the implant surface
was observed. Moreover, it enhanced new bone formation
and accelerated mineralization were seen in the periphery
of the implant material. Overall, porous materials have
better biological performance than the dense type.
Furthermore, CaP plays a crucial role in early bone tissue
integration with the implant. Figure 16 shows a brief
explanation about doping and coating procedure.

Among the titanium-based biomaterials, Ti6Al4V is
known for its improved mechanical properties relative to
the pure Ti. Unfortunately, the toxic effects of Al and V
restrict its application in clinical settings. Nevertheless,
since the release of Al and V is in low amounts, Ti6Al4V
can still be used in medical devices and implants. Many
studies have been performed to examine the design
parameters, such as porosity and pore size, in relation
to this subject. Table 2 presents a brief review of these
studies.

34

The production of 3D printed titanium porous
structure is progressing toward the commercial stage; for
instance, U.S. Food and Drug Administration (FDA) has
approved the 3D printed titanium implants, which are
known as Emerging Implant Technologies (EIT) Cellular
Titanium® (Figure 17) produced by a German medical
device manufacturer, for spinal applications. This new
product was designed based on the ideal pore shape and
size, with the goal to achieve improved cell proliferation
and bone ingrowth conditions. In fact, the EIT cervical
cage’s anatomical architecture can potentially overcome
the surgical and biomechanical issues related to the cervical
multi-level fusion by modifying the vertebral endplate
contact and sagittal balance restoration!'*. Another
example approved by FDA is the MATRIXX® stand-alone
cervical system for patients suffering from degenerative
disc treatment will be assisted by it. Furthermore, a number
of companies that utilize direct metal printing technology,
such as IMR, nuVasive, and Stryker, are working on
production AM manufactured titanium implants!'?7,
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Figure 16. Schematic presentation of Sr'2 and Si** doped CaP coating on 3D printed porous titanium with nanoscale surface modification
(Reprinted from Materials & Design, Volume 151, Bose S, Banerjee D, Shivaram A, et al, Calcium phosphate coated 3D printed porous
titanium with nanoscale surface modification for orthopedic and dental applications, pp 102-112, Copyright (2018), with permission from

Elsevier)!'"],

Figure 17. Emerging Implant Technologies (EIT) cervical cage or
the EIT Cellular Titanium® approved by the U.S. Food and Drug
Administration!"?®.

(2) 3D printed cobalt chromium (CoCr) alloys

In orthopedic surgery, CoCr-based alloys are of
significant importance and utilized extensively in high
loaded areas. Nonetheless, the stress shielding effect and
bone resorption are the major concerns when it comes
to applications due to the high stiffness level of CoCr
alloys!'*®. Smart design and structural modifications can
help overcome these issues; one of the best options to
reduce the stiffness mismatch in metal-alloy implants’
interface and the periphery natural bone tissue is
designing the porous structures. In this regard, additively
manufactured CoCr alloys have attracted much attention.
Shah et al. produced a 3D printed CoCr alloy specimen
with interconnected open-pore architecture and macro-
geometry with EBM technology!'®). The produced
samples were implanted in adult sheep femora and the
outcomes after 26 weeks revealed that the density of
osteocyte was higher in the CoCr sample compared to
that in Ti6Al4V, but the total bone-implant contact of

Ti6AI4V was higher. Furthermore, the CoCr alloy does
not significantly change the mineralized interfacial tissue
composition compared to Ti6Al4V alloy. Overall, the
results indicated the possibility of bone in growth in the
interconnected porous structure of CoCr samples. In a
different study, Limmahakhun et al. studied the micro-
pore structure, biological response, and mechanical
properties of CoCr alloy scaffolds that were produced by
SLM and reported that the SLM techniques are capable of
fabricating the CoCr cellular structures with graded beam
thickness and the unit cells with pillar-octahedral shape
and human bones share the similar mechanical properties
and morphology!3°,

(3) 3D printed tantalum

Tantalum is an inert material both in in vivo and in vitro
condition and has low solubility and very low toxicity
in its pure and oxide forms. Tantalum behavior in hard
tissues is similar to titanium with osteointegration
properties. This material has been clinically utilized since
1940 and its applications in implantation and diagnosis
are growing!®l. The characteristics of tantalum,
which are similar to that of cancellous bone, enable its
applications in orthopedic surgeries in the spine and
hip, knee arthroplasty, and as bone graft substitutes.
Levine et al.'* studied the porous tantalum structure
which was produced through carbon vapor deposition/
infiltration onto vitreous carbon scaffolding. This open-
cell design with continuous dodecahedrons unit cells
indicated enhanced volumetric porosity (70 — 80%), low
Young’s modulus (~3 MPa), and improved frictional
properties. Furthermore, it has good biocompatibility and
can produce a self-passivating surface oxide layer which is
beneficial for biological applications. Therefore, tantalum
is an appropriate option for biomedical applications, and
3DP of tantalum would be a good way to further improve
its features. In 2017, a Chinese research group performed
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Table 2. Brief information about the characteristics and outcomes of 3D printed Ti-based porous scaffolds

AM method Characteristics Results References
SLM Dimensional accuracy is dependent on printing [4]
‘ parameters, such as laser power, scanning speed,
and power layer thickness. The 10% porosity
) ) ~ reduction results in a 100-MPa increase in
Diamond lattice pore structure, porosity ¢ompression strength. New inward bone tissue
66.1 — 79.5%, pore size 0.65 mm, strut growih was observed in both cancellous and
diameter 0.2 — 0.4 mm compact bone within 0.4 mm strut diameter and
66.1% porosity
SLM Well-defined pore distribution with proper [119]
” * g * * m interconnectivity, the small pores are helpful
| e R i R e for cell adhesion, the large pores improve cell
Interconnecting channels with various prolifergtion. Pores \yith about 600—um. size are
diameters (500, 700, and 900 ym) beneficial for bone ingrowth, maturation, and
bone-implant fixation stability
SLM = The TPMS method is suitable for obtaining [120]
ﬁ ﬂ :fn functional graded structures that mimic natural
e Giroid g bone. Gyroid and diamond unit cells possess a
Three gradient patterns (cell size, density, suitable strength (15.?..6 MPa and 145.7 MPa)
heterostructure), gyroid and diamond and comparable elastic mo'dulus (3..8 GPa) with
unit cells with triply periodic minimal compact bope. The pore size gradl.ent does not
surfaces (TPMS) lead to considerable density alterations
SLM TMPS structures well resembled the topological [121]
properties of trabecular bone, high fatigue
resistance, and endurance limit as high as 60% of
TPMS porous structures, from left thzir yield S%?;S' I h?S comp;rablg molrphclllogy
to right: primitive, 1-WP, gyroid, and %n permeability values with trabecular bone.
. xcellent mechanical properties such as low
diamond elastic modulus and high yield strength
SLM Other favorable properties are high compressive [122]
# strength, improvement of bone integration,
enhanced cell growth, maximum calcium
e e e . deposition in 400 um pore size, and better
Dense  center _an‘? graded  periphery osteointegration. Spider web structures show
StI’(l)lCtul‘e, porosity in the range of 50 — higher Young’s modulus values. Web structures
80% (70% porosity) and diamond unit structures
(porosity 50%) share almost similar mechanical
properties
EBM ’Q Porous structure minimizes the stress- [123]
'./ shielding effect. Other beneficial effects are
= . increased osteoblasts function, cell adhesion,
proliferation, proteins’ function, and calcium
DOOOBONO0L Ctanam i .
% 2 deposition. Smaller pore sizes have better
' : i biological performance than larger ones
: Gizcnsn')
Dodecahedron unit cells with various
pore sizes (600, 400, and 200 pm).
Porosity 65%, with 500 pm strut sizes
(Contd...)
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Table 2. (Continued)

AM method Characteristics Results References
SLM This scaffold has the elastic modulus in [124]
the range of 1.93-5.24GPa and an ultimate
strength ranging within 44.9- 237.5 MPa,
enhanced osteoblasts adhesion and migration,
improved cell proliferation, and early osteoblast
differentiation
Trabecular like scaffolds based on
the Voronoi Tessellation principle
with a porosity range of 48.83 -
74.28% and varying irregularities
(0.05-0.5)
SLM == G HeE i SLM has highaccuracy inprinting CAD modeled [125]
scaffolds associated with cell proliferation of
= . about 140% which is superior to that of about
e R 90% in other uniform structures. Hence, these
Exterior with ' octe‘é trués cell (75% Porous functional graded structures are a better
porosity and pore size of 1042 um) and option for bone implant applications.
internal structure with tetrahedron cell
(80% porosity and pore size of 700 um)
EBM — The mechanical properties of microlattices are [85]
g'::::.:' in the range of the same parameters of human
cortical bone. In addition, their compressive
strengths and Young’s modulus are in the range
s of 169.5 — 250.9 MPa and 14.7 — 25.3 GPa,
- respectively. The existence of edges to close up
Heterogeneous porous micro lattices with the lattice boundaries enhances the mechanical
the coarse central porous pillar and fine properties. The anisotropic design could
pores within walls. Nutrients exchange improve structural efficiency in a specific
through micro-scaled pores and milli- loading direction
scaled pores are responsible for cell
seeding, porosities up to ~ 60%
EBM o  Hexa-Cut The wide wall spacing facilitates nutrients [88]

LAk

II. Axial-Cut

Gyroid curvature: Promotes
nutrients exchange

Upgraded gyroid lattices, gyroid wall
spacings in millimeter range and additional
micrometer-scaled pores on the walls

transports into the implant, and the micro-pores
are responsible for seeding the bone cells. The
stress-shield effect is inhibited by maintaining
the Young’s modulus values between 8 and

15 GPa. The compressive strength was in

the range of 150 — 250 MPa. The mechanical
properties fall within the natural range of the
human bone

SLM, selective laser melting; EBM, electron beam melting.

a total knee replacement using the 3D printed tantalum
on an 84-year-old man who was able to do some basic
movements only a day after the surgery!'*3l, Despite the
challenges in the 3DP of tantalum due to the high melting
temperature (~3000°C), the produced samples are still
praiseworthy for being very compact and having fewer
defects.

International Journal of Bioprinting (2021)—Volume 7, Issue 7

(4) Shape memory alloys (SMA)

The shape memory effect is a unique phenomenon in
which the deformed material has the ability to recover
to its original shape and size when heated in a special
characteristic temperature range Or as a response
to mechanical stresses by a reversible martensitic
transformation. This impressive feature bequeaths the
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SMA many applications, especially in medical and spine
surgeries!'** 1% Moreover, the SMAs also have other
stimulating uses in actuators, sensors, the aerospace
industry, and even fashion products!'*”..

One of the most imperative classes of SMAs in
medical applications is NiTi alloys. In addition to its very
interesting shape memory effect, NiTi has good ductility,
outstanding corrosion and wear resistance, and terrific
biocompatibility!'*”. This section focuses only on NiTi or
nitinol since they are the most utilized SMAs. Manufacturing
parameters can largely influence the functionality of SMAs,
texture, microstructure, surface quality, precipitates, and
several defects!'**1%; hence, the production process needs
to be precisely controlled. LAM methods, including LSM,
are highly utilized in the production of 3D printed SMAs
since these methods ensure proper homogeneity, especially
in complex and dense structures. Furthermore, these
methods are applied in the production of various-shaped
SMAs because they can produce graded porous structures
accurately. Usually, SLM method and laser metal deposition
(LMD) are commonly used in the production of 3D printed
SMAs (Figure 18). Both methods utilize metal powders
and the sample is produced by cross-sectional slicing of the
CAD model and layer by layer deposition. In SLM, special
regions in a metal powder bed are melted and solidified,
while in LMD, several nozzles are used to feed successive
layers of powders onto the building substrate on which the
powder is melted by laser exposure. Several key parameters
that influence the final quality of 3D printed part should
be considered while using either one of both methods.
These parameters include material condition (powder size,
morphology, and composition), machine parameters (laser
type, atmosphere), processing variables (laser power, track
spacing, scanning rate and pattern, powder layer thickness,
and beam spot diameter), and power feed rate in LDM
method.

Achieving the highest material density is of high
importance in 3DP. In SLM, increasing the density of
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laser-energy leads to enhancement of component density
up to the maximum value. After this peak, density
reduction is possible, especially in materials which are
vulnerable to oxidation and evaporation materials. This
issue is very crucial in NiTi alloys since slight changes
in composition can alter the shape memory effect of the
material. Powder re-melting can potentially homogenize
and eliminate the local compositional variations and
enhance the overall SMA effect. Reducing the SLM scan
speed and increasing SLM energy density can increment
the transformation temperature and leads to a better
temperature SMA temperature range!!#1411,

NiTi SMA has excellent corrosion and wears
resistance along with desirable biocompatibility which
is attributed to the formation of the titanium oxide layer
on its surface. This layer has a protective nature and
even prevents the possible toxic and allergic effects
of Ni release; therefore, the thicker TiO, layers are
preferred!'*>'+. Laser irradiation can influence the TiO,
formation and thickness which affects its biocompatibility.
For instance, Nd-YAG laser irradiation has very beneficial
effect on corrosion improvement and prevention of Ni
ion release. This Nd-YAG laser irradiation can produce a
thick oxide layer inhibiting the corrosion while retaining
other properties!'*l. Moreover, to enhance the biological
response of the material and mesenchymal stem cells,
the metal AM fiber lasers (optical fibers that doped with
rare-earth elements) can be a good option since they
are associated with desirable surface parameters, such
as increased roughness and wettability, and improved
surface chemistry('#,

Areview of research literature shows that 3D printed
NiTi alloys are potential candidates for implantation as
they act as a good host for living cells and tissues. Habijan
et al."* showed that the surface of SLM-produced porous
NiTi scaffolds was entirely covered with live cells with a
very insignificant number of dead cells after 8 days of cell
culture. Other similar studies on SLM-produced porous

Beam guidance system

Carrier gas
/

Powder supply

AM deposit

= ...

Figure 18. Schematic presentation of (A) selective laser melting method with a scanning electron microscope image of powder and (B) laser
metal deposition process with a metal deposition condition (Reproduced from Ref. ['*”! with permission from Cambridge University Press,
https://doi.org/10.1557/mrs.2016.209, Copyright 2016 Materials Research Society 2016).
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Figure 19. The 3D printed NiTi samples. (A) Selective laser
melting-produced hip joint after polishing. (B) Electron beam
melting-produced acetabular cup and the magnified view of the
porous lattice structure (Reproduced from Ref [*2) with permission
from Wiley Periodicals, Inc., https://doi.org/10.1002/jor.23075,
Copyright 2015 Orthopaedic Research Society

NiTi scaffolds through osteogenic cell culture confirms
the good mechanical properties and successful activity of
osteogenic stem cells in a salty medium or even under-
controlled compression stresses!'“-'#1. Furthermore, it
was found that Ni ion release was below the cytotoxic level
in both dense and AM produced porous NiTi scaffolds
and reduced laser-beam diameter can decline the Ni ion
release in SLM-produced NiTi scaffolds!*¢!5%, Figure 19
shows examples of 3D printed NiTi components that
have medical applications.

4. Conclusions

The 3D printed implants have attracted much attention in
recent years since they are amenable to rapid production,
custom-built design, and precise control over the
dimension and porosity. In this regard, the present review
focuses on the history of various AM methods that are
utilized in the production of metallic implants. Different
technologies and effective parameters are discussed.
Furthermore, the porous 3D printed metallic scaffolds
that are lighter in weight, osteoconductive, can prevent
stress-shield effect, and form interconnected structures to
facilitate the nutrients transformation and cell growth is a
subject of discussion in this review. Moreover, the 3DP of
various imperative metallic systems for titanium, Ti6A14V
alloy, CoCr alloy, tantalum, and SMA are introduced.
Considering the growing attention and utilization of AM
manufactured products in medicine, it is necessary to
develop more sophisticated technologies that have more
precise control over the effective parameters in biological
environments. These new technologies need to fulfill
some key requirements, such as fast production, higher
resolution of products, economical and environmentally
friendly methods, less defective procedures, proper
custom-built designs, biocompatibility, resistance to
corrosion, wear, and compressive loads, inhibition
of stress-shielding effects, proper surface conditions
(roughness, wettability), and antibacterial designs.
Recently, the emergence of smart and novel methods,
including 4D printing, seems to represent a revolutionary

step in AM technology. This review briefly summarizes
the current knowledge in 3DP of implants with a special
emphasis on the technologies and procedures which are
instrumental in the conception and development of de
novo technologies.
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the integrity of the fibers and remove their electrostatic
charge. Additive manufacturing (AM) has been widely
utilized for various applications, such as in the fields
of aerospace!'!, automobiles®?!, and tissue engineering®,
and now, the AM community has developed three-

1. Introduction

Personal protective equipment (PPE) and respiratory
protective equipment (RPE) are vital for frontline health
workers that work with patients infected with contagious

respiratory tract infections, such as the coronavirus
disease 2019 (COVID-19). During the early pandemic,
there was an exceptionally high global demand for RPE
but supply chains were under severe strain and supply
continuality remained uncertain. There is a constant
demand for RPE masks as they are disposable items or
have a short lifetime as the filters need to be replaced or
decontaminated after prolonged use, which could damage

dimensional (3D) printing initiatives to support health
care and frontline workers™. This includes rapid
printable face shields for health care workers that can
reduce direct exposure from large airborne respiratory
dropletsPl. However, these initiatives are limited by the
material choice and technology that produces masks for
respiratory protection. A key component of RPE is the
filtering mechanism. The filter traps and retains airborne

© 2021 Sherborne and Claeyssens. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International License (http:/creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium,

provided the original work is properly cited.
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contaminants, such as virus-laden aerosol particles, while

letting air pass through.

This review presents the feasibility of a polymerized
high internal phase emulsion (polyHIPE)-based filter, and
whether current emulsion-based AM techniques can be
used to produce RPE against COVID-19. The motivation
behind AM to make a porous foam is that it can
produce complex geometries. The advantages include a
multimaterial filter, localized and functionalized surface,
or tunable porosity gradients to control the airflow within
the filter itself. This approach could facilitate new filter
designs that capitalize on new material processing and
manufacturing techniques that may overcome some
limitations of fibrous filters. Furthermore, the new
filter designs may potentially filter the most penetrating
particle size of 0.3 wm, which is the most difficult to
filter because this size is at the transition point between
particles that predominantly move by Brownian motion
and larger particles that move by straight trajectory.
This review provides an overview of the current filter-
based applications of emulsion templating, including the
current state of emulsion ink-based AM and the European
Standard (EN) guidelines regarding the requirements of
a RPE filter.

In this review, the following considerations are
covered:

e RPE requirements including ISO standards and
regulations that a new filter material will need to
comply with;

e An overview of the polyHIPE material, current filter,
and separation-based applications;

e AM of polyHIPE foams, their advantages,
limitations, and the current progress in the literature
to 3D printing using emulsions.

2. Respiratory filter requirements for
COVID-19 prevention

RPE is a broad term covering respirators or breathing
apparatus that filter or remove harmful substances from
the air we breathe. For health care workers, different RPE
types are recommended depending on the exposure risk
from the COVID-19 patients!®. Furthermore, government
guidelines are in place for infection prevention”. The
size of severe acute respiratory syndrome coronavirus-2
that causes COVID-19 is between 50 and 200 nm wide(®.
COVID-19 is thought to transmit through close contact
and contaminated droplets over short distances®. When
an infected patient coughs or sneezes, large airborne
respiratory droplets laden with the virus are produced,
contaminating surfaces and potentially transmitting the
virus to others nearby. Hence, wearing a face mask is
able to protect the surrounding people from respiratory
droplets. Two-meter social distancing, frequent hand
washing, and usage of mouth coverings/face mask are

approaches to prevent the transmission. It is widely
accepted that mask wearing could reduce COVID-19
transmission as it provides continuous protection from the
contamination from the respiratory droplets and acts as a
barrier to stop direct contacts of hands to mouth, nose, or
eyes!'%. There is high certainty that the inhalation of the
virus-containing aerosols is one of the infection modes,
as determined by computer modeling of speech and
cough generated droplets from infected individuals!'!.
Nevertheless, this is largely dependent on the respiratory
droplets that suspend in the air for a certain period of time.

The health care workers are at a great risk of
infection when using aerosol-generating procedures on
COVID-19 patients!® as these airway-based procedures
can create fine particles of <5 wm which can remain
suspended in the air. For example, procedures such as
tracheal intubation and non-invasive ventilation can
produce virus-laden particles of smaller than 10 pum,
which are very likely to bypass the respiratory mucosa
in the upper airways and penetrate deep into the lung,
thereby increasing the infection risk!'?. The World Health
Organization recommends having adequate supply of
PPE, such as N95 respirators, filtering facepieces (FFP3
or FFP2), or their equivalents, as part of the RPEP,

Several ways the airborne particles can deposit onto
the fibers include impaction, interception, and electrostatic
forces. To improve breathability, the respirators must be
permeable to air while maintaining their particle filtering
function. To achieve this, the fibers have electrostatic
charge to attract and trap airborne particles that attach
onto the fiber!'*!. Sterilizing these filters using ethanol!!4
or isopropanol" removes the electric charge from the
fibers which reduces their effectiveness.

According to the US National Institute for
Occupational Safety and Health, N95 masks that can
filter at least 95% of the airborne particles use an
electrostatically charged non-woven polypropylene (PP)
fiber to filter out airborne particles. The protective feature
of these masks is comparable to that of the European FFP2
filters. In future, the masks should be designed in a way
to include a seal around the face to prevent the bypass of
submicron particles through the filter mechanism, which
can occur during head movements!'®. 3D printing is a
potential solution as it can be combined with detailed face
scans to produce a customized face seal for improved
wearer comfort and fit'”. A customized 3D-printed
reusable facemask with a replaceable filter membrane has
been proposed!'¥l. FFP2/3 filter membranes can be used as
a replaceable part of the mask.

3. RPE regulations

There are three classes of respiratory filters: FFPI1,
FFP2, and FFP3. A higher grade indicates a better filter
efficiency; FFP3 can filter out at least 99% of airborne
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particulates. During classification, the respirators are
tested to certify whether they conform to the British
or European standard (BS) EN 149:2001+A1:2009",
The “Conformité Européen” (CE) marking affixed to
the PPE is an evidence of compliance to this legislation
and an indication of the effectiveness of the respirator.
A selection of these requirements is summarized in
Table 1. In the United Kingdom, the HSG53 (2013) is
a guideline recommending the best industry practice for
the usage of RPE and its standard requirement. FFP3
is recommended in clinical use for protection against
biological agents, including pandemic flu. Comparison
tests between FFP3, FFP2, FFP1, and surgical masks
show that there is a gradual decrease in the protection
level with surgical masks offering the lowest level as
they do not seal around the face?”. Performance testing
showed that the FFP2 and FFP3 masks achieved <1%
and <0.03% for the penetration of polydisperse sodium
chloride (NaCl) aerosols with a MMD (mass median
diameter) of 238 nm, respectively!'). Surgical masks offer
some protection against the large droplets and contact
transmission so symptomatic patients should wear it to
minimize the spread of respiratory secretions that could
transmit the infection to the surrounding. Respirators
with a tight face seal are recommended over masks for
enhanced protection. In regard to 3D-printed PPE-related
devices from the 3D printing community, care should be
taken when using them, as the devices are not approved
by the relevant regulatory bodies for clinical use and their
effectiveness is not guaranteed. Therefore, these devices
should be used at the user’s discretion.

The assigned protection factor indicates the level
of protection that could be provided by the respirator
(Table 1). A protection factor of 10 means that the user
particle exposure level is reduced by a factor of 10, so
one-tenth of the air contaminants will be breathed in.
FFP3 is considered to be twice as effective as FFP2.
All respirators require a tight-fitting face seal otherwise
particles can bypass the filter through the open gaps. The
total permitted inward leakage accounts for all potential
leakage paths around the filter when the face seal leaks®!!.

Furthermore, any PPE or RPE for the European
market has to meet the required health and safety

requirements of the European Directive on PPE Regulation
(EU) 2016/425. This covers the legal obligations to ensure
that the manufacture of PPE meets the required standards
relating to the design, manufacture, and marketing of
PPE. Furthermore, commission recommendation (EU)
2020/403 was introduced recently during the COVID-19
crisis to speed up the delivery of PPE to the market,
specifically for the medical professionals.

4. Overview of the polyHIPE

PolyHIPE is a porous polymer that is created by
polymerizing the continuous phase of an emulsion where
the droplet phase exceeds over 74% of the total liquid
volume; this type of emulsion is called a high internal
phase emulsion (HIPE). The two liquids have to be
immiscible with each other; therefore, when they are
mixed together with either a surfactant or a small pickering
particle, one of the liquids is broken into droplets (droplet
phase) that disperses within the other (continuous phase).
A polymeric material known as a polyHIPE is created
when the emulsion’s continuous phase is set into a solid.
This can be done using either a light*?!, heat!?*!, or a redox-
based polymerization reaction®. During the crosslinking,
the 3D architecture of the emulsion’s continuous phase is
fixed as a solid polymer, and subsequently, the draining of
the droplet phase leaves behind a porous polymer. A unique
property of the polyHIPE is that the porosity parameters
can be independently tuned through the initial emulsion
mixing conditions and ingredients. These include physical
parameters, such as temperature!®!, speed of mixing!?>-",
and the rate the droplet phase is added™®. The emulsion
constituents can be varied from different aspects, such as
water volume ratio™™!, monomer typel*®3!l, solvent used
in the emulsion®?33! amount of surfactant®!, surfactant-
free pickering emulsion™], solubility of the initiator™®,
and addition of electrolytes to the droplet phasel*!. These
variables affect the stability of emulsion, the droplet
size, and the way the monomer polymerizes around the
droplets. A representative scanning electron microscope
image of the polyHIPE structure is shown in Figure 1.
During the polymerization, the monomers cross-
link to form a polymer chain. This process coincides
with a significant volume reduction or contraction.

Table 1. Classification requirements of FFP1, FFP2, and FFP3 respirators

Classification Protection factor Max. penetration of test aerosol: Max. permitted Total permitted
95 I/min max % resistance (mbar) inward leakage
Sodium chloride  Paraffin oil Inhalation Exhalation (%)
30/1 min 160 1/min
FFP1 4 20 20 0.6 3 25
FFP2 10 6 6 0.7 3 11
FFP3 20 1 1 1 3 5

Information adapted from the British standard: BS EN 149:2001+A1:2009"°!. FFP, filtering facepieces.
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Figure 1. Scanning electron microscope pictures showing an example of the polymerized high internal phase emulsions structure made with
different water ratios. The monomer-to-water ratios are (A) 1:9, (B) 1:20, and (C) 1:40. All samples contain 10 wt% surfactant relative to

the monomer and were mixed at 350 rpm.

This is because the distance between the monomers
reduces from a typical van der Waals distance (~3
A) to a covalent bond distance (~1.54 A) during
polymerization. This contraction creates interconnecting
windows (holes) between adjacent water dropletst”..
In the HIPE emulsion, tightly packed water droplets
deform into polyhedral shapesi®®l. A thin coating of
monomer and surfactant prevents them from merging
together. This barrier ruptures and breaks apart during
the polymerization reaction to create the connecting
windows. Monomers such as methyl acrylate have
a high contraction level during polymerization, and
varying its amount in the emulsion can modify the
interconnectivity®®. Furthermore, increasing the water
volume ratio in the initial emulsion increases porosity
and openness by creating a thinner monomer film
surrounding water dropletst®®.,

The surfactant has a profound effect on
emulsion stability and directly affects the polyHIPE
interconnectivity, permeability, and size of the pores in
the polymer structure!*”, A surfactant with a concentration
below 5 wt% relative to the monomer in the initial
emulsion creates a polyHIPE with closed porosity, up
to 10 wt% creates small connecting windows which

increase until around 45 wt%; an amount higher than this
will cause a gradual decline in the physical properties and
structural collapseP. The surfactant is an amphiphilic
compound which stabilizes the emulsion by orientating
itself at the interface between the two emulsion phases
with the hydrophobic part pointed toward the oil phase
and the hydrophilic head group toward the aqueous
phase!*!l, Surfactants are classified by their hydrophilic-
lipophilic balance (HLB) number which relates to the
ratio between the hydrophilic and the lipophilic parts of
the surfactant; low HLB (3-6) is oil soluble and used for
water droplets in oil (W/O) emulsions, whereas high HLB
(8-18) is water soluble for O/W emulsions*!l. A stable
emulsion can accommodate a thin barrier film between
adjacent water droplets, which is more prone to rupture
during polymerization.

Filter-based applications may require small pore
sizes and high surface area. This can be achieved by
either an increase in the surfactant or addition of a salt to
the emulsions droplet phase, as shown comprehensively
by Williams et al.®" Typical polyHIPEs have a surface
area around 3-20 m?g!, but replacing some monomeric
continuous phase with a solvent can increase the area to
829 m?g! depending on the solvent used™. Solvents in
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the continuous phase can act as a cosurfactant that results
in smaller pores and an increased interconnectivity
between the porest*?!.

There is a range of research interest in emulsion
templating to create porous polyHIPE structures**#6l,
The research interest also extends to their potential for a
range of fluid separation applications, including filters,
membranes, and chromatography™*”). There are detailed
reviews on emulsion templating applications™-! as
well as the range of materials and uses of a porous foam
manufactured using both liquid- and bubble-based
templating®?!. Some specific reviews also detailed the
porous materials and uses of HIPE-based emulsions
and foam templating®®¥ as well as the potential of 3D
printing as a method to produce tissue engineering
scaffolds®*.

5. Considerations for a polyHIPE-based
RPE filter against viruses

The perspective polyHIPE filters need to be tested to
determine its effectiveness as a RPE filter in relation
to different porosities, thicknesses, and surface
functionalization. The average inhalation under
moderate and strenuous workload 30 L/min and 85 L/
min, respectively!'l. To test the filter efficiency under
these flow rates, typically NaCl particles are aerosolized
using a particle generator and the particle concentration
is tested up- and downstream of the filter. This testing
can also represent aerosolized single viruses using small,
0.037-3.2 um, sized particles!'.

The porosity, chemical functionality, and mechanical
strength of the polyHIPE can be independently tuned
based on the emulsion constituents or conditions. This
adjustment has led to a variety of separation-based
applications, including filter, metal ion separation, and
chromatography®’!. PolyHIPEs have a huge separation
potential with a tunable permeability, an ability to
alter surface chemistry, different material choices, and
interconnected pores; their uses as a filter for small
molecule separation have been reviewed™.

The requirements of polyHIPE specifically for
the production of a respirator filter that can prevent
the transmission of aerosolized virus-laden particles
have yet to be defined. In the aspect of virus filtration,
there is a difference between mechanical filtration (pore
size/interconnectivity) and the use of an optimally
functionalized surface for immobilizing the virus
onto the polymer. Despite lacking the information
regarding the pore size, an example of virus filtration
elaborated in the withdrawn 2008 patent EP 1 889
811 Al highlights the importance of a functionalized
surface (aminated, sulfonated, or betainated) to
improve the filtration of poliovirus type 1 from water.
The presented data showed the removal of 99.99%

poliovirus through a functionalized surface against the
99% reduction in a non-functionalized one. The filter
could also be regenerated using either a concentrated
electrolyte/acidic or alkaline solution depending on the
surface functionalization. A heparin-coated polyHIPE-
based chromatographic column has also been used
to selectively bind Enterovirus 71 and purify it from
solutions, and the polyHIPE has a porosity of 0.2-0.5
um and interconnected pore sizes in the range of 0.5-2
um for the isolation of virus particles?”). The virus can
be eluted from the column afterward.

Infection by airborne transmission occurs after
the inhalation of the contaminated droplets. Aerosol
transmission of virus-laden droplets is still not fully
understood in terms of the effects of the exhaled particle
size distribution and the number of infectious viruses
in each particle!'l. The virus itself is between 50 and
200 nm in radius. Typical speech and coughing can
produce aerosolized liquid droplets with an average size
of <20 wm which could linger in the air between 20 min
and 1 h depending on the environmental conditions;
50 and 100 pum sized particles can stay in the air for
approximately 20 s and 3 min while smaller particles can
potentially remain airborne for a longer period of time.
Nevertheless, all particles pose a potential risk of being
inhaled while they remain airborne. It is important to note
that the chances of inhalation increase as the particle size
reduces!''l.

The principal function of a majority of the
polyHIPE-based air filters is to remove particulates from
the air. Vehicle exhaust fumes represent a major source
of air pollution, for example, the hydrocarbon fragments
produced from the partial combustion of fuel™®. In
particular, there is a need to filter out airborne particulate
matter of <2.5 um (PM, ) as these particles in this size
range can damage the respiratory system™. According to
the ISO standardized vocabulary for ultrafine particulate
matter (PM), PMO.1 refers to the particulates with
aerodynamic diameters of 100 nm or less, PM2.5 with 2.5
pm, and PM10 with 10 pm!®. Small pollutants of <2.5
um are small enough to penetrate deep into the lungs and
cause damage to the alveolar walls.

A polyHIPE-based aerosol filter for automobile
exhaust achieved an increase in the capture efficiency
of particles (<2.5 um) from 1.2% to 72.2% after surface
functionalisation of an amino (-NH,) end group!®". The
polyHIPE filter captured these particles both on the outer
surface and within the pores (pore sizes were between
3.0 and 7.4 pum, interconnects of 1.1 and 2.4 um), and
its effectiveness was attributed to the surface coating
as well as the coating thickness physically reducing the
interconnect and pore size. The filtering efficiency of
a sample with a thickness between 1 and 14 mm rose
from 65 to 80% in filtering particulates of <2.5 um.
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This highlights that in addition to sample thickness,
other factors, such as porosity and interconnectivity of
the polyHIPE, are also required for improving filtering
efficiency.

There is trade-off between the polyHIPE pore size/
interconnectivity and the air flow resistance through the
material. Smaller pores not only increase the strength
of filtration but also the air flow resistance, which
is recorded as an increased pressure dropl®?. A more
permeable filter will have a lower pressure drop, but at
a cost of filtration efficiency. This is the same for fibrous
masks in which the air flow is typically perpendicular
to the packed fibres. Increasing the amount of fibrous
material improves particle capture, but causes more air
flow resistancel®. Ideally, the filter should have a low
pressure drop and high collection efficiency!"l. Typical
filters are porous materials that allow air transfer while
trapping airborne particles; there are several types of
trapping mechanisms!'¥. A typical filter example is
Nylon6 (N6)-based non-woven fibrous mesh made by
electrospinning!®!,

6. PolyHIPE filter applications

To create micron-sized pores within the polyHIPE,
the initial emulsion can be mixed using a high-speed
homogenizer (25,000 rpm), resulting in average pore
diameters between 0.6 and 4.5 um, an increase in
interconnectivity was observed when increasing the
surfactant from 5 to 15wt%, and the porosity from 75
to 90%7. A styrene/divinylbenzene (St-DVB)-based
fibrous polyHIPE with pore sizes ranging from 2 to 7 um
and interconnect windows down to 1 wm was produced
by tuning both the surfactant and mixing methods™.

The polyHIPE structure has been used for the
chromatographic separation of proteins because of its
tunable porosity and flexible polymer choice. Glycidyl
methacrylate (GMA) is a popular monomer for this
application because it can be chemically functionalized
through the epoxy groups®l. A list can be found in
Table 2. When used with the cross-linker ethylene
glycol dimethacrylate (EGDMA), polyHIPEs created
from these monomers are more hydrophilic compared
to their styrene/DVB counterparts. Poly(GMA-co-
EGDMA)-based polyHIPEs have been reported to have
1-10 wm pores with submicron interconnects for protein
separation®. They can be blended with an elastomer
chemically modified with diethylamine to get weak anion
exchange supports in the flexible membrane for protein
purification by ion exchange chromatography with 3—10
wm porosity and 1-3 um interconnects®. A similar
polyHIPE polymer blend has been continuously reused
over 300 times[®?, and grafted GMA brushes have been
used for chromatographic separation of proteins in an
epoxy-based monoliths!®”!,

A redox-initiated polymerization of a poly(methyl
methacrylate)-based polyHIPE filter can be cured in situ
within a tubular mold and used within 20 min. This is
useful if the housing material is opaque to light or heat
sensitive as the reaction can occur at room temperaturef*4.
A similar polymerization method has been used for the
polyHIPE-based chromatography protein purification!®!,
Low porosity emulsion templated foams still retain
some permeability™*”, but it lacks the interconnectivity
level obtained using high volumes of water in the initial
emulsion.

PolyHIPEs created from a W/O emulsion are
hydrophobic because a water immiscible monomer
is used in the initial emulsion. This hydrophobicity
has led to applications such as oil or organic solvent
removal from water where recycled polystyrene is one
of the monomers/®l. Hydrophobicity can be increased
by adding Fe,O, to the initial monomer to create
superhydrophobic foams (contact angle over 150°) to
remove oil or organic solvent pollutants from water’®!. A
poly(dicyclopentadiene)-based polyHIPE oxidizes in air
to produce reactive peroxy species that can be used to
either decontaminate nerve agents’” or produce a self-
decontaminating air filter!”"],

A poly(styrene-co-DVB) polyHIPE column with
mean interconnects 0.57-0.59 um can separate 52 nm
particles from 155 nmones through adifference inretention
time!”?. For other aqueous-based filter applications, the
surface of the polyHIPE can be sulfonated to create a more
hydrophilic surface and subsequently used to filter 1-11
um particles of calcium carbonate (aragonite) dispersed
in water”l. For microfiltration applications, the outer
surface of polyHIPEs can also be functionalized in situ by
adding a hydrophilic monomer, such as sodium acrylate,
to the emulsion droplet phase to filter out microalgae!™!.
PolyHIPE scaffolds coated with iron hydroxides can
remove arsenic from contaminated water!’”). The use of
pickering based polyHIPEs for the decontamination of
pollutants water has been reviewed in detail elsewhere!”!.

To create a simple polyHIPE sheet, an open pored
surface is critical and care is needed to maintain the
surface porosity when curing the HIPE into a mold to
create a porous membrane. The use of either a hydrophilic
or hydrophobic mold material affects the surface porosity
of the polyHIPE at the HIPE/mold interface!**7*""-%%. An
open or closed pored surface is created by preferential
wetting of the mold surface with either the aqueous or
monomeric (oil) phase of the HIPE and is postulated to
relate to the surfactant orientation at the mold surfacet!.
When polymerizing a W/O emulsions such as St-DVB in
water, the emulsion can destabilize against a PVC mold,
have a closed pored surface skin against a PP mold and
an open porosity against a PTFE one/*. The amount of
open surface porosity can be fine-tuned by varying the
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surfactant amount and droplet volume ratio of the initial
emulsion””. A hydrophilic material is required to create
an open surface with W/O emulsions. This can include
hydrophilic glass surface”®% or alginate®!!,

PolyHIPE-based bacteria filters can be surface-
coated with polypyrrole nanoparticles. These particles
act as nanoheater that can be heated to 180°C within 10
s using near-infrared irradiation to kill trapped bacteria®.
An approach like this could be beneficial for sterilizing
a polyHIPE-based filter as the inner surface of current
NO95 filters can have a warm, wet microclimate which
can contribute to bacterial growth (a strategy that could
also work for viral infections)®¥, Silver is an effective
antibacterial agent and can be coated on the surface
of a polystyrene sulfonate-based polyHIPEBY or a
polystyrene-based polyHIPE®!.  Alternatively, broad-
spectrum antimicrobial activity can be obtained by iodine-
releasing polyHIPEs made from kaolin-containing cross-
linked PEG-NaAA-PEG polyHIPEs®. These can be 3D
printed into a mesh for wound dressing®” as iodine is both
antimicrobial and virucidal®!. Alternatively, antibacterial
properties of the polyHIPE surface can be acquired by
dipping the polymer in antibiotics, such as ciprofloxacin
or tetracycline HCL, although freezing and lyophilizing
are required afterward as reported in this case®. However,
antibiotics do not work against viral infections.

Electrospinning has also been combined with
emulsion templating to prevent cell migration in a tissue
engineered scaffold®”. This hybrid manufacture approach
has the potential to combine the strengths of fibrous and
emulsion templated porous structures. Nanofibrous-based
emulsion templated foams are fragile and can be difficult
to scale. Nanofibrous porous syndiotactic polystyrene-
based polyHIPE (average fibrous diameter of about
24 nm) can be used to remove airborne volatile organic
compounds; however, the reported manufacture method
required extensive extraction through boiling in acetone
and freeze-drying to produce the structures according to
the choice of material®".

7. AM of emulsions

Emulsions, in particular, HIPEs that contain photocurable
monomer can be used as an ink for AM techniques.
Stereolithography and extrusion-based printing are 3D
printing techniques that can be used to print with these
emulsions. The conditions of the emulsion used in these
techniques can control the porosity, while the print design
determines the bulk shape. The HIPE viscosity can be
tailored for each technique: low speed mixing (350rpm)
creates a liquid suitable for stereolithography®. While,
a highly viscous emulsion is advantageous for its shape
retention during extrusion-based 3D printing. This can
be achieved either through additives®, high-speed
mixing (2500 rpm)®¥, or other methods to change the

viscosity®!. Since the emulsion is a liquid, its benefits
and constraints are similar to those of the liquid-based
3D printing?®®!. A review of the current progress of AM
coupled with emulsion templating is discussed below.

8. Stereolithography of HIPE

Raster scanning UV laser light across the top surface of a
vat of HIPE can be used to polymerize both simple porous
polyHIPE shapes on top of a glass surface using an in-
house built microstereolithography (USL) rig®. Later,
the group produced a woodpile structure of alternative
polyHIPE lines of 350 wm and used it as a porous scaffold
for tissue culture supportB**7%1 (Figure 2). The size of
the polymerized regions varied with write speed and UV
light power, and the droplet size determines the achievable
minimum feature size. The internal microporosity of the
3D-printed polyHIPE was preserved and comparable to a
bulk cured emulsion.

Light-based raster scanning of HIPEs requires
careful control over light scattering to reduce both
the overcuring and formation of a surface skin on the
polyHIPE®™. The refractive index mismatches between
the water and oil phase scatters light, and this results in
the characteristic whiteness of the emulsion. This effect
is problematic during stereolithography as the emulsion
also scatters the polymerizing light outward from the
point of exposure, creating a gradually reduced cross-
linked monomer gradient that decreases outward from
polymerized polymer to liquid monomer. On washing,
this partially polymerized polymer collapses on itself,
covering the polyHIPE with a surface skin. Overlapping
of two partially polymerized regions fully polymerizes
the polymer causing overcuring and connecting polymer
bridges®. To reduce the surface skin and increase
printable resolution, a light absorber can be used to
control the light scattering®. A surface skin is also
found when the HIPE is polymerized against certain
mold materials.[**7377%01 Although a closed, pored outer
surface can act as a barrier to slow down drug release
from a 3D-printed emulsion-based hydrogell!®l, it is
detrimental for filter-based applications.

A dynamic mask projection-based stereolithography
approach can be used to 3D print the HIPE ink using a
digital micromirror device (DMD) to produce complex
3D shapes in a layer-by-layer fashion°!. A light absorber
is still required to improve resolution, and the authors did
not mention whether there was an outer surface skin. The
authors reported that this layer-by-layer-based printing
is sensitive to viscosity of the emulsion, which can be
lowered using a solvent such as toluene. Furthermore,
DMD projection can be used to 3D print porous
polyHIPE tubes in a continuous process®?. A functional
polymer-based polyHIPE made of GMA was 3D printed
using a digital light processing (DLP) printer to create
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Figure 2. Schematic (A) and 3D rendering (B and C) showing a projection and raster scanning-based 3D printing. (A) reproduced from
Ref.”? with permission from John Wiley and Sons, Licensed under Creative Common License. (B) and (C) modified from Journal of the
Mechanical Behavior of Biomedical Materials, Volume 54, Owen R, Sherbone C, Paterson T, et al. Emulsion templated scaffolds with
tunable mechanical properties for bone tissue engineering, pp 159-172, Copyright (2016), with permission from Elsevier®”).

a chromatography column!!®?. Other DLP-based 3D
printing techniques have used an oil-in-water emulsion-
based ink consisting of droplets of photocurable ink
within an aqueous suspension!'%3,

The 3D print speeds vary depending on the method
used. The single line writing speeds of direct laser writing
for printing polyHIPE are 1 — 5 mm/s, which is dependent
on the laser power®. With these speeds the authors
created a circular 13mm, 4 layered woodpile structure
in 13 minutes’). Alternatively, the projection-based
stereolithography can print a 17.25 mm? surface area and
complex geometries simultaneously at a printing speed
of 2 vertical mm/h™! for a layer thickness of 25 um('Y,
Stereolithography-based 3D printing setups are becoming
quite cost effective, after the major patent protecting the
technique (US5762856A, Hull) expired in 2015 and start-
up companies started to produce low-cost setups.

9. Extrusion-based 3D printing

Through a manufacturing process known as material
extrusion (also called fused deposition modeling or
robocasting), a HIPE ink can be extruded through a
syringe and polymerized using UV light to create a porous
polyHIPE-based structure (Figure 3). High emulsion
viscosity is suitable for this 3D printing method as the
emulsion ink can maintain its structure post-extrusion
without unwanted spreading before polymerization,
and the emulsion viscosity is tunable by altering the
respective component amounts in the emulsion®]. No
surface skin is observed on the outer surface of extrusion-
based 3D-printed polyHIPEs®*. This is expected as

the emulsion is curing against air; therefore, there is
no surface contact with a material that can adversely
affect the surface porosity by surface destabilization.
This technique has also been used to create a composite
polyHIPE for use as a biocatalytic flow reactor using an
enzyme-laden hydrogel as the emulsion droplet phase!!**.
Alternatively, an emulsion can simply be injected directly
into a void before bulk polymerization]. Extrusion-
based printing of emulsion has been demonstrated to print
at a speed of 10 mm s™! with extrusion width of 0.6 mm
using a modified RepRap style 3D printer®. Modified
extrusion-based 3D printers have been used to print
emulsions that are cured on demand, with print speeds
tested up to 9 mm/s and layer heights of 100—300 wm('%1,

To create hydrophilic porous foams through material
extrusion, an oil-in-water emulsion can be used with a
UV cure during extrusion. Some of the materials include
poly(ethylene glycol) diacrylate (PEGDA), alginate, and
hyaluronic acid with mineral oil as the dispersed phase
to increase emulsion viscosity!'®. However, the droplet
size was reported to increase overtime and the samples
are required to wash in DCM to remove the oil and
subsequently lyophilized at —80°C for 24 h to solidify
and dry.

Extrusion-based 3D printing combined with
emulsion templating can be used to create a porous ceramic
that will be sintered at 1600°C for 2 h to form a solid!'%.
Nanoscale porosity of 100-900 nm can be achieved using
a nanodroplet-stabilized pickering emulsions which are
3D printed through direct ink writing. It shows that 3D
extrusion-based printing using nanoporosity emulsions
is achievable!'”. Furthermore, large 100 um pores
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Figure 3. (A) 3D schematic showing an extruded silica-chitosan-based emulsion and the theoretical pore distribution within the extruded
part and subsequent polymerized structure. Adapted from ref.' with permission from The Royal Society of Chemistry. (B) 3D model
showing a cure-on-dispense 3D printing of a photocurable monomeric-based emulsion, (C and D) two pictures of polymerized high
internal phase emulsions based structures created using this device. (B-D) Images adapted from ref.l'* licensed under Creative Commons

Attribution License.

were also created using sacrificial polymer beads in the
emulsion, highlighting the versatility of this method to
use porogens other than water for additional level of
porosity control. Emulsions stabilized with submicron
pickering particles can be used with a range of liquids and
applied to create both micro- and nano-sized emulsion
droplets!'®l. SiO, nanoparticles can stabilize a styrene-
based W/O emulsion which holds its shape before being
thermally polymerized in an oil bath!'™. Pickering
emulsions using hydrophobized silica particle can create
a 140450 nm droplet size distribution'”. However,
when particle-stabilized emulsions are used for foam
templating, they typically have low interconnectivity as
the particles hinder interconnecting window formation.
Nevertheless, adding a small amount of surfactant fixes
this by orientating itself at the contact point between
adjacent droplets, creating interconnectivity windows
during polymerization'",

Extrusion-based emulsion templating, including
a variety of AM techniques, has numerous applications
in tissue engineering as the inherent interconnectivity
facilitates cell ingrowth®. These include a 3D-printed
cure-on-dispense  kaolin clay-loaded poly(ethylene
glycol) diacrylate and methacrylate-based O/W HIPE (3
wm average porosity with 0.75 um interconnects) with an
ability to swell up to 11 times its size in buffer solution®".
A chitosan-modified silica nanoparticle for potential
drug release of 3D-printed materials has been reported,
although the post-cross-linking with glutaraldehyde took
up to 48 hi''?!, Extrusion-based printing also lends itself
useful for printing multiple materials together, such as
a degradable UV curable HIPE combined with an outer
thermoplastic extruded poly(e-caprolactone) (PCL) or
poly(lactic acid) (PLA) polymer?®.

Extrusion-based 3D printing can be applied with
non-polymerizable polymers dissolved in a solvent.
Here, the solvent acts as a porogen through polymer
precipitation-based 3D printing. This technique uses the
difference in polymer solubility between two mutually
miscible solvents to inject a solvent dissolved polymer
into a vat of a non-solvent to evoke rapid polymer
solidification in situl'’l. By varying the solvent/polymer
ratio within this immersion precipitation 3D printing
(ip3DP), tunable porous structures can be created from a
range of dissolvable polymers!"'¥. Air-based drying using
a similar solvent for dissolving has been reported using
a pickering polyHIPE made from degradable polymers,
such as poly(l-lactic acid) (PLLA) and PCL with
hydrophobically modified silica nanoparticles (h-SiO,) to
both stabilize the initial emulsion and increase its viscosity.
The polymers were dissolved in dichloromethane,
and after printing, the solvent was evaporated to leave
behind solid scaffolds, although the samples were
deformed during solvent evaporation''). The authors
reported in a follow-up study that this deformation can be
avoided using hydrophobically modified hydroxyapatite
(HAp) nanoparticles in the initial PCL-based pickering
emulsion¢,

There are alternative routes, other than emulsion
templating, for producing porous structures. Air bubbles
can be used as a porogen, either by directly printing a
UV curable foamed monomer!!'”! or using a foam that
sets by thermogelation after it has been printed!'®].
Alternatively, a blowing agent can be used within the
3D-printed part, which is decomposed post-processing
to expand it into a porous material'®, Furthermore,
particles such as sieved salt can be used as a sacrificial
template for a monomer to cross-link around, 75 wm extra
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fine salt crystals can be combined with a DLP printer
and photocurable ink, although the samples had limited
interconnectivity!"’l. Similarly, monodisperse particles of
wax or polycaprolactone can be used within a 3D-printed
silk to create porosity!?!,

10. Emulsion reproducibility and scalability

Commercial virus filtration membranes that use size
exclusion as the primary filtering mechanism require a
high degree of control over the pore size distribution;
where a larger pore sizes reduces the filters ability to
retain the virus!'??, To create a reproducible filter using
emulsion templating, every mixing aspect of the initial
emulsion has to be controlled. The same mixing speed
can be used; however, using mechanical mixing to break
up the droplet phase creates a broad distribution of pore
sizes. These include overhead stirrers (320—1260 rpm)©®!
and high-speed homogenizers (25,000 rpm)©”.. A syringe
pump can be used to add the droplet phase during mixing
to create a more uniform droplet breakup to increase
reproducibility between emulsions®®. However, this will
still produce a polydisperse droplet size distribution.
Depending on the difference between the smallest and
largest pores, this may be sufficient for an antiviral filter.
Many large-scale emulsification techniques that are used
in industries, such as the pharmaceuticals and cosmetics,
could potentially be adapted!?*.

Emulsification  techniques using membrane,
microchannel or microfluidic-based devices can create an
unprecedented level of control over emulsion droplets as
well as particle synthesis!'*!. A microfluidic device can
create droplets one by one to produce a highly ordered
monodisperse polyHIPE with precise control over pore
size and interconnectivity throughout the structure!!2>!26)
(Figure 4), especially when combined with the control
of the locus of initiation!'*”). Microfluidic-based devices
can be adapted to produce bubbles of air as the dispersed
phase template that produces a foamed styrene-in-water
emulsion for creating a porous material'?l, In addition,
when using a valve-based flow-focusing junction (VFF)
within a microfluidic device, the air bubble size can be
adjusted in real time to produce a porous gradient ranging
from 80 to 800 wm pores, and this method has been used
to produce nanohydroxyapatite particle-loaded gelatin-
based foams that were 3D printed and then sintered to
produce a porous ceramic!'?!, This valve-based approach
can also be used for W/O emulsions!"*.

The logistics, potential benefits, and limitations
regarding the upscaling of both emulsion- and foam-
based templating methods to produce porous polymers
have been reviewed in detail by Stubenrauch et al.[3!.
The limitation of microfluidic setups is that droplets are
made one by one. Scaled-up production of monodisperse
droplets is achievable using a circularly arranged

microfluidic channels with 128 cross-junctions!'** which
can be adapted to a parallelized network of channels
within a coaxial annular world-to-chip interfacet'*.

Membrane-based emulsification is one such way
to create a scalable emulsion templating process. A
monodisperse foam can potentially be continuously made
using a dispersion cell, and this has recently been used
for emulsion templating where the air is the dispersed
phase!'*¥l, Furthermore, other studies about membrane-
based emulsions demonstrated the creation of a range of
micro- and nanoemulsions with tunable droplet sizes!!*!
and these techniques were used to produce porous
particles and materials!'3¢],

11. Challenges and future perspectives

In this review, the current research on the AM of emulsion-
based inks that produce porous foams of various materials
and sizes is discussed. The versatility of emulsion
templating in the manufacture of porous materials and its
use in 3D printing indicate that there are many potential
crossovers that could adapt this technology to new
applications, such as a respirator filter against bacterial
and viral infections of the respiratory tract. Nevertheless,
the AM aspects of this technique are still in its infancy.
Therefore, precautions should be taken when choosing a
specific emulsion-based AM technique. Specifically, an
aerosol filter is part of the RPE that is used prevent the
transmission of COVID-19.

Emulsion templating is a versatile manufacturing
technique. The porosity, interconnectivity, surface
chemistry, and material choice are all independent
variables that can be varied depending on the desired
filter requirements. A 3D-printed polyHIPE-based
respirator needs to adhere to the strict strict classification
requirements before being categorized as FFP1, FFP2,
or FFP3. These requirements include being permeable
to air while adhering to the required standards of air
flow resistance and retaining high filter efficiency. The
European standards EN 149:2001 + A1:2009 set specific
criteria for this, including particle penetration determined
using a NaCl aerosol generator.

PolyHIPE-based filters can be used to remove
airborne particulates, such as 2.5 wm hydrocarbon
fragments from the exhaust fumes, and as a water filter
which can remove 1-11 wm suspended particulates.
PolyHIPE publications relating to specific virus binding
and antibacterial feature are limited but they highlight
the importance of surface functionalization that leads to
efficient trapping of virus-laden particles by the polymer
surface. We foresee the inherent hydrophobicity of the
polyHIPE created from water-in-oil emulsions being
advantageous in preventing virus-containing airborne
water droplets from penetrating the material. Furthermore,
the tunable mechanical properties, manufacture flexibility,
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Figure 4. (A). A computer-generated schematic representation of the microfluidic monodisperse droplet formation. (B) Optical microscope
picture of the closely packed droplets in the emulsion (scale bar 200 wm). (C and D) Scanning electron microscope image of the polymerized
high internal phase emulsions created using this microfluidic system showing the surface and a fractured section (scale bar 100 um). Images
were adapted from Costantini e al.*), respectively, under the Creative Commons License.

increased temperature resistance, and potential reusability
are some of its strengths.

A scalable emulsification process is required to produce
reproducible emulsions with high control over porosity and
interconnectivity between batches. There are many industrial
emulsification tools that can meet this need. Emulsion
stability needs to be considered if the printable emulsion is
to be stored for an extended period. Emulsion destabilization
can cause larger droplets to form at the expense of smaller
ones. 3D printing of the emulsion will need to preserve the
initial droplet size, not cause destabilization, and minimize
the time between the creation of emulsion and its subsequent
polymerization into the filter material.

From an AM perspective, an extrusion-based 3D
printing is recommended as a viable printing technique
for filter applications because it maintains an open outer
porosity. A micro- or nanoemulsion with tightly packed
water droplets has high viscosity so this type of emulsion
is not suitable for stereolithography-based 3D printing as
the emulsion cannot spread over the surface for layering.
Furthermore, this technique has the capability to extrude
multiple emulsions on the same print, giving user control
over multiple materials, surface functionalities, and a

porosity gradient within the filter. All of which could be
used to create a complex internal geometry that controls the
air movement through the filter. Nevertheless, this is only
viable for niche applications currently because 3D printing
emulsion inks are a time-consuming process. Its strength lies
in its customizability or complex bespoke applications that
cannot be made by the traditional manufacturing techniques.

For an aerosol-based filter application that
only requires a porous membrane or column, bulk
polymerization is preferable over AM. Pouring the
emulsion into a membrane or mold should suffice, and
specific mold materials can be chosen to prevent the
formation of a surface skin on the polyHIPE surface. This
would also be the simplest method for producing a filter
that can be brought to the market and can be incorporated
into the current RPE production using 3D printing. UV or
redox based cured emulsions could be the most suitable
for the industrial sector because of their fast curing times.
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Abstract: Electrohydrodynamic printing (EHDP) is capable of fabricating scaffolds that consist of micro/nano scale
orientated fibers for three-dimensional (3D) cell culture models and drug screening applications. One of the major hurdles
that limit the widespread application of EHDP is the lack of diverse biomaterial inks with appropriate printability and desired
mechanical and biological properties. In this work, we blended plant proteins with synthetic biopolymer poly(g-caprolactone)
(PCL) to develop composite biomaterial inks, such as PCL/gliadin and PCL/zein for scaffold fabrication through EHDP. The
tensile test results showed that the composite materials with a relatively small amount of plant protein portions, such as PCL/
gliadin-10 and PCL/zein-10, can significantly improve tensile properties of the fabricated scaffolds such as Young’s modulus
and yield stress. These scaffolds were further evaluated by culturing mouse embryonic fibroblasts (NIH/3T3) cells and proven
to enhance cell adhesion and proliferation, apart from temporary inhibition effects for PCL/gliadin-20 scaffold at the initial
growth stage. After these plant protein nanoparticles were gradually released into culture medium, the generated nanoporous
structures on the scaffold fiber surfaces became favorable for cellular attachment, migration, and proliferation. As competent
candidates that regulate cell behaviors in 3D microenvironment, such composite scaffolds manifest a great potential in drug
screening and 3D in vitro model development.
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1. Introduction

Three-dimensional (3D) scaffolds have been developed
to facilitate cell culture to circulate nutrition and
remove metabolic wastel'. Such scaffolds have drawn
an intensive attention in the fields of cell biology, tissue
engineering, and drug discovery since the produced 3D
in vitro models can closely mimic the cellular states in
physiological environment and enhance cell migration,
proliferation, and functionalities®. For example, 3D
collagen gel structure can support fibroblasts to elongate
themselves to spindle shape, migrate, and invade
similar to in vivo observation, whereas they developed
prominent stress fibers and became immobile in 2D glass

substratel®. A 3D reconstituted basement membrane can
prompt mammary epithelial cells to self-assemble into
spherical structures with a central lumen approximating
to normal mammary acini®. The metabolic rates of
human breast cancer grown on the 3D chitosan scaffold
approximated to those in vivo tumors®l. In 3D cell
culture, scaffolds’ physical and chemical properties
can significantly influence cell adhesion, migration,
and differentiation. These properties can be detected
by the adhesion proteins on the cell membrane and
transmitted into downstream biochemical signals!®.
Thus, understanding cell-scaffold interaction is crucial
for understanding fundamental cellular behaviors and
designing new biomaterial inks.

© 2020 Jing, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial 4.0 International
License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the
original work is properly cited.
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Traditional scaffolding methods such as freeze-
drying, gas-forming, and solvent-casting particulate
leaching can produce sponge structure scaffolds for cell
culture, but they are not capable of controlling scaffolds’
microstructure, which is critical for cell-scaffold
interactions”. Recent advances in 3D printing, also
known as additive manufacturing, bring new chances to
fabricate scaffolds with customizable microstructures in
reproducible features®. For instance, extrusion-based
3D printing such as fused deposition modeling has been
widely used to fabricate polymer-based fibrous scaffolds
for biomedical devices®. Droplet-based bioprinting
enables precise control on deposition of microdroplets
containing biological substances, such as growth
factors, cells, modified genes, small molecule drugs, and
biomaterials, in a fast and high-resolution manner. Vat
polymerization-based bioprinting allows direct fabrication
of high-resolution cell-laden tissue constructs!'?.

Among these 3D printing methods,
electrohydrodynamic printing (EHDP) has drawn great
interest for its capability of producing ultrafine fibers with
high resolution and reproducibility!'’. Like the working
principle of near-field electrospinning, EHDP employs a
high electric field to induce fiber ejection from viscous
biopolymer solution, ranging from a few hundreds of
nanometers to micrometers, from viscous biopolymer
solution.''”, However, very limited polymer materials are
available for this technique due to the harsh requirement
on biomaterial ink properties.

The scaffold materials should provide temporary
support for cells to attach, proliferate, and deliver
bioactive components. In general, synthetic biopolymers
such as polyethylene glycol, poly(vinyl alcohol),
poly(lactide-co-glycolide), and poly-e-caprolactone
(PCL) are usually used as scaffold materials due to their
excellent printability, favorable biodegradability, and
biocompatibility!®]. They can be applied to common
scaffold fabrication methods to produce porous scaffolds
with varied pore size, shape, interconnectivity, and
porosity!'Y. Especially, PCL, a biodegradable polyester
with a low melting point, has received extensive attention
on accounts of its ideal rheological and viscoelastic
properties, excellent solubility, and biocompatibility!!!.
However, the in vivo degradation period of PCL is
up to few years due to its hydrophobicity and semi-
crystallinity"®!, A simple way to overcome this bottleneck
is to prepare composite materials by mixing PCL with
hydrophilic polymers extracted from animals such as
collagen and alginate. The properties of these natural
derived components may vary from batch to batch and
bring in safety concern like transmission of zoonotic
diseases.

Compared with animal-derived components, plant
proteins, such as zein and gliadin, are favorable choices due

to their wide availability, consistent quality, and structural
diversity!'”.. As alcohol-soluble plant proteins, zein protein
contains different subunits including o-zein (75 — 85 wt%
of zein), B-zein, y-zein, and d-zein with different molecular
weight and composition. Similarly, gliadin also consists of
various fractions. Both zein and gliadin can be fabricated
into various structures such as thin films, nanoparticles,
fibers, and porous scaffold. The poor mechanical strength of
natural polymers can be improved by mixing with synthetic
polymers. As a class of prolamin protein found in corn, zein
resists to microbial attacks and has been applied as coating
material for encapsulated nutrition and drugs!'®.. Zein has
been regarded as a potential biopolymer candidate with
its hydrophobicity, cytoaffinity, and biodegradability!'?.
Porous zein scaffold can support rat mesenchymal stem
cells to grow and differentiate into osteoblasts in vitrol'l.
Because of the amphiphilic and biodegradable nature of
zein, researchers mixed zein with synthetic polymers and
produced PCL/zein fibers by coaxial electrospinning to
release metronidazole in a controlled mannert?®. Thus,
blending PCL with zein to prepare composite biomaterial
inks may be an effective way to improve scaffolds’ cell
affinity and biodegradability.

Gliadin, one of the major gluten storage proteins
of wheat, has been investigated for its carrier role for
controlled release of lipophilic and cationic drugs due
to its unique physicochemical properties®!. It can also
deliver sensitive enzymes and avoid their breakdown
by stomach acids. Nevertheless, further developments
of gliadin are hindered by its low water stability and
immunogenic toxicity in patients with celiac diseasel*?.
An alternative plan is to blend a small amount of gliadin
with PCL in the preparation of composite biomaterial inks
for scaffold fabrication, with the purpose of improving
cell affinity and suppressing gliadin’s side effect. In
short, both zein and gliadin are abundant and structurally
diverse, which may overcome the current limitations
of components extracted from animals in terms of their
supply and quality. These plant proteins are also easy to
blend with other synthetic biopolymers because of their
specific solubility and film-forming properties.

In this study, we introduce plant-derived proteins
to develop composite biomaterial inks to improve the
biocompatibility and mechanical strength of scaffold
materials. These proposed composite biomaterial inks
are fed into EHDP system for high-precision scaffold
fabrication. Two types of composite scaffolds are
developed, namely, PCL/zein and PCL/gliadin. With the
help of a developed monitoring and identification system,
EHDP process parameters and environmental parameters
are optimized to fabricate such composite scaffolds. To
analyze the scaffolds’ performance, mouse embryonic
fibroblasts (NIH/3T3) cells were cultured to examine the
cellular responses on PCL/zein, PCL/gliadin, and pure
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PCL scaffolds. Although the composite inks we discussed
are supplied to EHDP system for scaffold building, the
application of such inks can also be implemented on
several different kinds of 3D printing systems, such as
extrusion-based printing and electrospinning.

2. Materials and methods

Natural extracellular matrix (ECM) creates complex
physical and chemical environment to support cell/
tissue functions. To introduce such complexities to
ECM-mimicking fibrous scaffolds, EHDP has been
implemented to fabricate scaffolds with aligned fibers to
create controllable microstructures using single polymer-
based material system. To enhance such EHDP scaffolds’
performance, our group has developed plant protein-based
composite inks which could distinctly improve fiber
surface biocompatibility during cell culture studies.

2.1. Materials

The gliadin power was purchased from Tokyo Chemical
Industrial Ltd. (Japan). 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) cytotoxicity
assay and CellTiter 96® AQueous One Solution Cell
Proliferation Assay were obtained from Abcam Ltd.
(China) and Promega Co. Ltd. (USA), respectively. The
rest of the chemicals and reagents are similar to those
reported previously?*,

2.2. Preparation of PCL/zein and PCL/gliadin
biomaterial inks

PCL, PCL/zein, and PCL/gliadin biomaterial inks were
prepared for EHDP scaffold fabrication. PCL ink (70 w/v%
in glacial acetic acid [AcOH], g/mL) was prepared by
dissolving PCL pellets (3.5 g) in acetic acid (5 mL) with
stirring for 1 h to allow complete dissolution. Both zein
and gliadin are soluble in acetic acid, and we used two
weight ratios, that is, 10% w/v and 20% w/v to prepare
both PCL/zein and PCL/gliadin inks in this study. Zein
or gliadin powder were first dissolved in glacial AcOH
to obtain a clear solution. Subsequently, PCL pellets
were added to either solution under ultrasonic condition
at 50°C and the mixture was stirred 30 min to produce
homogenous PCL/gliadin or PCL/zein biomaterial inks.
Two types of PCL/zein biomaterial inks were
prepared: PCL/zein-10 (60% w/v PCL, 10% w/v zein in
AcOH) and PCL/zein-20 (50% w/v PCL, 20% w/v zein
in AcOH). Similarly, two PCL/gliadin biomaterial inks
were prepared: PCL/gliadin-10 (60% w/v PCL, 10% w/v
gliadin in AcOH) and PCL/gliadin-20 (50% w/v PCL,
20% w/v gliadin in AcOH). The viscosity of zein and
gliadin solution (in acetic acid) is low. Thus, the viscosity
of such biomaterial inks is mainly determined by the
viscosity of PCL solution due to its high concentration,

and no significant viscosity difference was observed
between these inks.

2.3. EHDP system setup and fabrication process
monitoring

Figure 1A shows a schematic diagram of a solution-
based EHDP setup, which includes an ink feeding system,
a high voltage power supply (0 — 10 kV, Dongwen Co.
Ltd., China) and a three-axis precision motorized stage
from Aerotech Company (Pittsburgh, PA, USA). The
solution feeding system consists of a micro-syringe
pump, a disposable syringe (5 mL), a flexible plastic
hose, and a stainless steel needle (G20). The voltage
output from the high-power supply was applied between
the nozzle and the substrate to trigger and maintain EHDP
jetting process. The precision stage has a travel range of
150 mm/s with 3 um accuracy on x and y axes. A polished
silicon wafer placed on x-y stage was used as the substrate
for fiber deposition. The stage moving speed along x and
y directions is set between 100 mm/s and 300 mm/s. The
ejected fiber could continuously deposit on the stage
with the mechanical drawing force which was generated
with the stage moving along x and y axes. As shown in
Figure 1B, this deposited fiber stacked up gradually and
formed a scaffold by following predesigned moving path.

2.4. EHDP fabrication process monitoring

Asthe EHDP’s printing resolution can approach submicron
to nanoscale, any slight fluctuations of the environmental
factors, such as the variations of temperature, humidity,
air flow, and the printing platform vibration due to stage
movement, might affect printing accuracy!'?. It also took
some time to achieve and maintain a steady flow rate
and stage speed, especially for high viscous biopolymer
solutions. Besides, corona discharge phenomena are
quite common when using PCL/gliadin and PCL/zein
inks. This is ascribed to residual charges remained in the
peptide chains of gliadin or zein protein, which alters
the electrical properties of the composite inks. When the
accumulated charges on the droplet surface at the nozzle
tip exceeded a critical value, the corona discharge could
be observed. If this discharge lasts for a longer time, the
EHDP fabrication system can be damaged.

To achieve a reliable fabrication process, it is
essential to develop a system to monitor and identify the
status of triggered jet and cone. In the developed system,
the jet and cone images were recorded using digital
microscope (Supereyes BO11 digital camera with 1 — 500
magnifications and 30 frames/s) to observe the details
of Taylor cone and jet region. To capture images, the
camera position, focal length, and shooting angle should
be calibrated by comparing the overlapping area of the
grayscale nozzle image with a predefined position.
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Figure 1. Electrohydrodynamic printing (EHDP) system and scaffold fabrication. (A) Schematic diagram of EHDP system. (B) Scaffold

structure by fiber stacking.

To establish a viable manufacturing process and
minimize defect-related loss in long time fabrication,
the captured EHDP cone and jet images were applied
to detect abnormal modes, as shown in Figure 2A. The
identification task in this EHDP monitoring system
involves the application of an image processing algorithm
to extract relevant features and a recognition algorithm to
determine the modes of Taylor cones. This is very similar
to traditional fabrication process monitoring, where
feature extraction and selection are applied to determine
the input features of machining learning methods for
effective condition identification(**23,

Figure 2B shows a standard cone with a straight jet
for EHDP scaffold fabrication. In the EHDP monitoring
and identification system, various types of corona discharge
were reported. As shown in Figure 2C, the corona
discharge happened slightly below the needle tip at initial
jetting process or during fabrication. Such discharge could
be avoided by optimizing EHDP process parameters and
environmental parameters. Figure 2D shows the current
flow through the air from the region surrounding the jet to the
grounded substrate. This reduced the surface charge density
and increased the jet’s lateral stability. Different from the
above-mentioned two scenarios, a huge Taylor cone with
serious discharge at the needle tip is shown in Figure 2E.
To avoid possible damages of the EHDP fabrication system,
we need to properly vary the biomaterial ink properties,
process parameters, and environmental parameters.

Overall, this monitoring and identification system
provides intuitive information of EHDP fabrication
process and bridges the knowledge gap between the
corona discharges and electrical properties of the
composite materials. Researchers can evaluate new inks’
property and stability during long time printing and gain
additional insights into fundamental mechanism causing
corona discharges. It can also assist new inks’ fabrication
process parameter optimization such as applied electric
field between the nozzle and the substrate, solution
feeding rate, programmed stage speed and moving path,
temperature, and humidity.
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3. Results and discussion

3.1. Composite scaffold structure and tensile test

The fabricated scaffold fibers with varied material
compositions may influence cell-scaffold interactions.
To investigate this factor, we prepared scaffolds using
the same structural parameters (pore size, fiber diameter,
and number of layers), and fabricated PCL, PCL/zein-
10, PCL/zein-20, PCL/gliadin-10, and PCL/gliadin-20
scaffolds for comparison.

(1) Composite scaffold structure analysis

The printed scaffolds consist of 12 layers of fibers with
a thickness of about 65 — 85 um. The thickness of PCL,
PCL/zein, and PCL/gliadin scaffolds is stated in Table 1.
The fiber diameter of top layer is approximately 8.9 —
9.4 wm, which is close to typical cell size. Due to the
impact of ejected filament onto the previously deposited
fiber layers, the fiber diameter of the bottom layers is
about twice the diameter of the top layer cross of all
scaffolds. The porosity of these scaffolds is about 89 —
92.1%, which is in favor for exchanging nutrition and
waste. In Table 1, the structural parameters such as fiber
diameter, scaffold thickness, bulk density, and porosity
are very similar for all the scaffolds. In other words,
the proposed biomaterial inks with current components
and portion do not influence the morphology of these
scaffolds obviously.

As shown in Figure 3, PCL and PCL/gliadin
scaffolds were observed using a scanning electron
microscope (SEM, JSM-6510, JEOL, Japan) for
morphology analysis. The pore size was precisely defined,
and fibers were precisely stacked in a layer-by-layer
manner. For the fabricated scaffolds using PCL/zein and
PCL/gliadin inks, there was not much difference in terms
of fiber diameter and cross-section structure. In general,
these scaffold parameters are independent of the material
compositions. The tensile properties of these scaffolds
were compared and analyzed in sub-section.
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Figure 2. Electrohydrodynamic printing (EHDP) monitoring and discharging phenomena. (A) EHDP monitoring interface. (B) Standard
cone. (C) Discharge at initial jet formation. (D) Discharge in fabrication. (E) Huge cone with discharge.
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Figure 3. Scanning electron microscope images and their corresponding enlarged views of morphology. (A) and (D) poly(e-caprolactone)
(PCL). (B) and (E) PCL/gliadin-10. (C) and (F) PCL/glaidin-20 scaffolds.

Table 1. Morphological data of printed scaffolds

Scaffolds PCL PCL/zein-10 PCL-zein-20 PCL/gliadin-10 PCL/gliadin-20
Fiber diameter (pum)
Top layer 8.9+1.1 9.0+0.7 9.0+1.1 9.4+0.7 9.1+1.1
Bottom layer 17.4£2.9 18.5+£1.0 20.0+£2.4 18.1£1.5 17.5v1.7
Thickness (um) 67.8+7.4 72.4+3.5 77.6+2.4 72.7+£2.9 75.243.3
Bulk density (kg/ m?)! 1100 1118 1137 1130 1162
Porosity (%) 91.7+0.3 92.1+0.2 91.7+0.5 89.0+0.5 89.6+1.1

'Bulk density is estimated based on the densities of PCL, zein, and gliadin in the scaffolds.

(2) Tensile properties of the composite scaffolds

The scaffolds’ tensile properties were examined using
a universal testing machine (HD-B609B-S, HAIDA,
China). The scaffolds were prepared in rectangular shape
(4 x 2 cm) and stretched along the longer side. This test
was to stretch the scaffolds with an initial gauge length

of 20.0 mm at a speed of 1 mm/min and 10 mm/min for
pre-loading and loading conditions.

The stress-strain curve of PCL, PCL/gliadin, and
PCL/zein scaffolds is illustrated in Figure 4 and tensile
properties of scaffolds are summarized in Table 2. In
general, PCL scaffold showed a typical amorphous
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Figure 4. Tensile test of printed scaffolds (A) Stress-strain curve, (B) Enlarged view of initial range.

Table 2. Tensile properties of PCL, PCL/zein, and PCL/gliadin scaffolds

Scaffolds PCL PCL/zein-10 PCL/zein-20 PCL/gliadin-10 PCL/gliadin-20
Young’s modulus (MPa) 101.3£6.5 241.4+7.9 338.7+£38.9 265.3427.8 465.3£50.9
Yield stress (MPa) 4.5+0.5 6.3+£0.3 14.2+0.6 7.2+0.7 15.0+0.6
Yield strain (%) 6.5+0.5 5.4+0.7 6.0+1.0 4.7+0.6 5.4+0.4
Ultimate stress (MPa) 17.1+0.5 15.9+0.5 14.3+0.8 15.7+£0.8 14.5+0.7
Ultimate strain (%) 994.4+54.7 802.8+59.1 167.0+£50.9 891.2431.8 120.8+26.0

polymer behavior with three phases, including elastic
deformation, yielding, and prolonged strain hardening.
The Young’s modulus of this PCL scaffold was about
101.3 £ 6.5 MPa, whereas the yield stress and strain
were 4.5 = 0.5 MPa and 6.5 + 0.5%, respectively. The
ultimate stress and strain of the PCL scaffolds were
17.1 £ 1.0 MPa and 994.4 + 54.7%, which were about
4 and 150 times higher than that at the yield point.
These results suggest that PCL is a ductile material
with superior roughness because of the reorientation of
polymer chains during stretching. When incorporating
gliadin nanoparticles into the composite ink, the
Young’s modulus values of PCL/gliadin-10 and PCL/
gliadin-20 scaffolds dramatically increased to 265.3
+ 27.8 MPa and 465.3 £ 50.9 MPa, respectively. The
ultimate strain of PCL/gliadin-20 scaffold dropped
to 120.8 £ 26.0 MPa, which is only about one-eighth
of that of PCL, whereas the ultimate strain of PCL/
gliadin-10 scaffolds remained at high level of 891.2
+ 31.8 MPa. The results showed that PCL/gliadin-20
scaffold became stiffer and brittle, while PCL/gliadin-10
scaffold was still ductile with improved hardness. The
gliadin nanoparticles could self-assemble into nanosized
structures on accounts of the amphiphilic nature of plant
proteins in the solution?!. These nanoparticles form
strong intermolecular interactions with PCL polymer
chains and increase the mechanical properties of this
PCL/gliadin-10 scaffold, that is, Young’s modulus and
yield stress. This is similar to incorporating inorganic
nanoparticles, such as bioactive glass, to improve the
mechanical performance of PCLP%. In addition, the
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overall elongation is sacrificed when these nanoparticles
start to agglomerate at higher concentration and become
larger partial continuous phase in some regions.

The tendency of PCL/zein-10 scaffold’s stress-
strain curve was very similar to that of PCL/gliadin-10
scaffold, since the uniformly dispersed zein nanoparticles
in the composite could link the entangled PCL chains
through molecular interactions. This strengthening effect
increased both Young’s modulus and yield stress. Similar
to PCL/gliadin-20 scaffold, the toughness of PCL/zein-
20 scaffold was sacrificed somehow because of larger
portion of zein particles.

Mechanical stimulation is one of the critical
elements in the complex microenvironment during cell
culture. Since the chemical composition and proportion
of composite materials can tune the stiffness, Young’s
modulus, and strain of the fabricated scaffolds, diverse
mechanical stimuli can be created for cell behavior
studies. For example, the stiffness of cell local
environment can be used to investigate its influence
on cellular traction force to regulate cell migration.
However, such level of measurement is currently not
available in 3D environment.

3.2. Composite scaffolds’ cell culture study

Scaffolds’ biological studies wusually involve the
examination of their biocompatibility and biodegradation.
The scaffold biodegradation is one of the key factors in
tissue regeneration since it provides temporary support
for tissue growth and infiltration on implantation and
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degrades at a proper rate during tissue regeneration
process. This is not a serious issue for cell culture studies
since scaffolds are only used for a short time to produce
in vitro models.

A well-known cell line derived from mouse embryo
cells, named NIH/3T3 cell, was cultured on PCL,
PCL/gliadin, and PCL/zein scaffolds for biocompatibility
evaluation. Due to the concern of side effects from gliadin
in cell growth, the cytotoxicity of PCL/gliadin scaffolds
was evaluated before cell culture studies.

(1) Cytotoxicity assay of gliadin released from
PCL/gliadin scaffolds

The cytotoxicity of the gliadin released from PCL/
gliadin scaffolds on NIH/3T3 fibroblast cell was evaluated
through colorimetric MTT assay. As shown in Figure 5A,
the cell viability of NIH/3T3 cells was higher than 95%
when incubating together with PCL or PCL/gliadin-10
scaffolds. The cell viability for PCL/gliadin-10 scaffolds
was slightly higher than that of the control group (cell
culture in medium), while this value was only about 85%
for PCL/gliadin-20 scaffolds. This suppressive effect
was caused increased release of gliadin from the PCL/
gliadin-20 scaffold since its corresponding weight loss in
72 h was obviously bigger than that of PCL/gliadin-10.

The weight loss of PCL/gliadin scaffolds was
measured by immersing them in phosphate-buffered saline
(PBS, 10 mM, pH 7.4) with the addition of 1% antibiotics
at an incubator (37°C). As in Figure 5B, the weight
loss of PCL scaffold versus time was negligible, while
the weight loss for PCL/gliadin-10 and PCL/gliadin-20
scaffolds was up to 14.5% and 21.2%, respectively, in
120 h. Nearly 90% of the total weight loss happened in
the first 20 h. Meanwhile, the release of gliadin did not
change the pH value of the solution as gliadin is neutral
substance in the solution.

(2) Cell viability and proliferation studies in the
PCL/gliadin scaffolds

The cellular interactions of these fabricated
PCL/gliadin scaffolds were further studied in this
sub-section. The influence of gliadin component was
investigated by directly culturing NIH/3T3 cells on the
PCL/gliadin scaffolds. The scaffolds were cut into unified
round specimens and inserted in the ultralow attachment
culture plate. A small volume of cell suspension was
directly pipetted onto the specimen in each well for cell
seeding. After incubation for few hours, the culture medium
was added, and some cells adhered onto the scaffold fibers.

Cell seeded scaffolds were visualized by confocal
laser scanning microscopy (CLSM, LSM-880, ZEISS,
Germany). After fixation in paraformaldehyde, the cell
nuclei and membrane were stained with Hoechst 33342
and Dil dye, which emit blue and red fluorescence,
respectively, on laser excitation. Figure 6A shows the
CLSM images of cell cultured on PCL and PCL/gliadin
scaffolds on days 1, 3, 7, and 14. On day 1, the spheroid
cells could partially attach onto the scaffolds. After 3
days, most of the attached cells started to spread, orient,
elongate along the fiber directions, and extend the
filopodia at leading edge to grab on the adjacent fibers.
This resembles fibroblast migration in vivo with front-end/
back-end polarity™”. The cell adhesion and proliferation
were not homogeneous on the first few days because of
uneven cell distribution during initial cell seeding. From
day 3 to day 7, the fibroblasts actively proliferated from
the scaffold’s side walls to the center of pores, formed a
unique circular structure, and eventually merged to form
a cellular film. Finally, a film-like cell sheet was observed
in each cultured scaffold on day 14.

A colorimetric cell proliferation assay (CellTiter
96" AQueous One Solution) was applied to count cell
numbers. In cell culture experiments, the ultra-low
attachment culture plate (Corning 3473) was used for
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Figure 5. In vitro cytotoxicity test (A) Cell viability and relative dry mass loss after seeding cells on poly(e-caprolactone) (PCL) and
PCL/gliadin scaffolds for 72 h; (B) weight loss profile of PCL and PCL/gliadin scaffolds in phosphate-buffered saline.
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Figure 6. 3D cell culture study on gliadin containing scaffolds (A) Confocal laser scanning microscopy images of NIH/3T3 cell cultured
on poly(e-caprolactone) (PCL) and PCL/gliadin scaffolds. (B) NIH/3T3 cell numbers on PCL and PCL/gliadin scaffolds by CellTiter 96®

AQueous One Solution assay (n =5, *P < 0.05, **P <0.01).

cell seeding. For this kind of culture plate, cells were
unable to attach onto the bottom substrate. They either
adhered onto the scaffold fibers or gathered to form cell
spheroids that floated in the medium. Before performing
cell counts, the cell seeded scaffolds were washed with
PBS thrice to get rid of unattached cells and transferred to
a new plate for a colorimetric cell counting assay. Thus,
only the cells that attached onto the scaffold were counted
for the comparison of cell numbers.

As illustrated in Figure 6B, the number of
cell attached to the gliadin-containing scaffolds was
approximately 4 times higher than that of the PCL
scaffolds on day 1. This might be attributed to the
improved hydrophilicity of the fiber surface, and certain
amino acid residues of gliadin might act as anchor
points for cell recognition and binding. On day 3, the
cells adapted to the microenvironment and the number
of cells that attached to the PCL and PCL/gliadin-10
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Figure 7. 3D cell culture study on zein containing scaffolds (A) Confocal laser scanning microscopy images of NIH/3T3 cell culture on
poly(e-caprolactone) (PCL) and PCL/zein-20 scaffolds. (B) NIH/3T3 cell number on PCL and PCL/zein-20 scaffolds.(n = 3, *P < 0.05,

**P <0.01). (Reproduced from Ref. Jing et al.**! with permission).

scaffolds slightly increased. However, the cell number
on the PCL/gliadin-20 scaffolds declined by around 40%,
which is consistent with the results of cytotoxicity assay
in Figure 5. This growth inhibition effect is caused by
increased release of gliadin component. From day 7 to
day 28, the cell number continued to increase, and the
biggest increase was observed from the PCL/gliadin-20
scaffolds. This is attributed to the larger number of nano-
pores and cracks created by the released gliadin which
facilitate cell migration, proliferation, and infiltration.

In general, the gliadin-containing scaffolds can
promote cell adhesion of NIH/3T3 cells. It can facilitate
cell proliferation more effectively than PCL for relatively
long-term cell culture until week 4. The inhibition effect
from PCL/gliadin-20 scaffold only shows at the earlier
stage.

(3) Cell viability and proliferation studies in PCL/zein
scaffolds

Zein is almost insoluble in water or PBS solution;
therefore, the evaluation of weight loss of PCL/gliadin
in cell culture was not applicable for PCL/zein scaffolds.
Since no cytotoxicity of zein has been reported in previous
studies®®!, we evaluated biological performance of
fabricated PCL/zein scaffolds directly. Figure 7A shows
the CLSM images of seeding NIH/3T3 cells on PCL and
PCL/zein-20 scaffolds on different days and Figure 7B
shows the corresponding cell counting results. On day
2, NIH/3T3 cells were inclined to adhere onto the side
surface of these scaffolds and the number of cells on the
PCL/zein-20 scaffold was about twice of that on the PCL
scaffolds. The cell affinity increased with zein portion

in the scaffolds. On day 5, NIH/3T3 cells distributed
homogeneously within the scaffolds and formed circular
cell clusters. Eventually, cellular films could be observed
within the scaffold pores. Seemingly, zein-containing
fiber surface was more suitable for cell recognition and
adhesion due to the functional groups from the amino
acid side chains. The cell affinity toward scaffold could
be adjusted by varying weight percentage of zein in the
composite inks.

(4) Plant protein nanoparticles in cell culture
applications

Plant protein nanoparticles affect scaffolds’ cell culture
applications through protein particle signaling, surface
morphology change, and scaffold degradation after the
release of nanoparticles. Fibrous scaffold composition
has a profound influence on cell behavior such as
signaling and contact guidance!’. This inspires novel
strategies to manipulate fiber surface with chemical
stimuli for enhanced cell attachment and proliferation.
The composite scaffolds containing plant protein can
benefit cell culture process in two steps. First, the fiber-
containing protein nanoparticles favor cell attachment and
colonization. As the key factor to improve scaffolds’ cell
affinity at the initial stage, this effect can be modulated
by regulating the density, size, and dimensional scale of
nanoparticles. With the increasing applications of plant
protein nanoparticles in developing composite biomaterial
inks, intriguing ECM-mimicking fibrous scaffolds can be
created with improved cell-scaffold interface.

Both zein and gliadin particles are prone to self-
assemble to nanospheres in biomaterial inks because
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Figure 8. Fiber surface morphological changes of before and after the leaching treatment for 48 h. (A) and (F) poly(e-caprolactone) (PCL).

=]

(B) and (G) PCL/zein-10. (C) and (H) PCL/zein-20. (D) and (I) PCL/gliadin-10. (E) and (J) PCL/gliadin-20. PCL/gliadin and PCL/zein
scaffolds were leached in culture media and 70% ethanol, respectively. (PCL scaffold was used as control).

of their amphiphilicity!"”. Tt is difficult to compare the
cellular behaviors of zein and gliadin on PCL/zein and
PCL/gliadin scaffolds in the same way, as gliadin can
quickly dissolve in the culture medium but zein has poor
water solubility. Hence, leaching treatment was applied
to simulate the surface morphology change of scaffolds
in vitro. Before the leaching treatment, the PCL, PCL/
zein, and PCL/gliadin scaffolds were dried in vacuo at
40°C until they reached a constant weight. Then, the
scaffolds were completely immersed in 70% ethanol with
shaking (80 rpm) for 48 h. The solution was replenished
every 12 h. After treatment, the scaffolds were washed
with deionized water thrice and then dried in vacuo
until they reached a constant weight. Using this method,
nanoparticles on the composite scaffold fiber surface
were released into the culture medium, and nanopores
and cracks were generated.

According to Figure 8A-E, surface morphology of
fibers was almost the same for all the scaffold materials
because relatively small portion of nanoparticles in the
composite ink materials was not sufficient to engender
noticeable changes. As shown in Figure 8A and 8F,
no obvious change was found on PCL scaffold fiber
surface before and after the leaching treatment since
PCL cannot dissolve in ethanol. The size and density
of gliadin and zein particles could be speculated from
the surface morphology change of fibers, as shown in
Figure 8G-J, through leaching. Based on the voids on
the fiber surface (Figure 8 G-8J), it can be speculated that
both zein and gliadin can self-assemble into nanoparticles
in the composite ink, which can influence mechanical
properties of printed scaffolds. Moreover, higher density
of nanopores and cracks could be observed on PCL/
zein-20 and PCL/gliadin-20 scaffolds compared with
those observed on PCL/zein-10 and PCL/gliadin-10
scaffolds. The scale of such nanopores was also larger

for the PCL/zein-20 and PCL/gliadin-20 scaffolds, which
is due to the increasing portion and size of plant protein
particles in the composite inks. For example, the average
pore size of nanopores on Figure 8I and 8J is 133.1 +
47.4 nm and 209.2 + 76.2 nm, respectively. These holes
and fissures interconnected with each other, generated a
highly cavernous structure, and increased surface area
exponentially; all of which significantly facilitated cell
migration, proliferation, and infiltration.

In general, the developed composite scaffolds
degrade in two interrelated processes. First, zein and
gliadin particles can be released from scaffold fiber
surface under physiological environment, but in different
ways. Since gliadin is a water-soluble protein, its
particles from PCL/gliadin scaffolds can be dissolved in
PBS solution. For PCL/zein scaffolds, various proteases
can hydrolyze zein into peptides or amino acids. Thus,
nanopores and cracks on the fiber surface can be observed
on both PCL/zein and PCL/gliadin scaffolds. Second,
such nanoporous surface can accelerate the composite
scaffolds’ degradation, since PCL polymer chains might
be synchronously released into solution when zein or
gliadin domain in the composite is degraded as a result
of molecular level blending. Thus, the degradation
rate of the composite scaffolds can be controlled by
adjusting the mixing ratio of plant protein and PCL in
the biomaterial ink. In general, the composite material
scaffolds degrade faster than the pure PCL scaffolds with
the same scaffold structural parameters.

Plant proteins have been used to develop
composite scaffolds for several reasons, including
their biocompatibility, biodegradability, safety, low
cost, processibility, and ductility®. Nevertheless, the
possible immunogenicity effects restrict their biomedical
applications. Of course, whether the occurrence of
immune response depends on the dose of plant protein
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within the scaffolds still requires further and thorough
investigations. The availability of a few synthetic
biopolymers and plant proteins for developing composite
materials has given us the opportunity to try out different
permutations in an attempt to fine-tube mechanical
properties and biological performance of the scaffolds.
The purity level of these plant proteins may also affect
their physicochemical properties and act as a limiting
factor in their wide usage. More researches are scaling
up the current protein extraction and purifying techniques
and clinical trials on more composite scaffolds are
expected soon.

4. Conclusion

Plant proteins, such as zein and gliadin, have been
reported to play a critical role in regulating cell behaviors.
Their interaction that occurs at nanoscale has not been
comprehensively discussed in the context of fibrous
scaffolds. Because of the unique advantages of such plant
proteins, we explore the possibilities of utilizing them as
scaffold materials for cell culture applications. Two types
of plant protein-based composite inks, called the PCL/
gliadin and PCL/zein, were prepared. The corresponding
scaffolds were fabricated using EHDP technology. A
monitoring and identification system was developed to
optimize the corresponding scaffold fabrication process.
Both PCL/gliadin-10 and PCL/zein-10 scaffolds have
enhanced tensile strength and cell viability in terms
of cell affinity and proliferation. Compared with PCL
scaffold, the PCL/gliadin-20 and PCL/zein-20 scaffolds
are brittle and stiffer. Moreover, the proportion of plant
proteins can be altered to control the tensile strength
and cell viability of these composite scaffolds. Thus, the
composite materials, PCL/gliadin-10 and PCL/zein-10,
are recommended for tissue engineering as they can not
only improve scaffolds’ mechanical strength to support
cell growth but also exhibit favorable biocompatibility
for cell culture applications. The developed composite
scaffolds may provide valuable in vitro platform to
study cell biology in 3D microenvironment. With the
increasing applications of plant protein nanoparticles in
developing new composite biomaterial inks, intriguing
ECM-mimicking fibrous scaffolds can be created with
improved cell-scaffold interface, which can be used to
culture diverse cells and form organoids.
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Abstract: In the present study, an antibacterial biomedical magnesium (Mg) alloy with a low biodegradation rate was designed,
and ZK30-0.2Cu-xMn (x =0, 0.4, 0.8, 1.2, and 1.6 wt%) was produced by selective laser melting, which is a widely applied
laser powder bed fusion additive manufacturing technology. Alloying with Mn evidently influenced the grain size, hardness,
and biodegradation behavior. On the other hand, increasing Mn content to 0.8 wt% resulted in a decrease of biodegradation
rate which is attributed to the decreased grain size and relatively protective surface layer of manganese oxide. Higher Mn
contents increased the biodegradation rate attributed to the presence of the Mn-rich particles. Taken together, ZK30-0.2Cu-
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1. Introduction

Magnesium (Mg) alloy is a new metal implant material
that has suitable rates of biodegradation and good
biocompatibility!'*. The further research is the development
of antibacterial Mg alloys, such as Cu-containing Mg alloys.
These are promising biodegradable antibacterial implant
materials®®”! because Cu can provide an antibacterial effect
which can resolve clinical infection in bone regeneration
and in other orthopedic applications. However, the
degradation rate of Cu-containing Mg alloys is very rapid
because the Cu-containing intermetallic compounds cause
microgalvanic corrosion®7.. Alloying has been widely used
to ameliorate the degradation rate of Mg alloys.

Alloying with Mn may refine the grain size and
decrease the corrosion rate®!%, Moreover, Mn is an
essential trace element in the human body and the Mn
that is released during Mg alloy degradation is non-toxic
to human body!""!. Appropriate Mn level can promote

the growth and development of bones and improve
hematopoietic function of the body!?. However, the
uniform dispersion of Mn in Mg alloys remains a big
challenge in conventional casting process because Mn
reduces the fluidity of Mg alloys which facilitates Mn
segregation'l. Hence, it is necessary to develop a method
to produce homogeneous Mn-containing Mg alloys.
Selective laser melting (SLM) as a widely applied
laser powder bed fusion metallic additive manufacturing
technology!'#?? can rapidly melt mixed powders of Mn
and Mg alloys and cause rapid solidification in the melt
pool, resulting in a homogenous microstructure with
fine grains. Therefore, SLM can produce homogeneous
Mn-containing Mg alloys that are expected to have a
refined grain size and a lower corrosion rate. Furthermore,
grain refinement can increase the mechanical properties.
As stated above, alloying Mn into a antibacterial
Cu-containing Mg alloy using SLM was suggested and
investigated in this article to decrease the corrosion rate

© 2020 Xie, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial 4.0 International License
(http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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and retain the antibacterial activity of the Cu-containing
Mg alloy. This method can produce antibacterial Mg-
based alloys with the desired lower corrosion rate.
Furthermore, mechanical properties may be improved by
alloying and grain refinement. Previous work indicated
that ZK30 (Mg-3Zn-0.5Zr) had good mechanical
properties and biodegradation resistance!'*?, When Cu
was added to ZK30 by SLM, SLMed ZK30-0.2Cu had
a uniform microstructure, good cytocompatibility, and
antibacterial performance!®!.

In this study, SLM was used to produce antibacterial
Mg alloys from Cu powder (0.2 wt.% Cu), Mn powder
(0,0.4,0.8,1.2,and 1.6 wt.% Mn), and ZK30 powder. The
microstructure, hardness, biodegradation, antibacterial
performance, and cytotoxicity of these alloys were
investigated. This proposed method is a new approach for
the composition design and the manufacturing process
to develop novel antibacterial Mg-based biodegradable
alloys.

2. Materials and methods

2.1. Materials preparation

Gas atomized spherical ZK30 powder, pure Cu powder
(99.9%), and irregularly shaped pure Mn powder (99.9%)
were used. The composition of ZK30 powder is presented
in Table 1. The ZK30 powder was mechanically mixed
with 0.2 wt% Cu powder and different content of Mn
powder (0, 0.4, 0.8, 1.2, and 1.6 wt%) was added by ball
milling" at a rotation rate of 150 rpm in the atmosphere
of SF, (1 vol%) and CO, (balance) for 180 min. ZK30-
0.2Cu-xMn alloys (x = 0, 0.4, 0.8, 1.2, and 1.6) were
produced using a self-regulating SLM system®! in a
chamber filled with high purity argon. The fiber laser
had an output power of 500 W and a wavelength of
1064 nm. The minimum focused spot diameter of laser
beam was 50 um. The parameters of the process are as
follows: The spot size was 150 um, scanning speed was
at 200 mm/min, laser power was 80 W, and the specimen
size is 8 mm x 8 mm X 5 mm.

2.2. Microstructural and mechanical
characterizations

The specimens of the SLMed ZK30-0.2Cu-xMn alloys
were metallurgically ground and polished and etched in
a solution of nitric acid and alcohol (4 mL nitric acid and
96 mL ethanol) for 5 — 10 s. The microstructures were
characterized using optical microscopy (OM, Leica
DMI 3000 L) and scanning electron microscopy (SEM,

Table 1. The composition of the ZK30 powder (wt%)

JSM-5600LV, JEOL Co., Tokyo, Japan) equipped with
energy dispersive spectroscopy (EDS, JSM-5910LV,
JOEL Ltd., Japan). Intermetallic second phases were
analyzed using X-ray diffraction (XRD) monochromatic
Cu-Ka radiation at 15 mA and 30 kV, with scattering
angles ranging from 10° to 80°, step size 0.02° and
scanning speed 8°/min. The hardness was measured using
a microhardness tester for 10 s under 2.942 N load.

2.3. Electrochemical tests

The electrochemical behavior of SLMed ZK30-0.2Cu-
xMn alloys at room temperature in simulated body
fluid (SBF) was characterized by potentiodynamic
polarization curves, measured using an electrochemical
workstation (MULTI AUTOLAB M204). The ionic
concentrations of the standardized SBF solution that
corresponds to the concentration of the ions in the blood
are shown in Table 2. The specimen with the exposed
area of 0.8 mm x 0.8 mm was encapsulated with epoxy
resin and a Cu wire was used as the conducting wire. The
polarization curve was measured by a three-electrode
configuration. The specimen was the working electrode
(WE), a platinum gauze (25 mm % 25 mm; 60 mesh) was
the counter electrode (CE). A saturated Ag/AgCl electrode
(in saturated KCIl) was the reference electrode (RE).
Potentiodynamic polarization curves were measured at a
scan rate of 5 mV/s after the specimen was immersed for
2500 s at the open circuit potential and steady corrosion
conditions had been established. The biodegradation rate
(P, mm year™') was calculated from the corrosion current
density (i, mA cm™), using*?%:

P=2285i_ (i)

2.4. Immersion tests

Immersion tests were conducted on the basis of ASTM
G31-72 (the ratio of the solution volume [mL] to
specimen surface area [cm?] was 30:1) in SBF solution
for 168 h. The initial weight of specimen was recorded
before immersion, the degradation solution was refreshed
every 24 h to keep the pH value at about 7.4. Funnels
were used to collect the evolved hydrogen by covering
the samples. The specimen was cleaned using acetone and
water to remove the corrosion products and then weighed.
The biodegradation rate (P, mm y') was calculated
from hydrogen evolution rate (¥, ml/cm* day) and the
biodegradation rate (P , mm year™') was calculated from
the weight loss rate (AW, mg cm™2 d ') using!?>26!;

Powder Mg Zn Zrx Al

Cu Fe Mn Ni Si

ZK30 96.34 3.16 0.48 0.002

0.002 0.01 0.0068 0.0036 0.01
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Table 2. The ion concentrations of SBF and human blood plasma
according to the ISO standard (107> mol/L)

Ton SBF (pH 7.40) Blood plasma (pH 7.2-7.4)

Na* 142 142

K* 5.0 5.0

Mg** 1.5 1.5

Ca> 2.5 2.5

Cl 148 103

HCO, 4.2 27

HPO,* 1.0 1.0

SO, 0.5 0.5
P=2.279V, (i1)
P =21AW (iii)

w

The surface morphologies and corrosion products
of the specimens after immersion were characterized by
SEM with EDS and X-ray photoelectron spectroscopy
(XPS). The XPS measurements were achieved using
an X-ray source of Mg Ko (1253.6 eV). The binding
energy of the measurement was corrected by the binding
energy of C, of hydrocarbons (284.6 ¢V) absorbed on
the surface.

2.5. Antibacterial properties

Staphylococcus aureus (S. aureus, ATCC 25923) is one
of the most common bacteria causing infection and was,
therefore, used as a model bacterium. The preparation
method of SLMed ZK30-0.2Cu-xMn alloy extracts for
antibacterial test was as follows. After disinfection by
ultraviolet radiation, all the samples and control groups
were cultured in SBF solution with S. aureus in three
replicates and placed in a 12-well untreated polystyrene
plate. Each well contained sample and S. aureus
suspension with a concentration of with a concentration
of 1719 x 10° colony-forming unit (CFU)/ml prepared using
sterile SBF solution. The ratio of the specimen surface
are (cm?) to the solution volume (mL) were 1.25 cm?/
mL. The plates were kept at constant temperature for 4,
12, 48, 72, and 96 h at 37 + 0.5°C. Bacterial cell density
in the SBF solution was evaluated by bacterial counting
after each culture period. Before calculating the number
of colonies, the suspension was diluted to 17'° x 10* CFU/
ml, and 0.05 ml suspension was added to the LB nutrient
agar plate, which was carefully spread and plated and
then incubated for 24 h at 37 = 0.5°C.

2.6. Cytocompatibility

Cell compatibility, whichis essential forbiomedical implant
materials, was studied using the MG63 osteosarcoma
cells. The cytocompatibility was evaluated by carrying out
cell proliferation assay and fluorescence live/dead staining

assay. The extracts of SLMed ZK30-0.2Cu-xMn alloys
were extracted in the humidified atmosphere containing
5% CO, at 37°C for 24 h using Dulbecco’s Modified
Eagle’s Medium as extraction medium with an extraction
rate of 1.25 cm?*ml. The supernatant was extracted,
centrifuged, and filtered to produce the extract. The
extract was refrigerated at 4°C to prepare for cell viability
test. CCK-8 assays were used to examine the proliferation
of MG63 cells cultured in SLMed ZK30-0.2Cu-xMn and
Ti extracts. The fluorescence live/dead staining assay was
performed based on the following procedures. Cells were
cultured on a 96-well plate at the density of 5 x 10° cells
per 100 ml for 24 h to ensure cell adherence. The medium
was then replaced by 100 uL extract. After 1 day and
3 days of incubation, the cell viability was determined by
live/dead staining.

3. Results

3.1. Microstructure

Figure 1 shows optical microstructures of the SLMed
7K30-0.2Cu-xMn alloys. The microstructures of all
the alloys consist of fine equiaxed grains. The grain
size decreased with increasing Mn content. The grain
size of SLMed ZK30-0.2Cu was about 5 um, as shown
in Figure 1A, which was smaller than that obtained by
traditional casting®”. Increasing Mn contents decreased
the grain size, as shown in Figure 1B through Figure 1E.
The grain size of SLMed ZK30-0.2Cu-1.6Mn alloy was
about 3 wm. This indicates that the incorporation of Mn
into SLMed ZK30-0.2 Cu refines grain size. The small
grain size produced by SLM is attributed to the rapid
solidification of the melt pool. The additional grain
refinement by alloying Mn is attributed to additional
nucleation sites and grain boundary pinning effect
provided by Mn, which can inhibit grain growth.

Figure 2 shows the XRD patterns of the SLMed
ZK30-0.2Cu-xMn alloys. The XRD patterns for
SLMed ZK30-0.2Cu, SLMed ZK30-0.2Cu-0.4Mn, and
SLMed ZK30-0.2Cu-0.8Mn included peaks of o-Mg,
MgZnCu, and MgZn, phases. For a Mn content higher than
0.8 wt.%, SLMed ZK30-0.2Cu-xMn alloys (x = 1.2 and
1.6) also produced diffraction peaks of the o.-Mn phases.

The microstructure of SLMed ZK30-0.2Cu-1.6Mn
is presented at a higher magnification SEM micrograph
in Figure 3A. Numerous irregularly shaped intermetallic
phases were distributed inside the grains and along grain
boundaries. The composition of the intermetallic phases
at Point 1, Point 2, and Point 3 in Figure 3A is presented
in Figure 3B determined from the EDS spectra. Point 1
(bright granular precipitate distributed along the grain
boundaries) was composed of Zn and Mg; Point 2
(short bar-shaped precipitate distributed along the grain
boundaries) was composed of Zn, Mg, and Cu; and Point
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FEIRTH N D

Figure 1. Optical microstructures of SLMed ZK30-0.2Cu-xMn. (A) x=0, (B)x=0.4, (C)x=0.8,(D)x=1.2, (E)x=1.6.
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Figure 2. X-ray diffraction spectra of SLMed ZK30-0.2Cu-xMn.

3 (spheroidal precipitate scattered along grain boundaries
and inside the grains) was composed of Mg and Mn.
There was good agreement between the composition
results determined respectively by EDS spectra and XRD
patterns. This indicates the presence of MgZn,, MgZnClu,
and o-Mn phases in SLMed ZK30-0.2Cu-1.6Mn.

3.2. Hardness

Figure 4 presents the Vickers hardness values measured
on the polished surface of the SLMed ZK30-0.2Cu-xMn.
The hardness of the SLMed ZK30-0.2Cu was 92 + 3
HV, while a typical hardness of cast Mg alloys is ~70
HVP, This indicates that SLM significantly enhances the
hardness of the Mg alloys which is attributed to the grain
refinement introduced by rapid solidification during the
SLM process.

The incorporation of Mn into ZK30-Cu by SLM
further increased the hardness. The hardness increased
with the Mn content to a maximum hardness of 117
+ 4 HV for the Mn content of 1.6 wt%. This hardness
increase is attributed to grain refinement, solid solution
strengthening, and second-phase strengthening due to
the Mn incorporation. This indeed verifies that Mn is
an effective reinforcement for Mg alloys and hardening
is attained through the incorporation of Mn into the Mg
alloy through SLM.

3.3. Biodegradation

Figure 5 shows potentiodynamic polarization curves for
SLMed ZK30-0.2Cu-xMn tested at 37 = 0.5°C in the
SBF solution. The incorporation of Mn into ZK30-0.2Cu
by SLM resulted in a change in the corrosion potential
(E,,,) and the corrosion current density (i, ). The E_
increased with Mn content, which was attributed to the
more positive electrochemical potential of Mn, compared
to Mg. The i _values were derived from the linear part
of the cathodic branch of the polarization potential
curves using Tafel extrapolation. The incorporation
of Mn into ZK30-0.2Cu by SLM first decreased the
i values. The i _ values of SLMed ZK30-0.2Cu
and SLMed ZK30-0.2Cu-0.4Mn were 29 uA/cm? and
18 uA/ecm’, respectively. The i had the minimum
value of 12 pA/cm?, while Mn content was 0.8 wt.%.
Thereafter, with Mn content increased to 1.2 wt% and
1.6 wt%, the i _increased to 32 uA/cm®and 40 puA/cm?,
respectively, and was even higher than that for the
SLMed ZK 30-0.2Cu without Mn. Using Equation 1, the
biodegradation rates were calculated from the i _values
and are presented in Table 3.

Figure 6 shows hydrogen evolution data (Figure 6A)
and weight loss data (Figure 6B) of the SLMed specimens
immersed in SBF for 168 h (i.e., 7 days). All the SLMed
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alloys exhibited an increase in hydrogen evolution volume
with immersion time increased, but the rate of hydrogen
evolution was fast at the initial 120 h period and then
slowed down when immersion time increased, which
might be attributed to a slightly increased protectiveness
of corrosion layers, which could prevent the corrosion
from penetrating into the Mg matrix and thus decrease the
corrosion rate. The incorporation of Mn into ZK30-0.2Cu
by SLM significantly influenced the hydrogen evolution.
The hydrogen evolution volume first decreased, reached
a minimum the content of Mn increased to 08 wt%, and
hereafter increased when Mn content further increased.
There was a direct correlation of the influence of the Mn
content on the hydrogen evolution volume and the weight
loss rate, that is, the weight loss rate first decreased and
had the minimum with Mn content that was increased to
0.8 wt.% and hereafter decreased when Mn content further
increased. The biodegradation rates, calculated from
hydrogen evolution rate and weight loss rate using Equation
2 and Equation 3 respectively, are listed in Table 3.

The biodegradation rate determined by weight
loss and hydrogen evolution showed generally good
agreement, whereas the biodegradation rate derived from
the polarization curves was apparently lower, which
is commonly observed®>". However, these methods
showed the same trends. In view of the above, SLMed
7ZK30-0.2Cu-0.8Mn had the lowest biodegradation rate,
and the biodegradation rates of SLMed ZK30-0.2Cu-
XxMn alloys in a decreasing order are shown as follows:
SLMed ZK30-0.2Cu-1.6Mn >SLMed ZK30-0.2Cu-
1.2Mn >SLMed ZK30-0.2Cu >SLMed ZK30-0.2Cu-
0.4Mn > SLMed ZK30-0.2Cu-0.8Mn.

Figure 7 shows the surface appearances of the
SLMed ZK30-0.2Cu-xMn specimens after immersion in
the SBF solution for 48 h. Figure 7A shows that numerous
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Table 3. Corrosion rate of SLMed ZK30-0.2Cu-xMn

Materials 7ZK30-0.2Cu ZK30-0.2 7ZK30-0.2 7ZK30-0.2 7ZK30-0.2
Cu-0.4Mn Cu-0.8Mn Cu-1.2Mn Cu-1.6Mn
V, (ml [cm?* day]™) 0.67+0.03 0.56+0.03 0.48+0.06 0.71+0.04 0.93+0.04
P, (mm year ") 1.53+0.07 1.284+0.07 1.09+0.14 1.62+0.09 2.12+0.09
AW (mg [cm? day]™) 0.684+0.01 0.59+0.02 0.47+0.01 0.73+0.02 0.84+0.02
P (mm/year) 1.43+0.02 1.24+0.04 0.99+0.02 1.53+0.04 1.68+0.04
I (uAcm™) 29 18 12 32 40
P (mm year™") 0.7 0.4 0.3 0.7 0.9
A B
8 —a—2K30-0.2Cu F
o, —8— 7K 30-0.2Cu-0.4Mn
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Figure 7. Scanning electron microscopy appearance of corroded surfaces of SLMed ZK30-0.2Cu-xMn (A) x =0, (B) x=0.4, (C) x =0.8,
(D) x=1.2, (E) x = 1.6 and (F) energy-dispersive spectroscopy spectra of points 1~2.
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loose corrosion products covered the entire surface of the
SLMed ZK30-0.2Cu specimen. The Mn-containing alloys
did not have these loose corrosion products, but contained
some discontinuous white products distributed as a
continuous mud-cracked film, as shown in Figure 7B-E.
The corrosion products on SLMed ZK30-0.2Cu-
0.4Mn and SLMed ZK30-0.2Cu-0.8Mn were intact and
compact, and there were no loose corrosion products
(Figure 7B and C), which implied that the corrosion of
SLMed ZK30-0.2Cu-0.4Mn and SLMed ZK30-0.2Cu-
0.8Mn was relatively slight, compared to SLMed ZK30-
0.2Cu. The surface of the alloy containing a Mn content
of 1.2 wt.% contained microcracks (Figure 7D). With the
Mn content further increased to 1.6 wt%, the microcracks
became larger and deeper (Figure 7E). The compositions
of corrosion layers on the corroded surfaces were analyzed
using EDS. The EDS spectra in Point 1 and Point 2 in
Figure 7C confirmed that the regular corrosion layers and
the discontinuous white products on the corroded surface
of SLMed ZK30-0.2Cu-0.8Cu specimens contained “O,
Mg, Ca, and P’ and “O and Mg,” respectively. The Ca and
P elements were present on the corroded surface, indicating
that Ca-P compounds precipitated on the surface of the
hydroxide corrosion layers as the corrosion continued!l.
The EDS spectra of Point 3 in Figure 7A confirmed that
the corrosion products on the corroded surface of SLMed
7ZK30-0.2Cu contained “O and Mg,” similar to the EDS
spectra of Point 2.

3.4. Antibacterial activity against S. aureus

Figure 8 shows the colonies of S. aureus cultured
on the blank control, on pure Mg and on SLMed

control

pure Mg

7K30-0.2Cu-0.8Mn for 24 h and 72 h. There were a large
number of colonies on the blank control. There were fewer
colonies on the pure Mg. There were very few colonies
on the SLMed ZK30-0.2Cu-0.8Mn after 24 h and almost
no colonies after 72 h.

Figure 9A shows the number of S. aureus
CFU/ml in extracts of the blank control, the pure Mg, and
the SLMed ZK30-0.2Cu-0.8Mn at different time intervals
without adjusting pH. The number of the colonies of S.
aureus in the control group did not change significantly
with increasing time, while the number of colonies on
pure Mg and SLMed ZK30-0.2Cu-0.8Mn decreased
gradually. Particularly, the colonies on SLMed ZK30-
0.2Cu-0.8Mn decreased to zero after 72 h. The colonies
in the neutral environments (at pH 7.4) are shown in
Figure 9B. The colonies of the control and pure Mg
did not change significantly with increasing time, while
that on SLMed ZK30-0.2Cu-0.8Mn declined gradually,
dropping sharply after 72 h and to zero after 96 h. This
demonstrated the good antibacterial efficacy of SLMed
ZK30-0.2Cu-0.8Mn.

3.5. Cytocompatibility

Figure 10 shows the results of CCK-8 assay of MG63
cells, which were cultured on the samples for 1, 4, and
7 days. The number of live cells was proportional to the
absorbance (or optical density). This indicates that the
number of live cells on all the samples gradually increases
with the increase of culture time, suggesting that they are
all cytocompatible. From the 1% day to the 7% day, the
relative proliferation rate of the MG63 cells in the six
extract groups showed a similar growth trend. There was

ZK30-0.2Cu-0.8Mn

Figure 8. The growth of bacteria colonies on agar plates cocultured with Staphylococcus aureus at 37°C for 24 h and 72 h.
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Figure 10. Optical density values for MG63 cells incubated in Ti
and SLMed ZK30-0.2Cu-xMn extracts for 1, 4, and 7 days.

no apparent difference in the cell proliferation number
between SLMed ZK30-0.2Cu-xMn and Ti extracts at
different time points. This indicates that SLMed ZK30-
0.2Cu-xMn is suitable for cell growth without cytotoxicity
as well as Ti extract.

Figure 11 shows the fluorescence live/dead staining
results of MG63 cells, which were cultured after 1 and
3 days. Live cells were indicated by green fluorescence
staining with calcein-AM, while dead cells by red staining
with EthD-1. There was no evident indication of dead
cells. The cells cultured on all the SLMed alloys had a
well spread morphology, exhibiting no apparent difference
among them and MGG63 cells cultured in the extract had
a morphology with spindle and round shapes which was
in accordance with the morphology of normal cells. The
cells showed good growth patterns and the number of cells
increased obviously as incubation time increased.

The results of the cell proliferation assays and the
fluorescence staining imaging indicated that SLMed
7K30-0.2Cu-xMn has suitable cytocompatibility as
expected, because all elements in the SLMed alloys are
cytocompatible.

4. Discussion

This current study successfully used SLM to fabricate
7ZK30-0.2Cu-xMn with various Mn concentrations
(0.4, 0.8, 1.2, and 1.6 wt%), which exhibited strong
antibacterial ability and good cytocompatibility. Mg-
based alloys are attractive candidates for metallic implant
biodegradable materials if the rate of the biodegradation
can be decreased. The decrease of the biodegradation rate
was examined by adding Mn by SLM for antibacterial
Cu-containing Mg alloys in this study.

After the SLMed ZK30-0.2Cu-xMn specimens
were immersed in the SBF solution, the corrosion
reactions given by Equation 4, Equation 5, and Equation
6 in the following occurred and the surface hydroxide
layer formed. The hydroxide layer was loose (Figure 7A)
and provided little corrosion protection. As corrosion
continued, hydroxyapatite formed due to the reaction
between hydroxide in the corrosion product, HPO >
(or PO,*) and Ca*" in the SBF, which resulted in the
precipitation of Ca/P hydroxide on the surface of the
hydroxide layer according to Equation vii®?. This was
substantiated by the EDS spectra shown in Figure 7F,
which indicated that the corrosion products are mainly
composed of O, Mg, Ca, and P.

Mg* —2e— Mg* (iv)
2H,0+0,+4e — 40H" )
Mg* + 20H —Mg(OH), (vi)
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Figure 11. The live (green)-dead (red) staining of the MG63 cells cultured for 1 day and 3 days in the presence of (A) and (F) SLMed
ZK30-0.2Cu; (B) and (G) SLMed ZK30-0.2Cu-0.4Mn; (C) and (H) SLMed ZK30-0.2Cu-0.8Mn; (D) and (I) SLMed ZK30-0.3Cu-1.2Mn;
(E) and (J) SLMed ZK30-0.3Cu-1.6Mn.

10 Ca?* + 6 PO,* +2 OH —Ca, (PO,) (OH) (vii)

The results from the polarization curves (Figure 5),
hydrogen evolution (Figure 6A), and weight loss
(Figure 6B) showed thatalloying with Mn had a significant
effect on the biodegradation of SLMed ZK30-0.2Cu-xMn.
With increasing Mn concentration, the biodegradation
rate first decreased and reached a minimum value at a Mn
content of 0.8 wt%. These results were consistent with
the literature™**, which reported that small additions of
Mn to Mg alloys decreased the corrosion rate by refining
the microstructure. Figure 1 shows that the incorporation
of Mn substantially decreased the grain size. The fine-
grained microstructure contained more grain boundaries
and acted as a physical corrosion barrier to prevent
corrosion], In addition, the grain refinement reduced
the mismatch stress between the surface layer and the Mg
substrate to inhibit pitting initiation®®!. Therefore, grain
refinement due to Mn addition can significantly decrease
the biodegradation rate of SLMed ZK30-0.2Cu-xMn.

The surface corrosion appearances (Figure 7)
showed that the addition of Mn promoted the formation
of an intact compact layer of surface corrosion products,
thereby providing better corrosion protection. However,
Mn was not detected in the corrosion products on the
corroded surface of SLMed ZK30-0.2Cu-xMn by the
EDS, as shown in Figure 7F. The corrosion products
were further examined by XPS. Figure 12 shows the
results of XPS analysis of the chemical compositions
of Mg, Mn, and O in the corrosion products on SLMed
7ZK30-0.2Cu-0.8Mn by an analysis of the Mg 1s, Mn 2p,
and O 1s peaks. The wide Mg s peak was composed
of Mg(OH), at 523.4 ¢V and MgO at 530.4 eV. The two
constituent peaks of Mn 2p, ,at 654.2 ¢V and Mn 2p, , at
641.9 eV in the Mn 2p indicated the existence of MnO
and MnO,, respectively. The O 1s peak was composed
of three constituent peaks of MnO_ at 529.4 eV, MgO at
530.4 €V, and Mg(OH), at 532.4 eV. Consequently, in
addition to Mg(OH), and MgO, manganese oxides were

certainly present in the corrosion products. Manganese
oxides in the corrosion products were detected by XPS
but could not be detected by EDS. One of the most likely
reasons was that the manganese oxide layer was attached
to the substrate and was covered by loose Mg(OH),
and accordingly the thickness of the corrosion layer
exceeded the limit of EDS detection. In addition, there
was probably only Mn oxide layer. When Mg alloys were
immersed in SBF, the biodegradation of Mg was severe
due to easy penetration of the oxide/hydroxide products
by destructive CI ions and the formation of a chloride salt
(MgCl,), that is, the destructive CI™ ions existing in the
SBF transformed Mg(OH), into the more soluble MgCl,
as given by Equation 8.

Mg* + 2CI"— MgCl,

Nam et al. demonstrated that in 0.6 M NaCl
solution, Mn alloying into a Mg-5Al-based alloy
inhibited the penetration of Cl- ions®”.. Metalnikov et al.
further proposed that in 3.5 wt% NacCl solution saturated
with Mg(OH),, Mn alloying into a Mg-5Al-based alloy
could cause the formation of a relatively protective oxide
filmB¥. Therefore, in the present work, the formation of a
manganese oxide layer on SLMed ZK30-0.2Cu-xMn was
also expected to significantly decrease the biodegradation
rate in SBF containing CI™ ions. This was supported by the
results of the surface corrosion morphologies (Figure 7)
and biodegradation rate from electrochemical tests and
immersion tests (Figure 6), in which the SLMed ZK30-
0.2Cu-0.8Mn specimens had an intact compact corroded
surface layer and the lowest biodegradation rate.

The SLMed ZK30-0.2Cu-xMn is a multiphase
alloy, in which different microconstituents, that is, the
Mg matrix and the second phases may cause strong micro
galvanic corrosion. As shown in Figure 2, the diffraction
peaks of the Mn phase could be identified only when
the Mn content was >0.8 wt.%. This indicates that the
Mn element could completely dissolve in Mg matrix

(viii)
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Figure 12. X-ray photoelectron spectroscopy analysis of corrosion products on SLMed ZK30-0.2Cu-0.8Mn.

if the Mn content was less than 0.8wt%, due to the
rapid solidification by the SLM processing and formed
supersaturated solid solutions. In contrast, a Mn content
>0.8 wt% resulted in the formation of a small amount of
Mn phase, which could not dissolve in the Mg matrix and
precipitated after the rapid solidification. The precipitated
Mn phase served as a cathode and the Mg matrix as
anode formed a galvanic couple, which increased the
biodegradation rate. Consequently, the biodegradation
rate first decreased, with Mn content increased and
reached a minimum while Mn content was 0.8 wt% and
then increased with the Mn content. Furthermore, the
precipitated Mn phase formed a weak interface with
the adjacent Mg where the cracks were easily initiated.
Figure 7D and 7E shows some microcracks on the
corroded surfaces of SLMed ZK30-0.2Cu-1.2Mn and
SLMed ZK30-0.2Cu-1.6Mn, which were generated due
to the dehydration of the corrosion product layer by
drying™. The existence of microcracks caused the matrix
to contact the SBF directly and accelerated the corrosion.
The microcracks of the corroded surfaces became larger
and deeper when Mn content increased from 1.2 wt% to
1.6 wt%, accompanied by an increased biodegradation
rate. Even so, for SLMed ZK30-0.2Cu-1.6Mn, some local
areas presented microcracks, while some other areas were
still covered by an integrated compact surface corrosion
layer (Figure 7E), which was formed due to the Mn

International Journal of Bioprinting (2021)—Volume 7, Issue 1

content as described above. As a consequence, for SLMed
7ZK30-0.2Cu-xMn, the influence of grain refinement and
the relatively protective manganese oxide layer on the
increase of the biodegradation resistance counteracted the
influence of the undissolved Mn phase on the decrease
of biodegradation resistance; therefore, SLMed ZK30-
0.2Cu-0.8Mn has the lowest biodegradation rate.

5. Conclusion

Novel antibacterial ZK30-0.2Cu-xMn alloys with fine
equiaxed grains were successfully fabricated by SLM.
Alloying with Mn has an evident influence on grain
size, hardness, and biodegradation rate of SLMed ZK30-
0.2Cu-xMn alloys. Alloying with Mn decreases the grain
size and produces a relatively protective manganese oxide
film, which significantly decreases the biodegradation
rate of SLMed ZK30-0.2Cu-xMn alloys. Undissolved Mn
increases the biodegradation rate of SLMed ZK30-0.2Cu-
xMn. The optimum Mn content is 0.8 wt.%. SLMed
7ZK30-0.2Cu-0.8Mn has the lowest biodegradation rate.
SLMed ZK30-0.2Cu-0.8Mn exhibits strong antibacterial
ability and good cytocompatibility, indicating their future
prospects for bone implants.
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spite of that, CAD/CAM techniques also show some
disadvantages, such as requirement of highly trained
professional to operate 5-axis computer numerical control,
high cost of raw material, excessive waste generation,
high cost of maintenance, and short lifetime of tooling.
On the other hand, AM could improve the fabrication of
dental prosthesis by increasing automation, flexibility,

1. Introduction

In the past few years, additive manufacturing (AM)
technologies have started playing an important role in
several industrial and health-care segments!!l. In addition,
development of dental materials and applications
signifies the advent of digital fabrication through which

the dental implants are mainly fabricated by computer-
aided design and computer-aided manufacturing
(CAD/CAM) techniques coupled with three-dimensional
(3D) scanning!>3,

Table 1 shows the most common techniques that
are used in accordance with the type of dental prosthesis.
Possibly, CAD/CAM is currently the most used technique
in prosthodontics™™. Although AM is still used in the
fabrication of medical/dental models and temporary
dentures, its mechanical strength is usually inferior to
that of CAD/CAM technologies and no sufficient clinical
records regarding its application are available®s!. In

shape freedom, and fabrication speed. Apart from
manufacturing and product development, AM is also in
applied in different areas, such as aerospace, electronics,
medical applications, and tissue engineering(®'l.

After weighing the pros and cons of either technique,
several aspects of AM technologies, such as mechanical
strength, type of material, bio-reactivity, and cost, still
remain as the challenges awaiting to be addressed!'®!.
For that reason, AM technologies are widely used for:
provisional crown and bridge restorations, casting
patterns, dental models, surgical guide, and splints. On
the other hand, further development of AM technologies

© 2020 Cunico. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License
(http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the original
wark is properly cited.
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3D Printing of Ceramic Dental Prostheses

is still need warranted to perfect their applications in
the fabrication of dental implants, crown, and bridges
denture and prosthetic constructions. Therefore, the
main goal of this study is to propose and investigate the
feasibility of a novel fabrication method based on ZrSiO -
glass composite in dental prosthesis applications, such as
crowns, coupings, bridges, and dentures. The schematic
of this method is illustrated in Figure 1.

In this method, the collapsible ZrSiO, mold of
negative of crown or bridge was fabricated by AM
based on fused filament fabrication (FFF). The negative
cavity was filled by lanthanum glass powder and sintered
subsequently. In the end, the pieces were heated to debind
the negative structure and then create sintered composite
pieces.

It is also important to note that several AM
techniques, such as inkjet printing and stereolithography,
generate objects with higher resolution than manufacturing
by FFF. However, these techniques are restricted by
photopolymeric resins and slurry-based techniques. For
that reason, they are mainly used for casting patterns,
lost wax (resin), and investment casting!'*?", In addition,
in spite of high resolution, these AM techniques
(stereolithography apparatus and Inkjet printing) imply
on dimensional and geometrical accuracy equivalent
to FFF techniques®-?. In fact, the high resolution has
been shown to influence the roughness, rather than the
dimensional accuracy' %], Besides low cost, AM based
on FFF is able to fabricate objects with high amount of
ceramic and metallic in their composition®-2%!, Thus,

Dental Prosthesis (CAD)
3D printed Mold\ /

\ (2rsio4)

Mold (CAD)

Infill of CeramicPowder

this technique is suitable for fabrication of collapsible
molds made of ceramics or metallic material with high
temperature resistance.

To evaluate the feasibility of this technique,
we applied multivariable approach to investigate the
main effect of control factors on responses. Holding
temperature, holding time, heating rate, cooling rate,
and shrinkage chamber were the control factors while
shrinkage, flexural strength, and process feasibility
were the study responses. The fabrication parameters,
formulation of materials, flexural testing specimen shape,
and crown shape were kept constant. This study helped
determine whether the proposed method of indirect AM
is feasible to fabricate ceramic dental prosthesis.

2. Materials and methods

To investigate the feasibility of the proposed method in
addition to the main effect of control factors on responses,
we applied a 2% multivariable methodology (full design
with body central point) where holding temperature (T,),
holding time (t,), heating rate (R, ), and cooling rate (R )
were the control factors. In addition, we also defined
three screening steps in augmented design approach to
minimize the holding time and maximize the densification
and mechanical properties.

The levels and values of each control factor are
presented in Table 2. The values of holding temperature
are between the activation temperature of glass and ZrSiO,
(700°C) and the melting temperature of glass (1078°C).

Sintering Ceramic \

Sintered Ceramic
dental Prosthesis

Figure 1. Schematic diagram of the fabrication of ceramic dental prosthesis using indirect additive manufacturing.
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This also indicates that the cooling time enhanced two
types of heat treatment (quenching for fast cooling and
annealing for slow cooling). Therefore, the effect of such
treatments on crystallization level, mechanical strength,
and geometry distortion can be evidenced. On the other
hand, holding time and heating rate are expected to affect
the sinterization parameters, such as nucleation, grain
growth, and diffusion.

For the sintering process, we used a 2000 W
electrical Furnace PID controller with 4 ramps curves
and insulation muffle. The main control parameters and
schematic sintering temperature curves that we applied in
this study are illustrated in Figure 2.

The flexural testing was performed in accordance
with ISO 6872 in an EMIC DL10000 universal testing
machine. We used MATLAB software for the image
processing, and the image acquisition was performed using

Table 2. Experiment design

optical microscope Digital Avangard Optics AN-E500
(AVANGARD 2011), which a magnitude of up to x500
of amplification. For the gravimetric analysis (drying
monitoring), we used a 0.005 g error scale. To identify
dimensional distortions of the specimen, we used both
0.05 mm caliper and computational image processing to
measure the specimen dimensions. After measuring, we
used MATLAB software to perform statistical analysis
and evidence the geometrical variation of object external
contour. To measure feasibility response, we established a
scale from 0 to 1 in which level 1 indicates that the object
has no significant distortions and is feasible to be used;
level 0.75 exposes minor distortion which corresponds to
5% of distortion; and level 0.5 indicates that the object
has 10% of distortion. It is important to note that the
measurement of feasibility response was used to analyze
non-volumetric distortions and compare CAD models

Level

Control factors -1 0 1
1% step

Heating rate (Hrate) (°C/min) 2 3.5 5

Holding temperature (Thold) (°C) 700 800 900

Holding time (thold ) (h) 1 2.5 4

Cooling rate(Crate) (°C/min) 2 30
204 step

Holding temperature(Thold) (°C) 700 750 800

Holding time(thold) (h) 1 1.75 2.5
31 step

Holding temperature(Thold) (°C) 700 725 750

Holding time(thold) (h) 2.5 2.875 3.25
Where: T, |, is the holding temperature — period of time where the temperature is kept constant; t, . is the holding time or plato time — temperature which is

kept constant during a period of time; H__is the heating rate of sintering furnace; C__ or k is the cooling rate of object.

1000 —_ -
Heating time Holding Time

900

Cooling Time

800 Holding Temp.

700
600

500
400

Temperature (*C)

Cooling rate (k)
I(0)=T,+(T,-T,)e"

300
200 / Heating rate (°C/min)
100

/
0 + + |
0 100 200

300 400 500 600

Time {min)

Figure 2. Illustration of sintering temperature curves and control factors: Holding temperature (T, ), holding time (t, ), cooling rate (k),

and heating rate (H_ ).

rate
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3D Printing of Ceramic Dental Prostheses

adjusted by shrinkage factor, although shrinkage is a sort
of volumetric distortion.

For specimen’s fabrication, we used a fused
deposition modeling process and filament filled by
90% of ZrSiO,. The main process parameters remained
constant, where extrusion temperature was 220°C, layer
thickness was 0.1 mm, distance between filaments was
0.2 mm, and nozzle diameter was 0.4 mm. In addition, we
have also considered no support material and no retract
to build the specimens. In all the cases, the extrusion
temperature and chamber temperature were also kept
constant, while no bed temperature was established. The
fabrication environment was also controlled at 25°C
(room temperature) and 50% of relative humidity.

The repeatability and error of the AM-generated
mold were also identified before performing the study. Ten
samples of the mold were fabricated, and their external and
internal geometry was measured. The internal geometry
was evaluated by transversal cuts, which helped to ensure
that the divergence between CAD- and AM-generated
molds was up to 0.15 mm besides an error of 2% in the
small dimension of mold.

3. Results and discussion

In general, the evaluation of concept feasibility was
satisfactory, whereas a feasible process window was
identified. From geometric point of view, the crown
was obtained in low sintering temperatures because
high levels of temperature distorted the geometry due to
excessive melting and high shrinkage.

With regard to the main effect of control factors
on the feasibility, mechanical strength and shrinkage,
holding temperature had the strongest effect on the
feasibility and flexural strength in comparison with the
other control factors (Figure 3). On the other hand,
holding time affects shrinkage the most. It shows that
holding time and holding temperatures are the most
relevant factors for the augmented design. Therefore,
the second design of experiments screening increased

Fitted Main Effects

Cooling rate (*C/min)

Holding Time (h)

WFeasibility

W Shrinkage

Holding Temperature (°C) WFlexural Strength

Heating Rate (°C/min)

o 01 02 03 04 05 06 07 08 09 1
Main effect

Figure 3. Main effect of control parameter on feasibility, flexural
strength, and shrinkage.

the experiment resolution for holding temperature and
holding time. The flexural strength was also affected
by heating rate, indicating that densification of material
might have reduced the strength of material.

In parallel with the feasibility ofthe proposed concept,
high temperature implies on the unfeasibility of concept
regardless of time holding, cooling rate, and heating rate
(Figure 4). In this study, the holding temperature was
the most relevant parameter for feasibility, followed by
holding time. In contrast, heating and cooling rates were
found not to affect the feasibility. From the geometric
point of view, our analysis revealed that the shrinkage
varied from 13.4% to 27% into the feasible area. The
lowest value of shrinkage was found in a condition when
the heating rate equals to 5°C/min, holding temperature
700°C, holding time 3.2 h, and cooling rate 30°C/min,
whereas the highest value was found in a condition when
the heating rate equals to 2°C/min, holding temperature
700°C, holding time 4 h, and cooling rate 2°C/min.

Figure 4 shows the main effect of control parameter
shrinkage. The holding temperature was the most relevant
factor for the shrinkage, while the heating rate showed
the smallest effect among the control parameters. With
respect to material mechanical strength, Figure 4 also
presents the main effect of control parameter on flexural
strength. The temperature and heating rate were the most
relevant factors for mechanical strength, while cooling
rate presented the smallest effect among the control
parameters. The mean values of flexural strength varied
from 25 to 82 MPa, where the lowest values were found
in low holding temperatures (700°C) and short holding
time (1 h). On the other hand, the highest values were
obtained by long hold time (1 h) and 800°C of holding
temperature. It is also important to indicate that this
process did not evaluate the effects of neither heating
treatment nor material. Therefore, further studies are still
needed for incorporating the use of stronger materials and
heating treatments in this concept.

In addition, Figure 5 shows a comparison diagram
of geometrical concept for feasibility as a function of
holding temperature and holding time. In this figure,
a feasibility line separates the results which were
considered feasible and unfeasible from the geometrical
point of view.

In addition, the feasibility was also separated in two
areas. High grain growth was obtained at low temperature
(700°C) during long holding time (4 h), producing
specimen with high densification. On the other hand, low
grain growth was obtained at low temperatures (700°C)
during short periods of time (1 h), producing specimen
with low densification. Of note, the central point of the
study indicated a limit of feasibility so that the sintering
process can be directly correlated to the absorbed energy
as a function of time and temperature. The unfeasible

94 International Journal of Bioprinting (2021)—Volume 7, Issue 1
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Figure 4. Standardized main effect of control factors on feasibility, flexural strength, and shrinkage.
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Figure 5. Comparison diagram of proposal feasibility as a function of holding temperature and holding time.

area was highlighted by high densification and excess of
deformation due to a decrease in viscosity. In addition,
this reduction indicated mold infiltration and subsequent
incrustation of collapsed mold on object surface. The
materials obtained at high temperature with long holding

time were of high densification and grain size and
were bigger than the grain in material produced at low
temperatures. This situation is shown in Figure 6, where
the comparison of material densification and grain size is
presented.
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To better understand the behavior of material
properties as a function of holding temperature and
holding time, Figure 7 shows the contour diagrams of
feasibility, shrinkage, and flexural strength and presents
an overlapping diagram indicating the process window
from where high values can be obtained.

According to Figure 7, high values of feasibility
flexural strength and low values of shrinkage can be
obtained with holding time at around 1.5 h and holding
temperature at around 750°C. In this case, values of

. . - 0 Ay

Figure 6. Comparison between low (A) and high (B) densification.

flexural strength fluctuate around 65 MPa, while the
shrinkage values around 13%. The feasibility ratio was
considered higher than 0.9. It is important to note that
the feasibility level indicates the compatibility between
the physical model and the CAD 3D model. Therefore,
the distortion between the physical model and the 3D
model adjusted with volumetric shrinkage is lower than
10% for the feasibility level which is higher than 0.9.
That represents an error up to 0.1 mm in the smallest
analyzed dimension of the samples. Another important
point on this matter is the potential minimization
of shrinkage factor in accordance with the type and
formulation of ceramic material and the size of powder
grain. Nonetheless, further efforts are still needed to
improve material properties and process aspects, such
as mechanical strength, biocompatibility, physical, and
chemical properties.

Figure 8 shows the comparison in flexural strength
between the proposed method and other typical methods
that are used for fabricating dental prosthesis. It is
important to see that our current results identified values
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Figure 7. Contour diagrams of flexural strength, feasibility, shrinkage, and the overlapping diagram with combination of high values.
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Figure 8. Flexural strength of the proposed method and typical dental

Figure 9. ZrSiO4-glass composite-based prosthetic crowns
fabricated by indirect fused deposition modeling collapsible tool.
The crown on the left side is of high grain densification with no
finishing and the crown on the right side is of low grain densification
with no finishing.

that are comparable to the typical dental applications.
Therefore, further studies might increase the flexural
strength up to the level of slip casting strength. It is
also important to note that the volumetric shrinkage for
typical CAD/CAM dental application varies from 5 to
30% B+17271 Therefore, the range of values found in this
work (13 — 25%) is compatible with the current state of
art, indicating potential application in the field.

This concept has been shown to work and open
a new possibility to fabricate glass-ceramic materials
by AM technologies using collapsible ceramic mold,
as presented in Figure 9. In this figure, two prosthetic
crowns with no finishing were presented. The left-side
crown presents high grain densification while the right-
side crown with low grain densification. Both crowns have

International Journal of Bioprinting (2021)—Volume 7, Issue 1

prosthesist!728-37],

no layer marks, as the sintering process merged powder
grain and created object superficial tension which inhibits
the occurrence of mold layer marks. In addition, it is also
known that after the fabrication of the dental prosthesis,
the typical dental applications (CAD/CAM, slip casting,
etc.) are coupled with several stages of finishing and
making-up that improve the esthetic appearance of the
prosthesis so that they mimic the original human dent!*®!,
Therefore, the geometrical characteristics, mechanical
properties, and biocompatibility are the most important
aspects to be considered in this type of application.
Despite the preliminary results on the feasibility of the
proposed method, further studies are still needed to
improve mechanical strength, diversify the glass-ceramic
materials, applications, and biocompatibility.

4. Conclusions

Collectively, this study assessed the feasibility of the
glass-ceramic fabrication based on collapsible AM mold
of ZrSiO,. The working proof generates new perspectives
to AM in dentistry, ceramics, and medical applications,
whereas collapsible AM molds, such as we method used
in this study, can support fabrication up to 2300°C.

This study also identified that the holding
temperature is the factor that mostly influences the
feasibility, strength, and shrinkage, followed by holding
time which directly affects the material densification
and grain growth. Besides, long time periods and high
temperatures increase the densification and soften the
material, leading to distorted geometry, and making the
method unfeasible. On the other hand, flexural strength
fluctuates between 25 and 82 MPa and can be highly
affected by heating rate and cooling rate. Further studies
are required to investigate the role of heating treatments
and increase mechanical and geometrical properties, as
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well as incorporate new materials and applications for
screening.
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Abstract: In this study, a B-tricalcium phosphate (-TCP)/poly (lactic-co-glycolic acid) (PLGA) bone tissue scaffold was
loaded with osteogenesis-promoting drug HA15 and constructed by three-dimensional (3D) printing technology. This drug
delivery system with favorable biomechanical properties, bone conduction function, and local release of osteogenic drugs
could provide the basis for the treatment of bone defects. The biomechanical properties of the scaffold were investigated
by compressive testing, showing comparable biomechanical properties with cancellous bone tissue. Furthermore, the
microstructure, pore morphology, and condition were studied. Moreover, the drug release concentration, the effect of anti-
tuberculosis drugs in vitro and in rabbit radial defects, and the ability of the scaffold to repair the defects were studied. The
results show that the scaffold loaded with HA15 can promote cell differentiation into osteoblasts in vitro, targeting HSPAS.
The micro-computed tomography scans showed that after 12 weeks of scaffold implantation, the defect of the rabbit radius was
repaired and the peripheral blood vessels were regenerated. Thus, HA15 can target HSPAS to inhibit endoplasmic reticulum
stress which finally leads to promotion of osteogenesis, bone regeneration, and angiogenesis in the rabbit bone defect model.
Overall, the 3D-printed B-TCP/PLGA-loaded HA15 bone tissue scaffold can be used as a substitute material for the treatment
of bone defects because of its unique biomechanical properties and bone conductivity.

Keywords: Three-dimensional printing; B-tricalcium phosphate; HA15; Endoplasmic reticulum stress; Bone defect

*Correspondence to: Yujin Tang, Department of Orthopedics, Affiliated Hospital of Youjiang Medical University for Nationalities, Baise,
Guangxi, 533000, China; tangyujin1967@163.com. Jia Liu, Department of Orthopedics, Affiliated Hospital of Youjiang Medical University for
Nationalities, Baise, Guangxi, 533000, China; liujia011l@live.cn

Received: October 30, 2020; Accepted: November 23, 2020; Published Online: January 20, 2021

Citation: Zheng C, Attarilar S, Li K, ez al., 2021, 3D-printed HA15-loaded B-Tricalcium Phosphate/Poly (Lactic-co-glycolic
acid) Bone Tissue Scaffold Promotes Bone Regeneration in Rabbit Radial Defects. Int J Bioprint, 7(1):317.http://doi.
org/10.18063/ijb.v7i1.317

1. Introduction including bone atrophy, trauma, benign and malignant
) ) . tumors, and periodontal diseasel'l. In this regard, an
Bone defects, which are of prominent importance, refer autologous bone graft is a unique standard of the hard tissue

to a range of injuries that happen due to different reasons, transplantation treatment, especially for bone defects!?.
© 2021 Zheng, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International

License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the
original work is properly cited.
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These autologous bone grafts have numerous biological
benefits over heterologous and synthetic bone substitutes
due to their excellent combination of osteogenic,
osteoinductive, and osteoconductive characteristicsi®*l,
Despite these advantages, bone transplantation can lead to
issues, such as bleeding, hematoma, infection, and chronic
pains. Furthermore, this form of treatment is restrained by
the donor sources and high costs of surgery®®!. Considering
these issues and the great demand for treatment of bone
defects, the need for modern designs and new strategies
has been elevated to an urgent status, specifically for large-
area bone defects. In this relation, bone tissue engineering
is considered one of the most promising alternative
approach for bone defect repairment'”). One of the aims
of bone tissue engineering is to fabricate osteoconductive
scaffolds along with the successful delivery of osteogenic
cells and biological factors'®l.

The scaffold design should be able to accommodate living
cells and guide their growth, and assist tissue regeneration in
three dimensions®'?!. The fabrication techniques also have a
great impact on scaffold properties!'!). Moreover, the material
and method selection must be designed according to specific
demands of tissue (structural and metabolic)!'?. According to
the biomimetic scaffold production protocols, the prepared
scaffold must maintain a sufficient area for cell adhesion
and proliferation, exchange of gaseous species, with the
optimized surface-to-volume ratio and the degradation rate
that matches tissue formation rate!'¥). The scaffold’s porosity,
surface chemistry, morphology, three dimensional (3D)
structure, immunogenicity, and mechanical properties have
an extensive impact on the matrix properties in the biological
artificial bone substitutes!'¥. As yet, a wide array of materials
has been used as matrix in bone tissue engineering, including
natural polymers and their monomers (elastin, chitosan, silk,
collagen, gelatin, etc.)l'”), synthetic biodegradable polymers
(polylactides, polycaprolactone, polypropylene fumarate,
polyethylene glycol, etc.)!'®, inorganic compounds of bone
extracellular matrix (calcium phosphates, [-tricalcium
phosphate [B-TCP], hydroxyapatite [HA], calcium
carbonate, etc.)!'”), and signaling molecules (RGD proteins
and various growth factors)!'®.. It was clear that bone tissue
engineering scaffolds should imitate the composition
and structure of natural bone tissue mostly by engaging
biodegradable polymer matrix and inorganic bioactive fillers
in 3D composite porous scaffolds.

The utilization of B-TCP and poly (lactic-co-glycolic
acid) (PLGA) is very common due to their beneficial
aspects. The B-TCP has found many applications in load-
bearing orthopedic implants because of its compositional
analogy to mnatural bone, osteoconductivity, and
tailorable bioresorbability!'>?%. Furthermore, the PLGA
is considered one of the base biomaterials because of its
biocompatibility, potential for tailoring its biodegradation
rate, Food and Drug Administration certification for

clinical use in humans, surface modification ability, and
the ease of export to other countries!. In addition, HA15
is an efficient inhibitor of endoplasmic reticulum (ER)
chaperone protein glucose regulatory protein 78 (GRP78,
also known as BiP), which can prohibit the ATPase
activity of BiP and trigger the ER stress. Through ER
stress, the cells activate unfolded protein response (UPR)
and other signaling pathways in reaction to misfolded
and unfolded protein aggregation in the ER cavity and
the disorder of calcium balance.

Many stress responses can activate ER stress, thus
could be called UPR™*?*, UPR is mediated by three major
signaling cascades that are triggered by the so-called ER
pressure sensors, such as double-stranded RNA activated
protein kinase R (like endothelial reticulum kinase
[PERK]), inositol-dependent enzyme 1 o (IRE1 o), and
activating transcription factor 6 (ATF6). PERK, IRE1 «,
and ATF6 are ER membrane proteins, which are known to
form complexes with BiP in a steady-state condition. The
increased demand for protein folding leads to activation of
PERK, IRE1 a, and ATF6, subsequently activating their
downstream influencers to alleviate protein toxic stress on
ER and restore ER homeostasis®2. In this regard, HA15
can bind to the ATP enzyme of BiP and inhibit its activity,
leading to BiP separation from PERK, IRE1 o, and ATF6
that elicits ER stress and UPRP”. The dissociation of BiP
can activate PERK that subsequently phosphorylates elF2
o, leading to the inhibition of protein synthesis, which is
conducive to the folding of proteins in the ER. Unlike
most proteins, the phosphorylated elF2 o selectively
promotes the translation of ATF 4. Since the ATF4 has
an upstream open reading frame in its fifth untranslated
region, under normal circumstances, these upstream
open reading frames would prevent the translation of
ATF4. Phosphorylated elF2 o can promote ribosome
binding to the open reading frame of ATF4, inducing the
expression of ATF4 mRNA and increasing the translation
of ATF4. ATF4 and runt-related transcription factor
2 (Runx2) can interact with osteoblast-specific actin
element 1 (OSE1) and osteoblast-specific actin element 2
(OSE2), respectively, in the osteocalcin (OCN) promoter
region. This can induce the expression of osteoblast-
specific OCN along with bone matrix mineralization
promotion, osteoblast differentiation regulation, and bone
formation™?), Therefore, HA15 can promote osteoblast
differentiation through the PERK-elf2 a-ATF4 pathway.
It was known that the accumulation of misfolded protein
in the ER may lead to the secretion of HSPAS5/BiP
(GRP78) from ERN1/IRE1, allowing homodimerization
and subsequent activation of ERN1/IRE1. This event
has an auxiliary role in the post-translational transport of
small presecretory proteins across the ER. Furthermore,
the HSPAS gene is overexpressed due to UPR under the
cellular stress conditions®®-3?; therefore, the expression of
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HSPAS gene is a reliable indicator of ER stress in human
diseases™. Furthermore, HSPAS5 promotes cell survival
and drug resistance under ER stress conditions?**. Hence,
it seems that B-TCP/PLGA-loaded HAI15 material
targeting HSPAS5 which is a master regulator of the
anti-apoptotic UPR signaling network®*! can be a good
therapeutic option for bone defect problems.

In this study, we constructed a 3D-printed B-TCP/
PLGA-loaded HA15 targeting HSPAS5 bone tissue
scaffold according to a rabbit model of radial bone defect
and performed the implantation. The effect of 3D-printed
B-TCP/PLGA-loaded HA15 bone tissue scaffold on bone
defect treatment and the healing condition is thoroughly
discussed in this article. This study also provides a
theoretical and experimental guideline for the treatment
of bone defect with drug-loaded biomaterials that may be
a promising treatment of bone lesions.

2. Materials and methods

2.1. Scaffold fabrication

The 3D-printed bone tissue scaffold formation procedure
along with in vitro and in vivo experiments is briefly
shown in Figure 1. First, 3 g of PLGA (Shandong
Medical Device Company, P.R. China) with an inherent
viscosity of 0.6-0.8 dL/g was dissolved in 10 mL of
dichloromethane (DCM). Then, 3 g of B-TCP was added
to prepare PLGA/DCM solution, which was subject
to a 20-min ultra-sonication. After that, 200 ug of
HA15 was added to 1.5 ml of deionized water to form
an aqueous solution. The HA15 aqueous solution was
mixed with B-TCP/PLGA/DCM composite solution
with the assistance of ultra-sonication to form uniform
HA15/water/TCP/PLGA/DCM  composite emulsions
as printing inks. The inks were subsequently added into
a 20 mL syringe connected to a V-shape nozzle (inner
diameter: 0.4 mm). A pre-designed STL file shown in
Figure 2D and E with dimensions of sample and multi-
section views was imported in a cryogenic 3D printer
(Shenzhen Creality 3D Technology Co., Limited, P.R.
China) and cylindrical scaffolds with 3D grid patterns
were printed. The printing procedure was carried out
according to the pre-set parameters; the feed speed was
0.005 mL/s and the printing speed was 8 mm/s. Finally, a
cylindrical scaffold with a diameter of 4 mm and a height
of 15 mm were obtained (Figure 2). The printed scaffolds
were freeze-dried for 24 h to remove all DCM.

2.2. Detection using scanning electron microscope

Scanning electron microscopy (SEM) (TESCAN-Vega
3 system) was used to observe the pore structure and
micro-morphology of the prepared 3D-printed scaffold as
well as the scaffold aperture size, pore connectivity, and
surface morphology of pore walls. The Nano Measurer

1.2 was used to perform aperture measurement on the
SEM micrograph of the bracket. In this regard, 30
measurement holes were randomly selected to calculate
the mean and standard deviations (SD) to make a
preliminary assessment of the aperture range.

2.3. Mechanical properties of scaffolds

An electronic universal testing machine was used to test
the mechanical response of the bone tissue scaffolds
with a dimension of 15 mm x 3 mm x 2 mm according
to the GB/T1041-1992 Chinese standard protocol. The
prepared sample was inserted in the testing area and the
compression loading was conducted with a speed of 0.5
mm/min until the complete deformation, then the strength
and modulus of the scaffold were measured.

2.4. In vitro experiments
(1) Cell culture

Murine mesenchymal stem cell line C3H10 was incubated
under the standard condition in DMEM medium
supplemented with 10% fetal bovine serum, 100 U/ml
penicillin G, and 100 mg/ml streptomycin. To seed the
C3H10 cells onto the 3D-printed scaffolds, the scaffolds
were sterilized with ultraviolet light and 70% ethanol
and were placed in 24-well tissue culture plates. For cell
seeding, samples were pre-soaked in DMEM complete
culture medium for 24 h. Subsequently, 1 mL complete
culture medium (3 x 10* C3H10 cells) was poured on
the top surface of the scaffolds. Then, the samples were
incubated for 2 h to permit the cells to attach the scaffolds.
The cells were stimulated with two concentrations of
leaching solution from B-TCP/PLGA/HAI1S5 scaffolds;
the scaffold was infiltrated with 5 ml (HA15-1) or 10 ml
(HA15-2) culture medium for 48 h.

(2) siRNA knockdown

We transiently transfected C3H10T1/2 cells with HSPAS
siRNA using Lipofectamine RNAIMAX (Invitrogen,
Carlsbad, CA, USA) in Opti-MEM medium (Invitrogen),
according to the manufacturer’s instructions. The
sequences of HSPAS siRNA are as follows: Forward,
5’-AAGGUUACCCAUGCAGUUGTT-3" and reverse,
5’-AGAUUCAGCAACUGGUUAAAGTT-3’. Universal
Non-targeting Control siRNA was considered and
used as the control for non-sequence-specific effects.
The capability of siRNA knockdown was evaluated by
Western blotting. Each experiment was performed in
triplicates.

(3) Western blot analysis

Cells were lysed in 2% sodium dodecyl sulfate
(SDS) with 2 M urea, 10% glycerol, 10 mM Tris—

102 International Journal of Bioprinting (2021)—Volume 7, Issue 1



Zheng, et al.

B-TCP

PLGA/DCM solution

Surgical procedure

~—

3D printed Scaffold implantation in rabbit

=»

PLGA/DCM solution

T
SN - l
OOO (o] ]

o 0°o

HA15/water/TCP/PLGA/DCM
composite emulsions

3D printed porous HA15-loaded B-TCP/PLGA
bone tissue scaffold
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Figure 1. Production procedure of 3D-printed porous HA15-loaded B-tricalcium phosphate/poly (Lactic-co-glycolic acid) bone tissue
scaffold along with in vitro mesenchymal stem cells (MSCs) culture and in vivo scaffold implantation in rabbit.

'I"

E

Figure 2. Prepared scaffolds. (A) B-tricalcium phosphate/poly (Lactic-co-glycolic acid)B-(TCP/PLGA) and (B) B-TCP/PLGA/HA15
samples; (C) the length of scaffolds; (D) pre-designed STL files showing the dimensions in mm; (E) STL file showing the multiple sections
of sample: red for X section, green Y section, and blue for Z section.

HCl (pH 6.8), 10 mM dithiothreitol, and 1 mM
phenylmethylsulfonyl fluoride. Proteins were separated
by 10% SDS-polyacrylamide gel electrophoresis.
After electrophoresis, proteins were transferred onto
the membranes (Bio-Rad Laboratories, Hercules, CA,
USA) using the wet transfer method. Each membrane
was blocked using TBST (100 mM Tris—HCI pH 7.5,
150 mM NaCl, and 0.05% Tween 20) and 5% non-fat

dried milk for 1 h at room temperature, and incubated
with primary antibodies overnight on a shaker at 4°C.
The membrane was incubated with HRP-coupled
secondary antibody for 1 h at room temperature.
Following this, membranes were treated with enhanced
chemiluminescence reagents (ECL Kit, Amersham
Biosciences, Piscataway, NJ, USA) and the proteins
were detected using chemiluminescence technique.
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(4) Gene expression and real-time polymerase chain
reaction (PCR) analysis

The expression of osteogenic genes, including OCN,
HSPAS, bone morphogenetic protein 2 (BMP2), alkaline
phosphatase (ALP), collagen type I (collal), transcription
factor Sp7 (Osterix), and Runx2, in C3H10 cells cultured
on various specimens was analyzed by real-time PCR
assay. After culturing for 7 days, total RNA was extracted
using Trizol reagent from cells. The concentration of
RNA was measured by a NanoDrop spectrophotometer
(Thermo Fisher Scientific, USA). The primers used are
shown in Table 1.

(5) Alizarin red S staining

Following osteogenic induction for 14 days, the cells
were placed in 48-well plates (3-wells for each group) and
fixed with 4% paraformaldehyde (PFA) for 20 min, and
then rinsed twice with phosphate buffered saline (PBS).
After that, the cells were stained using 40 mM alizarin
red working solution for 10 min at room temperature. The
cells were then rinsed twice with PBS and visualized under
a light microscope. Next, 100 mmol/l cetylpyridinium
chloride was poured into each well and semi-quantitative
analyses were done by optical density measurement at
560 nm.

(6) Immunofluorescence analysis

For immunofluorescence analysis, after incubation with
primary antibodies, followed by Alexa Fluor 594 donkey
anti-mouse IgGl (Life Technologies, Carlsbad, CA,
USA) and Alexa Fluor 488 goat anti-mouse 1gG2b (Life
Technologies) secondary antibodies, cells were washed
3 times in PBS, after which nuclei were counterstained
with 4',6-diamidino-2-phenylindole (Life Technologies).
Images were obtained on a confocal laser-scanning
microscope (Olympus, Tokyo, Japan).

2.5. In vivo experiments
(1) Radial defect treatment of rabbit

All in vivo animal experiments were conducted under
the “Regulations on the Administration of Laboratory
Animals” approved by the State Council, issued by the
National Science and Technology Commission and
approved by the Experimental Animal Ethics Committee
of Youjiang Nationalities Medical College. Six New
Zealand white rabbits, with an average weight of 2.5 +
0.5kg, that were used in this experiment were provided by
the Science Experiment Center of Youjiang Nationalities
Medical College. Among them, the male rabbits and
female rabbits were divided into B-TCP/groups using the
random number method; these groups were PLGA/HA15
group, B-TCP/PLGA group, and bone defect group. The

rabbits were assigned to either left or right radial defect
model group using the random numbering method.
The rabbits were anesthetized with 3% pentobarbital
sodium at 20 mg/kg through ear intravenous injection
(Figure 3A). The rabbits were fixed in the supine position
and the forearm hairs were shaved to reveal the surgery
site, which was disinfected with 2% iodine tincture 3
times. About 75% alcohol was used for deiodination.
The corneal reflex of animals was observed to check if
they were ready for surgery. The surgery began with a
2.0 cm long incision parallel to the radius of the forearm
in the middle and upper segment of the forearm. Then,
the subcutaneous tissue and muscle space were separated
to expose the radius, after that the periosteum of the
radius was cut (Figure 3B). An orthopedic mini-drill was
used to cut a radius of about 1.5 cm in the upper-middle
segment of the radius, and then the surgical site was rinsed
with 0.9% sodium chloride solution. The samples were
implanted at this site (indicated by a circle in Figure 3C).
The subcutaneous tissue was sewed with 4-0 absorbable
risk (Figure 3D). The incision was sutured with No. 0
suture and the wound was then disinfected and bandaged.
The rabbits were kept in separate cages and each was
administered an intramuscular penicillin injection at a
dose of 1.6 x 10° units/day for 3 days post-surgery. All
the animals were sacrificed 12 weeks after surgery by
air embolization at the ear’s marginal vein. The original
surgical site was incised to observe the healing condition
of the local bone defects. The surgical process is shown
in Figure 3.

(2) Micro-computed tomography (micro-CT) scan

All experimental animals were subjected to 40-row micro-
CT scanning through SIEMENS Inveon MMCT micro-
CT instrument with working parameters of voltage and
power of 55 kV and 80 W, respectively. Furthermore, the
3D reconstruction examination of the surgical sites was
performed 12 weeks after surgery to thoroughly clarify
the specific and intuitive bone callus growth and healing
condition at the bone defect. Moreover, the quantitative
analysis of bone volume/total volume (BV/TV), bone
mineral density, trabecular thickness, and the structural
model index was done according to the Hedberg’s
standard for evaluating the condition of new bone area.

(3) Microfil angiography and micro-CT imaging

The anesthetizing procedure was carried out according to
a previously described method. The abdomen was fixed
upward on the plate and the skin and muscle layer was cut
along the midline of the abdomen. Then, the diaphragm
was cut and the heart was exposed afterward. The heart
was fixed with hemostatic forceps, and inserted with a 23G
needle. The right atrial appendage in the left ventricle was
cut with ophthalmic scissors. Subsequently, the infusion
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Table 1. Primer sequences of osteogenic genes

Osteogenic genes

Primer sequences

HSPAS

F: 5’-CACGGTCTTTGACGCCAAG-3’

R: 5’-CCAAATAAGCCTCAGCGGTTT-3’

ALP F: 5°-CGGATCCTGACCAAAAACC-3’
R: 5’-TCATGATGTCCGTGGTCAAT-3"

BMP2

F: 5°~-GAATGACTGGATCGTGGCACCTC-3’

R: 5’-GGCATGGTTAGTGGAGTTCAGGTG-3’

Collal

F: 5’-CATGTTCAGCTTTGTGGACCT-3’

R: 5’-GCAGCTGACTTCAGGGATGT-3’

OCN

F: 5’-CACCATGAGGACCCTCTCTC-3’

R: 5’-TGGACATGAAGGCTTTGTCA-3’

Osterix

F: 5>-TCTCCATCTGCCTGACTCCT-3’

R: 5’-AGCGTATGGCTTCTTTGTGC-3’

Runx2

F: 5°-GACTGTGGTTACCGTCATGGC-3’

R: 5’-ACTTGGTTTTTCATAACAGCGGA-3’

GAPDH

F: 5’-CATGTACGTTGCTATCCAGGC-3’

R: 5’-CTCCTTAATGTCACGCACGAT-3’

F, forward; R, reverse; BMP2, bone morphogenetic protein 2; ALP, alkaline phosphate; collal, collagen type I; OCN; osteocalcin.

AP

Figure 3. Surgery process on rabbit model. (A) Ear intravenous injection for anesthesia; (B) radius of the forearm in the middle and upper
segment of the forearm; (C) sample implantation; (D) stitched wound.

pump was turned on and irrigated with saline until no red
liquid flows out, and then it was changed to 4% PFA.

After the muscle tissue was fixed, the perfusion of
40-50 ml of mixed microfil liquid (solvent: solute=4:5,
1-2% coagulant added) was started. At the end of
the perfusion process, the small blood vessels of the
mesentery appeared yellow. Then, the rabbit corpse
was placed in a 4°C refrigerator overnight. After the
contrast agent was fixed, the rabbit upper limb was
extracted to implement a micro-CT scan and observe
the angiography.

2.6. Statistical analysis

The obtained results were expressed as mean = SD. All
the quantitative data were obtained from three or four
independent experiments. The statistical analysis was
performed using one-way analysis of variance followed
by post-hoc tests. A value of P < 0.05 was regarded as
significant.

3. Results and discussion
3.1. Characterizations of scaffolds

The pore structure of the 3D-printed scaffolds was
evaluated using SEM. Figure 4 shows the SEM
micrographs of [-TCP/PLGA and p-TCP/PLGA/
HAT1S scaffolds. Both samples have 3D interconnected
macropores with an acceptable shape tolerance and
uniformity®®. Tt can be observed that the number of
distortions and defects is negligible and the 3D printing
process has a good capability to produce this type of layer-
by-layer 3-TCP/PLGA scaffolds. The red dotted circles
in Figure 3 shows the near perfect pore morphologies.
Also, the pores have rectangular shapes but are of varying
sizes. The bigger pores have dimensions of about 200 um
%180 um while the smaller ones have dimensions in the
range of ~100 um x ~180 um. This perfect pore structure
maintains a large number of adhesion areas for cells.
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B-TCP/PLGA

B-TCP/PLGA/HA1S

Figure 4. Scanning electron microscopy scanning results of the scaffolds with different magnifications. The upper row shows the B-tricalcium
phosphate/poly (Lactic-co-glycolic acid) (B-TCP/PLGA) scaffolds and the bottom row shows the 3-TCP/PLGA/HA1S5 scaffolds. The red
dotted circles show the perfect pores.
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3.2. Western blot

Figure SA shows the qualitative western blot results
of osteogenesis proteins after knockdown of HSPAS
in C3HI10 cells (siRNA-transfected [Si-HSPAS])
and after being transfected with two concentrations
of HAIS in stimulated osteogenic medium for 7
days. Both conditions (Si-HSPAS- and HA15-treated
samples) exhibited expression for all osteogenic
proteins tested, including HSPAS, OCN, Collal,
Osterix, and P-actin. It was clearly seen that both
Si-HSPAS5- and HAI15-treated samples did express
a strong persistent signal for (-actin. Nevertheless,
the Osterix has a considerable signal in both samples
but it is more pronounced in Si-HSPAS. The Osterix
expression is a general phenomenon in human bone
tissues and Osterix as an important transcription
factor is necessary for differentiation of osteoblasts?’).
Moreover, OCN as a sign of late osteoblast maturation
and Collal as the osteogenesis-related protein
have considerably stronger signals compared to the
negligible signals seen in the HA15-treated samples.
It can be seen that Si-HSPAS is more successful in
silencing the HSPAS proteins than HA15 treatment
whereas HA15 can decrease the OCN and Collal
signals.

3.3. Gene expression

Figure 5B shows the mRNA expression of osteogenic
genes in Si-HSPAS and after 7 days treatment with two
concentrations of leaching solution in C3H10 cells which
is stimulated by the osteogenic medium. It was seen that
all the osteogenic genes except HSPAS were upregulated

500 Em

in both Si-HSPAS5 and HA15 conditions compared to
the control samples. The gene expression of ALP, which
is an early marker of osteogenic differentiation®®!, was
upregulated about 3 folds in HA15-1 condition and about
0.17 fold in HA15-2 condition compared to the control
sample (untreated condition and considered as natural
healing). On the other hand, in the Si-HSPA condition, this
increment was about 1.5 times compared to the control
sample. Furthermore, the expression of OCN gene,
which is a late marker of osteogenic differentiation!**’,
was increased for about 1.85 folds in Si-HSPA, and
about 3 and 1.8 fold in HA15-2 and HA15-1 conditions,
respectively. COL1A1 gene expression also showed
considerable enhancement compared to control samples
in all conditions. The reduction of HSPAS in Figure 5B
indicates a reduction of ER stress*” and the improvement
of drug performance.

3.4. Alizarin red S staining

The results of alizarin red staining showed enhanced
calcium deposition in C3H10 cells that were transfected
with Si-HSPAS and two concentrations of leaching
solution from P-TCP/PLGA/HA1S5 scaffolds on day
14, being greater in HA15-1 and Si-HSPAS5 conditions
(Figure 5C). Hence, the mineralization of extracellular
matrix that usually happens during in vitro osteogenesis*!)
can be improved by implementing HA15 and Si-HSPAS.
The red spots, which serve as an indicator of calcium
deposition and HA formation, considerably increased
compared to control samples, indicating a better
osteogenesis performance of all samples, especially the
HA15-1 condition.
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Figure 5. (A) Western blot analyses of osteogenic proteins after knockdown of HSPAS in C3H10 cells (Si-HSPAS) and after treatment with
two concentrations of leaching solution from B-tricalcium phosphate/poly (Lactic-co-glycolic acid)/HA15 scaffolds (HA15-1, HA15-2) in
stimulated osteogenic medium for 7 days. (B) mRNA expression of osteogenic genes after knockdown of HSPAS, treatment with HA15-1
or HA15-2 in C3H10 cells and being stimulated by osteogenic medium for 7 days. (C) Alizarin red S staining of C3H10 cells with HSPAS
knockdown and treatment with HA15-1 or HA15-2 in osteogenic medium for 14 days.

3.5. Immunofluorescence staining

The OCN protein, DAPI, and HSPAS were stained using
immunofluorescence method and the co-localization
of them was observed using confocal laser scanning
microscope. The OCN proteins were marked by green
fluorescence, HSPAS5 by red color, and the nucleus
labeled by DAPI as blue color. After merging all the
immunofluorescence figures, it can be seen that OCN
and HSPAS were co-localized in cytoplasm and nucleus
(Figure 6). Significantly stronger OCN staining was
observed in the HA1S5 sample in comparison to the
control, indicating a better osteogenic effect. Contrarily,
the amount of HSPAS5 was considerably decreased in
the HA15 sample compared to the control. Thus, HA15
has the potential to improve osteogenesis and reduce
HSAPS.

3.6. Mechanical properties

The mechanical compression performance of 3-TCP/
PLGA and B-TCP/PLGA/HA1S5 samples is listed in
Table 2 and their respective stress-strain curves are
illustrated in Figure 7. The compression strengths of
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Table 2. Compression mechanical results of 3-TCP/PLGA and
B-TCP/PLGA/HA15 scaffolds

Scaffold Young Ultimate Strain
modulus (E) tensile
strength (UTS)
B-TCP/PLGA 27.86 0.366 MPa 1.28%
B-TCP/ 31.36 0.443 MPa 8.6%
PLGA/HA15

B-TCP/PLGA and B-TCP/PLGA/HA15 samples were
about 0.366 MPa and 0.443 MPa, respectively. It can
be seen that the compression strength of the 3-TCP/
PLGA/HAT1S scaffold is 19% higher than that of the
B-TCP/PLGA and is considered more suitable for
load-bearing applications, especially bone defects.
Although B-TCP/PLGA has less Young’s modulus
and can inhibit stress shielding effect, this amount in
B-TCP/PLGA/HA15 is not considerably high and it
can still maintain good biomechanical properties. The
compression strength and Young’s modulus of these
samples are comparable with those of cancellous bone
tissue***; hence, they seem to be suitable for bone
defect applications. Nonetheless, the performance of
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Figure 6. Immunofluorescence staining of OCN, HSPAS, and DAPI in C3H10 cells treated with leaching solution from f-tricalcium
phosphate/poly (Lactic-co-glycolic acid)/HA15 scaffolds and osteogenic medium for 7 days.
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Figure 7. Mechanical compression stress-strain curve of
B-tricalcium phosphate/poly (Lactic-co-glycolic acid) (B-TCP/
PLGA) and B-TCP/PLGA/HAI1S5 scaffolds.

B-TCP/PLGA/HAL1S5 scaffold is better and should be
the potential choice.

3.7. Micro-CT scan and microfil angiography of
bone formation

After implantation of scaffolds and surgery procedure
(Figure8A),the BV fraction (%) of scaffolds was analyzed
by micro-CT scan as shown in Figure 8B. Micro-CT
scan experiment can accurately quantify the bone and its
spatial growth and 3D distribution™¥. It can be seen that
the samples have very different mineralization behavior.
The extent of bone formation of the B-TCP/PLGA/HA15

sample was considerably higher than that of the 3-TCP/
PLGA and control sample 12 weeks after the surgery.
The addition of HA15 considerably improved bone
mineralization but the effect of B-TCP/PLGA seemed
to be not significant. It should be considered that the
scaffold material was mostly degraded after 12 weeks so
it cannot be shown by micro-CT scans.

The 3D images of neovascularization (newly
formed vessel-like structure) in the scaffold region are
demonstrated in Figure 8C. There were considerably
more newly formed vessels in the P-TCP/PLGA/
HA15 and B-TCP/PLGA scaffolds compared to the
control sample. The best performance was seen in the
B-TCP/PLGA/HA1S5 sample. For more effective bone
repair and regeneration, angiogenesis is essential.
Moreover, vascularization leads to osteogenesis during
tissue maturity and regeneration™]. Reportedly, the
neovascularization improvement could accelerate
osteogenesis even before the establishment of local
blood flow!*l. Hence, the formation of B-TCP/PLGA
and B-TCP/PLGA/HA15 scaffolds could significantly
enhanced bone regeneration. Figure 9 shows the
accumulative HA15 release profile of B-TCP/PLGA/
HA1S5 scaffold in which it can be seen that about 73% of
HAT15 was released in 25 days. The rate of HA15 release
was very fast in the 1% week, especially after 5 days, then
it started to decrease. If the release rate of the substance
was assumed to be constant after 7 days, 100% of the
HAT15 would be released after about 59 days.
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Figure 8. (A) Scaffold implantation surgical procedure in rabbits. (B) Micro-computed tomography (Micro-CT) scan images and
quantification results of the defect area 12 weeks after the surgery; newly formed bone appeared as white dots on the CT images. (C) Microfil

angiography and micro-CT imaging results of the rabbits.
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Figure 9. Accumulative HA15 release profile of B-tricalcium
phosphate/poly (Lactic-co-glycolic acid)/HA15 scaffold.

4. Conclusion

In this study, a B-TCP/PLGA bone tissue scaffold loaded
with osteogenesis-promoting drug HA15 was constructed
by 3D printing technology. The scaffold loaded with the
HA15 delivery system has favorable biomechanical
properties comparable to those of the cancellous bone
tissue and can promote cell differentiation into osteoblasts
in vitro targeting HSPAS and promote bone regeneration
in a rabbit bone defect model. Moreover, this scaffold can
enhance angiogenesis that has a significant role in more
effective bone repair and regeneration. It was seen that
HA1S5 can target HSPAS to inhibit ER stress and promote
osteogenesis, along with the inhibition of ER stress,
reduced apoptosis, and induced autophagy in vivo. Overall,
this study might provide a theoretical approach for the
treatment of bone defects with HA15-loaded biomaterials.
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Abstract: This study presents the physicochemical and mechanical behavior of incorporating hydroxyapatite (HAp) with
polylactic acid (PLA) matrix in 3D printed PLA/HAp composite materials. Effects of powder loading to the composition,
crystallinity, morphology, and mechanical properties were observed. HAp was synthesized from locally sourced nanoprecipitated
calcium carbonate and served as the filler for the PLA matrix. The 0, 5, 10, and 15 wt. % HAp biocomposite filaments were
formed using a twin-screw extruder. The resulting filaments were 3D printed in an Ultimaker S5 machine utilizing a fused
deposition modeling technology. Successful incorporation of HAp and PLA was observed using infrared spectroscopy and
X-ray diffraction (XRD). The mechanical properties of pure PLA had improved on the incorporation of 15% HAp; from 32.7
to 47.3 MPa in terms of tensile strength; and 2.3 to 3.5 GPa for stiffness. Moreover, the preliminary in vitro bioactivity test
of the 3D printed PLA/HAp biocomposite samples in simulated body fluid (SBF) indicated varying weight gains and the
presence of apatite species’ XRD peaks. The HAp particles embedded in the PLA matrix acted as nucleation sites for the
deposition of salts and apatite species from the SBF solution.
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Industries where 3D printing has been involved
include aerospace, automotive and transportation!-,
military, medicine®#, construction’®, practical household

1. Introduction

Additive  manufacturing, popularly known as

three-dimensional (3D) printing, is a relatively useful
and modern technology that promises excellent
complex architectural control without requiring
molds or templates, and the ability to tailor-fit designs
depending on the demands specified by the end-user.
The fabrication technology is mostly used for rapid
prototyping to realize proof of concept ideas before
large scale manufacturing. Another notable use of 3D
printing is in the low-volume production of specific
parts for specialized needs.

items, and even clothing. All 3D printing technology
print the object on some build platform that adjusts in
height equal to the thickness of the layer being printed!”.
The coordinated printing motion relies on a 3D pattern
created with a computer-aided design (CAD) software.
A variety of printing techniques have been available for
research, such as stereolithography (SLA)®. selective
laser sintering (SLS)™, and fused deposition modeling
(FDM)", to name a few. SLA utilizes ultraviolet (UV)
light to polymerize and cure its liquid photoactive

© 2021 Custodio, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International
License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the
original work is properly cited.
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monomer resin. The liquid resin solidifies on exposure to
a CAD-guided incident light!®l. SLS traces a CAD pattern
using a laser beam onto the powder resin, thus selectively
sintering the powders into a solid object®. FDM
extrudes a thermoplastic filament into built materials and
support structures layer by layer'”. Current commodity
thermoplastic filaments that are suitable for FDM printing
include polypropylene, acrylonitrile butadiene styrene,
polystyrene, polyvinyl alcohol, polyamide (PA or nylon),
and polylactic acid (PLA).

PLA has been a common filament for FDM
3D printing, mainly because of its relatively lower
processing  temperature, dimensional reliability,
acceptable print quality, and good mechanical
performance. Its monomer, lactic acid, is produced
by fermenting dextrose derived from renewable crop
resources such as corn, starch, and sugarcane. Hence,
PLA is widely known as a sustainable, non-toxic
biocompatible, and biodegrading material. To date,
PLA is often used for biomedical applications, such as
bone tissue engineering!'!l, scaffolds!'?!, and implants
fabrication. PLA-based implants benefit from the
avoidance of stress shielding effects, which is a known
disadvantage for metal implants. While implanted inside
the body, PLA would also dissolve naturally and is
susceptible to biodegradation, and their by-products are
non-toxic. Although plates and screws made from PLA
have been used to fixate jaw fractures without additional
support, PLA still has some inherent drawbacks and
limitations. As compared to more popular bone implant
materials such as stainless steel and alloy metals, PLA
is comparatively inferior by a large margin in terms of
mechanical performance. Another difficulty of using
pure PLA is the poor cell attachment and proliferation
on the polymer’s surface. To address these concerns,
the physicochemical properties of pure PLA can be
altered and improved by incorporating biocompatible
ceramic fillers and reinforcements.

Ceramic materials, such as calcium phosphates,
silica, and alumina, comprise the human bone tissue. Due
to their biocompatibility, these ceramic compounds have
been synthesized and used as implants for biomedical
applications. Bioactive implants are often coated with
a type of calcium phosphate called hydroxyapatite
(HAp, Ca (PO,)(OH),), a promising bone substitute
mineral. However, HAp is neither used for load-bearing
applications nor in its bulk form due to its inherent
brittleness. Therefore, HAp is mostly used as surface
coating for other biomaterials dedicated for bone grafting.
As afiller or reinforcing material, HAp can act to improve
the matrix material’s biocompatibility!'¥), stimulate bone
regeneration, and improve the stiffhess, compressive, and
bending strengths!'¥. Artificial implants should mimic
the mechanical properties of the natural bone as close

as possible. The human bone has stiffness in the range
of 17-20 GPa. The integration of hard HAp ceramics
and polymeric PLA matrix allows for bone substitute
materials that are flexible and strong!'4!,

Injection-molded PLA/HAp bioactive composites
have been fabricated to be used as an internal fixation
device for cancellous bone regeneration!'”. Micro and
nanoscale-HAp particles have been incorporated to
PLA through electrospinning. Both micro-HAp and
nano-HAp have shown to improve the elastic modulus
of the electrospun mats and acted as nucleating agents.
However, micro-HAp induced brittleness due to the
bigger geometry of the fillers which acted as defects
rather than as reinforcements!!®l. A study on 3D printed
PLA scaffolds varied the printing orientations (0°, 45°,
and 90°), followed by surface modification using HAp.
The resulting scaffolds’ compressive properties and cell
proliferation were observed. It was found that the optimal
printing orientation was 90° as it produced the highest
compressive strength (53 MPa), while no cell deaths were
observed and all live cells have attached to the scaffold
surface, thus ensuring the non-toxicity of the HAp-
modified 3D printed PLA scaffolds!'?.

In this study, Hap-reinforced PLA matrix
biocomposites have been fabricated to determine the
effects of HAp powder loading to the physicochemical
and mechanical properties of the resulting 3D
printed composite (Figure 1). From locally sourced
nanoprecipitated calcium carbonate (NPCC), as-
synthesized HAp powders were mechanically mixed with
PLA at different powder loadings, followed by extrusion
into a filament, and lastly 3D printed. The effect of the
PLA/Hap composition on the crystallinity, morphology,
and mechanical properties was investigated.

2. Materials and methods
2.1. Materials

NPCC was locally sourced from the Philippines. PLA
pellets (PLA, NatureWorks LLC, IngeoTM Biopolymer
2003D) were purchased from D&L Polymers & Colors,
Inc. The following chemicals: Phosphoric acid (H,PO,,
RCI Labscan Ltd.), ammonium hydroxide (NH,OH,
Loba Chemie Pvt. Ltd.), and ethanol (CH,CH,OH,
Thermo Fisher Scientific), were used without further
purifications. Distilled water was used in preparing the
solutions and for the washing procedures.

2.2. Hydroxyapatite synthesis

Chemical precipitation technique was undertaken using
aqueous solution of calcium hydroxide, Ca(OH), and
H,PO,. Before synthesis, Ca(OH), was prepared from the
calcination of NPCC to decompose CaCO, into CaO and O,
(Eq. 2.1). This was followed by slaking to convert CaO into
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Figure 1. Schematic diagram of the polylactic acid/hydroxyapatite composite materials development process.

Ca(OH), (Eq. 2.2). The obtained Ca(OH), was dried and
aqueous solution was prepared for the synthesis of HAp.

CaCO; — CaO +CO, 2.1)

Ca0 +H,0 — Ca(OH), 2.2)

Ca(OH), +H;PO, — Ca;((PO,)s(OH), (3 3)

HAp was synthesized by mixing 1.5 M Ca(OH),
and 1 M H,PO, (Eq. 2.3) at 40-50°C with continuous
stirring. pH was monitored and maintained at 9—10 pH by
dropwise addition of NH,OH to the mixture. The reaction
required a 48-h maturation period, followed by washing
with ethanol, and finally neutralized using deionized
water. Then, the as-synthesized HAp was dried, ball
milled, and then passed through an 80-mesh sieve. Final
drying step was done at 80°C. Finally, the dried HAp
powders were calcined at 1100°C.

2.3. Extrusion of the PLA/HAp composite
filament

HAp powders were mechanically mixed with PLA
pellets at different powder loadings (0, 5, 10, and 15
wt%) before extrusion and were labeled as PLA/OH,
PLA/5H, PLA/10H, and PLA/15H, respectively
(Table 1). A twin-screw extruder (Labtech Engineering
Co. Ltd., Thailand) with a nominal screw diameter of
20 mm was used to composite the PLA/HAp mixture.
Based on the calorimetric data of the PLA precursor, the
input temperature profile of the 10 extruder’s heating
zone blocks was 190°C, 190°C, 190°C, 200°C, 200°C,
200°C, 200°C, 200°C, 190°C, and 180°C, respectively
(Figure 1). The PLA/HAp mixture was fed onto the
hopper, with an 11 rpm feed rate, and the screw speed
set to 130 rpm. On exiting the nozzle, the filament goes
into a water bath for cooling down, followed by passing
through an air blower, before finally consolidating in
a rotating spooler. The desired filament diameter was
achieved by manually controlling the extruder motor
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Table 1. Sample nomenclature and composition.

Sample ID % wt of HAp
PLA filled with 0% HAp PLA/OH 0
PLA filled with 5% HAp PLA/5H 5
PLA filled with 10% HAp  PLA/10H 10
PLA filled with 15% HAp  PLA/I5H 15

PLA, polylactic acid; HAp, hydroxyapatite

and spooling speeds. Before printing, the PLA/HAp
composite filaments were stored in an airtight dry box
at room temperature to reduce the ambient moisture
absorption.

2.4. 3D printing of the PLA/HAp composite
filament

The composited PLA/HAp blends were loaded and fed onto
a 3D printer (Ultimaker S5, Netherlands) which operates
based on a FDM technology. The printing parameters are
listed in Table 2. Basically, the filament feed is re-extruded
through a ruby-tipped CC print core that is specifically
designed for composites, which had a 0.6 mm nozzle.
Print core temperature was set at 200°C (£10), while the
build plate was set to 60°C. A CAD file guided the precise
movement of the print core assembly, which includes the
extrusion nozzle. To compensate for any non-uniformity
of the filament diameter and potential under-extrusion,
the material flow rate was adjusted from 100 to 200% to
achieve an acceptable and uniform print quality.

Dumbbell-shaped tensile test specimens were then
3D printed. The specimen dimensions were adopted
from ASTM D638, and the generated 3D model (.stl)
was digitally drafted through a CAD software such as
SolidWorks (Dassault Systemes, France). The (.stl) file
of the design was sliced using the software Cura, an open
source 3D printing slicing application, which converted
the (.stl) file into the printable (.ufp) file format.

2.5. Digital microscopy

The digital microscope VHX-7000 (Keyence
Corporation, Japan) was used to observe the surface
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Table 2. 3D printing parameters for FDM printing of PLA/HAp
composites.

Parameters Settings
Layer height 0.2 mm
Infill density 100%
Infill pattern Grid (45°, —45°)
Printing temperature 210°C
Build plate temperature 60°C

Print speed 45 mm/s
Extrusion width (nozzle diameter) 0.6 mm

PLA, polylactic acid; HAp, hydroxyapatite; FDM, fused deposition
modeling.

features and textures, depth profile, and fractured cross
section of the 3D printed PLA/HAp composites, as well
as the resulting scaffolds immersed in simulated body
fluid (SBF) solutions. The samples were observed from
30x% to 500% range.

2.6. Chemical composition

Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectra were recorded across the 4000—
600 cm™' frequency range, with 1-2 W penetrating depth,
and with 20 scans per sample at room temperature (23°C)
using a Frontier FTIR spectrometer (PerkinElmer, USA).
The synthesized HAp and 3D printed PLA/HAp composites
were subjected to ATR-FTIR scans to determine the
functional groups within the composite material.

2.7. Crystallinity

The diffraction patterns were obtained using a LabX X-ray
diffraction (XRD)-6000 X-ray diffractometer (Shimadzu,
Japan), with a Cu Ko radiation source at 40 kV operating
voltage. The scanned range for all samples was from 2° to
60° (20) with a step size of 1°/min. The synthesized HAp,
3D printed PLA/HAp composites, and the biomineralized
scaffolds were subjected to XRD characterization to
confirm the presence of apatite species and their influence
to the composite.

2.8. Mechanical properties

As adopted from ASTM D638, the tensile tests were
carried out using a universal testing machine (Instron
5585H, USA), with a 10 kN static load cell, at a gauge
length of 50 mm, and a strain rate of 5 mm/min. Tensile
tests were done to determine the elastic modulus and tensile
strength of the 3D printed PLA/HAp biocomposites. Five
trials were tested for each sample, the average values
reported, and the representative samples were plotted.
Width and thickness of the test specimens were measured
using a Mitutoyo digital caliper before testing. The tests
were performed at room temperature and 54% relative
humidity.

2.9. In vitro biomineralization

The bioactivities of the 3D printed scaffolds were
assessed through immersion in SBF. The scaffolds were
immersed in an SBF solution having a composition
similar to what Rodriguez and Gatenholm reported!?, to
determine the effect of increasing HAp powder loading
to their biomineralization activity as a function of time.
A liter of SBF solution was prepared by dissolving the
analytic grade reagents (< 99%) in distilled water in the
following order shown in Table 3.

In preparing the SBF solution, each reagent was
added after the previous reagent has dissolved completely.
The solution was prepared at 36.5°C under constant
stirring. The pH of the solution was also adjusted to pH
7.4 using 1 M HCI solution and was kept refrigerated
at 4°C before usage. The SBF is similar to the human
blood plasma ionic concentration and composition. The
samples were immersed in 15 mL of SBF solution and
placed inside a dedicated oven set at 37°C for 24, 48,
and 72 h to assess the growth and deposition of apatite
species on the scaffold"”!'®, The SBF-immersed samples
were retrieved from the solution and dried in the oven
overnight, and finally characterized through digital
microscopy, gravimetric analysis, and XRD.

3. Results and discussion

3.1. 3D printed PLA/HAp prototype

Figure 2 shows the digital micrographs of the 3D printed
PLA/HAp composites at different magnification levels,
including the depth profile analysis. The top view of
pure PLA (PLA/OH) was characterized by well-defined
individual print beads, as the grid could be clearly seen
both from 30x% to 200% (Figure 2A and B), and even at the
depth profile (Figure 2E-F). However, as the HAp loading
was increased from 5 wt% to 15 wt%, the print beads were
slowly disappearing and became less defined. Likewise,
the surface finish oh PLA/5H, PLA/10H, and PLA/15H
were more irregular and rougher than PLA/OH. The same
visual trend could be seen at the depth profile, whereas the
print bead gaps were slowly closing in and disappearing
(Figure 2L, R and X). Hence, the 3D printed PLA/HAp
composites were becoming more irregular as the HAp
loadings were increased. Nonetheless, hydroxyapatite
powders were seen from the composite surface with
increasing frequency in accordance to the increasing
HAp loading, although the distribution were irregular and
agglomeration was present (Figure 2H, J,N, P, T and V).

Porosity and density are also some physical
properties thatmustbe considered, especially with polymer
matrix composites. These properties can provide useful
information in the prediction of the material’s behavior,
for instance, under mechanical stimuli. A denser material
is usually a stronger one, and a porous material is usually
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Table 3. Reagents and composition of the simulated body fluid solution.

Chemical reagent Formula Weight (g or mL
weight (g/mol) in 1 L solution)
Sodium chloride NaCl, Univar 58.44 7.996 g
Sodium bicarbonate NaHCO,, Loba Chemie 84.01 0.350¢g
Potassium chloride KCl, TPC 74.55 0224 ¢
Potassium phosphate dibasic anhydrous K,HPO,, Loba Chemie 174.18 0.228 g
Magnesium chloride hexahydrate MgCl-6H20, Loba Chemie 203.3 0.305¢
Hydrochloric acid (1 M) HCI, LabScan 36.458 40 mL
Calcium chloride dihydrate CaCl,-2H,0, TPC 147.02 0278 g
Sodium sulfate anhydrous Na,SO,, Fisher Scientific 142.02 0.071 g
Tris buffer NH,C(CH,OH), Loba Chemie 121.14 6.057 g
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Figure 2. Digital micrographs of 3D printed polylactic acid (PLA)/hydroxyapatite: (A-F) PLA/OH; (G-L) PLA/5H; (M-R) PLA/10H; and

(S-X) PLA/I5H.

mechanically inferior. The experimental density and true
porosity are presented in Figures 3A and B, respectively.
We can see that as the HAp loading was increased, in an
opposite manner the composites’ density decreased. On
the other hand, the porosity kept increasing, which means
that more voids were forming as more HAp was added.
Perhaps the tendency of HAp particles to agglomerate
influenced the composites’ microstructure and developed
two kinds of sites that were agglomerated and areas that
were porous as well. The true porosity was calculated
using the following equation:

(%)P —1- pexperimental %100

P theoretical

3.1)

116

Where P refers to the true porosity (in percent),
P experimenal refers to experimental density, and p, .
refers to theoretical density. The literature theoretical
den51t1§s ofp,, ,andp,, are1.43 geem > and 3.16 geecm 3,
respectively!'?l,

3.2. Chemical composition

The changes in absorbance or absence of certain peaks
in the FTIR spectra are presented in Figure 4. These
absorption peaks can be attributed to functional groups
that are present in HAp, in pure PLA, or in the composite
material. Peaks and functional groups originating from
PLA were located approximately at 2996 cm™' and
2945 cm™' (CH, stretching). The peaks at 1748 cm™,
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Figure 4. Fourier transform infrared spectra of hydroxyapatite (Hap), polylactic acid (PLA), and the 3D printed PLA/HAp composite

(15 wt. %).

1181 ¢cm™, 1127 ecm™, and 1080 cm™' are identified as
the backbone of ester groups of PLAPY, Furthermore,
1748 cm™ pertains to C=0 stretching vibrations, the
peak at 1045 cm™' for the OH bending, while the 1200
1000 cm™! refers to C-O stretching!??.

Peaks coming from HAp are generally from phosphate
groups, such as 1090 cm™, 1030 cm™', 600 cm™', and

565 cm™ (PO, bending), and 960 cm™" (PO, stretching).
Carbonate ions were faintly present at 870 cm ![1113],
The high calcining temperature of 1100°C in the HAp
synthesis has caused the removal of water (as suggested
by the absence of 3600-3200 cm™' OH stretch). The
visibility of the structuring OH was identified at 635 cm'™!
fingerprint region, indicating a better powder-polymer
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adhesion. However, the high calcination temperature
might have also caused aggregation which prevented good
dispersion of HAp powders in the PLA matrix'¥, The few
prominent peaks of HAp were observed to be overlapped
by the more intense peaks of PLA, approximately around
1100-900 cm™'. Moreover, no new covalent bonds formed
within the PLA/HAp composites, suggesting that the HAp
fillers were embedded in the polymer matrix through
mechanical manner rather than by chemical means.

3.3. Crystallinity

XRD of HAp, PLA, and the printed PLA/HAp
biocomposites is shown in Figure 5. The HAp
diffractogram displayed the crystalline nature of the
powder. Prominent peaks and their corresponding planes
were noted at approximately 26° (002), 33° (112), 47°
(222),and 49° (213). The (211) plane at ca. 32° is inherent
to and characteristic of pure HAp!'?.

Pure PLA (PLA/OH) exhibited a broad spectrum
indicating the amorphous structure of the polymer!.
The composite samples exhibited diffraction peaks
characterized by the presence of HAp in the polymer
matrix. The peak intensity increases as a function of the
increase in HAp powder loading.

3.4. Mechanical properties

The tensile stress-strain curve of PLA/HAp biocomposites
is shown in Figure 6A. The HAp indeed had a reinforcing
effect, as the elastic moduli and tensile strengths both
increased compared to pure PLA. As the powder loading
was increased, the elastic modulus increased compared
to pure PLA (2.3—3.5 GPa), but the modulus remained
consistent despite the further increase in HAp loading
(Figure 6B). Unsurprisingly, the tensile strength decreased
at 15 wt% HAp loading as the powder loading increased.
This may be primarily due to the HAp agglomeration and
poor dispersion, as well as the formation of macro voids
between neighboring filament beads. Nevertheless, HAp
has shown to improve the strength of pure PLA (32.7—
47.3 MPa). HAp might also act as nucleation sites where
PLA molecule chains could have entangled itself through
mechanical interlocking effects.

The stiffness of both PLA/10H and PLA/15H
similarly generated 3.5 GPa elastic modulus which is
within the range of the human cancellous bone tissue!';
hence, these formulations have the potential for the repair
of smaller bone tissues.

The fracture surface after the uniaxial tensile
testing of PLA/HAp biocomposites are shown in
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Figure 5. X-ray diffractograms of hydroxyapatite (HAp), and varying powder loading in 3D printed polylactic acid/HAp composites

(015 wt. %).

118

International Journal of Bioprinting (2021)—Volume 7, Issue 1



Custodio, et al.

A 30 Bso C 0.0
/‘f‘:\ 7=>50.0 -
g ] % 3.0 1 E
=
- < STIR l
5 30 = =
20 = o4
by T 20 o 30.0 4
g k! 2
% 20 ~ « %g
'z —PLA/H 2 = 200 1
B 10 PLA/SH L E XJ;
—PLA/IOH 3 = 100 4
—PLA/ISH
0 0.0 - 0.0 -
0 2 s 6 $ 10 PLA/OH PLA/SH PLA/IOH PLA/ISH PLA/OH PLA/5H PLA/IOH PLA/ISH

Strain (%)

Figure 6. (A) Tensile stress-strain graph, (B) elastic moduli, and (C) tensile strength of the 3D printed polylactic acid/hydroxyapatite

composites.
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Figure 7. Fracture surfaces can provide knowledge
and insight on the interaction between the matrix
and reinforcement upon the application of force. The
tensile-tested PLA/HAp composites exhibited linear,
brittle fractures (Figure 7D, G and J), contrary to
the somewhat irregular, moderately ductile fracture
from the PLA/OH sample (Figure 7A). Furthermore,
at higher magnifications (Figure 7B, E and H, K) the
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Figure 7. Fracture surfaces of the tensile-tested 3D printed polylactic acid (PLA)/hydroxyapatite composites. (A-C) PLA/OH; (D-F)
PLA/5H; (G-I) PLA/10H; and (J-L) PLA/15H.

individual print beads were slowly disappearing as the
HAp loading was increased. Evolution of macro voids
or pores were also noticeable at higher magnifications
(Figure 7 I and L). These macro voids account
for the decreasing density and likewise increasing
porosity from Figure 3. A plausible explanation can
be attributed to the agglomeration of HAp particles,!'!
which causes some areas to be denser and consequently
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Figure 8. Digital micrographs of 3D printed polylactic acid/hydroxyapatite scaffolds immersed for 72 h in simulated body fluid for

biomineralization activity.
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Figure 9. (A) Weight gain (%) and (B) X-ray diffractograms of the 3D printed polylactic acid/hydroxyapatite composites after the 72-h

immersion test in SBF.

creating other sites with less material leading to void
formation.

3.5. In vitro biomineralization

A preliminary in vitro bioactivity test was done by
immersing the 3D printed PLA/HAp composite samples
in SBF solutions for 24, 48, and 72 h, and the digital
micrograph results are shown in Figure 8, while the
percent weight gain and X-ray diffractograms are

shown in Figure 9A and B, respectively. As seen on the
digital micrographs, the 3D printed pure PLA (PLA/OH)
exhibited an etching response to soaking in SBF. This
was supported by the mass loss in Figure 9A. Pure PLA
remains to be partly hydrophilic, and hence subjecting it
to an aqueous immersion resulted to some PLA dissolving
away.

The PLA/HAp composites reported varying weight
gains, with the trend that was increasing. HAp particles
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embedded within the PLA matrix served as nucleation
sites for the deposition of calcium salts and apatite species
present from the SBF solution. X-ray diffractograms
shown in Figure 9B report of the evolution of peaks after
the immersion in SBF for 72 h. The characteristic peak
at 20 ~32° confirm the growth of apatite species on the
3D printed samples during the immersion bioactivity!'®].
Other well-defined peaks could be attributed to other salt
species present in the SBF solution being deposited onto
the 3D printed substrates.

4. Conclusion

The HAp used in this study was successfully synthesized
as confirmed by the FTIR and XRD spectra. Pure PLA
exhibited a broad infrared spectrum indicating the
amorphous structure of the polymer. The 3D printed
PLA/HAp composite samples exhibited XRD diffraction
peaks characterized by the presence of HAp with the
peak intensity increasing as a function of HAp powder
loading. Moreover, composites’ density decreases as
the HAp loading was increased. The elastic modulus
increased from 2.3 to 3.5 GPa and the tensile strength
increased from 32.7 to 47.3 MPa with 15% HAp loading.
The preliminary in vitro bioactivity test of the 3D printed
PLA/HAp composite samples in SBF solutions for 24, 48,
and 72 h indicated varying weight gains progressively as
well as the evolution of XRD peaks. These indicate that
HAp particles embedded within the PLA matrix served
as nucleation sites for the deposition of calcium salts and
apatite species present from the SBF solution.
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Abstract: The treatment of hypertrophic scars (HSs) is considered to be the most challenging task in wound rehabilitation.
Conventional silicone sheet therapy has a positive effect on the healing process of HSs. However, the dimensions of the silicone
sheet are typically larger than those of the HS itself which may negatively impact the healthy skin that surrounds the HS.
Furthermore, the debonding and displacement of the silicone sheet from the skin are critical problems that affect treatment
compliance. Herein, we propose a bespoke HS treatment design that integrates pressure sleeve with a silicone sheet and use of
silicone gel using a workflow of three-dimensional (3D) printing, 3D scanning and computer-aided design, and manufacturing
software. A finite element analysis (FEA) is used to optimize the control of the pressure distribution and investigate the effects
of the silicone elastomer. The result shows that the silicone elastomer increases the amount of exerted pressure on the HS and
minimizes unnecessary pressure to other parts of the wrist. Based on this treatment design, a silicone elastomer that perfectly
conforms to an HS is printed and attached onto a customized pressure sleeve. Most importantly, unlimited scar treating gel can
be applied as the means to optimize treatment of HSs while the silicone sheet is firmly affixed and secured by the pressure sleeve.
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1. Introduction blood loss. With aid of the coagulation factors, the plug
can be further stabilized by platelet aggregation and
the formation of fibrin scaffold which are driven by the
enzymatic cascade!'*!. The second phase of wound healing
is inflammation which occurs around the 5 days after the

injury. In this phase, the immune system is triggered to

Wound healing is a complicated process that can
be described as the restitution of natural anatomical
relationships and physiological integrity of the injured
tissues!!. The wound healing process can be divided into

overlapping phases with reference to the phase of recovery,
including hemostasis, inflammation, proliferation, and
remodeling. Hemostasis occurs immediately after the
tissue or capillary blood vessels are damaged. The platelet
degranulation creates a hemostatic plug to prevent the

activate the inflammatory reactions to prevent infection.
Neutrophils and macrophages are recruited to remove
any invading bacteria or foreign debris®. The third phase
is the proliferation which occurs around 5 — 10 days
after the injury and may last for 3 — 6 weeks. The main

© 2021 Chow, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International
License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the

original work is properly cited.
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feature of this phase is the granulation tissue formation
which includes fibroblasts, myofibroblasts, loose
connective tissue, and capillaries. Extracellular matrix is
excessively produced by fibroblasts and myofibroblasts
for structural support for nascent capillaries which
results in hypertrophic scars (HSs) formation™®!. At the
end of this phase, the wound becomes an immature scar
which is fragile and has a low tensile strength. The last
phase of wound healing is the remodeling which turns
the immature scar into a mature scar and this phase can
last for 2 years. The excessive extracellular matrix is
remodeled from the weak and disordered type 111 collagen
into the stronger and more ordered type I collagen by
matrix metalloproteinases. With the passage of time,
the scar will be flattened because the newly synthesized
collagen is weaved into the stable fibrils. Furthermore,
the cellularity and vascularity of wound will be reduced
due to the activity of matrix metalloproteinases!”.

Due to the protrude and erythematous appearance
of the hypertrophic scarred skin, the quality of life of
HS patients can even be significantly affected™ as the
scarring may reduce self-esteem or even affect the mental
health of the patient due to their esthetically unpleasing
appearance’. This problem is more obvious in female
patients than male patients'®. Apart from cosmetic issues,
inappropriately managed HSs can cause functional
difficulties; for instance, a limited range of motion is
commonly found due to the reduced elasticity of the
skin and HS hardened tissues!'”. The low elasticity of
hypertrophic scarred skin is due to less elastin production
in comparison to normal tissue!'"'?, Therefore, HSs can
be said to be the most challenging problem in wound
healing and rehabilitation process. In 2015, 67 million
burn injuries were caused by fire and other sources of
high heat worldwide and around 70% of burn patients
develop an HSM. Another study also found that more
than 70% of the patients in Hong Kong form an HS after
surgery!'. The high prevalence of HS formation with
a lengthy treatment process can be a heavy burden on
health care systems. In the United States, the cost for
treating and managing scars is estimated at around US$
20 billion every year!'”.

Pressure, silicone sheet, and silicone gel therapies
are the most common non-invasive treatments for HSs.
For decades, pressure therapy has been used to accelerate
the maturation of HSs and improve their appearance!!®!”),
A number of studies conclude that exerting a continuous
pressure of about 25 mmHg can inhibit the growth
of HSs and encourage their maturation!'®!%!. This is
because exerted pressure may reduce the blood flow to
the hypertrophic scarred tissues so as to limit nutrients
and oxygen supply to the tissues, thereby effectively
reducing the production of collagen® . Therefore,
pressure garments should always be worn for optimal

treatment results except when the patient is bathing
or the garment needs to be washed®!. Silicone sheet
therapy is the application of a thin silicone sheet onto the
HS which increases the skin temperature, hydrates the
scar, and facilitates the polarization of scar tissues, thus
contributing to a reduction of the HSP53!. Furthermore,
silicone sheets can be used as a protective barrier against
the external environment to prevent secondary damage or
infection of the scar?’*%, The differences between silicone
sheets and silicone gel are the degree of crosslinking and
polymerization. Silicone sheets have a longer and stronger
polymer chain; therefore, they cannot be spread onto
skin like silicone gel®®!. Although proven to be effective
treatments for HSs, pressure therapy, silicone sheets, and
silicone gel have their inherent limitations. For example,
the complexities of the human body shape is a barrier for
the pressure garments to exert pressure onto the concave
parts of the body®*. Moreover, silicone sheets do not
work well on joints, such as elbows and knees, because
they might debond from the body part during movement
that requires joint use and a large range of motion.
Although it is not a burden for the patients to apply the
silicone gel twice a day, it is important to note that the
gel might be easily wiped off during daily activities.
Therefore, clinicians need to consider the location of
the HS and determine which treatment should be used to
obtain maximum treatment efficacy. In some cases, the
treatments can be combined; for instance, silicone sheets
and pressure therapy are often used together and proven
to provide a better effect in reducing scar thickness and
increasing scar pliability®****). However, the size of
the silicone sheet is usually larger than that of the HS to
ensure that it is securely adhered to the skin, which may
have negative impacts when covering healthy skin®®!. The
negative impacts include excessive sweating, pruritus or
even contact dermatitis*, To date, there have been few
quantitative studies done on integrating pressure, silicone
sheets, and silicone gel as a form of treatment to control
the abnormal growth of hypertrophic scarred tissues.

The advancement of three-dimensional (3D)
printing, 3D scanning and computer-aided design, and
manufacturing software has led to a variety of applications
in the medical field, such as artificial implants, orthoses,
and prostheses, which can be customized and 3D printed to
fit the needs of individual patients®”*). For example, Kang
et al " demonstrated the ability of creating vascularized
cell-laden bone constructs with tunable mechanical
properties using integrated tissue-organ printer. It is worth
noting that the 3D printed face shields play a significant
role during the outbreak of the COVID-19 in 201941421,
Hale et al.™ also developed bespoke orthoses for neck
stability using 3D printing and scanning technologies. To
improve the control over the pressure distribution or heat
transfer of custom-engineered products, biomechanical
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finite element models (FEMs) are commonly used to
enhance the design of orthoses or prostheses through
numerical simulation. For instance, Zolfagharian et al.*
demonstrated the use of FE analysis (FEA) in the design
of a patient-specific 3D-printed splint for mallet finger
injury to ensure that the mechanical properties of the
design meet the requirements but production consumes
the least amount of material. These customized products
first incorporated the geometric shape of the body part
obtained through 3D scanning to cater to each patient
based on his/her needs. After that, FEA can be adopted
to modify the design to enhance the performance of the
product based on the material properties of the 3D printed
materials without any further trial and error fittings, thus
minimizing the volume of material waste during the
design process.

In this study, we propose a novel framework to
manufacture a bespoke garment for HSs using a workflow
of 3D scanning, 3D printing, FEA, and computer-aided
design and manufacturing software. The 3D printed
silicone insert which conforms to the profile of the HS is
attached to a pressure garment to eliminate the problem of
its displacement. Hence, scar treating gel can be applied
with a silicone insert, thus helping patients toward a
quicker recovery. The integration of pressure, silicone
sheet, and silicone gel therapies will surely open new paths
of development in HS treatment. A female participant
was invited for a clinical study to observe the feasibility
of the suggested therapy. Our proposed framework is also
valuable for different types of customized products in the
clinical field.

2. Materials and methods
2.1. Details of clinical case

A 51-year-old female patient with a body mass index of
21.5 kg/m? who has undergone surgical operation on her
right wrist was recruited for the study. The patient has given
her written informed consent to publish the pictures and
her personal data. In December 2018, the patient suffered
aradial bone fracture near her right wrist. During surgery,
metal screws were applied to stabilize the radial during
the healing process. About 1 month after surgery, an HS
with a raised and dark red appearance developed on her
hand. Afterward, she underwent silicone sheet therapy to
increase scar maturation and improve the appearance of
the HS. However, the silicone sheet frequently debonded.
For example, the silicone sheet would debond when she
sweated (wet skin), came into contact with other surfaces
due to the friction (excessive friction between the silicone
sheet with the desk when typing on a keyboard, or with
the bed sheets while she slept at night). To address these
problems, a bespoke HS treatment that combines pressure,
silicone gel, and silicone sheet therapies was designed for

the patient. During the study, she was ordered to wear a
customized pressure sleeve with a silicone insert at all
times except when she had to bathe or apply the silicone
gel, which was done twice a day. The study was approved
by the Human Subjects Ethics Sub-committee of The
Hong Kong Polytechnic University (Reference Number:
HSEARS20171214001) and Joint Chinese University
of Hong Kong-New Territories East Cluster Clinical
Research Ethics Committee (CREC Ref No: 2018.467).

2.2. Evaluation of current treatment

Current treatment with silicone sheets is problematic in
that the silicone sheet debonds from the skin. To evaluate
the adhesion between the silicone sheet and skin under
different conditions, ASTM D5169 Standard Test Method
for Shear Strength (Dynamic Method) of Hook and Loop
Touch Fasteners was referenced and the Instron 5566
universal mechanical test frame was used. Pigskin was
used to represent human skin, which was cleaned using
a nonionic detergent and then padded dry with paper
towel. The size of the specimens is 2.54 x 7.62 cm. The
temperature of the wrist is approximately 34 — 36°C
depending on the activity and the environment*4],
Testing was therefore carried out in a temperature-
controlled chamber and the specimens were kept at a
temperature of 35°C to simulate normal skin temperature.
In the experiment, two different commercial silicone
sheets, CICA-CARE and Mepiform®, were evaluated
under four different skin conditions, which are normal dry
skin and skin separately coated with three different types
of scar care gels, which are SILBIONE BLEND 4001
(Elkem), Hiruscar®, and Contractubex®. The suggested
dosage and mode of application are discussed as follows.

2.3. Design framework

Figure 1 illustrates the overall design framework that
involves the combination of three different types of
therapies. The details will be discussed in the following
sections.

(1) Three-dimensional scanning and modeling

The first and second steps of the design framework are to
conduct 3D scanning and modeling (Figures 1A and B).
The geometry of the wrist and shape of the HS of the
patient was obtained using a structured light handheld 3D
scanner (Artec Eva, Luxembourg). The scanner captures
the texture and color of the scanned object which is
convenient during the silicone insert modeling process
to differentiate between the healthy skin and HS. The
scanned data were registered using Artec Studio 13 and
then imported into a 3D model processing software (3ds
Max, Autodesk). To create a model that corresponds with
the scar, a box object with a similar length and width
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Figure 1. Schematic of workflow of patient specific pressure sleeve with silicone elastomer insert. (A) 3D scanning to obtain geometry and
texture of hand and HS. (B) 3D modeling of a silicone elastomer which fits the HS. (C) Flattening of 3D model as pattern for pressure sleeve.
(D) 3D printing of silicone elastomer on fabric by using extrusion-based 3D printer and photo of the printed silicone on fabric. (E) Producing
pressure sleeve by applying stitches on the patterns. (F) Developing the FEM including the pressure sleeve, bone, silicone, and hand models.
(G) Validation of the FEM for pressure through wear trial. (H) Pressure optimization through FEA. (I) Photo of the final pressure sleeve

with customized silicone elastomer insert.

of the HS was first created and the thickness had to be
larger than the height of the HS. Then, the box model
was moved to the area where the HS was submerged into
the box model. The boundaries of the box model were
adjusted to the shape of the HS boundaries based on the
scanned color of the HS and hand by moving the vertex
or edges of the box model. Note that the number of length
and width segments of the box model has to be adequate
to carry out the boundary adjustment process. Once the
boundaries of the silicone elastomer model fit with those
of the HS, a Boolean operation can be done to subdivide
the overlap volume of the silicone elastomer and hand
model. The modeling process is shown in Figure 1B. The
created model can be saved as a stereolithography (stl)
file for the 3D printing process. Once the insert model
was created, the coordinations of the model were rotated
and adjusted to the proper position for the 3D printing of
silicone onto fabric.

(2) 3D printing and patterning

The third and fourth steps of the design framework are
3D printing of silicone elastomer on the pressure sleeve

and the patterning of the pressure sleeve (Figures 1C
and D). Before the silicone insert model was imported
into the 3D-printer (3D-Bioplotter® Manufacturer
Series), a slicing process was done to determine the
number of printed layers and the path of printing for each
layer. A biocompatible silicone elastomer (SILBIONE®
RTV 4410 1:1 A&B) was mixed with 0.2 and 2 wt%
of a silicone thickener (THI-VEXTM) and degassed
respectively for the 3D printing process. The settings of
the 3D printing process and the specifications of the warp
knitted fabric are shown in Supplementary Tables 1
and 2, respectively. A multi-viscosity printing technique
developed by our team was adopted. The silicone mixture
with lower viscosity was extruded through the nozzle
of the 3D printer and deposited onto the warp knitted
fabric to improve the adhesion between the silicone
and fabric. Apart from the first layer of printing, higher
viscosity print mixture was adopted to maintain the form
accuracy of the silicone part. The shear force of the
sample constructed using the multi-viscosity technique
was increased from about 10 to 60 N in comparison to
normal printing approaches which should be sufficient
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for the application*”). Once the silicone insert was printed
and cured on the fabric, it was ready for adherence to the
pressure sleeve. The sleeve pattern was created using
ExactFlat for Rhino 3D software based on the scanned
geometry of the patient hand. The hand model was
separated at the radial and ulnar sides of the wrist with
two patterns. Since the created patterns are based on the
scanned image of the hand geometry, no pressure can be
exerted onto an HS and inhibit its growth. Therefore, a
reduction of the sleeve circumference is required to create
an effective level of pressure to treat the HS. In this study,
a reduction factor of 10% was applied which is a common
value for pressure garments 341, After the patterns were
reduced to the appropriate size, the patterns were stitched
together in the fifth step of the workflow (Figure 1E).

(3) Finite element analysis for pressure optimization

After the pressure sleeve was produced, sub-models of the
carpal bones, pressure sleeve, silicone elastomer, and hand
were constructed using FEA software (MSC Marc/Mentat)
(Figure 1F). The material properties of the hand, sleeve,
and silicone were obtained with reference to the literature
and the experimental results in Yu et al. and Wu et al 53,
The material properties and parameters are listed in Table
S3. To validate the accuracy of the FE contact model, the
subject was invited to participate in a wear trial to measure
the interface pressure produced by the pressure garment
and silicone elastomer using the NOVEL Pliance X system
(Figure 1G). The system has been objectively evaluated
and validated for accuracy by different scholarst®>*!, In
total, four positions were marked on the subject, including
the center of the HS, and the ulnar, radial, and back of
the hand which are horizontally aligned with the HS
landmark. Through the FEA, the pressure distribution on
the hand from the silicone elastomer samples with five
different thicknesses of 1, 2, 3, 4, and 5 mm (the smallest
thickness was considered) and two pressure sleeves
with circumference reduction factors of 5% and 10%
were systematically evaluated (Figure 1H). A pressure
threshold of 25 mmHg was exerted onto the hypertrophic
scarred area for effective treatment while preserving
the wear comfort with the least amount of pressure on
the other parts of the hand; this is as the optimal design
criterion of the pressure sleeve (Figure 11).

3. Results and discussion

3.1. Evaluation of current treatments

Conventionally, the silicone sheet applied onto an HSs
is larger than the HS itself, especially with smaller scars.
Otherwise, the silicone sheet would easily debond,
causing inconvenience to the patient. Moreover, there
are negative impacts, such as excessive sweating, when
the silicone covers the healthy skin. To minimize these

unfavorable effects, we adopted 3D printing to fabricate
a customized silicone elastomer so that it is the same
size as the HS. The elastomer is directly attached to the
pressure sleeve so that the debonding of the silicone sheet
is remedied. Figure 2A shows the differences between a
conventional silicone sheet and our 3D printed silicone
elastomer.

Another issue that we observed about the silicone
sheet is that it may not adhere to skin with just any
type of scar treating gel. To further confirm this issue,
we used ASTM D5169 to assess the adhesion between
the silicone and skin under various conditions. The
schematic of the test and photo of the sample are shown
in Figures 2B and C, respectively. Figure 2D shows that
when any random type of scar treating gel is used, lower
shear forces results when compared to skin without the
use of any treating gel. When comparing the effect of the
three different types of gels, SILBIONE BLEND 4001
has a small effect on the shear force, while Hiruscar® has
the worst performance. The pigskin samples that used
Hiruscar® showed an approximately 3-fold and 8-fold
reduction of the maximum shear force with the CICA-
CARE and Mepiform® silicone sheets, respectively. This
indicates that the application of scar treating gel can
further aggravate the problem of silicone sheet debonding.
The poor adhesion of the silicone sheet to gel-coated
skin might be a possible challenge, so HS therapy that
combines the use of a silicone sheet and silicone gel, such
as an onion extract gel, has been seldom discussed in the
literature. In our proposed therapy, the silicone elastomer
is attached to the pressure sleeve which is secured by the
corresponding pressure so that the adhesion of the silicone
to the skin with silicone gel is not a problematic issue.

3.2. Finite element model and validation of
simulated result

Figure 3 illustrates the components of the developed
FEM and the simulation process. The FEM simulates the
wear process of the hand sleeve. The silicone elastomer
was secured onto the model of the hand to prevent any
unanticipated movement during the simulation process.
Since the circumference of the pressure sleeve is smaller
than that of the hand, a face load was applied on the shell
elements of the pressure sleeve so that it stretched to
fully fit and came into contact with the hand. During the
stretching of the pressure sleeve, the sleeve was shifted
toward the hand, and then the face load was applied.
The pressure sleeve then recovered to its original size
and came into contact with the silicone elastomer and
the hand to simulate the pressure applied by the pressure
sleeve. In this study, the friction between the hand and
the fabric of the sleeve was neglected. The interface
pressure produced by the pressure sleeve and silicone
elastomer was observed at the end of the simulation. The
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Figure 2. Evaluation of the silicone sheet therapy. (A) Illustration of the difference between conventional silicone sheet and 3D printed
silicone elastomer on covered area. (B) Schematic of ASTM D5169 setup. (C) Photo of sample based on ASTM D5169. (D) Adhesion force
of different silicone sheets (Mepiform® and CICA-CARE) under different skin conditions.

128 International Journal of Bioprinting (2021)—Volume 7, Issue 1



Chow, et al.

The developed finite element contact model
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Figure 3. Illustration of the developed FEM for predicting the interface
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sleeve size and the thickness of the silicone elastomer
were adjusted before the next simulation was carried
out until all the parameters were tested. To validate the
accuracy of the FEM, the simulation result of a 2 mm
thick silicone elastomer and a reduction factor of 10%
of the sleeve were compared with the experimental
result. The landmark positions are shown in Figure 4A.
The experimentally obtained and simulated interface is
compared in Figure 4B. The differences among the four
different positions are within 5%, which is an acceptable
margin of error to predict the amount of pressure.

3.3. Effect of silicone elastomer and garment size

The results of the simulated interface pressure that is exerted
onto the HS, radial, ulnar, and back of the hand with the
five different thicknesses of the silicone elastomer and two
different pressure sleeve conditions are shown in Figures SA-
D, respectively. The interface pressure is proportional to the
thickness of the silicone elastomer for both sleeve conditions
(Figure 5A). A reduction factor of 10% in the circumference
of the sleeve without the use of a silicone elastomer and a
reduction factor of 5% with a 1 mm thick silicone elastomer
show an exerted pressure of 20 mmHg onto the HS area.
However, the pressure exerted onto the other areas with a
reduction factor of 5% in the circumference of the sleeve
along with a 1 mm thick silicone elastomer is significantly
lower than the sleeve with a reduction factor of 10% in
circumstance, with a decline of about 43% (radial and
ulnar) and 50% (back). This indicates that customized 3D
printed silicone elastomers can exert localized pressure
onto the front side of the hand. The sleeve with a reduction
factor of 5% also enables ease of wear and preserves the
wear comfort in respect to the practical use of the pressure
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garment. When the garment size is much smaller than the
body part, the patient will be not able to independently don
the garment by him/herself and his/her skin might even
get caught by the fastener. In considering the efficacy of
treatment, we used a silicone elastomer with a thickness of
2 mm and a reduction factor of 5% of the circumference
of the sleeve to exert approximately 25 mmHg of pressure
onto the HS, as recommended in the literature. Compared
to the treatment regimen of conventional pressure therapy
that prescribes a reduction factor of 10% without the use of
a silicone insert, the optimal pressure dosage applied to the
HS here is on average about 20 — 25 mmHg. Furthermore,
the pressure dosage on the other parts of the body is reduced
by around 60%, 56%, and 80% for the ulnar, radial, and
back of the hand, respectively, which result in reduced
pressure discomfort. Figure 6 shows the complete pressure
distribution of the hand based on the treatment regimen of
conventional therapy and the optimized parameters in this
study. The literature on pressure garment therapy indicates
that when the pressure dosage exceeds 30 — 40 mmHg,
discomfort, and potential harm to the body part, such as
maceration and paresthesia may occur?+, To prevent
these issues, the insertion of a silicone elastomer into a
garment with a reduction factor of 10% and the insertion of
a silicone elastomer with a thickness of 4 mm or more into
a garment with a reduction factor of 5% should be avoided
when the mechanical properties of the fabric used are similar
to those in this study. The plotted force extension of the warp
knitted fabric is shown in Supplementary Figure 1.

3.4. Demonstration of the combined therapies

Figure 7 demonstrates the appearance of the HS before
the patient underwent the prescribed combined therapy in
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this study, and after 1 year of following the therapy. The
sleeve was worn for at least 23 h each day and silicone
gel was applied twice a day. It can be clearly observed

that the HS was reduced in thickness and pigmentation,
thus showing an improved appearance. The problem
of the debonding of the silicone sheet was resolved so
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Figure 7. Effect of combined therapies for HS including the use of silicone sheet, silicone gel, and pressure.

that the negative effect of the treatment was minimized.
The patient reported that the placement of the silicone
elastomer remained securely attached even during a
badminton game and she did not experience any negative
impacts in comparison to conventional silicone sheet
treatment. Since HS treatment usually requires more
than a year, the tension of the fabric of the pressure
garment can gradually decline, resulting in a lower level
of pressure exerted. Therefore, it is suggested that the
level of pressure should be monitored every 3 months
to ensure treatment efficacy. If the amount of induced
pressure significantly declines, the pressure garment
will need to be adjusted or a new garment will need to
be prescribed. Although the application of this combined

therapy can reduce the scar thickness and pigmentation,
further investigation of the effect of the use of the silicone
sheet, silicone gel, and pressure as a form of combined
therapy should be conducted through randomized clinical
trials in the future.

4. Conclusion

Conventional silicone sheet treatment has a positive
effect in the healing process of HSs. However, the
debonding of the silicone sheet may affect the treatment
compliance and therefore the treatment efficacy. In this
study, we found that the scar treating gel reduces the
adhesion of the silicone sheet. Therefore, using both
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silicone sheet and scar treating gel is not recommended
for treatment of HSs. Instead, we propose a novel
bespoke HS treatment involving a combination of 3D
scanning, 3D printing, FEA, computer-aided design,
and manufacturing software. The 3D printed silicone
elastomer that only covers the HS itself is secured to
a bespoke pressure sleeve. Since the silicone sheet is
secured by the pressure from the sleeve, any type of scar
treating gel can be applied at the same time. Using an
FEA, the pressure dosage for the HS can be accurately
modified, which in this case, is approximately 25 mmHg
for the effective management of HS. Most importantly,
the unnecessary pressure exerted on normal skin can be
reduced by approximately 60%, 56%, and 80% at the
ulnar, radial, and back of the hand, respectively. In this
case study, the suggested treatment provides a significant
effect in reducing the scar thickness and pigmentation.
Also, there is no adverse effects of the hybrid pressure
and silicone therapy found. The developed design
framework and production of the pressure garment can
contribute to new insights for future HS therapies and
new customized clinical products for scars.

Acknowledgments

We acknowledge the financial support of the Research
Grant Council for funding this research project (project
account PolyU 152097/18E).

Conflicts of interest

The authors report no potential conflicts of interest.

Author contribution

L.C. designed the workflow, methodology, data curation
and prepared the original draft of the manuscript and
figures. Co-authors Y.S., M.S.H.L and M.Y.K involved
in the investigation and analysis of results. K.L.Y.
supervised and administered the project. K.L.Y., S.P.N,
AY., 1Y. and Y.F.C. acquired the project funding, and
reviewed and edited the manuscript.

Ethics approval and consent to participate

This study was approved by the Human Subjects
Ethics Sub-committee of The Hong Kong Polytechnic
University and Joint Chinese University of Hong Kong-
New Territories East Cluster Clinical Research Ethics
Committee. Written informed consent was obtained from
the participant before data collection.

Consent for publication

The patient provided written informed consent to publish
the pictures and her personal data.

References

1. Ogawa R, 2020, Total Scar Management : From Lasers to
Surgery for Scars, Keloids, and Scar Contractures. Springer,
Singapore.
https://doi.org/10.1007/978-981-32-9791-3

2. Tredget EE, Nedelec B, Scott PG, ef al., 1997, Hypertrophic
Scars, Keloids, and Contractures: The Cellular and Molecular
Basis for Therapy. Surg Clin North Am, 77(3):701-30.
https://doi.org/10.1016/s0039-6109(05)70576-4

3. Grose R, Werner S, 2004, Wound-healing Studies in
Transgenic and Knockout Mice. App! Biochem Biotechnol
Part B Mol Biotechnol, 28(2):147—66.
https://doi.org/10.1385/mb:28:2:147

4. SonD, Harijan A, 2014, Overview of Surgical Scar Prevention
and Management. J Korean Med Sci, 29(6):751-7.
https://doi.org/10.3346/jkms.2014.29.6.751

5. Enoch S, Leaper DJ, 2008, Basic Science of Wound Healing.
Surgery (Oxford), 26(2):31-7.
https://doi.org/10.1016/j.mpsur.2007.11.005

6. Werner S, Krieg T, Smola H, 2007, Keratinocyte-fibroblast
Interactions in Wound Healing. J Investig Dermatol,
127(5):998-1008.
https://doi.org/10.1038/sj.jid.5700786

7.  Nagase H, Woessner JE, 1999, Matrix Metalloproteinases.
J Biol Chem, 274(31):21491-4.
https://doi.org/10.1074/jbc.274.31.21491

8. Bock O, Schmid-Ott G, Malewski P, et al., 2006, Quality of
Life of Patients with Keloid and Hypertrophic Scarring. Arch
Dermatol Res, 297(10):433-8.
https://doi.org/10.1007/s00403-006-0651-7

9.  Mazharinia N, Aghaei S, Shayan Z, 2007, Dermatology life
quality index (DLQI) scores in burn victims after revival.
J Burn Care Res, 28(2):312-7.
https://doi.org/10.1097/bcr.0b013e318031al51

10. Kwan P, Hori K, Ding J, ef al., 2009, Scar and Contracture:
Biological Principles. Hand Clin, 25(4):511-28.
https://doi.org/10.1016/j.hc1.2009.06.007

11. van Vlimmeren MA, Driessen-Mol A, van Den Broek M,
et al., 2010, Controlling matrix formation and cross-linking
by hypoxia in cardiovascular tissue engineering. J Appl
Physiol (Bethesda, Md. 1985), 109(5):1483.
https://doi.org/10.1152/japplphysiol.00571.2010

12. Teekakirikul P, Eminaga S, Toka O, et al., 2010, Cardiac
Fibrosis in Mice with Hypertrophic Cardiomyopathy is
Mediated by Non-myocyte Proliferation and Requires Tgf-
[Beta]. J Clin Investig, 120(10):3520-9.

132 International Journal of Bioprinting (2021)—Volume 7, Issue 1



Chow, et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

https://doi.org/10.1172/jci42028

Kassebaum NJ, Arora M, Barber RM, et al., 2016, Global,
Regional, Disability-adjusted Life-years
(DALYs) for 315 Diseases and Injuries and Healthy Life
Expectancy (HALE), 1990-2015: A Systematic Analysis
for the Global Burden of Disease Study 2015. Lancet,
388(10053):1603-58.
https://doi.org/10.3410/£.726827339.793524296

Li-Tsang CW, Lau JC, Chan CH, 2005, Prevalence of
Hypertrophic Scar Formation and its Characteristics among
the Chinese Population. Burns, 31(5):610-6.
https://doi.org/10.1016/j.burns.2005.01.022

Block L, Gosain A, King TW, 2015, Emerging Therapies
for Scar Prevention. Adv Wound Care (New Rochelle),
4(10):607-614.

https://doi.org/10.1089/wound.2015.0646

Puzey G, 2002, The Use, of Pressure Garments on
Hypertrophic Scars. J. Tissue Viability, 12(1):11-5.
https://doi.org/10.1016/s0965-206x(02)80004-3

Perkins K, Davey R, Wallis K, 1983, Silicone Gel: A New
Treatment for Burn Scars and Contractures. Burns, 9(3):201-4.
https://doi.org/10.1016/0305-4179(83)90039-6

Leung P, Ng M, 1980, Pressure Treatment for Hypertrophic
Scars Resulting from Burns. Burns, 6(4):244-50.
https://doi.org/10.1016/s0305-4179(80)80007-6

Rivers E, Strate R, Solem L, 1979, The Transparent Face
Mask. Am J Occup Ther, 33(2):108—13.

Staley MJ, Richard RL, 1997, Use of Pressure to Treat
Hypertrophic Burn Scars. Adv Wound Care, 10(3):44-6.

Ai JW, Liu JT, Pei SD, et al., 2017, The Effectiveness of
Pressure Therapy (15-25 mmHg) for Hypertrophic Burn

and National

Scars: A Systematic Review and Meta-analysis. Sci Rep,
7(1):40185.

https://doi.org/10.1038/srep40185

Wolfram D, Tzankov A, Piilzl P, et al., 2009, Hypertrophic
Scars and Keloids a Review of Their Pathophysiology, Risk
Factors, and Therapeutic Management. Dermatol Surg,
35(2):171-81.
https://doi.org/10.1111/j.1524-4725.2008.34406.x

Kloti J, Pochon J, 1982, Conservative Treatment Using
Compression Suits for Second and Third Degree Burns in
Children. Burns, 8(3):180-7.
https://doi.org/10.1016/0305-4179(82)90085-7

Pratt J, 1995, In: West G, Withinshaw B, editors. Pressure
Garments: A Manual on Their Design and Fabrication. 1* ed.
Butterworth-Heinemann, Oxford, Boston.

Hoeksema H, De Vos M, Verbelen J, et al., 2013, Scar

International Journal of Bioprinting (2021)—Volume 7, Issue 1

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Management by Means of Occlusion and Hydration: A
Comparative Study of Silicones Versus a Hydrating Gel-
cream. Burns, 39(7):1437-48.
https://doi.org/10.1016/j.burns.2013.03.025

Van den Kerckhove E, Stappaerts K, Boeckx W, et al., 2001,
Silicones in the Rehabilitation of Burns: A Review and
Overview. Burns, 27(3):205-14.
https://doi.org/10.1016/s0305-4179(00)00102-9

Gilman TH, 2003, Silicone Sheet for Treatment and
Prevention of Hypertrophic Scar: A New Proposal for the
Mechanism of Efficacy. Wound Repair Regen, 11(3):235-6.
https://doi.org/10.1046/j.1524-475x.2003.11313.x

Ko WJ, Na YC, Suh BS, et al., 2013, The Effects of Topical
Agent (kelo-cote or contractubex) Massage on the Thickness
of Post-burn Scar Tissue Formed in Rats. Arch Plast Surg,
40(6):697-704.

https://doi.org/10.5999/aps.2013.40.6.697

Berman B, Perez OA, Konda S, et al., 2007, A Review of
the Biologic Effects, Clinical Efficacy, and Safety of Silicone
Elastomer Sheeting for Hypertrophic and Keloid Scar
Treatment and Management. Malden, USA, pp. 1291-303.
https://doi.org/10.1111/j.1524-4725.2007.33280.x

Saulis AS, Chao JD, Telser A, et al., 2002, Silicone Occlusive
Treatment of Hypertrophic Scar in the Rabbit Model.
Aesthetic Surg J, 22(2):147-53.
https://doi.org/10.1067/maj.2002.123023

Li-Tsang CW, Lau JC, Choi J, et al., 2006, A Prospective
Randomized Clinical Trial to Investigate the Effect of Silicone
Gel Sheeting (Cica-Care) on Post-traumatic Hypertrophic
Scar among the Chinese Population. Burns, 32(6):678—-83.
https://doi.org/10.1016/j.burns.2006.01.016

Puri N, Talwar A, 2009, The Efficacy of Silicone Gel for
the Treatment of Hypertrophic Scars and Keloids. J Cutan
Aesthet Surg, 2(2):104-6.
https://doi.org/10.4103/0974-2077.58527

Yu A, Yick KL, Ng SP, et al., 2016, Orthopaedic Textile
Inserts for Pressure Treatment of Hypertrophic Scars. Textile
Res J, 86(14):1549-62.
https://doi.org/10.1177/0040517515573409

Li-Tsang CW, Zheng YP, Lau JC, 2010, A Randomized
Clinical Trial to Study the Effect of Silicone Gel Dressing
and Pressure Therapy on Posttraumatic Hypertrophic Scars. J
Burn Care Res, 31(3):448-57.
https://doi.org/10.1097/bcr.0b013e3181db52a7

Muangman P, Kongkor A, Namviriyachote N, et al., 2020,
Effectiveness of Silicone Gel Combined with Pressure

Garment for Prevention of Post-Burn Hypertrophic Scar:

133



Actualizing Hybrid Pressure and Silicone Therapies with 3D Printing and Scanning

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

134

A Randomized Controlled Trial. J Med Assoc Thailand,
103(5):39-43.

Uslu A, Siiriicii A, Korkmaz MA, et al., 2019, Acquired
Localized Hypertrichosis Following Pressure Garment
and/or Silicone Therapy in Burn Patients. Ann Plast Surg,
82(2):158-61.
https://doi.org/10.1097/sap.0000000000001686

Ng WL, Chan A, Ong YS, et al., 2020, Deep Learning for
Fabrication and Maturation of 3D Bioprinted Tissues and
Organs. Virtual Phys Prototyp, 15(3):340-58.

Sun W, Starly B, Daly AC, et al., 2020, The Bioprinting
Roadmap. Biofabrication, 12(2):5158.

Ng WL, Chua CK, Shen YF, 2019, Print Me An Organ! Why
We Are Not There Yet. Prog Polym Sci, 97:101145.
https://doi.org/10.1016/j.progpolymsci.2019.101145

Kang HW, Lee SJ, Ko IK, et al., 2016, A 3D Bioprinting
System to Produce Human-scale Tissue Constructs with
Structural Integrity. Nat Biotechnol, 34(3):312-9.
https://doi.org/10.1038/nbt.3413

Oladapo BI, Ismail SO, Afolalu TD, et al., 2021, Review on
3D Printing: Fight against COVID-19. Mater Chem Phys,
258:123943.
https://doi.org/10.1016/j.matchemphys.2020.123943
Rendeki S, Nagy B, Bene M, et al, 2020, An Overview
(PPE) Fabricated
with Additive Manufacturing Technologies in the Era of
COVID-19 Pandemic. Polymers, 12(11):1-18.
https://doi.org/10.3390/polym12112703

Hale L, Linley E, Kalaskar DM, 2020, A Digital Workflow
for Design and Fabrication of Bespoke Orthoses Using 3D

on Personal Protective Equipment

Scanning and 3D Printing, a Patient-based Case Study. Sci
Rep, 10(1):7028-7.
https://doi.org/10.1038/s41598-020-63937-1

Zolfagharian A, Gregory TM, Bodaghi M, et al, 2020,
Patient-Specific 3D-printed Splint for Mallet Finger Injury.
Int J Bioprint, 6(2):1-13.
https://doi.org/10.18063/ijb.v6i2.259

Holt SG, Yo JH, Karschimkus C, et al., 2020, Monitoring Skin
Temperature at the Wrist in Hospitalised Patients May Assist
in the Detection of Infection. Intern Med J, 50(6):685-90.
https://doi.org/10.1111/imj.14748

Chen G, Xie J, Dai G, et al., 2020, Validity of the Use of

Wrist and Forehead Temperatures in Screening the General

47.

48.

49.

50.

51.

52.

54.

55.

56.

Population for COVID-19: A Prospective Real-World Study.
Iran J Public Health, 49(supple 1):3670.
https://doi.org/10.18502/ijph.v49is1.3670

Chow L, Yick KL, Kwan MY, et al., 2020, Customized
Fabrication Approach for Hypertrophic Scar Treatment: 3D
Printed Fabric Silicone Composite. Int J Bioprint, 6(2):262.
https://doi.org/10.18063/ijb.v6i2.262

Boone LA, 1995, Development of a Customized Pattern
Drafting System for Interim Burnscar Pressure Garments
Utilizing Fabric Properties and Circumference Measurements.
University of Alberta, Edmonton, Alta.

Yu A, 2015, Development of Pressure Therapy Gloves for
Hypertrophic Scar Treatment. The Hong Kong Polytechnic
University, Hong Kong.

Yu A, Yick KL, Ng SP, et al., 2016, Numerical Simulation
of Pressure Therapy Glove by Using Finite Element Method.
Burns, 42(1):141-51.
https://doi.org/10.1016/j.burns.2015.09.013

Wu JZ, Dong RG, Rakheja S, et al, 2002, Simulation of
Mechanical Responses of Fingertip to Dynamic Loading.
Med Eng Phys, 24(4):253-64.

Lai CH, Li-Tsang CW, 2009, Validation of the Pliance X
System in measuring interface pressure generated by pressure
garment. Burns, 35(6):845-51.
https://doi.org/10.1016/j.burns.2008.09.013

Wiseman J, Simons M, Kimble R, et al., 2018, Reliability and
Clinical Utility of the Pliance X for Measuring Pressure at the
Interface of Pressure Garments and Burn Scars in Children.
Burns, 44(7):1820-8.
https://doi.org/10.1016/j.burns.2018.05.002

Reid W, Evans J, Naismith R, et al., 1987, Hypertrophic
Scarring and Pressure Therapy. Burns, 13:529-32.
https://doi.org/10.1016/0305-4179(87)90090-8

LeungK, ChenglJ,MaG,etal., 1984, Complications of Pressure
Therapy for Post-burn Hypertrophic Scars: Biomechanical
Analysis Based on 5 Patients. Burns, 10(6):434-8.
https://doi.org/10.1016/0305-4179(84)90085-8

Miyatsuji A, Matsumoto T, Mitarai S, et al., 2002, Effects of
Clothing Pressure Caused by Different Types of Brassieres
on Autonomic Nervous System Activity Evaluated by Heart
Rate Variability Power Spectral Analysis. J Physiol Anthropol
Appl Hum Sci, 21(1):67-74.
https://doi.org/10.2114/jpa.21.67

International Journal of Bioprinting (2021)—Volume 7, Issue 1



PUBLISHING PTE. LTD.

RESEARCH ARTICLE

Discovering the Latest Scientific Pathways on Tissue
Spheroids: Opportunities to Innovate

Marisela Rodriguez-Salvador*, Baruc Emet Perez-Benitez, Karen Marcela Padilla-Aguirre

Tecnologico de Monterrey, Escuela de Ingenieria y Ciencias, CP 64849, Monterrey, N.L., Mexico

Abstract: Tissue spheroids consist of a three-dimensional model of cells which is capable of imitating the complicated
composition of healthy and unhealthy human tissue. Due to their unique properties, they can bring innovative solutions to
tissue engineering and regenerative medicine, where they can be used as building blocks for the formation of organ and
tissue models used in drug experimentation. Considering the rapid transformation of the health industry, it is crucial to assess
the research dynamics of this field to support the development of innovative applications. In this research, a scientometric
analysis was performed as part of a Competitive Technology Intelligence methodology, to determine the main applications of
tissue spheroids. Papers from Scopus and Web of Science published between 2000 and 2019 were organized and analyzed.
In total, 868 scientific publications were identified, and four main categories of application were determined. Main subject
areas, countries, cities, authors, journals, and institutions were established. In addition, a cluster analysis was performed to
determine networks of collaborations between institutions and authors. This article provides insights into the applications of
cell aggregates and the research dynamics of this field, which can help in the decision-making process to incorporate emerging
and innovative technologies in the health industry.

Keywords: Scientometric analysis; Competitive technology intelligence; Bioprinting; Cell aggregates; Bioink

*Correspondence to: Marisela Rodriguez-Salvador, Tecnologico de Monterrey, Escuela de Ingenieria y Ciencias, Mexico; marisrod@tec.mx

Received: December 16, 2020; Accepted: January 19, 2021; Published Online: January 29, 2021

Citation: Rodriguez-Salvador M, Perez-Benitez BE, Padilla-Aguirre KM, 2021, Discovering the Latest Scientific Pathways
on Tissue Spheroids: Opportunities to Innovate. Int J Bioprint, 7(1):331. http://doi.org/10.18063/ijb.v7i1.331

cells with pore networks to deliver components such as
drug or nutrients.

Ng et al. identify seven main technologies for 3D
bioprinting: extrusion, stereolithography, laser-assisted,
inkjet, microvalve-based Dbioprinting, two-photon
polymerization microfluidic printing, and acoustic
bioprinting. The main working foundation for the first
five techniques is:

(i) Extrusion: pneumatic-or mechanical
loading of bio-inks into cartridges

(i1) Stereolithography: photo-polymerization of photo-
initiators, loading of bio-inks into vat

1. Introduction

Additive manufacturing (AM), commonly known as
three-dimensional (3D) printing, is a rapidly growing area
that fabricates a wide range of structures and complex
geometries by depositing successive layers of materials on
top of each other!"?. In the medical field, 3D bioprinting
refers to different AM techniques able to print living cells
and materials, in a specified location!'l. 3D bioprinting
has brought new solutions to mimic the heterogeneous
and complex native tissues. Its main goal is to develop
3D living human constructs with biological and physical

extrusion,

properties that emulate the human tissues, being a solution
to repair tissue defects and restore organ structure and
function™. Through this innovative technology, constructs,
or implants tailored to the geometrically complex and
irregular shapes of the native tissues can be produced using
computer designs or medical images. In addition, it is also
possible to create biological connectivity by embedding

(ii1) Laser-assisted: localized vaporization of energy-
absorbing layer, coating of homogeneous ribbon layer

(iv) Inkjet: use of actuators to overcome surface tension,
loading of bio-inks into cartridges

(v) Microvalve-based bioprinting: use of actuators to
overcome surface tension, loading of bio-inks into
cartridges.

© 2021 Rodriguez-Salvador, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International License (http:/creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium,

provided the original work is properly cited.
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Extrusion, stereolithography and microvalve-based
bioprinting present the less difficulties to operate while
laser-assisted involves more complex process and inkjet
process is even more complex.

The material that is printed is referred to as “bioink”
and it consists of multiple types of cells and biomaterials.
Bioinks are analyzed in terms of their printability,
biocompatibility, and bioactivity'®. The printing resolution
and dimensionality contribute to the overall shape fidelity
of the bioprinted construct. Its dimensionality can be
represented by z-resolution in printing and it mainly
depends on specific printing parameters such as printing
path height, path space, and the nozzle diameter, while
material properties as material contraction/swelling,
thixotropy, and the crosslinking mechanism affect the
z-resolution. The principle for deposition varies according
to the bioprinting technology to be applied which affects
the print resolution and dimensionality differently!”.

To meet all mechanical and functional requirements
to produce biomimetic tissue-like  constructs,
multicomponent bioinks have been developed recently.
Also known as multimaterials or multicelular bioinks,
they include more than one biomaterial, cell, and additive
material or biomolecule®!. Multicomponent bioinks can
be characterized as:

(1) Bioinks having combination of natural materials, for
example, alginate with gelatin/fibrin, silk fibroin with
gelatin, agarose with collagen, chitosan with gelatin,
cellulose with alginate, and hyaluronan with cellulose;

(i) Bioinks comprising natural and synthetic
components;

(ii1) Bioinks involving synthetic biomaterials;

(iv) Bioinks fabricated with hydrogels and particles;

(v) Bioinks for 4D printing; and

(vi) Bioinks with different type of cells and soluble
factors.

Moreover, materials innano scale can also be added
to improve structure and functionality®!.

One crucial element to succeed in 3D bioprinting is
the right selection of cells to print. Cells can be used as
individually encapsulated, as cells in scaffolds or as cell
aggregates (spheroids)®®. As mentioned by Hospodiuk
et al®! and Rezende et al.l'%, tissue spheroids are a type
of scaffold-free bioink that has a small-sized and ideal
geometric shape for bioprinting. This novel bioink
enhances cell-cell interaction, growth, differentiation,
and resistance to the environment because of the high cell
density in the assembly!'".

Tissue spheroids consist of 3D cell clusters that
represent the intricacy of healthy and unhealthy human
tissues!'>3,  One important characteristic of these
cell aggregates is their self-assembly, which mimics
developing tissue by fusion and reorganization!'.
Conversely, a major disadvantage is that the majority

of the cells do not aggregate spontaneously in culture;
therefore, they need to be induced by some means!!.
These cellular aggregates can be fabricated using a
scaffold or scaffold-free!'?.

The first time these multicellular spheroids were
created was in 2003 by Garboc Forgacs at the University
of Missouri®. Since then, several techniques have
been used for the generation of tissue spheroids. The
most commonly used techniques rely solely on the self-
arranging properties of cells using micromolded recessed
templates prepared in a non-adhesive hydrogel('®!.

In general, the use of tissue spheroids serves two
main purposes, as building blocks in tissue engineering
or as tissue models used in the pharmaceutical industry®.
Tissue engineering constitutes an important field of
regenerative medicine for tissue repair as it offers the
potential for developing patient-specific 3D tissue
constructs for the treatment of human diseases. It
represents a huge potential solution to overcome the
current shortage of organs or tissues for transplantation.
On the other hand, 3D in vitro systems have significantly
advanced the drug screening processes as 3D tissue
models can closely mimic native tissues and, in some
cases, the physiological response to the drugs, thus
improving the ability to predict the efficacy and toxicity
of drug candidates!'”.

This study was performed to analyze and describe
the development of tissue spheroids, as these cell
aggregates can contribute significantly to the advancement
and innovation of tissue engineering and regenerative
medicine.

2. Methodology

A scientometric analysis was performed as part of a
Competitive Technology Intelligence (CTI) process to
identify current applications and newly emerging areas
related to tissue spheroids for regenerative medicine
and tissue engineering. CTI is a cyclical process used
to collect, analyze, and interpret data from different
sources legally and ethically to produce valuable
information for decision-making purposes pertaining to
research and development (R&D) and innovation within
an organization®, In this research, this process was
conducted using the CTI hybrid model developed by
Rodriguez-Salvador et al.l"), which comprises ten main
steps: (i) process planning, (ii) primary and secondary
source identification, (ii1) establishment of the information
collection strategy, (iv) information collection, (v) expert
validation and adjustments, (vi) scientometric analysis,
(vii) expert validation and adjustments, (viii) verification
of the final results, (ix) results delivery, and (x) decision-
making. Execution of CTI implies the collection of
the most relevant information instead of collecting the
largest number of documents. From this perspective, the
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identification of keywords and the design of a search
query as accurately as possible is required; thereby, it
involves expert consultation from the beginning through
the validation of the final results!'”). Hence, the search
query of this study was developed through an iterative
process, to identify additional keywords, aside from the
ones provided initially by experts on the topic, to improve
its accuracy. The general structure of the search query
employed is as follows:

((( spheroid* PRE/1 ( cell OR cellular )) OR ("3
d spheroid") OR (( 3d OR "three dimensional" OR "3
dimensional" OR "three d") PRE/1 spheroids ) OR (
cancer PRE/1 spheroids ) OR ( tumor* PRE/1 spheroids )
OR (tumorspheres OR tumourspheres OR tumorospheres
) OR ( cell* PRE/4 spheroid*) OR ( multicell* PRE/3
spheroid*) OR ( tissue* PRE/2 spheroid*) OR (( hepat*
OR liver OR pancrea* OR thyroid OR organotypic OR
cardiomyocyte ) PRE/O spheroid ) OR ("self assembl*
spheroid") OR cardiosphere OR ( cell AND ( spheroid
PRE/O ( formation OR invasion OR culture )))) AND
("tissue engineering" OR "regenerative medicine") AND
NOT ( plant OR graphite OR bacter* OR alga* OR "solar
cell*" OR "eutectic cell*" OR yeast OR spheroidin OR
alloy OR rhodopseudomonas OR phytoplankton OR
mycobacteria OR larva OR protista OR volvox OR coli
OR "non-spheroid*" OR anisotropic OR pollen OR coral
OR biofilm OR sponge OR plankton OR microalga*
OR dictyostelium OR microbial OR microbe OR
phytoplankton OR saccharomyces OR eps OR candida
OR sea OR food OR amoeba OR "date palm" OR kelvin
OR peanut OR lanata OR yew OR roseus OR ajuga OR
"protein aggregates" OR antenna OR batter* OR foam
OR barnacle OR oblate OR review OR overview ))

Boolean operators AND, OR and NOT were
used to include and exclude the terms and the PRE/#
function that indicates the number of words that may
be close to a specific term. Scopus and Web of Science
(WoS) databases were selected to collect the scientific
documents. Scopus contains more than 5000 publishers
and 75 million items indexed dating back to 1970
across different disciplines in science. In addition,
WoS includes scientific documents from over 21,000
high-impact journals covering more than 100 years of
scientific productionf?!,

Gathering scientific documents were conducted
for journal articles and conference papers from both
databases that were published between January 1,
2000, and June 5, 2019 (when the collection activity
ended). The documents obtained from each database
were exported and combined into a single list, where
a manual cleaning process was performed to remove
documents not complying with the purpose of the study,
as well as those containing duplicated information.
The resulting documents were classified according to

the technological application of the tissue spheroids
mentioned previously.

A scientometric analysis was applied to the
collected data to identify the current and emerging areas
of tissue spheroids applications. First, subject areas were
identified according to the classification given by Scopus.
For publications indexed in WoS but not in Scopus, their
subject areas were adapted to Scopus classification to
maintain homogeneity. Subsequently, the publishing
growth dynamics within the time range selected (January
1, 2000, to June 5, 2019), along with the most prolific
countries, cities, authors, journals, and institutions on
the topic were identified. Finally, a cluster analysis was
performed to determine networks of collaborations
between institutions and authors.

3. Results and discussion

A total of 1296 scientific documents published between
January 1, 2000, and June 5, 2019, were retrieved; 783
from Scopus and 513 from WoS. A deduplication and
manual validation process was performed, resulting in
868 publications. These publications were classified
according to the following categories.

3.1. Global trends

Scientific articles and conference papers retrieved in
this study revealed four global trends depending on
the application given to tissue spheroids. These are
building blocks, drug testing and disease model, spheroid
formation, and complementary studies. Each category is
described in Table 1. The following tables (Tables 2-5)
correspond to the most recent and representative studies
from the documents analyzed for each global trend.

Results of these tables show the specific focus of the
different group trends identified. There is a diversity of
bioinks and cell types, ranging from healthy cells, such
as human fibroblasts, human umbilical vein endothelial
cells (HUVECs), human mesenchymal stem cells from
bone marrow (hMSCs), human-induced pluripotent cells
(hPCSs), and carcinogenic cells (e.g., human breast cancer,
osteosarcoma, colon carcinoma, hepatoma, and ovarian
cancer cells). Among them, the HUVECs, MSCs, and
PCSs are the most used cell types. For example, stem cells
offer interesting advantages as they can be obtained from
various sources and differentiated into various lineages®!.

Our findings also exhibit that there is no single
predominant 3D bioprinting process, this technology is
evolving rapidly and different approaches exist depending
on the main goal to achieve. Moreover, our results
also show that spheroid resolution can be manipulated
depending on the purpose of the study provided that a
certain spheroid size is not yet defined.

According to Ng et al.,”! a key dilemma lies in the
need of obtaining a balance between achieving the nano-
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Table 1. Tissue spheroid global trends.

Global trend
Building blocks

Description

Tissue spheroids are used as basic

units to biofabricate tissue constructs
such as implants organ precursors.
Tissue constructs are built placing the
tissue spheroids with bioprinting or
bioassembly techniques. In some cases,
cells are bioprinted as bioinks to build
the final tissue construct, but before

its completion, cells first aggregate in
spherical forms before they fusion
Drug testing and Cell aggregates are used as a 3D culture
disease model ~ model for drug testing purposes or for
mimicking a particular disease. The
resulting model can be formed by a
single tissue spheroid or by a tissue
construct product of the fusion of
several tissue spheroids made of one or
different cell lines

This category is related to the
improvement of the tissue spheroid
formation, particularly to uniform the
tissue spheroids characteristics (i.e.
size and cells number) and to scale up
the process for mass tissue spheroid
formation. But no specific applications
were discussed in documents analyzed
Complementary Complementary studies for tissue
studies spheroids management, such as the
development of computer programs and
mathematical models to simulate tissue
spheroids behavior, and the production
of novel accessories for imaging
systems for tissue spheroids monitoring

Spheroid
formation

scale resolution that emulate the extracellular matrix
(ECM) of human tissues/organs and improving the speed
for fabrication of human-scale tissues/organs.

Ashammakhi et al.®) published on the challenges
involving multicomponent bioinks that are related to
the development of appropriate materials having shear-
thinning properties with cell-friendly capability and
other desired biological characteristics for different
tissue engineering applications. As Ng et al. indicate,
it is also important to know more about the composition
and spatial arrangement of living cells and ECM within
tissue constructs along with the development of advanced
bioprinting strategies.

3.2. Scientometric analysis results

As shown in Figure 1, of the 868 publications obtained,
597 publications (69%) exhibited the analysis of spheroid

formation, 135 publications (16%) described the use of
tissue spheroids as building blocks, 100 (11%) relates to
tissue spheroids for drug testing and disease model and
finally, and 36 (4%) comprise complementary studies of
tissue spheroids.

Subject arecas were identified based on the
classification of science disciplines in the Scopus database.
For publications indexed in WoS but not in Scopus, their
subject areas were adapted to Scopus categorization to
maintain homogeneity. In this study, the analysis of all
868 publications revealed nine subjects following the
distribution displayed in Figure 2: biochemistry, genetics
and molecular biology (25%), engineering (19%),
materials science (16%), chemical engineering (11%),
medicine (10%), chemistry (4%), immunology and
microbiology (3%), applied physics (3%), and other (9%).
However, biochemistry, genetics and molecular biology,
engineering, and materials science account for more than
half of all the publications with 60% of all the documents.

The growth dynamics of publications on tissue
spheroids were defined as shown in Figure 3. In terms
of publications, number of papers by year of publication
did not exhibit a strictly patterned behavior (e.g., linear
or exponential); nevertheless, publications regarding
tissue spheroids showed an increased growth from 2
publications in 2000 to 122 publications in 2018. The
year 2019 was not depicted in the graph since the retrieval
period ended on June 5; thus far there had been 42 overall.
The biggest growth was seen from 2015 to 2016, with a
35.5% increase, going from 76 documents to 103. Of the
868 scientific documents, 51% were published in the past
5 years (2015-2019).

The affiliations of authors indexed in high-impact
scientific databases are an indicator, of which countries
and organizations have patterns of research concentration.
The top countries and cities with the largest numbers of
publications on tissue spheroids were also determined;
results are presented in Figure 4A and B. The United
States is the most prolific country with 288 publications,
followed by Japan with a total of 155, China with 93, and
Germany with 84 published articles. These four countries
account for more than half (55%) of the total documents.
The remaining countries on the top ten published between
26 and 73 scientific articles and are located either in
western Europe or eastern Asia — except for Canada,
which holds the ninth position.

The top cities are highly correlated with the top ten
countries; however, the rankings are much closer in the
total output, except Seoul, with 57 and Tokyo with 46
scientific documents which have almost twice as much
as the output from other cities in the top ten. We can
conclude that a significant amount (78%) of the papers
produced in South Korea are centralized in Seoul, whilst
in Japan, most of the papers were contributed from four

138 International Journal of Bioprinting (2021)—Volume 7, Issue 1



Rodriguez-Salvador, et al.

Table 2. Global trend: Tissue spheroids as building blocks.

Article Year/Journal

Impact analysis

Machino, R. et al 2019/Advanced Healthcare
“Replacement of Rat Tracheas Materials

by Layered, Trachea-Like,

Scaffold-Free Structures of

Human Cells Using a Bio-3D

Printing System”[*?]

Daly, A. C., & Kelly, D. J.
“Biofabrication of spatially
organised tissues by directing
the growth of cellular
spheroids within 3D printed
polymeric microchambers”?!

2019/ Biomaterials

Anada, T. et al ”Vascularized 2019/ International Journal
bone-mimetic hydrogel of Molecular Sciences
constructs by 3D bioprinting

to promote osteogenesis and

angiogenesis”*4

“Human cartilage cells, human fibroblasts, human umbilical
vein endothelial cells, and human mesenchymal stem cells
from bone marrow are aggregated into 20,000 cell spheroids
and placed into a Bio-3D printing system (Regenova) with
dedicated needles positioned according to 3D configuration
data (Kenzan Method), to develop scaffold-free trachea-like
tubes.”

“Novel biofabrication strategy that enables the engineering
of structurally organized tissues by guiding the growth of
cellular spheroids within arrays of 3D printed polymeric
microchambers.” This research used bone marrow
mesenchymal stem cells (BMSC) and chondrocytes in a
concentration of 20,000 and 40,000 per microchamber using
inkjet printing

“Two-step digital light processing technique to fabricate a
bone-mimetic 3D hydrogel construct based on octacalcium
phosphate (OCP), spheroids of human umbilical vein
endothelial cells (HUVEC), and gelatin methacrylate
(GelMA) hydrogels”. In this research a spheroid culture chip
was used, conformed by a solution of 25x104 cells/mL

Table 3. Global trend: Tissue spheroids for drug testing and disease models.

Article Year/Journal Impact Analysis

Lee, C. et al. “Bioprinting  2019/Materials “Printed cells spontaneously formed spheroids with upregulated levels

anovel glioblastoma tumor Today Chemistry of the proteins CD133 and DCX markers associated with cancer stem

model using a fibrin- cells and metastatic invasiveness, respectively. Printed scaffolds were

based bioink for drug treated with a novel chemical treatment method previously tested in

screening”> 2D culture and showed significant resistance, indicating the 3D printed
glioblastoma model’s potential as a more accurate representation of the in
vivo response to drug treatment.” Glioblastoma multiforme and human-
induced pluripotent stem cells where printed using an Aspect Biosystems
RX1 printer, which uses a microfluidic technology.

Kingsley, D. M. et al. 2019/Acta “Impact analysis of the aggregate size on the uptake of a commonly

”Laser-based 3D bioprinting Biomaterialia
for spatial and size control

of tumor spheroids and

embryoid bodies?"!

employed ligand for receptor-mediated drug delivery, Transferrin,
indicating that larger tumor spheroids exhibit greater spatial
heterogeneity in ligand uptake” For this research, human breast cancer
cells and CCE mouse embryonic stem cells (mESCs) were printed using

laser direct write (LDW) bioprinting.

2018/Cell Stem
Cell

Trisno, S. L.. et al.”
Esophageal Organoids
from Human Pluripotent
Stem Cells Delineate
Sox2 Functions
during Esophageal
Specification”?”)
formation.

“Dorsal anterior foregut (AFG) spheroids grown in a 3D matrix

formed human esophageal organoids (HEOs), and HEO cells could be
transitioned into two-dimensional cultures and grown as esophageal
organotypic rafts. HEOs present a powerful platform for modeling
human pathologies and tissue engineering.” In this research pluripotent
stem cells (PCSs) signaling pathways” were manipulated to differentiate
into esophageal organoids. Suspension method was used for spheroid

main cities, that is, Tokyo, Yokohama, Fukuoka, and
Tsukuba, which are ranked in the top ten of most prolific
cities.
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The top authors in this study are presented in
Figure 4C. A total of 4,069 authors were identified among
all the publications. The first and second most prolific
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Table 4. Global trend: Spheroid formation.

Article Year/Journal Impact Analysis

Miller, A. J. et al. “Generation 2019/Nature “Protocol that recapitulates several stages like induction,

of lung organoids from human Protocols patterning, lung specification, budding, morphogenesis; to

pluripotent stem cells in vitro™ %!, differentiate human pluripotent stem cells (hPSCs) into ventral—
anterior foregut spheroids and further into two distinct types
of organoids: human lung organoids and bud tip progenitor
organoids.”

Lee, W. e al. ” Dispersible 2019/Nature “Development of ultrasoft mechanosensors that visibly deform

hydrogel force sensors reveal Communications  under <10 Pascals of cell-generated stress. By incorporating

patterns of solid mechanical mechanosensors into multicellular spheroids, the patterns

stress in multicellular spheroid of internal stress that arise during spheroid formation where

cultures”2 captured. This technique can provide a quantitative basis to
design tissues that leverage the mechanical activity of constituent
cells to evolve towards a desired form and function.” In this
research, HS-5 fibroblasts were used as well as an aqueous two-
phase droplet printing technique by an automated liquid handler
in a concentration of 6x107 cells/mL.

Heo, D. N. et al. ” Synergistic 2019/Acta “To enhance stem cell function and generate pre-vascularized

Biomaterialia network, a collagen/fibrin hydrogel was employed as

interplay between human MSCs
and HUVECSs in 3D spheroids
laden in collagen/fibrin hydrogels
for bone tissue engineering”%

an encapsulation matrix for the incorporation of human
mesenchymal stem cell/human umbilical vein endothelial cell
(MSC/HUVEQC) spheroids, and their cellular behavior (including
cell viability, morphology, proliferation, and gene expression
profile) was investigated and compared to that of cell suspension-
or MSC spheroids-laden hydrogels.” In this study, microwells

in AggreWell plates were used. Cell suspension at a density of
1.2x106 cells/well was seeded. MSC-only and MSC/HUVEC
(75%/25%) spheroids were used.

Complementary
4%

Building _—
Blocks
16%

Biochemistry, Genetics
and Molecular Biology
25%

Applied Physics
3%

Immunology and
Microbiology
3%
Chemistry

4%

Medicine
10%

Spheroid
Formation
69%

Figure 1. Distribution of scientific publications by categories.

authors were Vladimir Mironov and Vladimir Kasyanov
with 24 and 14 publications each. The third most prolific
author is Gerhard Bjorn Stark with 13 scientific articles.
These findings can correlate directly to the recently
published paper “Bioprinting in the Russian Federation:
Can Russians Compete?” by Peter Timashev and Vladimir
Mironov in which they state five main achievements

Engineering

Chemical Engineering 19%

11%

Figure 2. Distribution of the subject areas of publication on the use
of tissue spheroids.

made by Russian bioprintists that have contributed to
global technology in the field, such as the development
of original 3D bioprinters, natural bioinks and the world’s
first functional and vascularized organ construct*4.
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Table 5. Global trend: Complementary studies.

Article Year/Journal Impact Analysis

Nakagawa, K., & Kishimoto, T. 2019/Biotechniques  “Unlabeled optical metabolic imaging of cultured living
“Unlabeled image analysis-based cells. This imaging technique is based on motion vector
cell viability assay with intracellular analysis with a block-matching algorithm to compare
movement monitoring”! sequential time-lapse images. Motion vector analysis

evaluates the movement of intracellular granules observed
with a phase-contrast microscope. This assay can measure
cellular viability at a single-cell level without requiring
any reagents”. In this research, human osteosarcoma
U20S cells, human colon carcinoma Caco-2 cells and
human hepatoma HepG2 cells were used.

Wu, H. et al. “Electrical impedance 2018/Analyst “In silico and in vitro cell viability inside large cell
tomography for real-time and label-free spheroids can be monitored in real time and label-free
cellular viability assays of 3D tumour with electrical impedance tomography (EIT). The results
spheroids”*? show the potential of EIT for non-destructive real-time

and label-free cellular assays in the miniature sensor,
providing physiological information in the applications
of the 3D drug screening and tissue engineering.” MCF-7
breast cancer cells were used, and the liquid overlay
technique was adopted to form cells spheroids on the
hydrogel surface. Cell suspension with 1x104 cells were
seeded onto each microplate well.

Parrish, J ef al. “A 96-well microplate ~ 2018/Labona Chip  “Platform to address the experimental and in vivo disparity

bioreactor platform supporting in throughput and both system complexity (by supporting
individual dual perfusion and high- multiple in sifu assessment methods) and tissue complexity
throughput assessment of simple or (by adopting a construct-agnostic format). It describes the
biofabricated 3D tissue models”33! potential of a scalable dual perfusion bioreactor platform

for parenchymal and barrier tissue constructs to support

a broad range of multi-organ-in-a-chip applications”.

In this research human umbilical cord-derived vascular
endothelial cells (HUVEC), bone marrow-derived
mesenchymal stromal cells (MSC), human ovarian cancer
cells and human foreskin-derived fibroblast were used.

[
S
o

is the most prolific journal with 62 documents, followed
by Acta Biomaterialia which has almost half the number
of articles with 36. Tissue Engineering — Part A claims
the third place with 32 publications. These three journals

-
N
o

@ 100
E comprise 52% of all the documents in the top ten list.
g <0 These journals focus on either biomaterial structure,
5 0 function, and clinical application or in therapeutic
g strategies to regenerate tissue — the topics closely related
Z 40

to tissue spheroids.

Furthermore, the institutions with the highest
numbers of publications were also identified, as shown
in Figure 4E. Overall, 840 institutions were identified
worldwide but the most prolific institutions are directly
Figure 3. Number of documents on tissue spheroids by year of correlated with the most prolific countries mentioned
publication. before. Japan has the most prolific institutions with

23 publications each from Kyushu University and the

Figure 4D shows the journals with the highest University of Tokyo. The University of California

number of publications on tissue spheroids. Biomaterials in the United States published a total of 22 articles,

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
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Figure 4. Global scientific trends in tissue spheroids. A summary of the publications that are indexed in Scopus and Web of Science
according to (A) the ten most frequent affiliation countries and (B) cities of the authors; (C) the ten most cited authors (D) the ten journals
with the most occurrences of the search terms; and (E) the ten most frequent organizational affiliations of the authors.

and in the same country, we found a triple tie with 21 In these illustrations, the nodes’ size is proportional
documents: Harvard University, Massachusetts Institute ~ to the number of publications. Vladimir Mironov was
of Technology, and the University of Michigan. identified as the most prolific author who engages in close

Finally, Figure SA and B shows network maps of  collaboration with Vladimir Kasyanov, Rodrigo Alvarenga
the authors and institutions’ collaborations, respectively. Rezende, Jorge Vicente Lopes da Silva, Roger R.
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Figure 5. Co-occurrence network maps. (A) Top authors cooccurrence.

Markwald, and Richard P Visconti; these authors represent
the biggest collaborating network. Other main authors,
such as Yasuyuki Sakai, Gerhard Bjorn Stark, and Jeffrey
R. Morgan, were also visualized working with their own
research groups.

As to the institutions, we identified that the
University of South Carolina has the closest collaboration
with the Clemson University. Another substantial
collaborator is the Massachusetts Institute of Technology
with both Harvard University and the National University
of Singapore. Finally, the Kyushu University collaborates
closely with Osaka University.

4. Conclusions

This study assessed the scientific research dynamics
of tissue spheroids through a CTI process using a
scientometric analysis. To accomplish this, scientific
publications published between January 1, 2000, and
June 5, 2019, were retrieved from Scopus and WoS,
before organization and analysis. Four fundamental
trends were detected: tissue spheroids as building
blocks, tissue spheroids for drug testing and disease
models, spheroid formation analysis, and complementary
studies. Different types of bioinks and cells, ranging
from healthy cells to carcinogenic cells, were also
identified. In addition, subject area distributions as well
as the most prolific countries, cities, authors, journals,
and institutions regarding this topic were identified to
determine the overall research publications landscape, as
well as a network of collaborations between institutions
and authors.

Our results exhibit that tissue spheroids research
covers nine subject areas: biochemistry, genetics and
molecular biology, engineering, materials science,
chemical engineering, medicine, chemistry, immunology
and microbiology, applied physics, and others, with
an emphasis on biochemistry, genetics, and molecular

Segise
~Rational Oni o
:;-m,::aﬁona Unwe*\yc_: Singapore-

(B) Top affiliations cooccurrence.

biology, engineering, and materials science that constitute
60% of the publications.

Our findings also revealed a growing interest on tissue
spheroids research, evidenced by the biggest leap of scientific
production particularly in the past 5 years. The United States
and Japan were found to be the most prolific countries, for
being ranked in the top ten positions and authoring more
than half of the documents analyzed. Nevertheless, the most
prolific city was Seoul, South Korea; this might be due to the
centralization of the research centers in this capital. The most
prolific author was found to be Vladimir Mironov, followed
by Vladimir Kasyanov, probably due to the fact that they
collaborate closely, representing an interesting finding in
the network of authors collaboration. The top three journals
identified were Biomaterials, Acta Biomaterialia, and Tissue
Engineering — Part A. The main institutions identified are
directly related to the most prolific countries. For instance,
Kyushu University and the University of Tokyo in Japan
were both tied at number one position, followed by the
institutions in the United States: University of California in
the second place whereas Harvard University, Massachusetts
Institute of Technology, and the University of Michigan tied
at the third place.

Insights obtained in this study show the main trends
of published research in tissue spheroids. These findings
may help guide research efforts in the tissue engineering
and regenerative medicine, supporting the development of
new technological applications that would revolutionize
the health industry in the coming years.
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